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Executive Summary
This report reviews and defines the theoretical, numerical and experimental modelling
approaches to be considered in the VALID project to address the design and accelerated
testing of critical components and subsystems of Wave Energy Converters (WECs). It is part
of WP1 activities, which aim to devise a methodology for accelerated hybrid testing that is
compatible with the corresponding architecture proposed in WP2.
The report gives a brief review of the key findings about the critical components and subsystems of WECs identified in the project, before describing and assessing the various
modelling approaches that may be relevant in the context of accelerated testing of critical
components of WECs. It first classifies and describes the theoretical models, which are
simplified and schematic representations of the theory applicable to WECs, focusing the
environmental characterisation, wave-structure interaction, affecting effects and deterioration
and, reliability and survivability. Then, a review of numerical modelling methods most typically
applied in WEC and WEC sub-system design is presented. Basic formulations covering the
range of most common approaches used to date (e.g. frequency-domain solvers; time-domain
solvers), a brief introduction of the concept of design situations and design load cases and, a
qualitative ranking of numerical modelling methods as a function of specific design situations
are described. Recent representative examples of WEC numer ical models and models for
critical sub-systems of WECs are also overviewed. The last modelling approach is the
experimental modelling or physical testing. Experimental models for hydrodynamic interaction,
energy transformation and, degradation and failure are reviewed in this document. In addition,
different kind of testing and additional considerations such as scaling are reviewed.
This initial analysis has led to the classification and description of the models, test rigs and
testing platforms that are currently available for its use in the VALID project within the
partnership. Although upgrade needs will be analysed within the user cases, this report
addresses a preliminary assessment of the value provided by these models and facilities for
the hybrid testing methodology. This allows an initial guidance on improvement needs for the
future steps of the project.
The report also discusses the limitations, impact and practicalities associated with the
implementation of these modelling approaches in the future VALID testing framework.
Finally, the performed review allows for a selection of best candidate methods to be
considered, leading to a preliminary selection and an outline of a new framework for
accelerated hybrid testing. Such considerations will have a first application in the VALID user
cases, assisting in the conceptualisation of a testing methodology. The learnings from such
initial application of this framework will inform the re-contextualisation of a final methodology,
promoting its wider adoption in the wave energy community.
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1 Introduction
1.1 Project background
A recurrent problem in the wave energy sector is that reliability testing at low TRLs (early
development stages) is too costly, and there are many uncertainties and design-decisions that
need to be explored; but at high TRLs (late development stages) the design is too rigid to make
changes, and associated costs can be prohibitive.
The VALID project aims to develop, implement and enforce a new test pr ocedure based on
accelerated hybrid testing techniques. Accelerated hybrid testing allows to integrate
knowledge from a real environment (ocean, uncontrolled testing), a simplified lab environment
(physical test rigs, controlled testing) and a virtually enhanced environment (numerical models,
controlled testing). Once implemented, it will enable the industry to scale -up simulated lab
conditions and test a virtual model of the existing structure, and hence reducing uncertainties,
increasing confidence in results, empowering informed decision-making, and thus, largely
assisting in the design and development process of WECs, especially at low TRLs.
Specifically, WP1 establishes the overall framework for the development of the VALID Hybrid
Testing Platform (VHTP) that is at the core of the VALID project. Overall, the activities of WP1
aim to assess and define the range of numerical and physical approaches to be considered
under the project, including their interaction, with the ultimate goal of devising a methodology
for accelerated hybrid testing that is compatible with the VHTP architecture to be defined in
WP2. The specific objectives of WP1 stem beyond the VALID project, i.e. WP 1 aims to provide
guidance for the entire ocean energy sector. The identification of critical components /
subsystems, the interactions between theoretical, numerical and physical modelling and the
uncertainties associated with each approach is considered in detail. Specific attention is given
to scaling effects.

1.2 Aim
This deliverable aims to review and define the modelling approaches (theoretical, numerical
and experimental / physical) to be considered in the VALID project to address the design and
accelerated testing of the critical components / subsystems identified in D1.1 [1]. It is expected
that a mix of methods will be considered, leading to a selection of best candidates.
D1.2 informs the overall architecture of the VHTP to be developed in WP2, by identifying the
critical modules that shall be addressed theoretically, numerically or physically. To ensure that
physical inputs are considered and the benefits of hybrid testing maximised, key information
regarding the test rigs available to the VALID project are compiled and reviewed, to ascertain
(where applicable) the updates required to address critical components / subsystems.
Additionally, and where applicable, scale considerations are also considered when aligning
and prioritising case studies applicable to the VALID project. In addition to the ability to
replicate the dominant loads related to the dominant metocean conditions (at a range of
suitable scales) in a VHTP, D1.2 also focuses on other potentially dominant environmental
effects that affect the long-term reliability of critical components / subsystems, such as e.g.
potential ageing effects for components in direct contact with sea water (e.g. biofouling,
corrosion, etc.).
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1.3 Structure of the report
The report is structured in 7 main sections:
•

Section 1: Introduction. It presents the scope, aim and structure of the report.

•

Section 2: Critical components / sub-system identification. It reviews the key findings
regarding the critical components / sub-systems of WECs identified in D1.1.

•

Section 3: Review of modelling approaches. It assesses the theoretical, numerical and
experimental methods that may be relevant in the context of accelerated testing of critical
WEC sub-systems and / or components.

•

Section 4: Current models, test rigs and testing platforms. This section reviews the
numerical models, test rigs and platforms currently available for use in the VALID project.

•

Section 5: Analysis of limitations. This section discusses the limitations, impact and
practicalities associated with the implementation of modelling approaches in the future
VALID testing framework.

•

Section 6: Moving forward: hybrid testing platform. It presents initial considerations
related to a new framework for accelerated hybrid testing.

•

Section 7: Concluding remarks. This section summarises key findings and next steps.
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2 Critical components / sub-systems identification
Within WP1 of the VALID project, Task 1.1 aimed to identify critical components / sub -systems
for WECs, while also overviewing the associated key design requirements and the
fundamental principles of accelerated testing. At the conclusion of Task 1.1, D1.1 “Accelerated
Testing Requirements” was compiled [1]. To facilitate the reading of D1.2, this section provides
a brief summary of D1.1, focusing on the key findings related to critical component / sub system identification. The interested reader is directed to [1] for a more completed overview.

2.1 Definition of critical
Following the definitions provided in best practices such as Offshore Safety Directive
2013/30/EU, a critical component / sub-system can be defined as an element (or elements)
that, if failing, may contribute significantly to a major accident. In this regard, major accident
can be defined as an event that has severe consequences, either in a context of loss of human
life and / or damage to the environment, or in terms of lack of functionality that leads to the
inoperability of the system and consequently, economic loss. An immediate connection
between reliability and criticality can be made, noting that in [2] a component is defined as
reliable if it is able to “perform the function for which it was designed under certain conditions
and for a specified period of time”. Further detailed commentary regarding the concept of
reliability and survivability is issued in Section 3.

2.2 Identification of critical components / sub-systems in VALID
As detailed in [1], the methodology followed to identify critical components / sub-systems of
WECs followed a three-stage approach. The approach is illustrated in Figure 1, where the
literature review, industry engagement survey and user-case FMEA assessment stages are
outlined. Some of the key steps and features associated with each stage include:
•

•
•

The literature review provided an initial basis to frame the envelope of sub -system that
may affect a WEC. In particular, guidance from the Structural Design of Wave Energy
Devices (SDWED) project [3] was followed, leading to the definition of five main WEC
sub-systems – see Figure 2.
The PTO sub-system was identified as being of particular importance to both the sector
and to the VALID project’, as the three proposed user cases – to be ‘explored in WP3,
WP4 and WP5 – are dedicated to this specific sub-system.
A review of deterministic-based risk analysis methodologies was compiled in [1].
Particular emphasis was given to FMECA / FMEA based approaches, noting their wide
adoption in industry, as evidenced in the survey results (see Figure 3), and their use
as a framework in all VALID user-cases. Further insight into both deterministic and
probabilistic methodologies for risk analysis is provided in Section 3.

The combined assessment of the three stages followed to identify critical components / sub systems of WECs led to a VALID ranking – which is summarised in Section 2.3.
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LITERATURE REVIEW
Desk research to define WECs technology overview

VALID Ranking

SURVEY
Direct interaction with the WECs experts from the project
consortium (specially with user cases) and external contacts

Final ranking of WEC critical
components identified through
the different methodologies

FMEA FROM VALID USER CASES
Identification of critical components made prior to VALID
starts

Figure 1: Schematic of the methodology behind VALID’s Deliverable 1.1 [1]
Figure 1. Deliverable 1.1 methodology

Figure 2: Typical WEC sub-system breakdown [3]
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VMEA
4%

Other: Third party
verificiation
4%
Other: system Not applicable
11%
simulation, testing
of prototypes under
real world
conditions
3%

FMECA/FMEA
52%

HAZID/HAZOP
26%

FTA/ETA
0%

Figure 3: Methodologies used to identify and prioritize the critical sub-systems and
components – survey results [1]

2.3 Summary of the Key Findings
Following the methodology outlined in Section 2.2, a VALID ranking of critical components and
sub-systems was compiled in D1.1. This is summarised in Table 1, where it is clear that only
the PTO sub-system was identified as critical in all the consultations conducted (i.e. literature
review; industry survey; FMECA analysis conducted by the user -case lead partners).
Such a finding makes the PTO sub-system of particular interest to the VALID project, although
other components should still be considered of interest, in particular in the context of the wider
wave energy sector. It is expectable that as the VALID activities progress, a deeper
understanding of the influence(s) of critical components will be gathered at sub-system level,
which will in turn inform the wider VALID methodology (see also Section 6).
Table 1 VALID D1.1- Ranking of critical sub-systems and components [1]
Criticality identified
from the literature
review

Criticality
identified from the
survey

Criticality identified
from the User Case
FMECA analysis

PTO

X

X

X

Electric generator

X

X

Rotor

X

X

Power electronic
equipment

X

Critical Component /
sub-system
Energy Conversion

Marine Interface
Mooring

X

Hydrodynamic

X
X

Auxiliary Components
Rod (actuators)

X

X
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Critical Component /
sub-system

Criticality identified
from the literature
review

Bearings

X

Valves

X

Seals

Criticality
identified from the
survey

Criticality identified
from the User Case
FMECA analysis

X
X
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3 Review of modelling approaches
In this section the modelling approaches that are considered in the VALID project are reviewed.
Theoretical, numerical and experimental methods are assessed in Sections 3.1, 3.2 and 3.3
respectively. The main objective of Section 3 is to present formulations that may be relevant
in the context of WEC design, in particular in the context of accelerated testing of critical WEC
sub-systems and / or components. Where applicable, illustrative examples of previous work in
the field are provided, from both research and commercial environments.
It is however worthwhile mentioning that inherent to the VALID concept is hybrid modelling, an
innovative approach combining the conventional methods to overcome the limitations of pure
modelling. The review allows a selection of best candidate methods to be considered, leading
to a preliminary selection and an outline of a testing framework (see Sections 6).

3.1 Theoretical models
In [4] theoretical models are defined as “simplified and schematic representations of a theory’s
essence/skeleton, linked to the disciplinary approach within which the theory is embedded”.
Another definition is given in [5], which describes a theoretical model as a “synthesis of a
phenomenon, described from a series of accepted and reliable theoretical and observational
statements (equations), and whose usefulness lies in the prediction (using a deductive
calculation) of new formulas and measurements of reality”.
In the context of the VALID project, theoretical models can be associated with the following
three engineering domains:
1. Environmental characterisation.
2. Hybrid testing, both at pre- and post-processing level.
3. Reliability and survivability (R&S).
Each of the above-defined types of theoretical models is detailed in the following sub-sections.
Although for simple cases (e.g. limited degrees-of-freedom, simple geometries, etc.)
theoretical WEC models could be conceived, it is noted that in the current state -of-the-art WEC
models, including models of the key sub-systems, are likely to be numerical or physical,
underpinned by a range of theoretical principles – see also Sections 3.2 and 3.3.
3.1.1 Environmental characterisation
Theoretical models related to environmental characterisation aim to inform on the
representative metocean conditions at the intended deployment site. The theoretical models
can be based on linear or nonlinear wave theories (deterministic approach), or spectral
methods (probabilistic approach) – see e.g. [6], [7].
The characterisation of the environmental conditions is vital for offshore activities, leading to a
better understanding of reliability, survivability, and system design. Their estimation also
created a range of realistic environmental inputs to be used in either numerical or experimental
models when attempting to characterise WEC response – see e.g. [8] and [9].
The most direct impacts of environmental conditions on WEC design are related to wave
conditions. However, and depending on device and materials used, other ocean parameters
and mechanisms can be important. For example, ocean temperature, salinity and scour are
also elements that can affect the reliability and survivability of a WEC. Such conditions can be
diverse from region to region, and they may have significant effects. Environmental parameters
such as salinity and temperature are most relevant in specific areas: for example, higher ocean
temperatures are encountered in equatorial regions, while Europe is amongst the most saline
waters [10], [11]. On the other hand, wave conditions have larger variation in magnitude and
distribution, tending to differ from region to region [12], [13]. Knowledge of local environmental
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and wave conditions can therefore reduce uncertainties, enhance design decisions, and
improve survivability in extreme conditions.

3.1.1.1 Metocean data acquisition
3.1.1.1.1 In-situ instruments
Buoys, wave gauges, and Acoustic Doppler Current Profiler s (ADCPs) are some of the
instrumentations used for localised measurements of wave and environmental parameters. In
situ observations are scarce in locations retained for wave energy exploitation , these data that
correspond to the real environmental conditions. Buoys are most used for in -situ
measurements and can provide a wide array of parameters such as surface elevation, lateral
motion, significant wave height (H m0), wave direction (PkDir, Dir), and spectral information.
Buoys have relatively good temporal resolution with sampling intervals in the range of 10 –30
min and can be deployed over a long-period of time. Two types of datasets are traditionally
available: standard integrated wave parameters (Hm0, T p, T m-10, etc.) and spectral wave data.
These are typically the wave energy density over frequencies, and/or over frequencies and
directions depending on the directional/omnidirectional capabilities of wave measuring buoys
[14].
In situ observations have been exploited in resource assessments to (i) refine the quantification
of available wave power (based on real sea conditions), (ii) exhibit waves temporal variability
(trends in wave heights, periods, power, etc.), and (iii) evaluate the reliability of simplified wave
power formulations based on integrated parameters (such as peak or mean wave periods).
The exploitation of in situ observations was also particularly useful to assess uncertainties
associated with simplified formulations of the available wave power density based on
significant wave height and default statistical periods (such as T p, mean period T m01 or the
zero-crossing mean period T m02). Guillou showed that a formulation based on H m0 and T p (with
a default calibration coefficient α = 0.9 matching JONSWAP spectrum) overestimated the
yearly averaged available wave energy flux with differences exceedingly locally 8% [15].
However, they do not come without limitations: firstly, measurements are influenced by
deployment depth. Waves transform as they propagate from deeper to nearshore water due
to various physical processes such as depth-induced breaking. This means that their
measurements are applicable only at that location and cannot be arbitrary extended over
several other “nearby" locations, which may be characterised by different depths and nearby
coastal masses. Buoys are also limited by the length of their moorings, affecting their maxima
of vertical displacements (in case of extreme events), often slipping around incoming crests,
and giving erroneous measurements.
Finally, their recordings are often not “full”, i.e. hours, days, weeks, months are absent, and
their deployments are not continuous but subject to recurring maintenance and re-calibration
[16].
3.1.1.1.2 Satellites
Satellites represent another potential long-term and extensive monitoring mean of sea states
and other environmental parameters. The exploitation of these large-scale observations, most
of the time integrated in publicly available databases, can be used to produce s patial maps of
wave energy density at any location in the world.
These maps may derive from a combination of multi-satellite altimeters to produce a largescale synoptic representation of the mean power density and/or associated energy metrics.
Satellite observations represent therefore an interesting alternative to local in situ
measurements or time-consuming numerical simulations. Two types of space-born radars may
be considered for resource characterization: (i) altimeter which measures the time taken b y a
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radar pulse to travel from the satellite to the sea surface and return, and (ii) Synthetic Aperture
Radar (SAR) which exploits a large bandwidth of the electromagnetic spectrum [17], [18].
SARs increase the spatial resolution of observations and give access to the wave energy
spectrum. The great number of wave energy assessments based on satellite observations
relies on altimetry [19]. Exploitation of satellite altimeters provides (i) an evaluation of the
significant wave height and associated wave power in coastal locations considered fo r WEC
setup (where wave-buoy measurements are not always available), and (ii) preliminary
assessments of the temporal variability of the wave climate.
Satellite altimeter data acquisition started in the mid-eighties (with the launch of Geostat)
giving, today, access to decades of measurements. The exploitation of satellite data from
several past and present altimeter missions (e.g. ENVISAT, TOPEX/Poseidon, Jason -1,
Jason-32, etc.) provided thus first large-scale assessments of the annual and seasonal
variabilities of the wave energy resource based on observations.
Satellite measurements depend on orbital trajectories, i.e. the time-interval they pass over the
same location, with orbital periods of around 10–35 days, widely spared ground tracks (over
hundreds of kilometres) and uncertainties particularly pronounced in the vicinity of the
coastline. Satellite observations show important spatial and temporal limitations for assessing
the available wave energy resource.
Lately, satellites measurements have improved and can offer information at higher resolution
(i.e. every 12h). This does not mean that they are available immediately, as in the case of
buoys. In fact, most satellite altimeter data must be corrected and filtered, before any
meaningful data are retrieved; this can take up to several months. There is the possibility of
shorter releases, so-called real-time products, that are from ongoing missions and are made
available within a few hours, but only for specific processes, such as short-term wave
forecasting.
Another limitation is the fact that the data have “blind” spots for nearshore locations. When
trying to measure waves close to the coastlines (≈20km), satellites cannot properly distinguish
land from water masses [20].This creates some issues with regards to their performance.
Cavaleri et al compared data from four different altimeter missions, and came to the interesting
conclusion that in nearshore areas, though measurements were obtained, they did not match
Hm0 in magnitude, and depending on data frequency resolution , displayed “noise”
measurements at ≤20 km from the coast. Smaller differences were given by surface wind
recordings, but the complexity of waves increased the differences in Hm0 by almost 12% [21].
3.1.1.2 Metocean data accuracy
The conceptualisation of a robust design, covering key reliability and survivability aspects,
requires access of data that characterises the long-term environmental conditions. However,
to date most countries/regions do not have data with the necessary spatiotemporal resolution
requirements.
To optimise design loads, structure size and power production, a minimum of 10 years of hourly
spectral conditions are needed – see e.g. [22], [14]. Furthermore, to have a good
understanding of climate conditions and their persistence, additional considerations on
Climatological Standard Normals (CSN) are required.
CSN suggest a minimum period that allows long-term extrapolation and proper estimation of
averages for climatological parameters, computed for consecutive periods of ≥30 years [23].
Failure to consider long term wave condition into estimates or use very limited information as
a source, may lead to under and/or overdesign of components. Figure 4 and Figure 5
showcase the large variations the mean and maxima values of wave conditions that occur,
which can affect considerations on survivability and reliability.
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Figure 4: Variations of annual mean wave energy flux at sample North Atlantic sites [24]

Figure 5: Long term variation of Hmax and mean Hm0 at sample North Sea sites [25]. On the
top panel the Hmax shows the highest Hm0 value for that year, the bottom panel is the mean
Hm0 value
To capture climate variations the minimum 30-years duration allows to also estimate extreme
value (return wave) values for 100-years without using probabilistic modelling that depend on
very general assumptions that are often not realistic [22]. Using long-term spectral conditions,
power analysis can be better represented and adhere to best scientific practices as in [26], [27]
and suggested standards [28].
To date, majority of information originates from oceanic models, which are not able to provide
realistic spectral data at shallow water sites with depths below 100 m, with their spatial
resolution affecting spectral estimates and non-linear terms in the energy density function [21],
[29]. This means that ocean model results often over-estimate low waves providing unrealistic
spectral components and leading to over-ambitious estimates [21]. Wind inputs highly affect
the wave hindcast results, with most products leading to different wave estimates often with
differences over 1 m [30], [31]. Figure 6 shows some of the impacts of wave model results in
comparison to buoy data, and how they can affect the estimates that are used.
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Figure 6: Hm0 (m) results with inter/cross model and physical tuning. Top left panel shows the
differences of the same model driven by different winds, top right panel indicates the
difference between an oceanic (Model 2) and nearshore model (Model 1), and the lower
panel shows the differences physical tuning can have on the same model
3.1.1.3 Extreme value analysis: estimating long-term return period environmental
conditions
Several engineering applications require the knowledge of statistically derived events, since
the forecasting ability of numerical models is limited to a short-term timeframe The investigation
of expected extreme events improves our understanding of the of fshore environment, the
construction, survivability of WECs and offshore structures by reducing the uncertainty [32],
and avoiding increases in capital expenses.
The investigation of metocean events, helps to characterises the maxima values that may
occur for in the future, given a reference year. Extreme Value Analysis (EVA) is an important
process which is being used throughout the marine field for the estimation and determination
of probabilities of exceedance of parameters such as Hm0. Awareness of extreme events and
expected return values is vital to the design in offshore industries.
In order to estimate extreme events of 20, 50, 100 or more years, sufficient data are necessary
at least 20% in length of the desired return value [22], [33], [34], for example if a 50 year period
is investigated at least 10 years of data should be available. Many studies have stressed the
necessity of long time-series of wave parameters [22], [35]–[38]. This poses a problem since
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most operational buoys usually do not extend so far back. The existence of such datasets is
often quite limited and their reliability at high storm events may be questionable [39].
These limitations lead to higher uncertainty levels, poor estimations in statistical parameters
and reduce the validity of the produced results. Moreover, spatial properties of the available
datasets pose an additional major issue, since the quantities differ from deep to shallow and
are not the same at every location, while potential effects of climate parameters pose another
obstacle for limited recordings [29], [40]. Use of satellite data or numerical models, both with
having inherit limitations, but can be more useful for EVA analysis. Studies have examined
both options, and used the data for further seasonal and extreme value analysis [41], [42].
The inputs for the EVA analysis shall rely on suitable long-term measurements in order to
minimize uncertainty. For nearshore location a suitable model should be developed (in
absence of ≥10 years), as indicated by previous research which outlined the limitations and
the potential differentiation of EVA for shallow locales [43]–[46].
Estimating return wave values (extreme) needs attention and can utilise a var iety of models;
in the seminal work of Coles, the variants and detailed differences are presented [47]. When
working with metocean long-term data, two are the main methods suggested [36], [37], the
Generalised Extreme Value (GEV) and the Generalised Pareto Distribution (GPD).
A consideration which must be taken while preparing the data for EVA, is that the values used
in the analysis have to be identically independent distributed (iid). This entails “filtering” of the
primary input to ensure non-interference to the final extreme value, this can be achieved by
several methods of threshold modelling [47], with examples being the Peak-Over-Threshold
(POT) or Annual Maxima Method (AMM).
3.1.1.3.1 Generalised Extreme Value (GEV)
These families of distributions (GEV, GPD) though used widely in EVA, are significantly
different to each other. This can be attributed to the way and the number of parameters
calculated for the distributions and selection of best fit. A summation of the wave environment
can be characterized by the fitting of a Rayleigh distribution, though several other attempts
have used Weibull or Rayleigh as fit functions.
The existence of the Central Limit Theorem suggests the mean of a large number of random
variables has a Gaussian distribution, regardless of the distributions of each variable. This
leads to treat the potential distribution of a large sample as an "unknown" component, which
have a sequence of random iid variables, which can be expressed by a common distribution
(F). This constitutes the recorded events (Xn) (independent random variables) over a period or
observations (n) will comprise the maximum of the distribution (M n) over the investigated period
having a common distribution F:
𝑃𝑟 {𝑀𝑛 } = 𝑃𝑟 {𝑋1 ≤ 𝑧, 𝑋2 ≤ 𝑧, … . , 𝑋𝑛 ≤ 𝑧 }

Pr {Mn } = Pr {{X1 ≤ z} ∙ {X2 ≤ z} ∙ … .∙ {Xn ≤ z}}

(1)

𝑃𝑟 {𝑀𝑛 } = {𝐹(𝑧)}𝑛
The problem is that by having a large sample, even the smallest deviation leads to the
disruption of a proper fit, with the upper points (z) being easily affected. Overcoming this issue
means that the distribution F is considered as unknown while at the same t ime the variables
are normalized with a linear approach, see Equation 2.
M∗n =

Mn −bn
an

(2)
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This means that by applying an EVA, our aim is to reduce the de-generation of a distribution
over a point (z), stabilizing it with appropriate selection of parameters. The distributions belong
to one of three potential families, Gumbel (Type I), Frechet (Type II), Weibull (Type III), as
determined by the value of the location parameter. to examine the behaviour of the data, the
GEV includes all these families of distribution while treating the initial guess as unknown,
allowing to fit the data and determine the distribution which best describes our data. Thus, G{z}
can be described by the application of the data to a GEV as follows in Equatio n 3.
1

exp{− [1
G {z} =
{

z−μ ξ
+ ξ ( σ )]

exp {−exp [− (

z−μ
σ

)]

ξ≠0

(3)
ξ=0

Where 𝜉 is thy shape parameter, 𝜇 the location parameter and 𝜎 the scale parameter, with the
appropriate distribution based on the derived shape parameter of the block data investigated
and the following conditions satisfied.
The unification of the families within the GEV, allows for the examination of various datas ets
with unknown retrieval statistics and the determination the most appropriate behaviour of the
tail (i.e. Type I (𝜉 = 0), Type II (𝜉 > 0), or Type III (𝜉 < 0),). The determination of 𝜉 is dependent
on the set and length of data used, as mentioned annual of monthly maxima lead to a smaller
array of values examined leading to bias, while very large datasets increase the variance.
Establishing a GEV distribution which describes the data, the estimation of specific quantiles
assists in calculating the return levels (return periods). By estimating return values, information
gained on the annual maximum value that is exceed once a year in every years of investigation
(N) and the probability of exceedance at least once during time span of N years. The return
period expressed by the GEV selection can be estimated as the interpretation of the selected
family describing the data and the log of the probability (p). Where 𝑧𝑝 is the return level (see
Equation 4) associated with the (1/p) and the probability of exceedan ce (see Equation 5) at
least one time during the time of investigation (see Equation 6).
σ

zp = {

μ − [1 − {− log(p)}−ξ ] ξ ≠ 0
ξ

μ − σ ∙ log{− log(p)} ξ = 0
1

(4)

p = 1− N

(5)

(1 − zp )N = 1 − 1/e

(6)

3.1.1.3.2 Generalized Pareto Distribution (GPD)
The GPD was developed to alleviate the issues of using large amounts of data to provide better
extreme value estimates. One of the advantages of the GPD is that it can handle larger
datasets and associate them with a threshold value, to refine the estimated distribution for the
location. As in the case of GEV the tails are associated with the location parameter and
correspond to Type I, II, III, although depending on the different distribution are fitted to the
data. The GPD is characterized and fitted to the threshold providing with the estimated
distributions F{z} as in:
1

z −ξ

1 − (1 + ξ σ̌) ξ ≠ 0
F {z} = {
z
1 − exp (− σ̌) ξ = 0

(7)
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With 𝜉 describing the shape parameter and 𝜎̌ expressing the scale parameter. The GPD has
less parameters involved in the calculation. While the following criteria must be valid in order
to estimate the tail Type and appropriate distribution. In the GPD depending on shape
parameter, the data are fitted on a generalized Pareto, a special case of Beta, or an
exponential.
As in the case of the GEV, having established which distribution describes the sample, an
estimation on the return values can be considered. Although, prior to estimation of the actual
value one has not only to set the years (N) of investigation but also the threshold ( 𝜆 𝑢) (see
Equation 8), according to the notion that a Poisson process is considered. The final reduced
dataset expresses the samples filtered by the POT method of peaks (k), with the (n years)
represent the years of the sample duration. This reveals the cyclic nature of repetition within
the dataset, see Equation 9. The threshold is imposed over the available long -term data to
ensure that the data are iid and true severe conditions are represented; such can be a high
percentile value of conditions that analyse or the duration of severity [48].
λu =

k

(8)

n years
σ̌

zp = u + [(N ∙ λu )ξ − 1]
ξ

(9)

3.1.1.3.3 Practical steps for implementation
The pillars of EVA are GEV and GPD from that point onwards, however, different distribution
methods can be used, though using the same filtering processes that is either AMM, POT, etc.
Michelen underlined that while application of different EVA methods can be used, it is important
to consider the underlying limitations and error in the different methods [49]. Such alternatives
can be the All-Peaks Weibull, Weibull Tail-Fit.
Therefore, when using long-term datasets, several steps are required:
1.
2.
3.
4.
5.
6.

Filter timeseries, ensuring iid behaviour.
Set threshold value.
Filter iid sample with threshold values.
EVA of new timeseries (GEV, GPD, Weibull, etc).
Evaluation of goodness of fit for EVA.
Evaluation of return period, based on most appropriate fit, by quantile-quantile plots,
probability plots and goodness of fit.

3.1.1.4 Environmental contours
Environmental contours represent a method that can be useful to identify extreme
environmental conditions. For the marine environment [50], [51] suggested use of joint
distribution of Hm0 and wave period to assist in the estimation of offshore structure design
criteria with application at the Norway seas. Environmental contours allow us to jointly
represent the complex wave environment and are constructed based on wave parameters that
describe specific locations [52]. These are often used to derive the response of a structure for
return wave conditions of N years. Environmental contours is an approximate reliability method
that can be fast, but also requires attention.
Its application in metocean conditions is dependent on three (3) main steps (see Figure 7):
step (1) obtain long-term reliable metocean data, step (2) estimate the joint distributions of
variables and step (3) construct the environmental contour based on the joint distribution data
[53].
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Figure 7: Steps suggested to obtain environmental contours and design criteria based [53]

It is important to note that deriving environmental contours can be done with a variety of ways,
hence the fitted distribution will influence the reliability of the data. The range of uncertainty of
the environmental contours method is not only based on the fit method, but also on the
duration, length and quality of the dataset i.e. a larger sample of variables increases the
“accuracy” of the method, see Figure 8.

Figure 8: Uncertainty associated with the sample usage in the construction of environmental
contours. The larger the size the higher the confidence [53]
3.1.1.5 Principal Component Analysis (PCA)
Principal Component Analysis (PCA) was first mentioned by [54], and usually consists of a
linear transformation technique to reduce the multi-dimensionality of dataset, by transforming
large datasets into smaller ones, whilst maintaining most of the information, though sometimes
at expense of accuracy.
An advantage of PCA is that it is a descriptive tool, that is not bound by ‘a-priori’ assumptions
on distribution characteristics datasets, and different variables. PCA is beneficial to multi layered datasets for different variables (p), their temporal duration, and with different units e.g.
meters for Hm0 and seconds for T p [55]. This means that variables in the PCA will have to be
standardised (see Equation 10) and to avoid biases when multi-variate analysis is concerned.
zij =

xij −x̅j
sj

(10)

Each data value xij is both centred and divided by the standard deviation sj of the n
observations of variable j. The next step is to estimate the covariance matrix of the input
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dataset i.e. their variation around the mean. Subsequently, from the covariance matrix the
principal components of the data can be estimated, by computing eigenvectors and
eigenvalues. Principal components are new variables that are constructed as linear
combinations or mixtures of the initial variables. These combinations are done in such a way
that the principal components are uncorrelated and most of the information within the initial
variables is squeezed or compressed into the first components [55]. PCA can be also
combined with environmental contours to accelerate potential harsh condition estimations.
3.1.1.6 Long-term data acquisition
Without long-term data, any estimation of environmental parameters for coastal infrastructure
/ ocean energy devices design, will make any reliability estimation flawed, since it will not
account for resource changes and variability. Hence, it is important to consider the high value
of resource assessments in any offshore activity.
3.1.1.6.1 Numerical modelling
In a spectral numerical model, the wave spectrum is described in time (t) by the action density
equation (E), dependent upon direction (θ), frequency (f), latitude (φ) and longitude (λ). Sink
source terms are used to estimate the wave parameters (see Equation 11), given a specific
set of inputs and physical coefficients, with wind input (Sin), triads (Snl3), quadruplet interactions
(Snl4), whitecapping (Sds,w), bottom friction (Sds,b) and depth breaking (Sds,br).
Stot = Sin + Snl3 + Snl4 + Sds,w + Sds,b + Sds,br

(11)

This allows to estimate the available wave energy flux (wave energy potential per unit crest, in
Wm−1) and wave characteristics, for any site at any depth, without limitations with high
accuracy; it is defined as the integral of the wave energy spectrum:
2π

P = ρg ∫0

∞

∫0 cg (σ)E(f,θ)dfdθ

(12)

where ρ is the density of seawater, g is the acceleration due to gravity, E is the wave energy
density distributed over intrinsic frequencies and propagation directions, and c g is the group
velocity. With use of a properly developed, calibrated, validated wave model important wave
conditions like the significant wave height (see Equation 13) and the spectral peak period (see
Equation 14) can be acquired.
Hm0 = 4√m0

Tm−10 =

m −1
m0

(13)

(14)

with 𝑚0 the variance and m-1 the minus one n th order spectral moment. These represent the
conditions over the wave spectrum, and from them a matrix of wave probabilities of
occurrences with all sea states (over e.g. H m0 andT m-10) can be constructed.
3.1.1.6.2 Calibrating and validating a wave model
Calibration of a wave model involves “random errors”, such as deviations from the site
measurements due to the dependency of components (i.e. wave heights, wave period) on
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wave spectrum and solutions applied [56]–[58]. While alterations are usually not major, they
are affected depending on the model [59], [60], set-up [61], [62], coefficients and solvers for
physical process, spatio-temporal quality of inputs and boundaries [63], [64].
One major disadvantage of numerical wave models is the missing of the “peaks” phenomenon.
Most models tend to under-estimate wave heights at low frequencies and over-estimate at
higher ones.
Replacing a low temporal wind component with higher resolution may alleviate some of the
under-estimations, but physical tuning is required to ensure that an optimal performance of a
wave model with regards to the wind input, bathymetr y, location, physics and solving
approaches. Several physical problems are resolved within the wave models by “suggested”
coefficient, which the user must bear in mind that they may not have universal applications for
optimal results [65], [66]. Several of the models presented in Section 3.2.1, offer significant
parametrisation options which can improve the results after calibration.
In the calibration phase it can be decided whether to assess spectral derived variables such
as Hm0, T p and/or to also compare the one- and two-dimensional variance (or energy)
spectrum. The focus of the calibration will be on wind drag precomputations that have
limitations especially for higher wind speeds, where they are known to under -estimate and
even limit wave growth, therefore, for every different configuration, the CD should be adjusted.
This will result in smaller maxima biases, that will allow us to capture extreme conditions better,
allowing the reliability and survivability analysis to be based on optimally realistic conditions.
Performance and uncertainty of the results will be conducted according to proposed metrics in
[67].
After an optimal model is determined the defined 30-year dataset will be produced to use in
reliability and survivability methodologies. The validation of this dataset will include multi -year
comparisons with in-situ and satellite data. Validation phase will allow us to underline the
regions for which uncertainty is higher or lower, taking also into account intra-annual changes.
3.1.2 Wave-structure interaction formulations for WECs
Numerical modelling methods have the potential of greatly accelerating the development
process of any system. Such acceleration can be related to the ability of rapidly and relatively
inexpensively assessing a wide range of design iterations, addressing key design drivers and
multiple input variables (e.g. multiple environmental conditions). Although this is particularly
clear at the conceptual design stage, the same potential and opportunity applies throughout
all the stages of the design process, including the detailed design stage.
In the context of WEC design, the above-mentioned potential is alluded to in e.g. [68] and [69],
where the most commonly applied basic formulations for WEC models are introduced and
described. Essentially, these can be broadly divided in:
•
•

Frequency-domain models.
Time-domain models.

Both formulations build on the theoretical principles developed in the 1970s by e.g. [70], [71]
and [72]. Such principles stem from a hydrodynamic modelling approach, aiming to solve the
wave-structure interaction problem, and in their simplest / linear forms both types of models
share the same fundamental assumptions. These are primarily related to the underlying
principles of linear wave theory, which include:
•
•
•
•

The free-surface and the body boundary conditions are linearised.
The fluid is incompressible and the flow is irrotational (potential flow).
Viscous effects like shear stresses and flow separation are neglected.
The bottom is assumed to be flat (and uniform).
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Under such simplifying assumptions, the superposition principle applies, i.e. an incident wave
field can be derived via the superposition of individual harmonic waves. Furthermore, and
where applicable, body motions are assumed to be small when compared to the dominant
wavelength(s).
From the perspective of frequency-domain models, the outline principles are used to solve two
fundamental problems: the diffraction problem, when a body is held fixed while under the action
of an incident wave field; and the radiation problem, when a body is excited to move in an
otherwise undisturbed wave field. Analytical solutions can be found for simple geometric
shapes. For other cases, these two fundamental problems are typically solved via a numerical
model based on the Boundary Element Method (BEM) 1, where the body geometry is
discretised and the velocity potential estimated using different formulations (e.g. source
formulation, which uses exclusively source terms to solve the dominant equations). A review
of each formulation is beyond the scope of this report; the interested reader is directed to [73],
where the principles behind the application of BEM to marine hydrodynamics are detailed.

Figure 9: Overview of hydrodynamic modelling approaches
Linear and nonlinear BEM formulations can be followed. In the linear version, the geometry
discretisation applied is based on a mean, undisturbed wetted profile. If nonlinear BEM
approaches are followed, an expansion of potential flow theory typically uses the
instantaneous wetted profile at each time-step to add additional terms to the solution of the
wave-structure interaction problem. Therefore, and at the expense of computational effort,
nonlinear BEM methods carry the potential to address more aggressive wave-structure
interaction problems with increased accuracy. However, other assumptions of potential flow
remain applicable (e.g. inviscid fluid). When compared to its linear equivalent, limited
applications of nonlinear BEM codes have been made to date in the context of WEC design.
An example of an application to wave energy, including comparisons with experimental results,
is presented in e.g. [74].
Although both frequency and time-domain models may share the same principles when
addressing a WEC’s hydrodynamic response, a fundamental difference can be associated with
the treatment of the overall WEC dynamics, namely the possibility to include nonlinear applied
forces and constraints. Such capacity is only present in time-domain models, conferring a
potential increase in the accuracy and fidelity of time-domain numerical model. This is
particularly critical when key sub-systems such as the power take-off (PTO), moorings and /
or control system have highly nonlinear characteristics, which would be addressed in a linear
(or linearised) way in a pure frequency-domain model.
Finally, and when considering more complex wave-structure interaction formulations where
e.g. viscous effects are implicitly included, more advanced time-domain models are usually

1

Also ref erred to as ‘panel method’.
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proposed. These are often described under a Computational Fluid Dynamics (CFD) umbrella,
which offers the potential to address highly nonlinear problems such as slap and slam loading
on ocean-based structures. As described in e.g. [75], CFD models aim to solve the NavierStokes equations, a system of partial differential equations (PDEs) that describe the
fundamental laws of fluid flow (e.g. conversation of mass and momentum), under a set of
boundary conditions that define the fluid domain and, in the case of wave energy, the WEC
geometry. As analytical solutions of the PDEs cannot be obtained in a general sense,
approximate solutions are derived via numerical models (solvers) based on a range of
formulations.
At a high-level, the formulation of CFD models can assume one of two forms: Eulerian, where
the domain is discretised in a finite set of points (forming a mesh) and an approximate solution
is estimated at such points; or Lagrangian, where the domain is discretised in a set of p articles
which respect the local flow velocity and approximate solutions are estimated at the position
of each particle at each discrete time. Common options of numerical methods to solve the
underlying equations following the Eulerian and Lagrangian formu lations are ReynoldsAveraged Navier-Stokes Equations (RANSE) and Smooth Particle Hydrodynamics (SPH)
solvers, respectively. The application of the latter (SPH) to WEC research is relatively recent,
thus there are more examples of RANSE models being developed for specific WEC design
problems. However, and as described in [76], due to its inherent characteristics SPH may be
“particularly suitable for extreme wave events with wave breaking”, thus active developments
are ongoing.
A comparison of the dominant characteristics of the basic formulations introduced in this subsection is presented in Table 2. A qualitative ranking is illustrated in Table 2, with the green
tick marks indicating the capability to delivered certain features, or where applicable, a low
effort and high availability, the red crossed indicated the opposite, i.e. inability to implement
certain features, high effort and low availability, and the yellow question marks indicated
potential add-ons to certain features, medium effort and potential solver stability issues.
Table 2: Dominant characteristics of the basic numerical model formulations
FrequencyDomain

Linear
BEM timedomain

Nonlinear
BEM timedomain

CFD

Hydrodynamic
formulation
Nonlinear
hydrodynamics
Key Features

Nonlinear
dynamics
Viscous losses
Load coupling
Computational
effort

IT Requirements
Solver stability
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FrequencyDomain

Linear
BEM timedomain

Nonlinear
BEM timedomain

CFD

User skills
Usability
Software
availability

The following key remarks can be made from the analysis of Table 2:
•

With regard to key features, and while noting that CFD formulation discretise the fluid
domain while all others discretise the body geometry, it is immediately clear only CFD
approaches allow an inherent definition of all listed key features. However, all other
time-domain formulations offer potential corrections to specific issues (e.g. weakly
nonlinear hydrodynamic solutions and empirical corrections for the inclusion of viscous
forces may be considered in linear BEM time-domain solvers).

•

Linear BEM time-domain solvers allow, in a more direct and practical way, all load
sources to be accounted for, and thus the creation of fully coupled models where all
key sub-systems are defined (in different degrees of complexity). Frequency-domain
solvers require linearisation of all load sources, and thus a limited coupling potential.
Additionally, and at a high-level, it is somewhat unclear if the ability to model
mechanical / electrical systems is readily available, or even numerically feasible when
consider detailed sub-system descriptions, in nonlinear BEM time-domain and CFD
solvers. The use of e.g. CFD solvers to inform partial inputs to other less onerous timedomain solvers may therefore offer merits if computational effort and the coupling of
load sources is judged critical.

•

The computational effort is particularly high for nonlinear BEM time -domain and CFD
solvers, requiring the use of cloud-based and / or supercomputer solutions.
Furthermore, it may prove impractical to use such approaches for design situations that
demand long simulation output lengths. Additionally, solver stability may present
particular challenges to linear BEM time-domain and CFD solvers.

•

Frequency and linear BEM time-domain solvers offer less challenges from a user
perspective, and can thus be used by a wider community. This is particularly applicable
to frequency-domain models, owing to their simplicity.

•

All time-domain solvers are widely available in either commercial or open -source
formats, with the exception of nonlinear BEM, which are mostly kept to a research
background.

As alluded to above, the ability to create fully coupled models can be of particular importance
in WEC design. In such models, all relevant load sources, and therefore all relevant sub systems, are simultaneously accounted f or, ensuring that the dominant loads propagate
throughout the WEC device, and that critical load paths can be more immediately and correctly
identified. Should uncoupled and / or loosely-coupled models be used, where e.g. a subsystem is neglected and / or greatly simplified to allow advanced methods to solve specific
problems such as wave-structure interaction in more detail, the overall model accuracy to
represent the dominant physics of wave energy conversion may be compromised. Similar
results are reported in related industries, e.g. in [77] up to 25% variation in the estimated
amplitudes of forces and moments on an offshore wind jacket foundation were reported when
comparing fully-coupled with uncoupled load models, with the latter resulting mostly from a
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combination of input data sources (e.g. loads model from turbine developer; foundation model
from structural design contractor).
3.1.3 Hybrid testing
In hybrid testing, also referred to as hybrid simulation [78], depends on two sub-domains:
i.
ii.

Hybrid testing.
Assessment measures.

In the first sub-domain (hybrid testing), the virtual simulation and physical setup interact. In
virtual simulation environments, numerical models are used to describe the WEC, backed by
theoretical models and/or methods. Numerical models follow different theoretical formulations
and combine representation of different WEC sub-system to describe its response in an
information systems context, considering different baseline formulations, algorithms, etc.
In the sub-domain of assessment measure for hybrid testing, theoretical and numerical models
support the best practices to assure the fidelity of a hybrid test [79]. The fidelity can be
understood as the virtual-physical compatibility and degree of exactness, considering
information systems and communication systems, numerical and theoretical models, and test
rig conditions.
3.1.4 Effects and deterioration
A non-exhaustive list of effects that may be assessed via hybrid testing with support from
theoretical methods is provided below. For example, and where applicable, forces, stresses,
magnetic fields and thermal effects in a WEC are product of their interaction with environmental
loads, causing deterioration or damage that can be assessed depending on:
a. Type of damage. Depending on the damage or deterioration mechanism, fatigue theory
such as fracture mechanics theory [80], fatigue damage accumulation theory [81].
Other damage phenomena are corrosion, see [82]; fatigue-corrosion [83], friction and
wear, see [84].
b. The scale of damage/deterioration. The scale of interest for addressing the damage
condition is relevantly dictating the theoretical models involved to represent the
damage conditions, i.e. micro-scale (µm or mm), medium-scale (cm) or macro-scale
(m). For example, with fatigue, these scales can be identified as near crack-tip stress
field (µm), notch stress field (mm), near joint-stress field (cm), far cross-section stress
field (m) and far frame stress field (m).
c. Established limit states. The limit state equation is a mathematical model representing
a specific system/sub-system in state conditions regarding the load, deterioration
mechanism, sub-system characteristics. The formulation of these limits states depends
on the previously mentioned models, i.e. WEC, environmental loads, interaction and
deterioration models, see [85]–[87]. Some examples of limit states proposed for WEC
are presented in [88], i.e. serviceability (SLS), ultimate (ULS), fatigue (FAT) and
accidental limit states (ALS).
3.1.4.1 Fatigue
Fatigue is the degradation process when a material is subjected to cyclic loading with
magnitudes below the static strength [89]. It manifests as a crack that slowly grows, load cycle
by load cycle, until final rapture occurs when the crack is large enough. In engineering
applications, a fatigue crack initiates at small defects in the material and/or at a stress
concentration. The fatigue strength (the resistance to fatigue failure) is highly dependent on
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the crack initiation. Fatigue can be aggravated be several factors. An environmental effect that
has the most severe effect is corrosion that is described in section 3.3.3.4.
Fatigue is subjected to large amounts of scatter, far more than for other types of mechanical
failure modes such as yielding, fracturing and instability (buckling). It is for example not
uncommon, for the same load level, to have the number of cycles to failure vary by a factor of
two. Designing against fatigue therefore requires statistical methods to handle the scatter. In
the VALID project, uncertainty and reliability is the topic in the upcoming deliverable D1.3.
Fatigue is usually divided in low cycle fatigue (LCF) where the fatigue life is up to about 10,000
cycles and high cycle fatigue (HCF) for longer fatigue life. Both these regimes are relevant for
WECs. The relation between fatigue life 𝑁 (number of cycles to failure) to applied load cycling
amplitude 𝑆 is described with the SN curve. One equation describing the SN curve is Basquin’s
equation
𝑆 = 𝑎𝑁 −𝑏

(15)

where 𝑎 and 𝑏 are material constants. Since always 𝑏 < 1, increased load amplitude causes
significant decrease of fatigue life, e.g. doubling the load amplitude reduces the fatigue life by
much more than a factor of two. More complicated models than Basquin ’s equation also exist
for plastic straining, multiaxiality and variable amplitude but the same effects apply also for
these models. This allows for accelerated testing as described later.
The large fatigue damage caused by large load cycles poses a challenge for wave power since
a WEC often operates at the high forces and at the relative low frequency from the incoming
waves. This can be compared to hydro, wind and thermal power plants wher e mechanical
energy is transferred via a turbine, that operates at higher frequencies and lower forces [90],
[91]. This results in that components subjected to fatigue in a WEC needs a stronger design
against fatigue.

3.1.4.2 Wear of seals
Wear is when material is worn away from the surfaces where bodies are in contact and slide
relative to each other [92]. In engineering scenarios many different materials can be in sliding
contact and subjected to wear. In WEC applications and for the VAILD project, wear of seals
is of particular interest. In these seals, metal is typically in contact with a polymer where sliding
is present while water tightness is required. The softer polymer material in the seal is then
abraded away, gradually decreasing the sealing function.
The failure of seals due to wear is caused by loss of material of the seal. Abrasion is the wear
mechanism active here and is essentially a hard surface tearing material away from a softer
material which in this case is the seal. The amount of wear inflicted on a seal per slid distance
and contact pressure is referred to as wear rate. The wear rate has units of mm 3/Nm which is
equivalent to mm/MPa/m and can be interpreted as depth of wear per pressure and slid
distance. The wear rate for a particular situation depends on several parameters, e.g. contact
pressure, sliding velocity, temperature and lubrication. For seals, the fluid pressure that the
seal is to contain also comes in as a parameter.
Wear is often described with a so-called wear map where the wear rate is presented on a map
with contact pressure and sliding velocity on the axes (see Figure 10). Wear maps are regularly
used for wear of metals, but the principles also apply for polymers including PTFE [93]. The
foremost information from the wear maps are different regions with considerable different
amounts of wear. The region where the wear is moderate, and probably acceptable in an
engineering application, is called mild wear. The opposite region is where the wear is se vere.
This region will be entered for high contact pressures where abrasive wear is shifted to
adhesive wear which can cause e.g. delamination of the polymer material (effects like galling
and seizure can come into effect for metals). For high sliding velo cities, severe wear can also
happen due to e.g. high frictional heat or due to effects from formation of an oxidized layer.
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Figure 10 Principal and simplified wear map with wear rates [mm 3/Nm]
In the mild wear regime, the wear rate is constant with respect to contact pressure and sliding
velocity [94]. This situation is described by Archard’s wear equation where the total volume of
material worn away is proportional to the contact pressure and total slid distance.
3.1.4.3 Corrosion
Corrosion can be defined as a deterioration of a metal by chemical or electrochemical reactions
with its environment [95]. Seawater is one of the harshest electrolytes and the corrosion
process is dependent on multiple factors (chemical, biological, mechanical) and parameters
(e.g. salinity, temperature, pH, dissolved oxygen, dissolved inorganic nitrogen, and water
velocity) [96]. This is very site specific and one further needs to consider which marine-zone is
relevant (buried, immersion, tidal, splash, atmospheric zone) [97]. The corrosion rate and
character (e.g. uniform, localized) are further dependant of course on the metal/alloy in use
and other design features such as welds, sharp edges, and crevices can play an important role
in the durability a structure. Furthermore, highly rapid corrosion degradation phe nomena such
as Accelerated Low Water Corrosion (ALWC) [98] and Microbially Influenced Corrosion (MIC)
[99], [100] can cause detrimental effects on marine structures leading to considerable
economic impacts.
To design products durable in marine environment it is thus important to take into consideration
all the above-mentioned factors throughout the development process and throughout the
device lifetime. Protective measures include the use of organic and inorganic coatings, and
cathodic protection through sacrificial anodes or impressed current. The protective coatings
will degrade over time and leave bare metal vulnerable to the harsh env ironment. So, it is
highly relevant to know as much as possible of the rate of degradation of both the protective
coating and the base material. To reduce risks, prolong lifetime and avoid complete failure of
WEC devices it is pivotal to adopt a standardised procedure of testing, and design
maintenance programs to suit the intended lifetime. The maritime industry has implemented a
several maintenance practices such as preventive maintenance (PM), condition based
maintenance (CBM), risk-based maintenance (RBM), and structural health monitoring (SHM)
[101]. These are implemented to control the degradation rate, increase operational uptime,
reduce life-cycle costs, and extend the service lifetime [102].
3.1.4.4 Biofouling
Biofouling is a major problem shared among all maritime sectors employing submerged
structures where it leads to substantially increased costs and lowered operational lifespans if
poorly addressed. A major economic impact of biofouling to WECs relates to loss of structural
integrity and performance caused, for example, by the added weight and thickness/rugosity to
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devices and components and obstruction of sensors. Key macrofouling organisms, such as
acorn barnacles, mussels, calcareous tubeworms, bryozoans, and kelp, are those most
frequently referred in the literature as responsible for those impacts. Other major economic
impacts to wave energy relate to corrosion promoted by microfouling and macrofouling
organisms. Corrosion may be induced and/or accelerated by anaerobic marine
microorganisms via so-called microbiologically influenced corrosion (MIC).
Macrofouling may further facilitate MIC initiated by the microbial communities that grow under
the macrofoulers in oxygen-depleted conditions. Furthermore, some macrofoulers may
promote localized corrosion as they employ endogenous compounds to adhere to (e.g. acorn
barnacles) or perforate (e.g. boring bivalves) substrata. Corrosion may be further accelerated
if the coating of fouled devices is physically damaged by the attached organisms, for example
when exposed to the pulling forces of waves and currents or upon their removal during
maintenance.
The fouling composition and magnitude on any submerged manmade surface depends on
both surface specific characteristics and local condition at immersion place.
Of specific concern for wave energy sector is the fact that information on biofouling composition
and magnitude across geographies is dispersed throughout published papers and consulting
reports. VALID project will test both materials and surface treatments and will include state of
the art information on geographical distribution and pressure for marine biofouling [103].
3.1.5 Reliability and survivability (R&S)
The third domain, reliability and survivability (R&S), has two main sub-domains:
i.
ii.

Identification for reliability, survivability and performance purposes; and
R&S assessment.

The identification for R&S purposes is a stage to couple the hybrid testing domain data,
thinking that hybrid testing data has to be pre-processed, to later focus on the risk identification
purposes. Such stage may combine hazardous conditions identification and risk management
options, i.e. strategies to achieve the establish reliability levels and meet survivability targets.
The sub-domain of R&S assessment aims to estimate and evaluate risk, involving e.g.
uncertainty characterisation, selection of principles for risk acceptance and tolerance levels,
consequence assessment and selection of risk management options (RMO) to achieve the
target reliability objectives. In the next section, the reliability and risk theoretical models and
related work is commented on in detail.

3.1.5.1 Methods for assessing reliability in WEC design
In its fundamental sense, reliability can be understood as the probability of non -failure
performance [104], making it necessary to contextualise and define failure and performance.
In a relevant context (e.g. mechanical, electrical/electronic subsystems), the failure criterion
not only includes the component’s physical failure (e.g. fatigue failure), but could also con sider
metrics related to usability focusing on the failure of performance, i.e. effectiveness, efficiency
and satisfaction, following the definitions listed in [105].
From a theoretical perspective, reliability approaches for addressing different problems can be
deterministic, pseudo-probabilistic and probabilistic – see Figure 11.
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Figure 11: Summary of reliability approaches
An example of a deterministic approach is presented in [106], where the reliability is presented
as a methodology for assessing different components in their degree of damage and threshold
passing, without further exploring any statistically modelling.
The pseudo-probabilistic approaches are risk assessment tools (used in risk management)
with a degree of subjectivity - see [107] and [108]. Relevant examples are summarised in Table
3.

Table 3: Risk assessment tools
Hazard Identification

Causal-andfrequency analysis

Consequencesequence of scenarios

Barrier-Safeguards
Analysis

Multi-purpose
tools

Hazard log
ETA, Event tree
analysis

Checklist method
PHA, Preliminary
Hazard Analysis
FMECA: Failure
Modes, Effects and
Criticality Analysis
HAZOP: Hazard and
Operability studies
SWIFT, Structured
What-if technique

CEA, cause-andeffect diagram
analysis
FTA, Fault tree
analysis

ESA, Event Sequence
Analysis
CCA, Cause
consequence Analysis
EP, Escalation
problems
CoM, Consequence
Models

BTA, Bowtie Analysis
diagram

Risk matrix

LPA, Layer of
protection analysis

Heat Map

BORA, Barrier and
Operational Risk
Analysis

Delphi
technique

EFBA, Energy
Flow/Barrier Analysis

Risk indexing

Expert
elicitation

MLD, master logic
diagram

An example of an application of some of the previous models is shown in [109], and in a more
general context, are explained in detail in [107]. The probabilistic approach has different
branches (see Figure 11): parametric, sampling-based (SB) and optimisation-based (OB)
methods. Examples of these methodologies or framework can be found in the following
references:
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•
•
•

Parametric: [110] addressing different methods and components by using well-known
standard distribution described by the different parameters. In [111], the correlation is
used for reliability assessment with testing measurements in WECs.
Simulation-based:
o Monte Carlo Simulation in all its variations, see [112] and [113].
o Random fields, Stochastic finite element, response surface, see [114].
Optimisation-based methods:
o FORM stands for first-order reliability methods, see [86].
o SORM refers to second-order reliability methods, see [115].

In the case of the WECs, the simulation- and optimisation-based methods have been applied
in the following references:
•
•

Optimisation-based: [116] and [117].
Different applications of probabilistic methods in WECs: [118] and [119].

The reliability assessment is related to limit states, at WEC-system or sub-system level,
performance and usability metrics. Also, reliability can be extended to cover asset integrity
management, combining limit states, performance indicators and efficiency/effectiveness of
resource/power delivery, e.g. reliability, availability, maintainability and Survivability/Safety
(RAMS); see e.g. [120]. In some cases, e.g. [121], the reliability formulation is used to estimate
the extreme response of the WEC system in a probabilistic sense. In [122], [123], the extreme
response of WECs is assessed for a given reliability index related to a one -hour extreme
response (as a deterministic risk level). The i-FORM (inverse first-order reliability method)
method - see [124] – is used to estimate specific stochastic variables or parameters ( e.g.
significant wave height), which in turn are used as input to derive estimates of forces and
displacements related to extreme response – using a range of extreme value distributions.
Reliability assessment/design methods in WECs have been applied to structural, mechanical,
electrical and electronic components in WECs. Table 4 shows a summary of the relevant
existing literature addressing reliability assessment of all these components. In addition to the
type of component, reliability assessment approaches and methods can vary depending on
the limit state and damage mechanism. Some of these approaches can better be described as
frameworks that propose risk - or reliability - methodologies using different reliability tools; for
example, [125] propose one of the first theoretical frameworks for assessing the reliability of
WEC components from a systemic perspective, using a probabilistic approach considering
failure data of components. Alternatively, methodologies based on failure information
(descriptive/predictive reliability) are dependent on testing that may not be economically
feasible, or events that could have a low probability, thus limiting their applicability.
A more recent framework is presented in [126], where the probabilistic design and reliability
analysis of WECs is considered, based on structural reliability methods from civil-structural
engineering; see also [87]. A more pragmatic framework is proposed by [127], which focuses
on integrating the information and reliability assessment to develop a WEC concept. The work
in [128] presents a framework for fatigue reliability with the calibration of fatigue design factors
that is the only current work integrating SN-approach (fatigue capacity using the curve of stress
ranges – number of cycles, SN-curve) and FM-approach (damage capacity simulating fracture
mechanics process) for considering different strategies for inspection (and perfect reparation)
for calibrating fatigue factors for WECs design. The authors consider FORM/ SORM
(optimisation-based methods) and Monte Carlo simulation (sampling methods). Within the
fatigue reliability topic, the work of [129] presents a different methodology using response
surface jointly with FORM and comparing with Monte Carlo simulation, providing the
accumulated reliability indexes during the fatigue life – see also [115].
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Table 4: Comparison of recent literature on reliability in wave energy

Other

FATIGUE

EXTREME LOAD

RELIABILITY

MECHANICAL / ELECTRICAL / ELECTRONIC /
SYSTEMIC

STRUCTURAL

Deterministic

-

[86], [92]

Semi-probabilistic

-

[80], [81], [82], [84], [71]

Descriptive/Predictive

-

[75], [93], [94], [71]

Sampling-based

-

[71]

Optimisation-based

[87], [68]

-

Deterministic

-

[86]

Semi-probabilistic

-

[80], [81], [82], [84], [71]

Descriptive/Predictive

-

[75], [93], [94], [71]

Sampling-based

[78], [79]

[71]

Optimisation-based

[78],[79], [87]

[67], [91]

Fatigue Framework**

[76], [77],
[78], [83], [73],
[41]

-

Extreme load
Framework**

[76], [83], [72],
[73], [8], [20],
[41]

-

Load characterisation

[83], [72], [73],
[87], [74]

-

Performance/Efficiency

[85], [88], [89],
[92], [71]

[92], [71]

**The theoretical frameworks consider different methods and aspects of the reliability of the WEC. These
frameworks can include probabilistic load characterisation or different methods.

In the context of WECs, few references address mechanical component design from a
quantitative perspective. Notable exception includes the work of [116], which focuses on PTO
bearings’ damage from a wear and fatigue capacity perspective by assessing reliability indexes
for the bearings’ life cycle using FORM. The work of [130] addresses a hydraulic turbine using
the fatigue reliability assessment methodology presented in [128].
Some of the mentioned work in Table 2 addresses WECs from a systemic perspective in the
reliability-based design and assessment. Some examples are the work of [125] and [131],
where the WECs system’s reliability is based on failure information in a descriptive/predictive
probability approach. Additionally, [132] focuses on system reliability assessment where
parallel and series systems interact differently, using the mean operating time between
successive failures. Finally, [133] is a more recent work addressing reliability in terms of the
system performance without probabilistic metrics.
When a systemic reliability assessment is considered, some authors e.g. [134], [135] and [136]
use reliability assessment tools inside risk assessment, e.g. FMECA (Failure Modes, Effects
and Criticality Analysis), risk matrix and heat map. Such tools can be used mainly for hazard
identification, which is useful for risk management purposes but not for estimating a reliability
metric. A FMECA may deliver two primary outcomes: i) the risk priority number (RPN) as a
criterion for assuring the following actions; and ii) responsible for actions. The first is a
quantitative representation of the chances (probability) and severity (consequences), using
metric related to failure rates and specific severity risk ranking from stakeholders’ subjective
considerations. The RPN is intended to be a quantity to identify risk-mitigation priority actions
and not an index to estimate reliability. As such, a FMECA focuses on identifying risk
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management options to pursue the system’s risk objective. The assessment of reliability would
typically follow once the risk(s) have been identified.

3.1.5.2 Theoretical formulations for assessing survivability and reliability in WEC
design
The definitions of survivability related to reliability take different connotations in the current
literature for different systems. Survivability is related to reliability as a probability or
performance metric and as a state- or risk-related framework.
In the context of WEC / WEC sub-system design, eight schemes of interpretation of
survivability are potentially applicable:
1.
2.
3.
4.
5.
6.
7.
8.

Indirect survivability, as metric of the impact of environmental load in WEC, e.g. [137].
Reliability-survivability, e.g. [132].
Active survivability, e.g. [138].
Functional survivability, e.g. [139].
Operational survivability, e.g. [140].
Survivability post-failure state [141].
Safety survivability [139].
Risk-directed survivability, e.g. [142].

The previous survivability-related definitions can be explained using the following six attributes:
•

•

•

•
•

Metric: indirect, deterministic and probabilistic. This metric is textually encounter ed in
the definition that could mention that survivability is a measure or capability referencing
a deterministic metric, while others mention survivability explicitly in terms of reliability
(probability). There are cases, see e.g. [142], where survivability is presented as a
measure (deterministic metric), but there are further implications of probabilistic metrics
in the same framework.
WEC-Operational condition. The performance after the event that can be planned or
unexpected such as the immediate failure condition, survival state where WEC is
staying in the site not strictly in any operational state, standstill operational state due to
integrity management, limited efficiency in the presence of damage of any time and
operation in an efficient manner.
System identification, i.e. series, parallel or another complex system. While the WEC
system identification (could be a task included in risk identification, different survivability
definitions do not define the system features or assumed that the damage/deterioration
mechanism is an indirect description of the WEC system. While the damage
mechanism for failure is a simplistic overall picture of system attributes for failure, the
implication of knowing-identification of the WEC system will give a detailed picture of
the system’s attributes, e.g. failure mechanism, the consequence of component failure,
sequence of failure and system robustness, as defined in [143].
Damage mechanisms, such as the sudden occurrence of failure, cumulative damage
or another mixed mechanism, e.g. a cumulative mechanism (fatigue, corrosion, fatiguecorrosion), sudden (brittle) failure or another complex mechanism.
Risk management. In a recent conceptual framework, [142] frame survivability with risk
analysis traits (risk management and assessment). It is vital to differentiate between
risk management, i.e. a management process based on a framework that includes
organisational preferences, values and policies, and risk assessment, i.e. science- and
evidence-based task(s). The reliability assessment is inside risk estimation, where it is
also including uncertainty characterisation, likelihood estimation, risk characterisation,
etc.
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•

Adaptative system considerations, e.g. conditional on reparation (tactical adaptation)
or active system adapting to planned or unexpected events.

In Figure 12, a visual comparison of the eight definitions of survivability related to WECs is
presented. Indirect survivability definitions are presented as the least comprehensive
definition, while the risk-directed survivability is the most comprehensive definition, presented
as a framework. Additionally, Figure 13 depicts the survivability definitions in a timeline where
planed and unexpected events are relevant to define the occurrence of a local or global failure
scenario. Detailed commentary regarding each of the defined types of survivability is provided
following Figure 13.

Figure 12: Aspects that shape the definitions of survivability
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Figure 13: Survivability definitions vs. timeline
Starting with the least comprehensive approach, indirect survivability can be defined as an
indirect measure concerning the influence of environmental load intensity and effects in the
WEC, see [137]. The previous work is not precise in the definition of survivability and is not
related to reliability (probability).
Additionally, reliability-survivability can be defined the survivability state linked to the system /
sub-system probability of non-failure performance. When the failure occurs at the local (subsystem level) or global level, the system operational life ends as the system does not survive
and does not reach the planned operational life - see also Figure 13. This survivability definition
is centred in reliability as a probability, without any implications concerning the type of system
and its attributes, failure/damage mechanism, or sub-system performance metric [132]. In
Figure 13, reliability-survivability is depicted with an ending ranging between the series and
parallel system failure. The failure can come from unexpected WEC sub -systems conditions
(local failure event) or an unexpected event (survival event) triggering the local or global failure.
When the WEC is a series system with 𝑛-sub-systems, the failure of any sub-system implies
the entire system’s failure. These sub-systems’ failures are taken as independent random
events 𝐴𝑖 , denoting the reliability (probability of non-failure performance), of the sub-system 𝐸𝑖
by 𝑅𝑖 . Then, the reliability of the WEC system is given by:
𝑛

𝑅 = 𝑃(𝐴̅1 𝐴̅2 … 𝐴̅𝑛 ) = 𝑃(𝐴̅1) 𝑃(𝐴̅2 ) … 𝑃(𝐴̅𝑛 ) = 𝑅1 𝑅2 … 𝑅𝑛 = ∏ 𝑅𝑘

(16)

𝑘=1

Where 𝑃(𝐴̅𝑛 ) is the complementary probability of the event (failure) of 𝑃(𝐴𝑛 ), with 𝑃(𝐴̅𝑛 ) = 1 −
𝑃(𝐴𝑛 ) and 𝑅𝑘 being the reliability of the sub-system 𝑘. The reliability does not exceed unity,
and the multiplication of the sub-systems’ reliability makes for a decrease of the overall system
reliability 𝑅 as the number of sub-systems increases. A fact is that 𝑅 cannot exceed the
reliability of the weakest sub-systems, being 𝑅 ≤ 𝑚𝑖𝑛(𝑅1𝑅2 … 𝑅𝑛 ).
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When the WEC system is considered as a parallel system, the system fails when all the
components fail, and the probability of failure and reliability of the entire system is given by:
𝑃(𝐴1 𝐴2 … 𝐴𝑛 ) = 𝑃(𝐴1) 𝑃(𝐴2 ) … 𝑃(𝐴𝑛 ) = (1 − 𝑅1 )(1 − 𝑅2 )… (1 − 𝑅𝑛 )

(17)

𝑛

𝑅 = 1 − (1 − 𝑅1)(1− 𝑅2 ) … (1 − 𝑅𝑛 ) = 1 − ∏(1 − 𝑅𝑘 )

(18)

𝑘=1

This system reliability formulation is considered in [132] for WECs.
Active survivability can be defined as dynamic reliability for an active system where the system
can define/modify target operational states to avoid dangerous conditions leading to failure.
This definition is used in the defence system, see [138]. The WEC’s instrumentation and
control sub-systems dealing with the response could be thought of as an active system
modifying the impact of actions (wave load), and therefore the WEC response and failure
conditions. The control system as an active sub-system has limitations, so any adaptative
strategy is limited when the WEC system or sub-system fails, and the reliability is conditional
on the tactical control strategies as a reserve of the system/sub-system capacity. The word
“reserve” means that additional configuration in case of a specific performance level,
unextreme event or deteriorating condition; therefore, the conditional reliability can be
expressed as follow:
𝑅 = 𝑃(𝐴1 𝐴2 … 𝐴𝑛 | 𝜃𝑐𝑡 )

(19)

Where 𝜃𝑐𝑡 is the set of parameters in the control configuration that provide an active/adaptative
response for given hazardous detected conditions, e.g. real-time active control based on
forecasted environmental loads. The definition of controllability in [142] established that
controllability is the ability for control systems to be implemented to sub -systems or device and
incorporate evaluation of the benefits control can deliver and the reliance of a sub -system or
device on it. Supporting the definition of active survivability, the “reliance on control” is to what
extent the sub-system or device requires the control system to achieve basic/improved/optimal
functionality and the impact of control system failure.
Functional survivability is the probability that the system will perform at its expectable rate (or
at an allowable degraded rating) without damage that would require the need for significant
unplanned removal or repair over the stated operational life [139]. This definition implies that
the system is under a degradation process throughout its operational life, and that the
degradation influences its power production performance. Such definition is similar to
operational survivability, used in communication networks and defined as the capability of the
system to fulfil its mission [140]. However, functional survivability implies that the damage
mechanism can be a gradual process, at local or global level, e.g. fatigue damage, electronic
components degradation; however, in the definition of operational survivability, the failure of
components could not be necessarily gradual, but sudden and limited to specific sub -system
or system level. In other words, function survivability includes probability (reliability), damage
mechanism (not implicitly including WEC system attributes) and the performance metric, while
in operational survivability is ambiguous about the definition of “presence of failure”, maybe
implying system attributes such as robustness [143] or different type of system, i.e. parallel
system.
Survivability post-failure state is also addressed in the current literature, see e.g. [141]. It
implies a survivability state in which the system stays on the installation site and with specific
integrity conditions, while not performing effectively with the presence of damage or
local/global failure. It can therefore be considered a sub-case of functional survivability, where
the WEC maintains physical integrity but not performance integrity.
Additionally, safety survivability has also been proposed - see [120] and [139]. It has been
defined as the probability that the WEC will stay on station over the stated operational life. This
definition only implies that the reliability levels allow accomplishing the entire planned
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operational life, excluding considerations concerning the damage/failure mechanism, system
characteristics, performance and environmental load.
The last definition of survivability is related to risk-directed survivability (RDS), which is
presented in [142] as a measure that could be defined as a risk management related
framework for survivability. The framework is not systematically presented as a risk framework,
see e.g. [144], [108] or Appendix B of [145]; but it is possible to identify traits of risk analysis
(risk management and risk assessment). Risk-directed survivability is defined as a measure
(not probability explicitly) of the ability of a sub-system or device to experience an event
(survival event) outside the expected design conditions, while not sustaining damage or loss
of functionality beyond an acceptable level, allowing a return to an acceptable level of operation
after the event has passed. In RDS as presented in [142], survivability is differentiated from
reliability, controllability and maintainability aspects, following an external risk management
options (ERMO) approach, and as part of a combined risk framework, asset integrity
management framework and engineering risk assessment.
Unlike the other definitions of survivability, the RDS definition establishes that survivability is a
mixed risk management and assessment-based framework supported by key aspects
illustrated in Figure 14.
In conclusion, RDS is at the present the most complete survivability definition to be suggested
for WEC design. However, it is accompanied by the following undefined or unprecise
characteristics:
1. One of the standard-based principles for establishing the risk levels is ALARP, which
is a principle for characterising the acceptable and tolerable level that can be used for
design. The definition of survivability does not address what is the risk level domain
(acceptable or tolerable risk domain) in ALARP. There are constraints, possible to
introduce in the risk evaluation and risk treatment, e.g. best available technology (BAT),
CAPEX vs OPEX, etc.; however, if the risk levels are not dictated by a economic policy,
the CAPEX vs OPEX is used in risk treatment to assess the chosen strategies to
mitigate risk.
2. When the word “reasonably” is used in ALARP, the question is “according to what and
to whom?”. Is it an engineering decision for BAT? Is this the stakeholders' decision in
the design process?
3. The risk evaluation part is not proposing a portfolio of design decisions when risk levels
are or not met.
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Risk Identification

• Hazard identification through the increase of testing for unfavourable
loading conditions.
• Consequence/sequence identification thorough assessment of damage
or loss of functionality beyond an acceptable level in the unfavourable
loading conditions.

Risk Estimation

• Uncertainty characterisation and likelihood estimation: the likelihood of
experiencing an event that results in components, sub-systems and /
or devices operating beyond their expected design conditions.
• Risk characterisation: the likelihood of predicting or detecting the
survival event and taking suitable protective action.
• Establishing the risk management options (RMO), as strategies to
describe specific w ays the RDS w ill be achieved w ith:
• Identification/Define/Optimise/Improve safety factors considering
unexpected events for WEC system and
sub-systems.
• Identify/Enhance/Improve/Coordinate technology for the given
project(s), deployment site(s) and environment(s) to balance survival
against the excessive increase in the capital expenditures (CAPEX).
• Enhance/Improve/Optimise the WEC-resistance to specific events by
either having or not having taken suitable protective action that could
be active (system features) or passive (changing risk principle).

Risk Evaluation

• Using a dual principle for establishing the acceptable and tolerable
level of risk:
• Engineering principle of “as low as reasonably possible” (ALARA,
a.k.a. ALARP, “as low as reasonably practicable”.)
• Management principles establishing tw o policies:
•
WEC do “not sustain damage or loss of functionality beyond an
acceptable level.”
• Balancing of CAPEX w hile the other RMO and risk principles are
implemented.
• Risk Evaluation
• Using a dual principle for establishing the acceptable and tolerable
level of risk:
• Engineering principle of “as low as reasonably possible” (ALARA,
a.k.a. ALARP, “as low as reasonably practicable”.)
• Management principles establishing tw o policies:
• WEC do “not sustain damage or loss of functionality beyond an
acceptable level.”
• Balancing of CAPEX w hile the other RMO and risk principles are
implemented.

Risk Treatment

• Formulation of evaluation criteria:
• Boundary conditions:
• CAPEX (efficiency by meeting the objectives w ith minimisation of
resources)
• Design boundary conditions that describe the most severe input
conditions the component, sub-system or device has been designed
to survive, described in the appropriate fashion for the specific
technology, and related to the event(s) that w ould cause those input
conditions.
• Evaluation criteria to increase the reliability levels/ improve damage
accumulation using the follow ing criteria:
• Limit of design conditions (and associated environmental conditions),
beyond w hich the component, sub-system or device behaviour in
survival events is unknow n, and damage or loss of functionality may
occur.
• The likelihood of exceeding an acceptable level of damage or loss of
functionality in such an event.

Figure 14: Key aspects related to the risk-directed survivability (RDS) framework [122]
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One of the papers dealing with the framing analysis of survivability is [146], concentrating
mainly the efforts of the study in the semantics of survivability concerning reliability, without
delving into the relationship with failure mechanism and minimising the use of a metric of
reliability based on production performance, i.e. the mean time between failures (MTBF) and
not in terms of components performance or components damage mechanism, i.e. probability
of exceedance of specific state.
In summary, survivability definitions are not unified (not in the WEC context, neither in other
engineering areas), which offers the possibility to issue considerations specific to the context
of the VALID project.

3.2 Numerical models
In this sub-section, a review of numerical modelling methods most typically applied in WEC
and WEC sub-system design is presented. Firstly, basic formulations are overviewed in
Section 3.2.1, covering the range of most common approaches used to date (e.g. frequencydomain solvers; time-domain solvers). Following a brief introduction of the concept of design
situations and design load cases (DLCs), a qualitative ranking of numerical modelling methods
is illustrated in Section 3.2.2 as a function of specific design situations, which in turn may assist
future VALID decisions should particular DLCs be targeted in the accelerated testing of specific
sub-systems. Recent representative examples of WEC numerical models, include code
comparison exercises, are then presented in Section 3.2.3. Models for critical sub-systems of
WECs are also overviewed in Section 3.2.5.
3.2.1 Numerical wave models
The exploitation of available hindcast databases and reanalysis archives, derived from largescale numerical wave simulations, may be of interest in the reconnaissance stage of a wave
energy project saving time in the implementation, computation and validation of refined
simulations dedicated to resource assessment. Validated and assimilated against a series of
in situ and satellite observations, these datasets reach good estimations of the wave conditions
in offshore waters.
However, for the development, design and detail characterisation of wave energy projects
higher resolution wave hindcasts covering long periods of time, typically ≈30 years should be
used, offering a longer temporal coverage than satellite measurements and providing
(according to the technical specifications) valuable information to (i) investigate the temporal
variability of the wave energy resource at monthly, seasonal and annual time scales, and (ii)
exhibit the long-term evolutions by identifying decadal changes in wave power density.
Wave models can be separated into two distinct categories, oceanic and coastal. While, most
wave models can be applied to both large and small domains, their comp utational demands,
efficiency, and accuracy determine their preferred use. The popular well known ocean scale
models are WAve Model (WAM) and WaveWatch (WWIII), coastal or shelf -sea models are
Simulating WAves Nearshore (SWAN), MIKE21-SW1 and TOMAWAC. Except MIKE21, the
majority of wave models are open sourced.
Although several limitations exist, developments to alleviate inaccuracies continue. It is
important to note that this separation is not deterministic, and in fact all models can be used
for ocean and/or smaller domains, however the intricacies behind source terms, numerical
solutions schemes, and computational requirements contribute to this classification.
One major difference of the models lay in the way they resolve the action balance density
equation, with a range of available source terms. The nature of a model is also a
distinguishable part, with varying options whether they are deterministic, probabilistic, using
phase resolving or phased averaged approaches. Their ability to reproduce wave c onditions
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and provide spectral information for shallow or dee- water locations, depends on the physical
approaches used in the solvers within a specific wave model. While commonalities exist in
some source terms, available options, and parametrisations dif fer significantly within the
models.
Considering the spatial limitations of in-situ, altimeter/satellite datasets (not suitable for
resolution <100 Km), numerical wave models are a still high-quality option [147].
3.2.2 Design load cases
Following [148], and at a high-level, the WEC design process involves three main stages:
design basis, concept design and detailed design. These are illustrated in Figure 15, where an
outline of the key objectives and tasks associated with each stage is also given. The initial
stage - design basis – aims to devise a preliminary selection of design load cases (DLCs),
which can be defined as sets of input conditions, covering environmental, system and sub system(s) variables and states, each of which aligned with specific design situations (e.g.
power production, power production with faults, etc.). Together, a colle ction of DLCs aim to
represent all loading scenarios to be experienced by a WEC during its lifetime. For sub systems such as the PTO that may experience multiple input conditions, and / or to which a
range of operational states apply for the same design condition, the settings leading to the
highest loads should be selected per DLC.

Design Basis

Objectives
- WEC design basis
- Metocean design
basis

Concept Design

Detailed Design

Objectives
- Preliminary load
calculations
- Performance
estimates

Tasks
- Review standards
and guidelines
- Define load and
structural analysis
methodology
- Define metocean
conditions
- FMEA

Outputs
Design Load Cases
(DLCs)

Objectives
- Load calculations
- Structural analysis

Tasks

Tasks
- Numerical modelling
- Experimental
modelling
- Onshore testing

- Numerical modelling
- Ultimate loads
analysis
- Fatigue loads
analysis
- Finite element
analysis

Outputs

Outputs

- WEC performance
estimates
- WEC loads for
preliminary design
conditions

- Ultimate and fatigue
loads
- Strength
assessments (ULS,
SLS, ALS)

Figure 15: Key objectives and tasks: WEC design process [148]
Some DLCs may be excluded on a WEC or site-specific basis (e.g. if certain environmental
conditions do not apply). Furthermore, at the design basis stage a shortlist of DLCs may be
obtained following a risk assessment, conducted via e.g. a Failure Mode and Effects Analysis
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(FMEA) study targeting all critical sub-systems, which may assist in identifying the DLCs that
are most critical to the design stages of interest in order to propose a specific d esign
methodology. The design basis will assist in directing concept and detailed design studies.
Typically, load and structural integrity assessments are conducted at these stages, initially for
preliminary design conditions and ultimately for a complete set of DLCs, covering fatigue (F)
and ultimate strength (U) scenarios. An example DLC table specifically derived for WECs is
provided in Appendix B of D1.1 [1], where it is immediately clear that coupled methods offer
the greatest potential to simultaneously take into account the cross-influence of all relevant
sub-systems.
3.2.3 Coupled numerical models of WECs
With the advent of computational power, numerical modelling of WECs became widespread in
the academic, research and industrial communities. Their inherent abilit y to analyse a wide
range of design variables, configurations and iterations of multiple WEC designs make
numerical models ideally suited for a range of investigations, from early stage to detailed
design, that are critical in a technical development roadmap.
Owing to the history and wide range of solvers outlined above, and while noting the importance
of coupled models that account for the influences of all critical sub -systems to estimate the
overall WEC response (see also Section 3.1.2), it is somewhat unsurprising that multiple
software packages, mostly with a fluid-structure background, have been proposed and / or
used in WEC design. A first appraisal of multiple software tools used in wave & tidal energy
converter design was presented in McCabe [149], where commercial packages were
presented in a standardised way to allow an assessment of their capabilities. More recently,
several software / code comparison initiatives have also been conducted, specifically for WEC
design tools. For example, in [150] the results of the WEC3 project (Wave Energy Converter
Code Comparison) are presented. WEC 3 focused on mid-fidelity codes that simulate WECs
using time-domain multibody dynamics methods to model device motions and hydrodynamic
coefficients to model hydrodynamic forces, given the predominance of such formulations in the
research community.
Table 5 outlines the characteristics of the software tools tested and compared in WEC 3. The
preliminary results showed overall good agreement between all codes for the tested scenarios,
with the largest differences being attributed to the different appro aches to empirically introduce
the influence of viscous effects. Importantly, the WEC 3 project was dedicated solely to code
comparisons, thus limited conclusions could be extracted. A similar study, presented in [151],
compared a shortlist of numerical modelling tools. In addition to code comparisons, initial
comparisons with experimental results from a single degree-of-freedom scale model were
presented. The study concluded that for small to moderate incident seas all models tested,
linear, weakly nonlinear and fully nonlinear, yielded similar results under the test conditions –
which may prove useful to specific design situations that warrant a large number of simulations.
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Table 5: WEC3 code features comparisons (‘*’ denotes a feature under development at the
time of writing; [150])

In the context of developing numerical models, code comparisons and further comparisons
with experimental results are particularly relevant, especially for novel applications such as
WEC design. The definitions introduced by Roache [152] can be followed to introduce the
concepts of verification and validation. By verification, it is assumed that comparisons between
numerical estimates are made (attempting to answer the question ‘are we solving the dominant
equations in the right way?’); whereas in validation, comparisons between numerical estimates
and experimental results are made, in attempt to assess if the fundamental physics are well
capture numerically (answering the question ‘are we solving the right equations?’).
In addition to the novelty and infancy of the wave energy sector, the specificities of WEC design
make verification and validation activities particularly relevant, as it is not guaranteed that any
software, even commercial software validated for a similar yet different application, is directly
applicable to WEC design activities. Such principles were stressed in e.g. the PerAWaT project
(Performance Assessment of Wave and Tidal Array Systems), which aimed to develop, verify
and validate a range of software tools for wave & tidal energy systems, including a first
commercial design tool for WEC design (see e.g. [153]). Results from the PerAWaT project
are available in e.g. [154] and [155], where applications to different WECs and comparisons
with physical model results at a range of scales is presented. Stressing the importance of
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coupled numerical models, and in addition to the fluid-structure interaction problem, particular
attention was given to the description of the key sub-systems, most notoriously the PTO.
As an example, results comparing numerical model (WaveDyn) estimates with those from a
1:19 scale model of the WaveBob WEC, tested at the Seakeeping and Manoeuvring Basin at
MARIN (The Netherlands), are illustrated in Figure 16 to Figure 19. Firstly, the scale model is
shown in Figure 16, where the two main hydrodynamic bodies that constitute the WaveBob
WEC are clear: the torus and a central spar, referred to as the float-neck-tank (FNT). At fullscale, the torus has a diameter of 17.6m, a draft of 4.86m and a freeboard of 3.0m, whereas
the FNT has a draft of 57m. The model PTO was connected to a six degree -of-freedom force
frame to measure the forces and moments between the torus and FNT (see Figure 17). Such
measurements allow a feedback loop in the control algorithm to be created, to compensate for
losses (friction and stiction), allowing linear and nonlinear PTO profiles to be accurately
implemented experimentally. Examples of the measured and modelled PTO force profiles are
given in Figure 18. The level of detail given in PerAWaT to minimise discrepancies between
numerical and experimental models (and experimental error) led to excellent comparisons
between the data sets, as Figure 19 illustrates. It is noted that moderate wave conditions were
the focus of the PerAWaT project – thus additional work would be required to assess the
degree of numerical to experimental estimates correlation in more aggressive / steep input
seas – and the eventual need for additional numerical formulations to be considered.

Figure 16: Left - WaveBob WEC 1:19 scale model; Right – schematic of the WaveDyn
numerical model of the WaveBob WEC [155]
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Figure 17: Left - Linear motor used in the WaveBob model PTO. Right: PTO joint frame.
Lattice structure is connected to torus. Rectangular section in bottom right of picture is
connected to 6 DOF force frame on FNT [155]

Figure 18: Examples of measured and numerically implemented PTO force vs. velocity
profiles for linear and nonlinear scenarios [155]

Page 50 of 212

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101006927.

Figure 19: Comparisons of Wavebob PTO time-series from experimental (tank) and
numerical (WaveDyn) for an input sea state with 𝐻𝑠=1.8m and 𝑇𝑒 =11.3s. Top: linear controls,
unidirectional irregular waves. Bottom: nonlinear controls, directional spread waves with
SDIR = 40˚ [155]
Further comparisons, including with full-scale data from open ocean, grid connected trials,
were also made in PerAWaT in connection with the Pelamis P2 WEC full-scale prototype
testing programme. The Pelamis WEC design process remains to date as a valid example of
one of the most comprehensive development programmes in the wave energy sector. The
Pelamis development programme was hinged on the PEL software, developed by Pelamis
Wave Power Ltd and detailed in [156]. In alignment with the formulations introduced in Section
3.1.2 and the remit of applicability discussed in Section 3.2.2, three main software tools are
described (see also Table 6):
•

Pel_freq, a frequency-domain based tool for performance related scoping studies with
simplified control.

•

Pel_ltime, a linear time-domain based tool dedicated to power production in small to
moderate seas.
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•

Pel_nltime, a nonlinear time-domain based tool aimed at assessment the WEC
response in large seas (survivability focus).

Verification of the PEL suite was made via comparisons with commercial software (e.g. AQWA
and Orcaflex). A validation programme was also followed, allowing comparisons of numerical
estimates with physical results gathered in experimental tests at multiple scales (from 1:80 to
1:1).
Table 6: PEL software tools [156]
Program

Body
Hydrodynamics Control
Dynamics

Applications

Pel_f req

linear

large parametric
studies with
simplified control

linear
f requency
domain
Pel_ltime
linear time
domain

3D f req. dep.
coef .
2D f req. dep.
coef .

linear

3D impulse
response
3D f req. dep.
coef .

linear

Arbitrary non- power absorption
linear
in small and
moderate seas

2D f req. dep.
coef .
Pel_nltime
non-linear time
domain

non-linear 2D f req. dep
coef .

Arbitrary non- survivability in
linear
large seas
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Figure 20: Schematic of the PEL nonlinear time-domain software tool [156]

Figure 21: Screenshot of the visualisation interface of the PEL software tools [156]
The time-domain PEL models included dedicated modules of critical sub-system, such as the
PTO and control system. For the PTO, the effects of a hydraulic system were included, to a
component level, in order to emulate the physical system; whereas for the c ontrol system,
estimated joint angles were used as inputs, to mimic the data flow that transducers would
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create in the physical system. The numerical implementation of the PTO and control modules
was ultimately validated via comparisons with experimental tests conducted on a full-scale
PTO test rig, where a 1:1 replica of a Pelamis PTO physical module was created, with all its
components, and actuated via an external set of hydraulic cylinders that replicated
representative load scenarios (see Section 4.3.3 for further details).
Recently, the most advanced numerical formulations based on CFD principles have become
increasingly popular. Although conceptually capable of addressing WEC design with a fully
coupled approach, owing to practical limitations and / or implementation difficulties, subsystem simplification is still observed in a dominant number of examples. However, and as
highlighted in Table 7, the potential of CFD-based formulation(s) to address a range of complex
wave-structure interaction problems is evident.
The most prevalent applications of CFD formulations to WEC design to date have focused on
extreme wave interaction with the prime mover, in an attempt to capture nonlinear phenomena
such as wave breaking and wave overtopping. Examples include [157], where wave slamming
loads on oscillating wave surge converters (OWSCs) was characterised experimentally (1:25
scale) and numerically, using both RANSE and SPH based formulations. The tests were
undertaken with the flap undamped, i.e. simulating a condition in which the PTO is not
operating. Overall, excellent agreement between the experimental results and numerical
estimates was reported, as Figure 22 illustrates. The results are encouraging, in particular for
design situations that warrant more advanced formulations (see also Table 7). However, the
approach carries substantial computational effort challenges, as reported in [157] – e.g. for the
SPH simulations, 13 seconds of simulations were completed in approximately 70 hours, using
72 processors of the ICHEC’s (Irish Centre for High-End Computing) Stokes supercomputer.
Schmitt and Elsaesser [158] also addressed the modelling of OWSCs using an open-source
RANSE solver – see Figure 23. Numerical estimates of the WEC’s pitch motion are compared
with small scale experimental data, showing overall good agreement. The results illustrate the
capacity of a RANSE based formulation to capture nonlinearities in the wave -structure
interaction problem, in particular those associated with viscous effects. However, it should be
noted that small scale experimental modelling carries inherent limitations, which may include
e.g. an exacerbated influence of viscous forces with regard to the inertial forc es, when
compared with their full-scale equivalent – see e.g. [159]. Additionally, no mechanical torque
was applied, and thus no power absorbed by the WEC, in [158]. Both these assumptions were
addressed in [160], where a PTO optimisation exercise was performed for a full-scale OWSC
using the same solver (OpenFOAM) and a range of monochromatic waves as inputs. The
findings demonstrated that RANSE simulations may identify nonlinearities even in mode rate
environmental conditions related to power production.
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Figure 22: Example of the computational domain (top left: RANSE; top right: SPH) and
selected results (bottom left: flap pitch; bottom right: flap pressure) reported in[157].

Figure 23: Example of the computational domain in [158]. The rotating mesh is represented
in blue, with the flap in read and the fixed outer mesh in white.
For floating WECs, mesh and meshless (SPH) formulations were used in [161] to assess a
point absorber’s prime mover response under nonlinear wave action. A highly nonlinear single
wave (NewWave), a concept first introduced to offshore engineering by Tromans et al. [162]
as a means of deriving a design wave, was used as input, and the displacement of the floating
prime mover was assessed. Overall good agreement was observed between numerical
estimates at the 70 th scale experimental test. However, the authors note that ‘During all tests
no power was taken off the system and the friction in the pulley support is negligible’, thus the
conclusions are somewhat limited from a WEC design perspective. Furthermore, and as noted
by the authors, the use of a NewWave may provide insight into extreme loading on the floating
structure, but “In reality, irregular waves excite the body continuously and these long -term
irregular waves are needed to model the final device with mooring and PT O”.
Further examples of point absorber modelling in CFD numerical models include [163], where
numerical and experimental estimates of the CETO 5 WEC response are compared. In
particular, linear time-domain and RANSE estimates were compared with 1:20 scale
experimental results. A simplified PTO was assumed in both numerical models, and the linear
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time-domain model included an empirical viscous drag correction, whereby drag coefficients
were estimated in OpenFOAM via forced oscillation tests. As illustrated in Figure 24, a constant
drag coefficient was extracted in the surge, heave and pitch degrees-of-freedom. Overall, the
results showed good agreement between the RANSE simulations and the experimental
results, with the linear time-domain model showing a more pronounced overestimation
tendency (see e.g. Figure 25).

Figure 24: OpenFOAM vorticity field in forced heave oscillation – drag coefficient estimation
[163]
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Figure 25: PTO velocity (top) and PTO force (bottom) comparisons under regular waves
[163]
However, and although the authors note that the contribution of the Morison correction to the
linear time-domain approach is small, the potential disproportionate contribution of viscous
effects in small scale testing is not discussed in [163]– and may warrant further work. Such
phenomena could mean that RANSE results computed at scale may yield similar estimates to
their experimental equivalent, yet both may differ from the full-scale equivalent.
Extreme loads were also estimated in the RANSE solver and compared to th eir experimental
equivalent. Rather than a direct comparison, the RANSE simulation use s a NewWave profile
to compare directly with the largest single experimental waves. The authors concluded that the
numerical method underestimates the experimental result; however, and noting that the input
conditions vary between numerical and experimental setups, the initial work would benefit from
additional comparisons to ascertain if e.g. an experimental NewWave input would yield similar
results. The proposed used of a focused wave group such as the NewWave profile has the
merit of greatly reducing computational time when estimating the WEC response in highly
energetic sea states, at the expense of the estimation of memory/dynamic state effects which
can dominate the overall system dynamic response. A review of this and other methods, such
as the most-likely-extreme-response (MLER) method, is provided in [123]. An application of
the MLER method, along with comparisons between modified linear time -domain and CFD
approaches, are detailed in [164], yielding good comparisons and demonstrating the potential
for using modified lower fidelity models up to highly nonlinear wave -structure interaction
events.
In addition to the definition of suitable metrics, and as the final rows of Table 7 suggest,
survivability assessment remains an active topic of research in WEC design, owing to e.g. the
complexity of modelling a WEC as a coupled system. The conflicting requirements of
simultaneously accounting for all relevant load sources, accurate modelling the wave -structure
problem for steep input seas, and covering a wide range of design situations within reaso nable
computational power limits represent a challenge, even if considered in isolation. The use of
multiple tools / formulations for different design situations may address some of these
requirements, while introducing the need for additional expertise of the software developer(s)
and / or user(s). An alternative is to consider a domain decomposition approach, where lowerfidelity models are used for the majority of the simulations and are loosely coupled to higherfidelity models for a discrete part of the simulations. This approach was followed in e.g.[165],
which describe a WaveDyn-OpenFOAM loose link to address extreme loading events on a
point absorber WEC. The authors compared the loosely coupled approach to experimental
results related to the WEC’s response under extreme deterministic events (NewWave). As
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Figure 26 illustrates, the approach shows promise when investigating means of adapting a
single software tool to cover a wider range of design load cases, with the modified WaveDyn
estimates being closely aligned with the estimated motion in all degrees-of-freedom except
surge.

Figure 26: Comparisons of WEC response from different formulations under a NewWave
[165]
Overall, the acknowledgement that the best type of numerical formulation will, among other
variables, depend on the design situation being analysed, appears to offer a promising avenue
for coupled WEC modelling. This opportunity is stressed in e.g. [148] and [166]. In addition to
domain decomposition, the use of surrogate models such as polynomial chaos expansion
(PCE) may offer the possibility to estimate long-term return period load estimates at a vastly
reduced computational effort (see e.g. [167]). Alternatively, the development of open-source
WEC simulation software may offer further advantages by stimulating the use of a combination
of tools that is best suited for the design challenges, while avoiding the requirement(s) of
acquiring and obtaining training in a range of commercial packages.
3.2.4 Suitability of numerical model formulations
Having introduced both the basic numerical formulations (see Section 3.1.2) and the concept
of a DLC (see Section 3.2.3), the problem of relating a specific numerical modelling formulation
with a specific DLC remains unaddressed. From a WEC design perspective, it is of paramount
importance that each DLC is modelled with a suitable formulation, to mitigate the risk of
inaccurately estimating dominant load effects. From a numerical perspective, a similar
assessment was made in [148], where similar formulations to those introduced in Section 3.1.2
were qualitatively ranked with regard to their applicability to the design situations defined in
Appendix A.
Using [148] as a starting point, a revised assessment of the suitability of basic formulations for
each design situations is illustrated in Table 7. It is clear from Table 7 that only a frequencydomain formulation presents fundamental limitations that can be associated with the
formulation itself – and can thus be considered mostly for early-stage, performance related
assessments. All other surveyed options offer the potential to address the range of design
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situations proposed in Appendix A, with different degrees of development effort, which in turn
can be associated with e.g. model availability (in commercial and / or open -source format),
ease of development (from a programmer and user perspective), suitability to assess highly
transient phenomena, etc. As an example, and while all time-domain based options are
fundamentally suited to the Power Production plus Faults design situation, linear time-domain
based solutions are more readily available – warranting the classification presented in Table
7.
Time-domain based methods offer the opportunity to address performance, reliability and
survivability related aspects. From those proposed in Section 3.1.2, the least advanced timedomain formulation provides sufficient detail to cover a wide range of perf ormance and
reliability related aspects, which if allied to its usability profile – see Table 2 – makes it a usual
first option from a WEC and sub-system design perspective. The more advanced formulations,
especially those related to CFD, theoretically offer the greatest potential to address
survivability related aspects – in particular if e.g. specific modes of operation in such state
dictate that critical sub-systems are in an idle mode, which may in turn facilitate the overall
system modelling task.
While a single formulation may be unsuitable to address all key design situations detailed in
Appendix A, it remains unclear if hybrid formulations, using outputs from adv anced methods
to enhance physical descriptions of specific inputs in other formulations, may be
conceptualised in this regard. It is also noted that no distinction is made in Table 7 with regard
to the specificities of each model in further design related aspects. For example, it is assumed
that point loads models are considered; however, distributed loads models may offer
advantages when e.g. transitioning the assessment from a load to a strength assessment
perspective. To demonstrate the current state-of-the-art, examples of flagship and recent work
involving numerical models of WECs are presented in Section 3.2.3, to ascertain potential
avenues for development.
Table 7: Suitable of numerical modelling formulations to specific design situations (adapted
from [148])
Design Situation

Frequencydomain

Linear BEM
time-domain

Nonlinear
BEM timedomain

CFD

1. Power production
2. Power production plus faults
3. Start-up
4. Normal shut-down
5. Emergency shutdown
6. Parked (standstill or idling)
7. Parked plus fault conditions
8. Transport, installation, maintenance
and repair
9. Accidental / abnormal events
10. Damaged stability
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Rating System Key
Formulation
fundamentally
suitable

Formulation
suitable with minor
development efforts

Formulation
suitable with
significant
development efforts

Formulation
suitable with major
development efforts

Formulation
fundamentally
unsuitable

3.2.5 Critical sub-system models for WEC design
The creation of a fully coupled WEC model implies that all relevant sub-systems will be
described numerically. Using the definitions introduced in VALID’s D1.1 [1], this notion requires
that, where applicable and depending on the development stage, the hydrodynamic, PTO,
reaction, power transmission and instrumentation & control sub-systems need to be explicitly
considered when creating a WEC numerical model.
If in-house codes are not used, the creation of a fully coupled WEC model therefore relies on
a numerical simulation platform. These often use object-oriented, high-level programming
languages to model a range of e.g. mechanical and electrical sub -systems, intrinsically
facilitating their coupling, and exist in both open-source and commercial formats. Examples of
numerical platforms of this type and that can be used in WEC modelling include MATLAB /
Simulink, Modelica and Simcenter Amesim. Once applied, the creation of a coupled WEC
model can be considered a first step towards hybrid testing, by enabling a virtual platform
where all relevant sub-systems are considered.
Due to the number of publications and its open-source status, a noteworthy example for WEC
design is WEC-Sim (Wave Energy Converter SIMulator), an open-source WEC simulation tool
developed in MATLAB / Simulink using the multi-body dynamics (MBD) solver Simscape
Multibody. The WEC-Sim project is an ongoing effort funded by the U.S. Department of
Energy’s Wind and Water Power Technologies Office, with the code development effort being
a collaboration between the National Renewable Energy Laboratory (NREL) and Sandia
National Laboratories (SNL). Due to its open-source nature, in the research community
multiple developments are active, all of which gradually contribute to the extension of WEC Sim’s application remit. Further details regarding WEC-Sim can be found in http://wecsim.github.io/WEC-Sim/.
WEC-Sim was originally conceived to model devices that involve rigid bodies, PTO sub systems and moorings. Simulations are performed in the time-domain by solving the governing
WEC equations of motion in all relevant degrees-of-freedom, in a fully coupled format. Given
the importance of the PTO sub-system in the VALID project, an example of how WEC-Sim
allows PTO modelling is detailed in this sub-section.
WEC-Sim allows PTO properties to be applied to any joint in the system, where energy
converted from the relative motion between adjacent bodies may be used to drive the WEC
powertrain. In addition to allowing simplistic representations of a PTO subsystem via e.g.
mass-spring-damper representations, a specific module, PTO-Sim, has been developed to
allow a first decomposition of individual features and components that are presented in specific
types of PTOs. The approach is detailed in [168], where the ambition of eventually modelling
all of the main Power Conversion Chain (PCC) options applicable to WEC designs is presented
– see also Figure 27. Due to their popularity in WEC developments, hydraulic PTOs were first
targeted in PTO-Sim, emulating the critical components in a hydraulic circuit. An example of a
single degree-of-freedom hydraulic PTO implemented in PTO-Sim is illustrated in Figure 28,
where the potential to add more detailed representations of each critical component is also
clear, noting that each individual block is fully editable.
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Figure 27: Typical Power Conversion Chain (PCC) options in WEC design [168]

Figure 28: Schematic of a generic hydraulic PTO (top) and of its PTO-Sim representation
(bottom) [168]
The challenges of PTO modelling, especially when considering reliability and survivability
aspects, are well described in [169], where it is made clear that the “(…) modelling of PTO
systems both physically and numerically is challenging due to the difficulty in accounting for
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coupling between PTO systems and loads, the influence of scaling effects, and the generation
of realistic and repeatable model conditions”. Ultimately, the capacity to numerically model a
PTO down to component level (or to a level where key component effects are captur ed) should
be seen as an ambition of a WEC development programme, given its ability to test and iterate
key design options in a controlled environment. A hybrid testing platform may provide a means
to more rapidly develop and validate a numerical model of a critical sub-system, which may in
turn allow component-level modelling to be included in a global, fully coupled WEC model. This
potential is particularly clear if e.g. a full-scale critical system is tested in the hybrid platform,
leading to a sub-system digital twin (see also Sections 3.2.3 and 3.2.5 for example of previous
programmes and some recommendations for next steps, respectively).
To conclude, and recognising that alternative sub-systems may be critical in other WEC
designs, additional developments to WEC-Sim that may affect different sub-systems are
reported in [170]. These include:
•

For floating WEC configurations, the potential effects of the Reaction sub-system in the
overall dynamic response of the WEC can be of particular importance. Recognising
such importance, a specific module – MoorDyn – has been created in the form of a
lump-mass based mooring line model. MoorDyn is loosely coupled to WEC-sim, which
in practice requires a small-time step in WEC-Sim to reach a stable solution. A
verification and validation effort involving MoorDyn + WEC-Sim is reported in [171],
where comparisons with OrcaFlex and 1:25 scale experimental results are presented
for a three-legged catenary system connected to a single floating body. Overall, good
agreement is found between the MoorDyn + WEC-Sim and OrcaFlex, as illustrated in
Figure 29. Both numerical line tension estimates show similar discrepancies to the
experimental results, with the authors attributing both numerical and experimental
setup parameters (e.g. scale) to the root-cause of such discrepancies.

•

Historically, load analysis in WEC design has been based on point load models, which
inherently assume that rigid bodies are connected via series of constraints. Such
approach may somewhat condition the transition from loads to stresses, by assuming
that the hydro-elastic coupling is negligible. The introduction of flexible bodies in WECSim via its coupling with a Finite Element Analysis (FEA) software tool was presented
in [172], where a load analysis exercise was conducted for an OWSC WEC in the
context of the MegaRoller project. The results showed that for specific DLCs the hydroelastic coupling may lead to variations in the estimated peak PTO loads, which may in
turn affect the design of (multiple) critical sub-systems – see Figure 30.

•

The application of WEC-Sim to derive PTO load metrics over a wide range of design
situations, leading to a design envelope for a novel PTO, was also reported in [173],
where it was clear that the consideration of multiple DLCs is required from a critical
sub-system design perspective at an early design stage (see also Section 3.2.2).
Additionally, [174] analysed multiple methods to derive WEC design loads, with load
estimates from WEC-Sim being compared to both experimental results and estimates
from alternative formulations. The impact of post-processing methods when deriving
design loads was also quantified in [175], where the VMEA methodology was applied
to assess the uncertainty related to load estimates derived in WEC-Sim. Further
consideration regarding uncertainty quantification will be explored in VALID’s D1.3.
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Figure 29: Comparisons between numerical and 1:25 experimental model floating body
response (left) and line tension (right) – single body, three-legged moored WEC system [171]

Figure 30: Comparisons between estimates of PTO velocity (top) and PTO force (bottom) on
a 1MW OWSC WEC design using a rigid-body formulation (original WEC-Sim) and a hydroelastic modification of the code [172]
The modelling developments described in this sub-section are examples of advancements that
contribute to the increase in the fidelity of a time-domain linear BEM model as an emulator of
a given WEC design, by allowing additional detail to be consider in each critical sub-system
while considering their overall interaction (in a fully-coupled format) with all relevant subsystem that constitute the WEC. The role of fully coupled numerical models, either as creators
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of input (actuation) load time-series to critical sub-system test rigs and / or as the core engine
of real-time, hybrid testing platforms, is briefly discussed in this section and later detailed in
Section 6.
3.2.6 Uncertainty quantification
A comparatively little effort is often devoted to the analysis and quantification of uncertainty
that inevitably characterize computational models. Uncertainty in input parameters, model
structure, loads, and boundary conditions originate from the inherent variability of physical
quantities as well as from incompleteness of information about the object or system being
modelled.
Uncertainty quantification (UQ) associated to computational models is part of the Verification
and Validation (V&V) process, which systematically addresses the comparison between model
predictions and experimental data. V&V and UQ are necessary activities for the credibility
assessment of the results of numerical simulations, particularly in the case of novel engineering
fields where standardized requirements for design and testing are not available or in safetycritical applications where underestimation of risk and variability may lead to hazardous
consequences and financial loss.
The majority of UQ methods found in industrial applications rely on probabilistic frameworks,
wherein uncertain variables are modelled as continuous probability distributions derived from
experimental data and expert elicitation. Pseudo-random number generators and sampling
algorithms such as Monte Carlo and Latin Hypercube can be used to evaluate the probability
distributions and explore the design space where the input variables and parameters are
defined.
Simulation based methods like Monte Carlo quickly becomes computationally expensive
especially for non-linear model. Thus, surrogate models that are computationally cheap to
evaluate can be useful. There exist many choices for surrogate modelling, e.g. Kriging [176],
artificial neural networks (ANN) [177], and generalized Polynomial Chaos (gPC) [178], [179].
Analytical methods for UQ can use sensitivity analysis and investigate how the uncertainties
propagate through the system to the output variable. One such approach is the Variation Mode
and Effect Analysis (VMEA), [180]–[184]. VMEA is a probabilistic method that studies the
variation and uncertainty around a nominal design. The VMEA approach represents a firstorder, second-moment method. “First-order” is due to the fact that the influence of each term
is approximated by one single linear term. “Second-moment” is that the probabilistic influence
is approximated by second-moment statistics, i.e. variances and covariances.
The literature on V&V and UQ is formidably vast and diversified, spanning areas of
fundamental math and statistics, numerical methods, and applications in virtually any field of
engineering. For a concise and pragmatic introduction to UQ for computational models, the
guide authored by the Stochastics Working Group at NAFEMS is a reasonable starting point
[185]. A comprehensive guide to the expression of uncertainty for computational models is the
“Handbook of Uncertainty Quantification” [186]. For an overview of existing standards for V&V
and UQ in modelling and simulation, it is referred to this recent review by Freitas [187].
Uncertainty Quantification in Numerical Modelling and Simulation will be extensively covered
in the upcoming VALID deliverable D1.3.

3.3 Experimental / physical models
Experimental modelling is the technique of investigating the behaviour of a system with an
experimental model in the real world. Other naming of this technique that can be seen is
physical modelling, simulation, testing. In the VALID project the term experimental modelling
and sometimes testing will be used for this technique. Experimental modelling is different and
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in some sense the opposite to the virtual, mathematical or numerical model where the system
is described and simulated with computations. Numerical modelling is assessed in Section 3.2.
Experimental modelling has two potential main advantages over numerical modelling. The first
one is that systems and fundamental phenomena that are not fully understood can be
investigated, if the testing scale is appropriate. The other is that results from experiments may
inspire more confidence in the estimates, by offering a source of validation [188]. The main
disadvantages are that experiments most often are more expensive and time consuming.
Often only a quite limited number of experiments can be conducted.
Experiments are in the VALID project categorized into three levels:
•

•
•

The first level is small scale testing on materials and smaller specimens. The purpose
of this testing is usually to determine or validate/certify certain properties such as
material behaviour. It can also be used to investigate fundamental behaviour. This type
of experiments is generally not replaced by numerical modelling. Instead, they lay
grounds for numerical modelling by supplying properties such as material data and
validated numerical methods. The first level of experiments is therefore not the in scope
of VALID apart from suppling in-data.
The second level is testing on components and systems. This is the testing that is the
focus of the VALID project and will be extensively described and developed through
the course of the project.
The third level is complete product testing. It can be scaled or full-scale versions of the
product. Examples are demonstration and prototype testing. From the VALID project
perspective, this testing is at the other end as compared to the first level of testing. This
is the most expensive and time-consuming type of testing. It is also the least flexible in
the sense that it is difficult to include design modifications, improvements, change of
requirements or inclusion of new information. In the VALID project, it is a direct
objective to reduce the need of this type of testing. Ocean testing is primarily performed
for full system testing of the WEC, either in full-scale or reduced scale. There is a
potential for applying hybrid testing also to ocean testing. For example, sub -systems
that have not been fully implemented in the experimental model, can be modelled by a
virtual representation that can be simulated and connected to the experimental ocean
testing.

The categories for experimental modelling for WECs that are addressed in the following
subsection are:
•
•

•

Experimental models for hydrodynamic interaction.
Experimental models for energy transformation.
Experimental models for degradation and failure.

3.3.1 Hydrodynamic models
Experimental testing of scale models is a vital component of a standard WEC development
programme. Its complementarity regarding numerical modelling estimates is also critical (see
also Section 3.2). By definition, numerical models simplify the physical representation of a
system, and experimental tests can be used to assess if such simplifications do not affect the
realism of its estimates, i.e. if the numerical representation is valid. However, it is important to
note that experimental models are themselves limited by a range of variables, and therefore
their response should not be automatically assumed to be an exact replica of the behaviour of
a full-scale WEC. An overview of existing tank testing guidelines is presented in Section
3.3.1.1.
Items that condition the realism of experimental models include environmental variables (e.g.
wave conditions) and WEC variables (e.g. sub-system model characteristics). For example,
and despite the controlled nature of wave conditions in a tank environment, the generated
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waves are not a perfect representation of the conditions in an open ocean environment, due
to e.g. reflections from the tank’s side walls. Additionally, specific hydrodynamic effects may
be ill-represented in scale model tests, in particularly in small scale tests. For example, the
ratio between inertial and gravitational forces scales at a different rate when compared to the
ratio of inertial and viscous forces. As gravitational and inertial forces tend to dominate the
response of a WEC, typically the scale is chosen so that these are dynamically similar to the
full-scale design, at the expense of other forces acting on the hydrodynamic bodies (e.g.
viscous forces). Section 3.3.1.2 presents an overview of the scaling laws to be considered for
experimental tests.
A further complication of modelling WECs at small scale is the representation key sub -systems
such as power take-off (PTO) sub-system. The standard approach is to use simplified models
that replicable the effects of their full-scale equivalent, but that are not necessarily replicas
down to component level. The construction of experimental WEC models is discussed in
Section 3.3.1.3, with examples of previous wave tank testing campaigns presented in Section
3.3.1.4.
Within these limitations, if experiments are carefully set-up results from experimental tests can
provide valuable data to estimate full-scale WEC response and validate numerical models.
There are considerable synergies with the offshore engineering industry and a strong legacy
regarding the importance of tank testing that can also be used to acquire relevant know-how.
3.3.1.1 Overview of wave tank testing guidelines
Guidelines and protocols for the development of offshore structures have long been
established and subsequent standards have been issued by certification bodie s such as the
American Bureau of Shipping (ABS) and Det Norske Veritas (DNV), among others.
A number of specific guidelines for the tank testing of WECs have been published, including:
•

•
•
•
•
•
•
•
•

Sarmento A. and Thomas G. Laboratory Testing of Wave Energy Devices. Wave
Energy Converters Generic Technical Evaluation Summary, Annex Report B1, Device
Fundamentals / Hydrodynamics. CEC, Brussels. 1993. Also summarised in Cruz (Ed.)
Ocean Wave Energy, Springer [189].
Hydraulic & Marine Research Centre (HMRC). Ocean Energy: Development and
Evaluation Protocol, Part 1: Wave Power [190].
Supergen Marine – Guidance for the Experimental Tank Testing of Wave Energy
Converters. University of Edinburgh [191].
EMEC Marine Renewable Energy Guide – Tank Testing of Wave Energy Conversion
Systems [192].
EquiMar Deliverable D3.3 – Assessment of Current Practices for Tank Testing of Small
Marine Energy Devices. Universities of Strathclyde, Cork, Southampton and Aalborg,
and DNV [193].
EquiMar Deliverable D3.4 – Best Practice Testing of Small Marine Energy Devices.
Universities of Strathclyde, Cork, Southampton and Aalborg, and DNV [194].
International Energy Agency (IEA) Ocean Energy Systems (OES) Annex II Report.
Task 2.1 Guidelines for the Development and Testing of Wave Energy Systems [195].
International Towing Tank Conference (ITTC) Recommended Guidelines. Wave
Energy Converter Model Test Experiments (7.5-02-07-03.7) [196].
IEC TS 62600-103:2018 Marine Energy – Wave, Tidal, and Other Water Current
Converters – Part 103: Guidelines for the Early Stage Development of Wave Energy
Converters – Best Practices and Recommended Procedures for the Testing of PrePrototype Devices [197].
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Most recently, the IEC have issued a technical specification (TS), IEC TS 62600 -103, for the
development of wave, tidal and other water current converters, including best practices and
recommended procedures for the testing of pre-prototype devices. The TS covers guidance
on wave tank test programmes and the first large-scale sea trials.
Key stages involved in planning and executing a testing campaign can be summarised as
follows:
1. Planning an experimental programme
•
•
•

Presenting a clear statement of testing objectives, e.g. proof of concept, optimisation
of design, validation of numerical model(s), testing of specific components.
Consideration of model scaling, including geometric similitude, structural similitude,
hydrodynamic similitude and power conversion chain similitude.
Define the experimental device, including technical drawings and description of
experimental subsystems and their functionalities.

2. Choice of test facility and outline test plan
•
•

Identify required test facility specifications, e.g. dimensions, wave making capabilities,
tank instrumentation and data acquisition, logistics and technical support.
Determine tests to be conducted and identify variables to be monitored.

3. Model design, construction and calibration
•
•
•

Determine the appropriate testing scale for the test objectives, considering appropriate
scaling laws.
Consider: material selection, model construction methods, mass distribution, simulation
of representative device subsystems.
In-situ checking and calibration of models and sensors

4. Testing and reporting
•
•
•
•

Determine layout of models and sensors in the tank
Calibration of waves in absence of models
Test runs
Analysis and documentation

3.3.1.2 Scaling
Scaling laws / similitude
In order to estimate the behaviour of a full-scale WEC from scale model tests, geometric,
kinematic and dynamic similarity with the full-scale device must be ensured. These
respectively imply the following requirements:
•
•
•

Geometric similarity requires that there is a fixed ratio of dimensions between the model
and the full-scale device.
Kinematic similarity requires that there is a fixed ratio of velocities between the model
and the full-scale device.
Dynamic similarity requires that there is a fixed ratio of forces between the model and
the full-scale device.

Due to the wide range of load sources that affects a WEC, it is not possible to scale all of these
load sources at the same ratio. The standard approach taken in tank testing is to use a scaling
criterion that keeps the dominant load sources on the WEC in a fixed ratio.
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Typically, in the majority of concepts proposed to date the response of a WEC is governed by
gravitational and inertial forces. The ratio between inertial and gravitational forces is
𝑈
represented by the Froude number, 𝐹𝑛 , given by 𝐹𝑛 =
, where 𝑈 and 𝐿 are velocity and
√𝑔𝐿

length scales, respectively, and 𝑔 is the modulus of the acceleration due to gravity. Froude
scaling can be therefore be described as a set of scaling laws that maintain the same 𝐹𝑛
between model scale and full-scale.
Under Froude scaling all lengths are scaled by the same factor 𝑘 (e.g. WEC dimensions, water
depth, wave height, wavelength, etc.). Typically, this means that the chosen model scale will
be limited by practical limits associated with e.g. the size of the wave tank and the size of the
waves which can be generated. For example, to model a WEC operating in 50m water depth
in a tank of 2m depth the maximum scale possible is limited to 1:25. Additionally, wave tanks
typically contain freshwater rather than sea water. The ratio between the density of sea water
and fresh water, 𝑟, is usually taken as 1.025, and should be considered.
Scaling factors for a range of relevant physical properties are listed in Table 8.
Table 8: Froude scaling factors
Quantity

Scale factor

Length

𝑘

Angle

1

Time

𝑘 0.5

Linear velocity

𝑘 0.5

Angular velocity

𝑘 −0.5

Linear acceleration

1

Angular acceleration

𝑘 −1

Volume

𝑘3

Density

𝑟

Mass

𝑟𝑘 3

Force

𝑟𝑘 3

Moment

𝑟𝑘 4

Power

𝑟𝑘 3.5

Linear stiffness

𝑘2

Angular stiffness

𝑘4

Linear damping

𝑘 2.5

Angular damping

𝑘 4.5

Froude scaling applies when gravitational and inertial forces, therefore disregarding viscous
forces as the correct ratio between inertial and viscous forces is not maintained. To keep the
𝑈𝐿
latter ratio at model scale, the Reynolds number, 𝑅𝑒 , where 𝑅𝑒 =
and 𝜈 is the kinematic
𝜈
viscosity of the fluid, would need be maintained (between model and full-scale). As the
kinematic viscosity is a property of the fluid and the ratio between 𝑈 and 𝐿 is determined by
the Froude number, it is not possible to simultaneously maintain the same Froude and
Reynolds numbers at model scale.
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The practical effect of this inconsistency is that viscous effects, such as vortex shedding and
drag, may not be correctly scaled. Additionally, such effects may be more significant at small
scale, e.g. viscous damping on the hydrodynamic bodies and mooring lines will be greater at
model scale than at full-scale. Other viscous properties include surface tension effects, should
also be considered when planning tank tests to ensure that their effects are noted and where
applicable, mitigated.
Scale selection
The model scale used for a particular set of experimental tests is dependent, amongst other
variables, on the objective of the tests. The IEC TS 62600-103 emphasises the need to test at
a range of scales as part of a staged development program leading to a full-scale WEC.
An overview of the staged development approach outlined in the IEC TS 62600 -103, and the
requirements for each stage and including the scale guidance for physical tests, is provided in
Table 9.
Table 9: the typical stages of a WEC development programme (experimental testing)
Stage 1: Concept Model (TRL 1 - 3)
• Aims to validate the initial design concept through small scale tests in regular waves
with a basic PTO. Obtain a first indication of power performance.
• Extends to device optimisation trials in irregular waves, where initial design parameters
should be explored e.g. changes in geometry.
• Scale guide: 1:100 – 1:25.
Stage 2: Design Model (TRL 4)
• Aims to produce a more realistic model with more accurate PTO and mooring system
such that Stage 1 results can be validated. Survivability check to observe device
response in survival conditions.
• Monitoring of component, power-take-off and control systems.
• Scale guide: 1:25 – 1:10.
Stage 3: Sub-System Model (TRL 5 - 6)
• Aims to prove components in realistic conditions and determine their effects upon the
device performance.
• Sheltered site to allow the testing of device at larger scale, e.g. deployment check,
operational check, survivability check, galvanic corrosion check and fatigue stress
evaluation.
• Scale guide: 1:5 – 1:2.
Stage 4: Solo Device Proving (TRL 7 - 8)
• Aims to prove the device with full-scale components.
• Scale guide: 1:2 – 1:1.
Stage 5: Multi-Device Demonstration (TRL 9)
• Recommendations of final commercial unit, i.e. fully optimised device with grid
connection and electricity sale.
• Possible deployment of small array trials (3 – 5 devices).
• Scale guide: 1:1.

3.3.1.3 Model construction
The construction of a WEC model should include the manufacture and successive integration
of its main subsystems, which can generally be identified as:
•
•

Hydrodynamic sub-system
Power Take-Off (PTO) sub-system
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•
•

Reaction sub-system
Power conversion & control sub-system

It is understood that, depending on the scale selected for the experiments, creating a
representative model of the system may not be possible, i.e. it may not be feasible to construct
a model where the effects of the dominant load sources are scaled consistently. This is
especially true for Stage 1 and Stage 2 models, i.e. up to 1:10 scale (see Section 3.3.1.2), on
which this sub-section will focus [196].
Practical scaled models can be constructed with the purpose of fulfilling the test objectives,
which may allow making specific assumptions with regard to the scaling of the different subsystems without invalidating the testing process, depending on e.g. operational modes and
environmental conditions [192].
Construction of a scaled hydrodynamic sub-system
The main goal in constructing a scaled version of the hydrodynamic sub-system is to replicate,
in a controlled environment, the behaviour of its full-scale equivalent. This requires scaling
geometry and mass-based properties for all the bodies involved. Mass distributions can be
replicated by designing the model with movable and weight-adjustable lumped-masses.
From a geometric and inertial perspective, model accuracy may be checked by different
methods for the centre of gravity position, including the suspension method, and by the bifilar
suspension method for inertias [192].
Multiple types of structural materials may be used in scaled models, with light materials
allowing additional flexibility to accommodate movable lumped masses, which may be
beneficial to e.g. fine tune the distribution of inertial properties. Additionally, if the full -scale
hydrodynamic sub-system is made of flexible materials, additional measures may need to be
taken to ensure these dynamic effects are modelled at scale.
Finally, and in particular at small scales, sharp edges should be avoided when considering
model construction, as these may introduce viscous effects that are not representative of their
full-scale equivalent due to the scaling law followed.
Construction of a scaled PTO sub-system
The main objective of a scaled version of the PTO sub-system is to correctly scale the forces
that are exchanged between the PTO and the other sub-systems, for specific design situations
(which in turn combine operational mode and environmental co nditions). The interaction
between the hydrodynamic response of the WEC and PTO force affects the overall WEC
dynamics and, as such, the overall system response and power absorption.
Practically, it is typically not possible to build exact replicas of the full-scale PTO due to e.g.
unavailability of components at small scale. Therefore, the construction of a PTO model may
require simplifications. This typically does not represent any shortcoming as, for the purposes
of scaled testing, it is the PTO effects on the critical sub-system(s) and on the WEC response
that shall be scaled, rather than the PTO itself.
Overall, a simple yet representative mechanism able to provide a scaled reaction force to the
hydrodynamic sub-system is sufficient to mimic the dominant effects of the PTO – as illustrated
in the examples of Section 3.3.1.4. If the scaled reaction force consists in a constant damping
coefficient, this can be achieved using variable-aperture orifice systems, mechanical dampers
or brushless DC motors coupled with simple mechanical levers.
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The fidelity of such model(s) can be checked by e.g. imposing constant speed profiles at PTO
and measuring the reaction force through a load cell. The average force to speed ratio shall
be equal to the scaled (linear) damping coefficient.
Within this modelling process, it is important to note that dynamic and static friction forces may
represent a large portion of the total (scaled) PTO force, which in turn may not be
representative of the full-scale system. As such, friction forces in the PTO model should be
minimised.
Construction of a scaled reaction sub-system
The main objective of a scaled version of the reaction sub-system is to station-keep the WEC,
and correctly scale the forces that are exchanged with the sub-system that it is attached to,
most often the hydrodynamic sub-system.
Typically, for WECs that involve a fixed connection to the seabed, the creation of a scaled
reaction sub-system can be relatively straightforward, although careful planning should involve
e.g. an instrumentation layout that allows the connection of excitation forces at the attachment
point(s).
Scale modelling of mooring-based reaction systems may offer additional challenges. In
catenary arrangements the model should consider a target scaled mass per unit length [192].
The fidelity of the model may be checked by e.g. hanging weights on the mooring and record
the displacement of the line. For taut systems, on the other hand, the line tension should be
the key measurement. For the target scales under consideration, the station -keeping features
of anchors can be typically replicated by appropriate clump weights.
Construction of a scaled power conversion & control sub-system
At reduced scale, the modelling of the power conversion module of a WEC is usually not
required, as the power levels involved are often very low – thus power absorption is limited to
mechanical absorption. More typically, the control sub-system may have a role in scaled
experiments.
However, and in particular for small scale tests, experiments may not require any active control
mechanism. In such cases, constant PTO settings are applied throughout the experiments. If
specific tests require the variation of PTO settings, coefficients and / or the implementation of
a control logic during the tests, this may be achieved with the support of programmable digital
controllers [198].

3.3.1.4 Examples of previous wave tank testing campaigns
To conclude Section 3.3.1, a non-exhaustive overview of examples of scale testing campaigns
is provided. In particular, scale tests related to two of the WECs considered in the VALID user
cases are initially overviewed.
Examples from VALID Participants
In 2010, WavePiston performed 1:30 scaled tests at Aalborg University’s deep -water basin
[199], [200]. The WEC consists in a number of collectors which can oscillate back and forth in
surge. Each collector is a thin plate, and their relative motion contributes to pressurize seawater which is then transported to an onshore collector to either power a turbine or be used
for desalination purposes (see Figure 31).
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The testing campaign involved developing a different model to facilitate PTO force
measurement and reduce as much as possible viscous effects which may not be
representative of a full-scale effect (see also Section 3.3.1.2). The floating collectors were
mounted on vertical aluminium tubes, which were allowed to rotate around a pivot point far
above the still water level. This allowed the collectors to move in an almost perfect horizontal
fashion, reproducing the motion they would have at full-scale. Furthermore, the PTO model
consisted in friction wagons placed outside the water and connected to the pivo ting aluminium
tubes; the friction force could be adjusted by means of increasing or decreasing the mass of
the wagons. This represents a clear example of building scaled models of different WEC subsystems, focusing on the effects they have on each other rather than building their scaled
representations (see Section 3.3.1.2).

Figure 31: Wavepiston full-scale architecture (top) [201] and experimental setup for tank
tests (bottom) [200]
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Figure 32: CorPower Ocean full-scale device rendering (left) and experimental setup for tank
tests (right) [202]
In 2015, CorPower Ocean conducted, within the Marinet project, 1:16 scaled tests in the ECN
Hydrodynamic and Ocean Engineering Tank in Nantes, France [202]. The device under study
consists of a floater moored to the sea bottom by means of a pre -tensioned mooring system.
The PTO, including the pre-tensioning and power conversion system, is located inside the
buoy (see Figure 32). To facilitate and speed-up the testing campaign, a hybrid setup was
used, where all the machinery were simulated by means of a motor rig located outside the
water connected to the buoy by means of a rope and pulley system (see Figure 32). This is
another example of constructing PTO model so that its effects on the scaled hydrodynamic
sub-system are reproduced, rather than the PTO itself.

3.3.2 Energy transformation

3.3.2.1 Overview
Energy transformation comprises all the subsystems and components necessary to transform
the captured hydrodynamic energy into the electrical device output. It often requires several
transformation stages. These critical subsystems are commonly referred as Power Take -Off
or PTO for short.
Many different typologies of PTO systems exist and often the PTO type are dependent on the
WEC type. The main PTO typologies were introduced in deliverable D1.1 [1]. Figure 33
presents an overview of the different energy conversion paths of a WEC’s main transformation
stages.
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Figure 33: Schematic of PTO types
The main components per transformation stage and alternative path are as follows:
•

•

•

Mechanical transformation:
o Oleo-hydraulic system: Piston, Accumulator, Hydraulic motor
o Pneumatic system: Air chamber, Air turbine
o Hydro system: Reservoir, Hydro turbine
o Mechanical drive system; Pulley, Rack-and-pinion, Gearbox, Flywheel
o None (for direct drive PTOs)
Electrical transformation:
o Rotary electrical generator
o Linear generator
o Others: Dielectric elastomer generator, etc.
Grid conditioning: Power electronics

Note that the greatest diversity of alternatives for energy conversion belongs to the mechanical
transformation stage. The rotary electrical generators are mainstream, except for direct drive
PTOs that often use linear generators or other unconventional me thods such as the dielectric
elastomeric generators.
Since the test rigs and experimental models required for component testing need to be tailored
to each energy transformation path and PTO component, this review does not aim to cover all
the potential combinations, but to provide key information about the experimental modelling
approaches used in wave energy.
In this regard, the most common experimental modelling approach for PTO components is
Hardware-in-the-Loop (HIL) testing. HIL testing is a technique where real signals from a test
rig controller are connected to an emulated system that simulates reality, tricking the controller
into thinking it is in the complete product. Test and design iteration take place as though the
real-world system is being used. The advantage of HIL testing is that some subsystems can
be real, while others are mathematical models. Figure 34 shows a generic HIL architecture
used for testing energy transformation subsystems and components.
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Figure 34: Generic HIL architecture
The WEC emulator software implements a numerical model of the device hydrodynamic
interaction with the wave excitation forces to generate the primary power. The computed input
parameters are then emulated through the test rig actuator. Several actuators can be used.
However, based on the type of the primary actuation that the PTO component gets as an input,
the experimental models can be broadly classified in two main groups:
•
•

Linear actuation based on force and linear velocity commands
Rotary actuation based on torque and angular velocity commands

The test rig controller sends command signals to and receives sensing signals from the real
PTO component under testing in the bench. A signal data acquisition system is often used to
compile the data during the tests together with various sensors, transdu cers, controllers and
data loggers. These parameters are then fed back to the WEC emulator to adjust the primary
actuation for the next cycle.
The power output transformed in the PTO together with other key parameters can be stored in
a database for later analysis of performance and reliability results from the experiments.
One particularity of WECs is the wide variety of concepts under research that may require
testing at some point of their development. Especially when describing mechanical
transformation rigs, it is notable that many of the existing ones are related to a project and
have been developed ad-hoc for testing a particular concept. This fact makes it complex to
describe these rigs from a generic perspective. As they are specific and adapted to the concept
for which they have being designed.
This is not the case of the electrical transformation test rigs, particularly with rotating
generators. As the design of these subsystems is more established, there are different test
rigs that have similar characteristics and can be used for most of the WECs under research.
The following sections present illustrative examples of PTO component testing according to
the target transformation stage and type of actuation. Finally, the limitations to current
experimental modelling approaches are briefly highlighted.
3.3.2.2 Mechanical transformation rigs
Oleo-hydraulic system
The Pelamis WEC is an example of a hydraulic PTO system comprising of pistons,
accumulators, hydraulic motors and rotary electrical generators.
Experimental tests were conducted on a full-scale PTO test rig, where a 1:1 replica of a
Pelamis PTO physical module was created, with all its components, and actuated via an
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external set of hydraulic cylinders that replicated representative load scenarios (see Figure 35:
The Pelamis PTO module full-scale test rig [203]).

Figure 35: The Pelamis PTO module full-scale test rig [203]

This test rig was developed mainly for validating the functional numerical models of the PTO
and control modules, but not for testing reliability and durability of the oleo-hydraulic cylinders
or other hydraulic components.
Other wave energy developers have designed and realised similar in -house experimental
models. For instance, the WaveStar full scale test-bench also used a hydraulic cylinder as a
linear actuator for testing the oleo-hydraulic PTO components. A schematic of the WaveStar
test rig is presented in Figure 36.
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Figure 36: WaveStar PTO module full-scale test rig [204]
Note that both examples use full-scale experimental models since they were built at an
advanced development stage of the technology.
Pneumatic system
The oscillating water column (OWC) concept is probably one of the first commercial application
of wave energy, namely in navigation buoys. The PTO comprises an air turbine, normally of a
self-rectifying form, so that whether the collector is exhaling or inhaling, the turbine is driven in
the same direction.
IST developed a 55 kW V-Flow Turbine Lab to experimentally test air turbines and generator
sets under unidirectional variable flows within the H2020 OPERA project, see Figure 37 [205].
The variable flows are accurately reproduced with a calibrated air flow valve connected to the
radial fan which is forcing the air through the turbine.
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Figure 37: IST 55 kW V-flow turbine test rig representation [205]
The test rig comprises eight major components:
1. Horizontal adapting antechamber. It guides the air flow from the air turbine to the first
plenum chamber at low speeds.
2. First plenum chamber. It is designed to significantly reduce the air speed and swirl
motions which impairs the correct pressure measurement.
3. Honeycomb flow-straightener. It is required to further minimize the air swirl.
4. Calibrated flow nozzle. It measures the air flow rate through the differential pressure
principle.
5. Diffuser, designed to recover kinetic energy.
6. Second plenum chamber. It was devised not only to work as an elbow and connect to
a duct at the ground level but also to the smooth out any pressure wave that might be
produced by the rapid closure of the high-speed valve.
7. Radial fan. The air flow rate and pressure gradient are imposed by a 55-kW radial fan
that is connected to the plenum and controlled by a frequency converter.
8. Automated air valve. It can reproduce the pressure signals imposed by a computer
before discharging air onto the atmosphere.
The experimental model can monitor several parameters. The differential pressure at the
nozzle together with the air atmospheric pressure and temperature are acquired to calculate
the instantaneous air flow rate. A variable frequency drive controls the radial fan rotation speed.
A control algorithm imposes the fan’s pressure head and air flow rate together with the position
control of the air valve attached to the discharge. The static pressure can be measured on six
different locations of the air turbine. On each stator (entry and exit), the pressure was
measured firstly near to the stator external diameter and secondly close to the turbine rotor. At
the conical adapter, two static pressure plugs measure the turbine pressure drop. The turbinegenerator is then controlled either in rotation speed or torque through an analogic signal, which
subsequently allows advanced control strategies for average power output maximization. For
turbine vibration monitoring, two accelerometers are coupled to the turbine structure and the
data signal is acquired.
This test rig was developed for dry testing of a biradial air turbine and fine -tuning of its control
before installing it at the Mutriku wave power plant for further testing and later on a floating
OWC prototype for the final demonstration. The test rig monitored vibration levels that might
lead to a mechanical failure if exceeded a certain threshold during the short test programme.
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Mechanical drive
EMEC’s HIL PTO testing rig provides a sequence of speeds and load s to a power take off by
an actuation device, simulating waves on dry land for the purpose of accelerated testing of
mechanical PTO systems for WECs [155].
The test rig can also be used to adjust the PTO and the controller parameters to validate
assumptions for performance optimisation and survivability modes. Furthermore, it can be
used for fatigue, loads or efficiency testing of a specific sub-system of the WEC. The rig has a
stroke length of 3.5m, a rated velocity of 2.7m/s and a maximum rack force of 207kN.

Figure 38: Layout of EMEC test rig [155]
Another example of a mechanical drive model is the HIL test rig for the ISWEC PTO consisting
of a gyroscope, see Figure 39 [207]. This test rig replicates the motion induced by the waves
on the hull. The pitch motion activates the gyroscopic system and it is the main responsible for
power absorption. The mechanical structure of the test rig is composed of a fixed base carrying
a rocking platform which supports the gyroscope and rotates about a horizontal axis giving rise
to the pitching motion and therefore simulating the action of waves. The system is acted by a
brushless motor coupled to two sequential gearboxes that provide a total gear ratio of 629:1.
The motor can work with either a time history of pitch motions (open loop) or regular waves
(closed loop). A PID controller minimises the error within the pitch command to the r ocking
platform and measured signal. A synchronous machine controls the resisting torque in the
output axis of the gyroscope. Finally, the flywheel speed can also be adjusted by the test rig
controller.
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Figure 39: Layout of the ISWEC test rig [207]
The test rig was designed to reproduce the rated conditions of the 1:8 ISWEC prototype. Its
main purpose was to research PTO control strategies to enhance power output on different
sea conditions. No durability tests were foreseen.
Two partners from the VALID project have built test benches for laboratory testing of specific
PTO components. The HIL test benches can simulate the reciprocating motion of a shaft and
are used for the reliability of seals. More details are provided in section 4 which describes the
modelling approaches of the user cases.

3.3.2.3 Electrical and grid conditioning rigs
Direct drive generator
Two H2020 projects have developed laboratory rigs for testing their in novative direct drive
PTOs.
On the one hand, the IMAGINE project [208] which aims at developing the Electro-Mechanical
Generator (EMG), a PTO concept for wave energy applications able to convert slow speed,
reciprocating linear motion into electricity. The EMG is based on the integration of a
recirculating ballscrew and a permanent magnet generator. The ballscrew is a mechanical
device in which the balls, acting as low friction load-carriers, efficiently convert the low-speed
linear motion of the screw into a high-speed rotary motion of the nut. Permanent magnets are
integrated in the nut, which acts thus as rotor of the electrical generator.
This PTO test rig is an evolution of the one used in the EMERGE project [209] but at a larger
scale (from 100 kW to 265 kW) and with advanced capabilities. It allows both dry and flooded
tests to be carried out. The main objective of the testing is to evaluate the PTO performance
at a wide range of operating conditions (in terms of axial velocity and electrical damping factor).
Besides, durability and reliability are also tested by mean of high load accelerated endurance
tests. Figure 40 shows an overview of the test area and test bench.
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Figure 40: Overview of Test Area and Test Bench [209]
On the other hand, the SEA-TITAN project, which aims at developing an innovative Direct
Drive Linear Electric Generator. The three-phase linear generator is based on azimuthal
switched reluctance technology. The 50 kW test rig developed in this project comprises three
main systems [210]:
•
•
•

An actuator, in order to mechanically move the linear generator according to the
conditions determined by the wave energy converter (WEC) to be emulated, as well as
the sea location to be reproduced in the lab;
The power electronic converters and cabinets that control and feed both the generator
and the actuator; and
The hardware-in-the-loop (HIL) scheme, a control set in order to reproduce different
wave scenarios in order to validate the PTO as well as the control platforms developed
by the different WEC technology developers.

The WEC emulator provides the force command, based on the generator velocity and control
strategies selected. This force reference is used by the linear generator control to ensure that
the generator force command is equal to the mechanical force developed by the linear PTO.
In order to guarantee the usefulness of the HIL scheme, the generator control must be
calibrated properly. The force command is translated into currents when passed through a
look-up table, and the gate signals of the IGBTs are generated via a hysteresis band control.
The grid connection allows for injecting the generated energy to the network, as well as
supplying power to feed the phases of the linear generator. Figure 41 shows the design of the
laboratory test rig and facility. Power converters and cabinets are positioned so they can be
opened for revision and operation issues without interfering with other equipment. The control
platform (HIL) is in a separate room within sight of the test rig.
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Figure 41: Laboratory test rig equipment and facility [210]
Experimental model testing is mainly aimed at validating the efficiency of the innovative PTO
solution under operational conditions. However, other testing procedures may be carried out
such as thermal performance (e.g. power electronics, generator coils and bearings),
endurance tests and grid compliance.

Conventional rotary generator
The Electrical PTO-Lab is a turbine emulator to reproduce the mechanical output of an ocean
energy device/wind turbine. It consists of a HIL test bench for grid connection of wind turbines
and ocean energy converters, focused on testing electrical componen ts (i.e. electrical
generators and/or power converters and associated control). This test bench simulates the
power production of a device with a rotary movement and it can be divided into two key parts
[211] [212]:
Emulated part: Devices that capture ocean energy and transform it into rotating motion can be
emulated by these facilities. An electrical motor, configured as the ocean energy prime mover,
is used to re-create the dynamic response exhibited by an ocean energy device given a specific
set of input conditions. The prime mover motion is emulated by drive-controlled electrical motor
which is usually coupled to a flywheel via a gearbox.
Real part: This is the physical equipment on the electrical Power Take-Off side. This equipment
is an exact scaled replica of the equipment that would exist on the full-scale ocean energy
device. The connection between the emulated part and the physical part of the Rotary PTO is
the mechanical shaft between the motor and the generator. A full-scale ocean energy device
with rotary power take off will include:
o Electrical generator
o Power electronics
o Sensors
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o Control
o Cables to connect to the utility grid
The scaled facility includes each of these elements.

Figure 42: Typical configuration of a testing infrastructure [212]
Figure 42 shows the typical configuration that a generic testing facility could have. The first
part surrounded by a blue dotted square represents the emulated part described above. It
would have the same behaviour of the real ocean device, where the shaft between the flywheel
and the gearbox would behave as the shaf t of the real device. The second part of Figure 42 is
the real part.
These kind of electrical test rigs with rotary generators such as the HMRC Rotary Rig,
SINTEF’s SMARTGRID LAB and TECNALIA’s Electrical PTO were part of MaRINET and
MaRINET2 projects. Round Robin tests were carried out in several facilities in order to tests
the accuracy and suitability of HIL testing of WECs [213].

Figure 43: Electrical Rotary Rig HMRC-MaREI [214]
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More details are presented in Section 4 describing the experimental models of the three user
cases.
Dielectric elastomer generator
Dielectric elastomer generators (DEGs) are soft electrostatic generators based on low-cost
electroactive polymer materials. These devices have attracted the attention of the marine
energy community as a promising solution to implement economically viable WECs.
Scuola Superiore Sant’Anna has developed a small scale HIL test rig (approx. 1:30 and 1:10)
that replicates in a laboratory environment the realistic operating conditions of CD -DEGs
(Circular Diaphragm DEG) integrated in OWC devices, while drastically reducing the
experimental burden compared to wave tank or sea tests [215].
The HIL simulator is driven by a closed-loop real-time hydrodynamic model. The HIL system
combines a hardware scaled implementation of the OWC air chamber, the DEG and its power
electronics. A mechanical hardware emulates the action of the water column on the chamber
and a software environment simulates the OWC hydrodynamic behaviour and executes the
DEG’s electrical control logics. The mechanical actuator is based on a vertically mounted
pneumatic cylinder that has been purposely designed and built. The linear motion of the piston
is driven by a ball-screw stage with maximum force of 4500 N, that is actuated by a brushless
motor that features rated continuous power of 2.4 kW, continuous torque (at stall) of 8.67 Nm,
and maximum speed of 4590 rpm. This test rig was calibrated with data of a U-OWC plant with
CD-DEGs, tested at the NOEL in Reggio Calabria.
Figure 44 shows a schematic of the experimental set-up for the HIL testing of DEGs.

Figure 44: Schematic drawing and picture of the experimental set-up for HIL testing [215]
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This test rig provides a powerful tool to test the PTO efficiency of different CD-DEGs
configurations and control strategies subject to realistic operating conditions at an early
development stage of the technology before sea testing and technology upscaling.
3.3.2.4 Special test rigs
SWEPT lab
It is a mobile test lab for WEC PTOs developed by Sandia National Laboratories ( Figure 45).
This test rig can be used for both linear and rotational PTOs, multiple degrees-of-freedom and
independent control. The laboratory can simulate the dynamics (i.e. inertia, damping, stiffness,
multi-body links) of full scale WECs, as well as take input from waves and wave -body
interactions. The actuator power ranges 5 to 500 kW and up to 2 Hz.

Figure 45: 3D representation of Sandia’s mobile test lab [216]
This system allows for PTO studies including system identification, real-time control, reliability
analysis and grid interface simulations.
Dual HIL
Funded under the same H2020 call as the VALID project and started at approximately the
same time, the H2020 IMPACT project is developing a Dual Hardware-in-the-Loop (DHIL) test
rig [217].
The DHIL platform will combine one rig for testing the entire WEC drivetrain either linear or
rotary, from the mechanical input to grid compliant power, and another rig for testing structural
components and mooring lines, either in dry or wet environment.
State-of-the-art PTOs are often inefficient when working outside design conditions and prone
to failure. Other subsystems such as the control system, power management and moorings
are deemed to be critical in terms of reliability, that is their failure may cause damages and
serious consequences on the overall device operation. The current development approach for
WEC technologies usually sees all these subsystems tested in isolation at different scales and
various levels of technology maturity due to testing restrictions, economic and time constraints.
Techno-economical aspects, optimization and control functions are often considered as
consecutive independent phases while they are interlinked.
The novel methodologies proposed by the IMPACT project will redu ce the test duration with
respect to a typical endurance tests and focus on key aspects such as reliability, performance
and survivability.
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3.3.2.5 Additional considerations
Scaling issues
Laboratory scaled testing may bring many advantages in terms of investment costs in particular
for early stages of wave energy technology development. However, the method of scaling must
be carefully selected to correctly represent the dominant forces of the device under test
because it is not always possible to achieve perfect similitude (i.e. geometric, kinematic and
dynamic). Several force ratios have been proven of interest in engineering problems. Since
surface waves in the ocean are gravity driven, Froude is used as the typical scaling rule.
The power range of the full-scale device and that of test rig will largely determine the test rig
scale [212]. The peak mechanical power at the test rig must be within the power range of test
equipment. This is usually the first step in determining a suitable scale for the experiment.
Once a first guess at a suitable scale has been determined, other parameters need to be
checked to ensure they are within the physical limits of the test rig.

Figure 46: Important parameters to consider for electrical testing [212]
Given these physical limitations, certain devices may not fit every laboratory test rig. For
instance, if the speed and torque parameters do not fit in an electrical experimental model,
then a virtual gearbox can be added. The scaled model running on the system controller e.g.
Programmable Logic Controller (PLC) can operate at a different speed and torque to that of
the electrical test rig. Another strategy could be to add inertia to the virtual device model that
is controlling the motor.
Simulation of mechanical loads
PTOs can be placed either in a horizontal or vertical position. For instance, heaving buoys are
commonly coupled to linear PTOs that move up and down. However, testing components this
way and reproducing the same mechanical conditions in terms of transversal loads, leads to a
very expensive testing infrastructure and sometimes even limitations due to the height
requirement. Therefore, it is common to design the PTO test rigs in a horizontal position. On
the other hand, PTOs mounted on floating WECs are exposed to accelerations that cannot be
easily reproduced in horizontal laboratory tests rigs.
We must be aware that the mechanical conditions during these tests are not equivalent to
those during the real operation and test cases should be selected to ensure the components
will never behave in harder situations.
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Multiple failure mechanisms
The experimental model set-up might limit the failure mechanisms that can be tested at
laboratory. Some test rigs are designed for a dry environmental whereas other can also
operate in a flooded situation which can be closer to the real open sea conditions.
Moreover, the environmental effects such as humidity, salinity, temperature, biofouling might
play an important role in the reduction of useful life of PTO components. It is therefore needed
to carefully assess whether these phenomena should be combined, or it is sufficient to be
tested separately.
Degradation and failure models are discussed in Section 3.3.3.
Testing procedures
Laboratory testing of PTOs can be useful for various purposes such as proof of concept testing,
numerical model validation, performance optimization, power quality, reliab ility, endurance,
climate and/or accelerated testing.
Nevertheless, the results are highly dependent on the system identification tests aimed at
calibrating the dynamics of the test rig actuator and PTO system.
As recommended in the CEN-CENELEC Workshop Agreement draft document [218], testing
procedures should include the test rig set-up and calibration of the actuators. Furthermore,
actuator performance should be assessed by means of their frequency response functions,
understanding how well the measured signals (e.g. force or torque) from the actuator respond
to their respective desired commands. This strategy should also be applied to the
characterization of PTO system dynamics, for instance to identify resonant behavio ur.
Uncertainty ranges should be considered in cases where only limited amounts of data are used
to characterize the PTO over a broad range of operational conditions. Figure 47 shows an
example of this characterization for a linear actuator.

Figure 47: Input signal for system identification of actuator test system [219]
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3.3.3 Degradation and Failure
Degradation is the gradual lowering state of the material and/or product performance. Failure
is when something breaks or stops working. Failure can be the result of degradation or the
result of a sudden event such as overloads or pre-existing defects.
This section focusses on the material and mechanical aspects of degradation and failure. This
also includes the growth of marine organisms on WECs as it has a direct and detrimental effect
on material and mechanical performance.
Experiments on the gradual deterioration are the most challenging. One reason for this is the
large uncertainties related to gradual degradation process in it-self [183]. The others are the
practical difficulties of performing experiments in degrading environments for long periods of
time. It is the purpose of the VALID project to develop methods that combine numerical
simulation to make such experiments faster and less costly.
3.3.3.1 Critical subsystems
The WEC subsystems that are critical and subject to mechanical degradation are categorized
in this section. The distinguishment into these categories are general and made to serve the
different mechanical degradation mechanisms. In D1.1 [1], the critical systems and
components are listed in more detailed for the VALID user cases. A comprehensive report on
reliability relating to different subsystems is also available from the RiaSor projects [183].
Structural
The structural parts of a WEC are the features that bear the loading on the product or the
device. Loading can be self -weight, inertia forces, external forces and internal forces. Failure
of structural parts can cause major malfunction or total loss of the WEC. The load bearing parts
are typically beams, trusses and shells. Also joints, e.g. bolted joints, welds, adhesively joined
surfaces belong to the structural parts.
Failure modes of the structural parts are mechanical failure in the form of ins tability, yielding
and fatigue. Structural parts can also be subjected to corrosion if exposed to the ocean
environment.
Hull, casing and panels
These parts typically have the purpose of shielding the product from the environment, prevent
access or provide a visual appearance. These parts can also, in the case of WECs, have the
function of properly transferring forces from the incoming waves to the structure for energy
conversion. Malfunction of these features will require repair and possibly cause further damage
to other subsystems. In some cases, hulls are not load bearing, so forces are instead
supported by other structural parts. In other cases, hulls are designed to bear the main loading
on the product. In this case, the hull becomes part of the stru cture, necessitating the aspects
of the structural parts described above to be applicable.
Since these are outer parts, constantly affected by the harsh ocean environment, corrosion
and biofouling are major causes of deterioration as described in sections 3.1.4.3 and 3.1.4.4.
Biofouling also has the adverse effect of increased load levels on the exterior parts due to extra
weight and drag in the water.
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Machinery
The machinery in a WEC is all the moving components that take part in the energy conversion,
from the collection of the energy in the waves, to the powertrain that transmits the mechanical
energy to an energy converter such as a generator. Degradation and experimental modelling
of generators is described in Section 3.3.2. A WEC can also have supplementary machinery
for functions such as pre-tensioning and force actuation to sync movement of the buoy to the
incoming waves, e.g. CorPower’s Wavespring [220]. For WEC developers, the machinery is
usually the most important part. Furthermore, the working principle is often unique and the
core innovation of the developing WEC company. This results in a lack of knowledge and
experience which makes development and designing slower and more difficult since design
guidelines do not exist. The hybrid testing to be developed within the VALID project is foreseen
to greatly amend this issue.
Existing design practice for machine parts can be used for WEC machinery. With that said, it
needs to be emphasized that considerable uncertainty is added due to the novelty of WEC
technology which needs to be addressed with statistical methods [183]. A deterioration
mechanism of large impact in WEC machinery, is wear of seals since components of the
moving machinery (e.g. pistons, shafts) is partly in contact with the sea water, e.g. the
CorPower and WavePiston WEC designs [200], [221]. These components are also then
subjected to corrosion and biofouling.
Cabling
Cables are integral components of a WEC farm [222]. They are necessary to transfer the
energy collected from a WEC to the grid. Since most WECs are moving with the motion of the
waves, the cabling will be constantly moving. This is referred to as dynamic cables. The
resulting cyclic straining of the cable material causes degradation of the cable that can
decrease the electrical conductance causing lower power output. Further degradation can
cause failure of the cable resulting in costly downtime and repairments.
Biofouling is major concern to the cables as large amounts of marine growth is added to the
cable making it heavier and subjected to extra drag which in turn increases mechanical loads
on the cable.
Mooring
The mooring secures the WEC device to the seabed. WECs that work with energy conversion
that relies on external force transfer to the seabed have moorings that are subjected to very
large securing forces in the seabed. These forces are also cyclic causing fatigue deterioration
[91]. Exposure to the sea water makes moorings also subjected to corrosion and biofouling.
Failure of moorings cause downtime and urgent repair or even risk of total loss of the WEC.
3.3.3.2 Fatigue testing
Experimental modelling of fatigue is conducted by applying cyclic loading that represents a
loading that one wants to investigate or design against. Fatigue testing can be categorized in
two different types. The most common type is to apply a varying load on a specimen until it
breaks. The other and more advanced type is to monitor a crack as it grows during cyclic
loading. This type is called fracture mechanical testing [223]. The first type is a more common
approach in engineering, although some uses of the fracture mechanics approach exist for
WEC applications [224].
Fatigue testing can be performed on smaller material specimens for which it exists a multitude
of standards. This testing on small specimens is valuable for determination of material
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properties and further understanding of the fatigue phenomenon. This level of testing is not the
focus of the VALID projects where rapid product development is the topic.
Component and product testing [90] with respect to fatigue is instead what is f oreseen to be
used in the VALID project. This type is usually needed in mechanical engineering to design
durable products. The fact that fatigue cracking is initiated at stress concentrations due to the
product geometry, further makes component/product testing necessary. Joints, e.g. welds,
rivets and bolts are susceptible to fatigue. Environmental effects on the fatigue should also be
realistically investigated in component testing.
Methods to combine numerical modelling of fatigue with testing is commonly employed in the
automotive industry [183]. A design practice is to measure loading (e.g. accelerations in the
vehicle suspension) when the vehicle is driven on a test track with representative road
conditions. Testing is then performed on a vehicle where actuation is made on the suspension
to simulate the driving on test track. In this way the durability of a vehicle can be adequately
tested and validated. The downside is that this testing procedure is expensive and time
consuming. To make the development faster and more efficient, numerical simulations are
employed to replace some or all steps in the vehicle durability modelling. MBD and FEA
methods, as mentioned in Section 3.2.5, can be used to numerically simulate the vehicle
dynamics on a virtual road. FEA can be used to evaluate the stress and strain in the vehicle
structure to evaluate durability and fatigue damage [225].
The described numerical simulation method for fatigue design used in the automotive industry
is similar to the envisioned virtual hybrid testing to be developed in the VALID project. A major
issue to address in fatigue testing of components and products is acceleration of the testing.
In real operations, cyclic loading is applied over time scales of several years which is
impossible to conduct in experimental modelling. The most common way to accelerate fatigue
is to exploit the behaviour that the large load cycles cause the most fatigue damage as
described in section 3.1.4.1. Fatigue tests can therefore be accelerated by testing only the load
cycles that causes most of the damage. Since the aim is to quantify the fatigue life, this can be
referenced to as characterization testing as described in the VALID document D1.1
Accelerated Testing Requirements [1].
The WECHULL project (www.wechull.se) addresses testing of composite materials for WEC
applications. The levels of testing to be performed are both on material specimen level and
component level. Also, hydrodynamic interaction modelling using fluid structural interaction
(FSI), as similarly described in Section 3.2.3, is to be used to get load levels for mechanical
deterioration.
Both fatigue testing (see Figure 48) and numerical modelling of dynamic movements of the
cables were addressed in the project “R&D of dynamic low voltage cables between the buoy
and floating hub in a marine energy system ” [222]. A current project following the same topic
is the OceanERA-NET project Seasnake (oceanenergy-sweden.se/seasnake/). This project
features the cable fatigue test bench facilities of The University Gustave Eiffel. Other test
facilities for cable testing are Dynamic Marine Component (DMaC) Test Facility of University
of Exeter and the cable test rig available from Offshore Renewable Energy (ORE) Catapult.
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Figure 48: Fatigue testing at RISE in the project “R&D of dynamic low voltage cables
between the buoy and floating hub in a marine energy system” [222].

3.3.3.3 Wear of Seals
To test the wear behaviour between two materials, various testing procedures are available
[226]. One test is the “pin on disc” test. This test is fairly simple where a stationary pin is
pressed against a rotating disc. In this test, contact force, sliding speed and environmental
conditions can be controlled. Results are wearing rate, coefficient of friction and other material
investigations of the worn surfaces. The pin on disc test can be categorized as the material
testing level where wear properties of certain material combinations can be investigated. Wear
maps are typically made from pin on disc tests.
To test wear of seals and their tightness, component testing is needed where seal geometry
and a fluid pressure can be included. These types of tests ar e closer to the topic of the VALID
project where product development is made with combined experimental and numerical
modelling. Material testing such as pin on disc are valuable for material selecting and laying a
foundation for understanding of the physical mechanisms.
Test rigs for component level testing of seals are candidates to be employed by some user
cases in the VALID hybrid testing framework. Within the Waveboost project, CorPower has
built test rigs for dynamic seals [221]. The test can simulate the reciprocating motion of a shaft
on which a seal is containing a pressure up to 300 bar (see Figure 49). The second test rig for
seals is built by WavePiston. It is similar to the CorPower test rig. A special feature of the
WavePiston test rig is the ability to model the ocean environment by pumping temperaturecontrolled pH buffered artificial sea water around the seals (see Figure 50).
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Figure 49: The test rig from the Waveboost project for experimental modelling of wear of
dynamic seals [221].

Figure 50: The WavePiston test rig for experimental modelling of wear of dynamic seals.

3.3.3.4 Corrosion tests
Corrosion test methods have been developed over a long time and are now standardised by
ASTM and ISO. Many different accelerated tests exist depending on what material you want
to study e.g. metals or alloys (ASTM G44, ASTM B117, ISO 9227), inorganic coatings (ISO
10289), organic coatings (ISO 11997-1, ISO 12944-6)[227]–[232]. There are electrochemical
tests for detailed studies of corrosion rates and processes (ASTM G 5, 59, 61, 100, 150.)[233]–
[237]. Classification societies such as DNV GL have developed standards and recommended
practices for corrosion protection in marine environments for offshore wind farms including a
variety of tests and design recommendations, based on experiences from the oil and gas
industry [238]. The accelerated corrosion tests often recommended, see Table 10, include the
standard ISO 12944-9 “Paints and varnishes – Corrosion protection of steel structures by paint
systems – Part 9: Protective paint systems and laboratory performance test methods for
offshore and related structures”[239]. These tests are designed for painted steel and require
tests with a duration of almost half a year of exposure. They mainly make sure that the paint
systems are controlled for quality.
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Table 10: Recommended qualification tests for painted steel in offshore and related
structures adapted from ISO 12944-9 (table 4.)[239].
Test

Scribe line

Environment of
corrosivity
category CX
(offshore)

Environment of
combined corrosivity
category CX (offshore)
and immersion
category Im4 (splash
and tidal zones)

Environment
of immersion
category Im4

Cyclic ageing test

Yes

4 200 h

4 200 h

⎯

Cathodic
disbanding (ISO
15711, Method A,
unless otherwise
agreed)

No (artif icial
holiday used
instead)

⎯

4 200 h

4 200 h

Sea water*
immersion (ISO
2812-2)

Yes

⎯

4 200 h

4 200 h

* Artificial sea water as defined in ISO 15711:2003, Table 1.
Salt spray corrosion tests such as ISO 9227 and ASTM B117 are often well designed for rapid
analysis of pores, discontinuities, and damage in organic and inorganic coatings [228], [229].
They also work well for quality control purposes where components are coated with the same
coating or for comparison of different coating application processes. Comparison between
different coatings on the other hand, can only be made if the coatings are adequately similar
in nature. Another weakness is the lack of correlation with long-term performance of different
coatings due to the corrosion stress in the tests is significantly different from what is
encountered in practice. For atmospheric corrosion, the cyclic salt spray tests with intermittent
spraying and controlled climate (wet and dry atmosphere) and is often used to improve the
correlation with real climate stresses caused from wet/dry exposure. These tests are frequently
used in the automotive industry where OEM’s quality control and prove the corrosion protection
performance for their products (components) meet the requirements. Here, the components
are typically exposed to an accelerated exposure test with cyclic salt spray for a duration of six
weeks and a visual examination rank the corrosion performance based on visual corrosion.
For component and systems testing which is of focus in the VALID project one needs to define
clear criteria for evaluation after the finalised corrosion test. It can be defined, for example as
in ISO 10289, as a rating of the coating to protect the underlying base metal from corrosion
based on area of the substrate that exhibit corrosion. This is important as it rates the degree
of protection after a time in a certain corrosion test and can be used for comparison of different
coatings and as a general proof of acceptable protection criteria to meet. Other evaluation
criteria of importance are that functionality (electrical or mechanical) is maintained after a
corrosion stress has been applied and that no water or salt has leaked through protective
seals. For electrical products and components IEC 60068-2-11 test Ka and IEC 60068-2-52
are often recommended practices which utilises continuous and cyclic salt spray tests,
respectively [240], [241].
For marine environments artificial seawater can be applicable in corrosion tests instead of the
more commonly used electrolyte of sodium chloride to simulate the intended environment more
properly. One can go even further and utilise natural seawater as an electrolyte to better
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capture degradation processes happening in field. However, one need s to realise the sitespecific conditions and its limitations to the reproducibility of the tests. In general, as stated in
many of the standards, natural-exposure trials/field tests should always be undertaking as it is
clearly understood that artificial ageing will not necessarily have the same effect.
Two examples of corrosion testing for wave energy systems are shortly reviewed next.
•

•

Corrosion testing for wave energy devices includes testing of paint systems and other
coatings used for the device. These can be accelerated in the lab to serve as quality
control. The tests can also be applied to other small parts or small-scale devices to test
functionality after exposure to the harsh electrolyte of seawater. Field tests in the natural
ocean environment are also very useful to gain knowledge from natural phenomena. The
drawbacks from field testing are that there could be site specific features that are not found
at other sites and that with the lack of acceleration factor it takes a long time.
A PTO system with a cylinder immersed in seawater is commonly used for many WEC
devices for generating power from wave action. These cylinders require smooth inorganic
coatings that can resist wear, fouling and corrosion. In the Waveboost project, Corpower
ocean and RISE performed some corrosion tests on laser cladded test pieces of a PTO
cylinder. The corrosion tests were partly performed accelerated in the lab using natural
seawater in a conventional salt spray test (ISO 9227) for 1,000 hours duration at 28 °C,
see Figure 51. The other part was (not accelerated) at the field test site at Kristineberg
Marine Research and Innovation Centre on the west coast of Sweden. The samples were
immersed in seawater under a jetty for a total duration of 12 months, see Figure 52,
protection of different laser cladded coatings served as an initial validation of the corrosion
protection performance. However, one needs to bear in mind that the acceleration factor
is unknown, the test pieces were not subject to any wear which can affe ct the corrosion
protection. This test method will be further investigated in the De-RISK project Marine
Growth | DE-RISK during 2021, where different electrolytes (sodium chloride, artificial
sweater, and natural surface seawater) will be employed in an accelerated salt spray test
with continuous spraying.

Figure 51: Overview picture of test pieces of laser cladded PTO cylinder in a salt spray test
chamber during an accelerated corrosion tests using continuous spraying with natural
seawater at a temperature of 28 °C.
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Figure 52: Pictures of a laser cladded test piece of a PTO cylinder submerged in seawater
under a jetty at Kristineberg test site in Sweden. The stainless-steel coating revealed severe
corrosion pits and were of subject to hard biofouling such as barnacles during fi eld test.

3.3.3.5 Marine Biofouling
Antifouling systems are as old as the human navigation of the seas. In trying to combat the
natural phenomenon of marine biofouling on immersed surfaces such as boat hulls humans
have treated surfaces with different compounds mixed in paints. Nowadays the antifouling
paints can be divided into biocide or biocide free systems. There are also other antifouling
systems not based on paint such as mechanical based strategy (in situ cleaning; grooming;
washing etc.) and other physical methods. Taking into consideration that the most used
countermeasures in the marine sectors (included MRE) are the antifouling paints, the major
methods used for evaluating the efficacy of antifouling paints both for biocide paints and
biocide free will be reviewed [242], [243].
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Figure 53: Efficacy evaluation of antifouling products Conduct and reporting of static raft tests
for antifouling efficacy (CEPE 2012) @RISE

Figure 54: Testing the adhesion strength of barnacles, tube worms and bryozoans on fouling
release paints according to the standard method ASTM D5618-20.
The VALID consortium includes several marine test sites, where know how and test methods
are used to further understand anti-fouling material developments. This information aims to
provide guidance on how to lower maintenance costs and contribute to technical
standards/technical working groups, ultimately contributing to improving standards and
contributing towards the progression of the commercial deployment of wave technologies.
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Figure 55: Harslab @TECNALIA. Testing coatings and materials at both immersion zone,
splash zone and atmospheric zone.
With the increase in deployments for test and validation of wave energy devices, both at full or
smaller scale, the marine biofouling problem has received increasing focus as one key aspect
to ensure reliability and functionality in real conditions. During the last years, many different
materials, components, subcomponent of marine energy devices have been studied regarding
marine biofouling accumulation and impact.
A brief overview of recent projects on biofouling testing related wave energy devices is
provided below.
SEASNAKE Project
In the OCEAN-ERANET project “Seasnake” the impact of marine biofouling on dynamic cables
is being evaluated and countermeasure evaluated in field test.
Two different paint formulations (made by MWA coating AB, Sweden, partner of the
SEASNAKE project) has been tested in immersion test at two locations. In Sweden, at RISE
facilities in Kristineberg Center for Marine Research and Innovation, and in Portugal at WavEC
facilities (WavEC Offshore Renewables, Portugal, partner of the SEASNAKE project). The two
paints have been tested as applied on triplicate samples made of the same polymeric material
as the outer jacket of the planned SEASNAKE cable. Each sample is 3 cm in breadth and 5
meter long. At each site, two sets of triplicates painted with the two experimental paint were
deployed, as well as a third set of control samples, i.e. non-painted same material.
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Figure 56: An example of results in Portugal, F3 is one of the two formulation, while control is
the non-painted side of samples.
As can be noted in Figure 56, the main difference between the control sides and the painted
side (formulation “F3”) (similar results were obtained for the formulation called “F6”) are the
spots left by barnacles once removed by mechanical forces after ca.80 days of immersion. The
hypothesis was to achieve a barnacle protection to minimize the possibility for barnacle
penetration and disruption of the cable and to remove the microfouling by later mechanical
grooming on the cable, using the low surface energy of the paint.
More result needs to be evaluated on the real cable sample during the summer of 2021 and
using the ASTM D5618-20 method for measuring the adhesion strength of barnacles and other
macro fouling organisms.
WEChull Project
In general, biocide paint is the first choice for reliable efficacy. Some developers are
considering the fouling release antifouling systems (i.e. silicone paints) but the WEC
movement in the water does not generate enough flow on the surface as the fast-going vessel
these systems are designed for. In order to try to find a compromise and have something
reliable and functional but still containing less biocide and no metal biocide at all, some
initiatives are combining easy cleaning paint with anti-barnacle biotech technologies. This will
give the possibility to eliminate the most aggressive and difficult to remove organisms and
leave the rest with the fouling release properties of the coating and easy clean aspects, to be
used in future planned mechanical grooming/cleaning.
This is the case of the WEChull project, where RISE AB and Corpower Ocean AB will use the
mentioned evaluation methods (i.e. CEPE, ASTM) during field testing of the coatings for
antifouling properties for specific material selections, based on a mix of easy clean coating,
anti-barnacle active substances and mechanical cleaning of the hull. The selection campaign
will be run in a nearshore environment with static conditions on panels in order to select the
better suited formulations and cleaning intervals on both composite and concrete substrata.
Once the formulation with better efficacy/environmental impact/costs will be selected, a
demonstration campaign will be run in more exposed areas such as the real deployment site
for the project developers participating in the project or in specific testbed offshore.
OCEANIC Project
Beside the polymeric and composite surfaces, there are also metallic parts to be protected
both from corrosion but also from marine biofouling. In particular, on these metallic surfaces
the marine biofouling can cause the so called biocorrosion. Solutions based on coatings are
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often designed for ships and the in-between dry dock intervals for cargo ships are 3-5 years.
In the MRE sector, the request is for a longer lifetime. The solution is not easy. In the OCEANERANET project OCEANIC Oceanic Project | European Project (oceanic-project.eu), the idea
has been to dope the Thermally Sprayed Aluminium (TSA), a system used for long lasting
corrosion protection, with biotech anti-barnacle agent. Based on the project findings, this
worked as it is possible to see in Figure 57. In A) and B) there are shown the results of the
exposition of the panels under salt spray test according to ASTM B117 -11 (1000 h). In C) and
D) I can be observed the same thermally sprayed alloy on same substratum panels immersed
at EMEC test site in Orkney island for a period of 6 months, attached at 30m depth on the
Corpower Ocean AB foundation during the ocean testing. More research is need in order to
achieve smooth and long-lasting antifouling and anticorrosion protection systems for metallic
parts as one cannot rely on paint systems.

Figure 57: Thermally sprayed aluminium doped with anti-barnacle carrier and sprayed
simultaneously on stainless steel panels.
DE-RISK Project
Many WEC devices have a PTO cylinder immersed in water. This part is subject to wear and
also needs to go through sealing systems that prevent water from leaking into the hull
compartment. For these reasons, paint is not so suited for these parts and thermally sprayed
aluminium is not hard enough to resist wear of the high cycles during the lifetime of the WEC.
In this case, the solution could be included in the design of the system itself. One way to
manage fouling on surfaces is to groome surfaces a little every day (grooming approach). In
the De-RISK project Marine Growth | DE-RISK the partners are looking at different alloys to
be employed and to change full stroke intervals to keep the piston clean from fouling. The test
will be run during the summer of 2021.
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3.3.4 Uncertainty quantification
Experimental modelling and the measurements involved are subjected to uncertainty. To make
use of the results from the experimental modelling, the uncertainty needs to be understood
and quantified.
The type of uncertainty coming from limitations in measurements (e.g. measurements errors)
can be handled in standardized ways such as in the GUM framework [244]. Other types of
uncertainty come from limitations of the experimental model in representing the reality and
operational conditions. Examples of this, as discussed in this deliverable, can be in loads due
to e.g. scale effects, ageing effects, unknowns in usage and geographical differences between
experiments and real deployment. These latter types of uncertainty are a major topic in the
VALID project and are to be extensively covered in the upcoming VALID deliverable D1.3.
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4 Current models, test rigs and testing platforms
This section reviews the numerical models, test rigs and platforms currently available for its
use in the VALID project. The objective of Section 4 is to find the starting point of the three
user cases of the project by a specific review focusing on reliability testing of the critical
components in the user cases.
Each section looks at the available numerical models and experimental models for each of the
user cases presented in VALID. Each model capabilities, interfaces, software, hardware and
communication requirements are analysed, providing an initial assessment of their value for
the hybrid testing. This will help to detect the upgrading needs of the facilities that will take part
in each user case testing.

4.1 User Case #1: Dynamic seals
4.1.1 Overview of WEC technology
CorPower Ocean (CPO) wave energy converter (WEC) is of the point absorber type, with a
heaving buoy on the surface absorbing energy from ocean waves and which is connected to
the seabed using a tensioned mooring line. Novel “phase control” technology makes the
compact device oscillate in resonance with the incoming waves, strongly amplifying the motion
and power capture. This offers five times more energy per ton of device compared to previously
proposed technologies. The high structural efficiency allows for a large amount of energy to
be harvested using a relatively small and low-cost device, providing competitive cost-ofenergy. The system has improved survivability in storms, thanks to its inherent transparency
to incoming wave energy, when detuned. Generators and power electronics are standard
components known from the wind industry, enabling well known grid connection architecture.
The buoys operate autonomously by a programmable logic controller located inside the device,
with an interface for remote control and data acquisition to shore over radio -link. These stepchange innovations provide a path for wave energy to overtake wind turbines in structural
efficiency and competitiveness.

Figure 58: The CPO WEC and subsystem overview.
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The CPO WEC addresses the key challenges of efficient wave energy harvesting in a unique
way. They offer tuning and detuning of the device to the sea conditions, by such introducing a
function to wave energy similar to wind turbines pitching the blades to control the driving force
of the device.

Figure 59: The COP WEC working principle.
Inspired by the pumping principle of the human heart, CorPower uses stored pressure to
generate energy from waves in two directions. The human heart uses stored hydraulic
pressure in the vascular system to provide force for the return stroke, thereby only requiring
the muscles of the heart to pump in one direction. In a similar way, CorPower’s WEC uses
pneumatic pressure to pull the buoy downwards. It mimics the energy storage aspect of the
human heart whereby the upward force of a wave swell pushes the buoy upwards while the
stored pneumatic pressure provides the restoring force driving the buoy downwards. This
results in an equal energy production in both directions and allows for a lightweight design with
high natural frequency.
The CorPower WEC converts renewable energy from waves into electricity through the rise
and fall as well as the back and forth motion of waves. A composite buoy, interacting with this
wave motion, drives a Power Take Off (“PTO”, power train located inside the buoy) that
converts the mechanical energy into electricity. The WEC consists of a light buoy connected
to the seabed through a power conversion module and a tension leg mooring system. By
means of novel and patented technologies the CPO WEC moves in resonance with incoming
waves, making it move in and out of the water surface.
In a conventional point absorber, the buoy follows the motion of the waves. The CPO WEC on
the other hand uses a combination of pretension and the WaveSpring technology to better
leverage the motion of the waves by pushing the buoy into perfect timing with each wave.
Consequently, the buoy motion increases due to resonance, along with the power output.
4.1.2 Existing numerical models
4.1.2.1 Modellable components of the CorPower device
Modelling of various components is essential to de-risk and validate designs during the WEC
development process. Models are used for a variety of purposes such as predicting structural
loads on the system, calculating the power output of the WEC in different sea states, and
verifying the control system software.
Figure 60 shows a top-level overview of the modelling and testing processes during the WEC
development process and how that leads to the WEC deployment. The process is iterative with
each stage feeding back into the previous stage, as well as forward into the next stage. The
initial machine design is supported by mechanical modelling using ANSYS and Solidworks and
hydrodynamic modelling using Orcaflex, as well as the Wave2Wire model.
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Once the machine design meets the concept specification the various subsystems can be fully
incorporated into the Wave2Wire model. Parameters from subsystem testing (e.g. from the
seal rig), as well as previous testing are used as inputs to the Wave2Wire model. Once the
proper functioning of the system has been established in the Wave2Wire model and it has
been validated against tank testing/ocean test data, all major subcomponents of the WEC
prototype can be assembled and tested in the Hardware-in-Loop (HIL) rig. The same wave
model as used in the Wave2Wire model is used as an input to the HIL rig, and all hardware
and software can be validated and fault-checked. Real sensor outputs can then be fed back
into the Wave2Wire model to improve its accuracy. The final stage is WEC ocean deployment.
Data from this stage is collected and used to improve the HIL rig design and testing, as well
as the Wave2Wire model.

Figure 60: Overview of modelling in the WEC development process.
During the above processes all the major subsystems in the CPO device are modelled at some
level. A summary of these as well as the modelled parameters are given in Table 11.
The rest of this section gives a more in detail description of the models used at CPO.
4.2.1.1.1. Models for design validation
There are a number of models that are used for design validation that are summarised in Table
23. The design process typically involves the system architecture design, followed by the
concept design, and finally the detailed design. The concept design stage is the first stage that
is supported by modelling, typically based on analytical calculations and basic Finite Element
Analysis (FEA) according to standards, as well as the basic Wave2Wire model to assess initial
system performance. The detailed design process involves more in-depth FEA and validation
in the refined Wave2Wire model.
4.2.1.1.2. Models for HIL testing
For the HIL PTO testing the same Wave2Wire model as used for the validation testing is used.
Specifically, the hydrodynamics block is used to simulate the wave conditions for particular
load cases. The wave amplitudes and frequencies are output from the Wave2Wire model,
converted to linear motions by the HIL rig, which are then input into the attached PTO.
The seal rig has its own basic Simulink model, which has been used to validate the rig design.
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4.1.2.2 Available numerical models
The numerical models available for the CPO user case are listed in Table 23.
Table 12: Overview of numerical models for User Case #1.
Num.

Model Type

Software

Comments

1

Hydrodynamic
model/Wave2Wire

MATLAB/Simulink

Developed by CPO.

2

Hydrodynamic model

Orcaflex

Developed by Orcina.

3

Hydrodynamic
model/Slam loading

Orcaflex, MATLAB/Simulink

Developed by CPO.

4

FEA

SolidWorks

Developed by
Dassault Systemes.

5

FEA

ANSYS

Developed by Ansys
Inc.

6

Seal rig model

MATLAB/Simulink

Developed by CPO.
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4.1.2.2.1. Hydrodynamic modelling
CorPower Ocean is using mainly three different models to generate design load cases:
-

A Simulink-based model
An Orcaflex model
A stand-alone model for slamming loads calculations

4.1.2.2.1.1. Simulink-based model
The mathematical model developed at CPO to represent dynamics of the buoy, mooring and
machinery is based on rigid-body motions and lumped representation of fluid forces. The
representation of hydro-pressure forces on the hull are split in hydrostatic forces (buoyancy)
and hydrodynamic forces (wave excitation and wave radiation, including added mass effects),
and is based on linear hydrodynamic theory with non-linear corrections for drag losses and
instantaneous submergence.
This so-called wave-to-wire (W2W) model is validated against tank test data [245] and against
a half-scale ocean testing campaign [246] and may be used to investigate system dynamics
through time-domain simulations. The model includes functionality for the simulation of faults
in for instance grid connection, control or tidal regulation as required to run simulations to
derive certain load cases. Quantities like motion signals and machinery forces are output as
direct results of the simulation, whereas external pressure distribution on the hull and point
loads at hull attachments needs to be derived by post-processing models.
As this model is based on linear wave theory, the uncertainty level associated to simulatio ns
increases with wave height. This model is well suited for:
-

Deriving fatigue load cases in normal operation
Estimating the annual electrical production at different sites
Qualitatively comparing configurations in most sea states
Producing rough estimates of load cases in extreme sea states

This model is split into four main blocks, each representing a specific part of the system, as
illustrated in Figure 61 below. They are presented in more detail in the following sections.
Hydrodynamics Block
Main functions
-

Calculate the hydrodynamics forces that apply on the oscillating and stationary parts of
the system
Integrate equations of motion of oscillating and stationary parts of the system
Input:
o PTO force calculated by the PTO block
o Mooring force calculated by the mooring block
Output
o Position and velocity of oscillating and stationary parts of the system
o Hydrodynamic forces

Different variants:
There are two different variants of this block: with two and six degrees of freedom. The twodegree of freedom version can also be used as a one-degree of freedom version.
-

The two-degree of freedom version is primarily used to compare different configurations
or to eliminate effects that make understanding the system’s behaviour more complicated.
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-

The six-degree of freedom version is the main version of this block and is used to produce
load cases or performance estimates.

Figure 61: Top-level diagram of Simulink Wave2Wire Model
PTO Block
Main functions:
-

Calculate the force applied by the PTO on the oscillating part of the system, taking into
account non-linearities such as end-of-stroke braking, the thermo-fluid behaviour of the
high-pressure system, or the damping strategy which is used.
Provide the controller block with sensor values for the relevant properties
Input:
o Relative position and velocity of the oscillating and stationary bodies
o Commands from the control system
Output:
o Force applied by the PTO on the oscillating body
o Sensor values of relevant properties (e.g. pressures, forces, velocities, valve
status…)

Different variants:
Different capabilities of this block have been developed to represent the different designs
considered throughout the design phase. However, all of these are performed by th e same
Simulink block.
Control Block
Main functions:
-

Represent the control system
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-

Provide commands to the PTO and the mooring block
Input:
o Sensor measurements from all other blocks
Output
o Commands to actuators in PTO block and in mooring block

Mooring Block
Main functions
-

-

Calculate the mooring force
Provide controller block with sensor measurements of the relevant properties in the
mooring system
Input:
o Position and velocity of the stationary part of the system
o Position of the connection point of the stationary part of the system to the mooring
system
o Commands from the controller block
Output
o Mooring force
o Sensor measurements of the relevant properties

Different variants:
There are two different variants of this block: with two and six degrees o f freedom. The twodegree of freedom version can also be used as a one-degree of freedom version.
-

The two-degree of freedom version is primarily used to compare different configurations
or to eliminate effects that make understanding the system’s behaviour more complicated.
The six-degree of freedom version is the main version of this block and is used to produce
load cases or performance estimates.

Orcaflex model
Orcaflex [247] is an offshore industry standard tool for the simulation of buoys an d other
structures and in particular mooring systems. During normal operation of the WEC the
influence of the PTO on the response are greatest and this is best captured by the Simulink
model, but in much larger sea states where the WEC is in a survival model and with small PTO
oscillations Orcaflex is a more accurate tool to predict the WEC and mooring loads and
motions.
Slam loading model
The slam loading model has been constructed by CPO and uses outputs from Orcaflex,
Simulink and Matlab to analyse the maximum slam loads.
Estimation of worst-case water and body kinematics are used to establish a characteristic
value for the maximum relative velocity between body and water. This is used to estimate
sequences of slamming pressure acting on the hull, which are finally fed to a structural
dynamics solver to compute the hull response.
Structural analysis
The structural analysis of the WEC is performed using a combination of classical calculations
from standards and finite element analysis (FEA). Loads and constraints are derived from the
WEC hydrodynamic model for the system or module under consideration.
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At module level structural design is undertaken for all components by either analytical methods
following basic calculation or more advanced calculations according to standards where
required – such as EN13445 for pressure vessels. Where analytical methods are not sufficient
finite element analysis (FEA) is undertaken using tow tools. Solidworks simulation of simpler
parts and assemblies and Ansys Mechanical is used for more complex parts and assemblies
where great detail can be included as well as utilising combined global analysis with local sub models [248] to capture as much detail as possible.
Seal rig model

Figure 62: Overview of Simulink seal rig model.

The model of the seal test rig was originally used as a method to validate the concept design
of the seal rig prior to construction. The model consists of a number of blocks that convert the
control input and motor rotational speed into simulated linear mo tion of the test rods.
Estimations of the friction forces from the seals can also be input. The model was used to
validate the forces generated by design cases, as well as the input power required. This helped
with dimensioning of components such as the rig frame and motor.
4.1.3 Existing test rigs
This section provides a description of the existing test rigs and capabilities to perform reliability
testing of seals for User Case #1. Two test rigs are described: firstly the seal test rig described
and developed in the Waveboost project [221]; and secondly the hardware in loop rig that has
been developed as part of the HiWave-5 project to test the power take-off system in dry testing
before ocean deployment.

4.1.3.1 Seal test rig
High-pressure and standard-pressure sealing solutions are used in the Pre-Tension Cylinder,
the WaveSprings, and on the ocean rods - all of these being the central modules of the Power
Take-Off system. These sealing solutions are reciprocating rod sealing systems that have
been identified as critical components and need to be tested and optimized to ensure the
performance and reliability targets of future WECs.
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4.1.3.1.1. Overall description and capabilities
The test-rig for critical sealing systems is used to assess reliability of seals. The main
deterioration mechanism is the wear of the seal polymer material as described in section
3.1.4.2.
The seal test rig is used to assess the wear on the various seals in the CorPower s ystem. It
mimics the translation in one degree of freedom of the primary PTO, relative to the mooring to
the seabed which in turn is driven by the wave motion.

Figure 63: annotated schematic of the seal test rig.
An annotated schematic of the seal test rig is shown in Figure 63. The rig is composed of a
crank-slider mechanism that provides a linear reciprocating motion through a motor rotating
with a constant speed instruction. This mechanism is particularly suited to test very long
travelled distances. The wheel has a high inertia that can store and release energy from and
to the reciprocating slider. Thus, the variations of linear speed are not directly seen by the
motor, and the electrical power supply is smoothened.
The sealing systems are mounted in test chambers, and the rig can accommodate up to four
quarter-scale 80 mm diameter test rods. It is also capable of accommodating one full size
ocean rod with a diameter of 360 mm. The test chambers are pressurized cylinders with
mounts for seals and guide rings, and which the rods can travel through. The rods are
connected to the reciprocating slider. The chambers are held in place by articulated “friction
beams” that transfer the friction forces to the structure. Loadcells are inserted in series between
the friction beams and the structure. This configuration enables the loadcells to read friction
forces only, and not to be affected by inertial loads. This also allows the rig to measure friction
accurately even during highly dynamic cycles (up to 7 m/s of linear peak speed).
The articulation of the friction beams is provided by a spherical joint on the loadcell side, and
by a “hollow yoke” assembly on the chamber. This makes the system statically determined and
prevents the apparition of unwished side loads in the sealing solution due to misalignments. It
also allows the simulation of controlled side loads with weights hung under the chambers.
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Lubricating oil and pressurized air are supplied to the chambers, and both circuits have
pressure, temperature and flow sensors. These signals are monitored, stored and post processed by a central PLC (programmable logic controller).

Figure 64 Schematic overview of the CorPower lab for seal testing.

Figure 65 Drawing of a single line of the seal test rig. The friction beams, test chamber, and
rod are all shown.

Figure 64 shows a breakdown of the components comprised in the test rig, while Figure 65
shows drawing of a single line within the seal test rig. There are several main parts (as
indicated in Figure 64):
•
•
•

Test chamber: cylinder in which the sealing components are mounted, and get the
relevant working conditions (pressure, rod speed, lubrication, temperature).
Mechanical actuator: external system that provides the back-and-forth relative motion
to the test chamber.
Air system: external system that provides compressed air to the test chamber to
simulate the working media of the cylinder.
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•
•

Lubrication: external system that provides lubricating oil and cooling to the sealing
components.
Controls & data acquisition: automation, electronics, and sensors that control the
working conditions, measure, and save the investigated metrics for post-treatment.

The crankshaft can be attached at different radii on the crank wheel to achieve different linear
velocities. The velocities are given in Table 13.

Figure 66: Image of the seal rig.

Table 13: Velocities for different connection rod attachments to crank wheel.
Crank wheel radius
[mm]
150
250

Crank rpm
260
200

Max linear velocity
[m/s]
5
6

350

170

7

450

150

8

A principal part of the test rig is the test chamber with seals containing an internal pressure
Figure 67. The test chambers are composed of a cylinder body and several groove rings.
These rings allow easy mounting of the seals thanks to split-grooves. The primary and
secondary seal are mounted on a ring that also receives lubrication. The pressurized chamber
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serves the purpose of simulating the air pressure in the WEC. This pressure, up to 300 bar,
can theoretically also be used to accelerate the wear of the seals.

Figure 67: cross-section of test chamber.
The test rig has the following components:
•
•
•

Motor: 92 kW AC induction motor is used. The reference is HDP IP23 H160 from ABB
Planetary gearbox: The reference is PH932 F0120 MELC from Stober.
Data acquisition and control system.
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Figure 68: Schematic of seal rig control system.
An overview of the seal rig control system is shown in Figure 68. The seal rig is controlled
using Beckhoff TwinCAT 3 software. This takes inputs from the main human-machine interface
(HMI) via OAS Historian software, and outputs control signals to the motor of the seal rig.
Sensor information is fed back from the seal rig via OAS historian, and back to the TwinCAT
software. Sensor data is also output from OAS historian to MySQL databasing software where
it is stored. The main post-processing of the data is carried out using algorithms in the R
programme, while an additional post-processing algorithm can be controlled using another HMI
via Python.
4.1.3.1.2. Additional communication, software and hardware requirements
In the current setup a lot of data is recorded for every stroke of the seal test rig. This generates
a large amount of data, and so it is vital to have algorithms that can process and store this
information in a suitable way.
The software that was developed for the control and data acquisition of the reliability test rig is
also used to ensure its safe operation. For this, limits or logics have been implemented on
each signal that is being recorded. These are called Continuous Buit-In Tests or CBITS.
In most cases, a first level alarm sends a warning to the user, and a second level alarm triggers
an emergency stop of the machine.
These limits have been implemented and individually tested. In some cases, the levels have
been temporarily changed to make the testing possible without reaching the actual extreme
values. Some levels have been refined after the commissioning tests, such as the maximum
dynamics.
An enclosure has also been designed and installed around the seal test rig in order to prevent
dangerous interactions between the rig and people while the rig is in operation.
4.1.3.1.3 Initial assessment of applicability to the hybrid testing methodology
This rig could most certainly be used as part of a hybrid model, whereby the seal friction and
rod speeds are measured physically in the rig, and fed back to a virtual model of the rest of the

Page 113 of 212

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101006927.

WEC as part of the Wave2Wire model. This could potentially allow the effect of seal wear to
be included in the Wave2Wire model.
Preliminary identification of needs for upgrading are the following:
•
•
•
•
•

A way to accelerate initiation of seal failure
Connecting of the Wave2Wire model directly to the seal rig software
A conversion block to convert inputs/outputs from/to Wave2Wire model to account for
scaling effects of using quarter-scale ocean rods
Accommodation for full scale ocean rod testing (360mm diameter rod)
Inclusion of corrosion effects (e.g. application of salt water)

4.1.3.2 Hardware in the Loop (HIL) Rig
4.1.3.2.1. Overall description and capabilities
System-level dry testing has been found to be an effective method for characterizing and
stabilizing a Wave Energy Converter prior to ocean deployment. Dur ing our half-scale
prototype testing a dry test campaign was conducted to verify and debug all functions and
operational modes of the drive train and control for the C3 WEC.
CPO’s full-scale demonstration is now focussed on ocean deployment of the C4 WEC. The
redesigned HIL rig is intended to run the WEC machinery in a controllable environment before
operation in the ocean. During the dry test campaign, the HIL rig is used to test the machinery
in all sea states, from normal operation sea conditions through to storms.
As opposed to the half -scale test rig, the full-scale rig is designed to move the parts of the C4
PTO system that will be moving in the real ocean environment, representing a significant test
rig upgrade over the previous HIL rig. The main components of the test rig are described below.

Figure 69: Overview of CPO's full scale HIL rig.
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Mock hull - A secondary moving frame (mock hull) replaces the buoy hull which will not be part
of the dry testing. The main function of this frame is to hold the extremities of the wave -spring
cylinders that are normally attached to the buoy in full WEC configuration.
Anti-PTC - The force that is applied by the test rig on the moving part of the PTO replicates
essentially the buoyancy force and other hydrodynamic forces, which exist when the buoy is
submerged in the ocean. The buoyancy being dominating, the test rig force is exclusively
oriented in one direction. Adding an anti-pretension cylinder subsystem produces the base part
of this force (approximatively half of the total maximum force), to reduce the motor max load.
Motor & Energy storage - The motor has been specially designed for the application and has
a peak power output of 7 MW. A flywheel-based solution is used to absorb energy during power
peaks, so that power consumption from the grid is approximately constant in time.
Gearbox - A cascading gearbox converts rotation to linear motion by sharing the load between
several pinions, allowing smaller pinions. Since the goal is to convert the motor speed to a rack
velocity, a smaller pinion means that a smaller gear ratio can be used to reach the same
generator speed. The gearbox is therefore more compact, lighter, having smaller rotational
inertia and cheaper.

Figure 70: Representation of CPO's HIL rig.
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Figure 71: Images of CPO's HIL rig.

Figure 72: Image of CPO's HIL rig.
The controlling of the HIL testing is done in conjunction with the numerical simulation model
Wave2Wire. It is a complex numerical model that implements all parts of the power conversion,
from wave models, primary converter (WEC hull), through mechanical PTO (linear to rotary),
electrical generation conversion, and power export. The numerical model is constantly
calibrated by testing the performance of components, sub-systems (modules) and full WEC
systems. In this way the HIL test operates close to real conditions which is the topic of the
VALID project.
4.1.3.2.2. Additional communication, software and hardware requirements
The test rig is extensively connected to the Wave2Wire numerical model. During dry te sting
the WEC PTO controller uses several input signals from the simulation model that are
measured signals in the ocean, such as surface elevation and excitation force. It is therefore
necessary that the control system is capable of taking inputs from the existing Wave2Wire
model. The high-performance Power Electronics Controller is used to control the drive motor
with the reference signal calculated from CPO’s Wave2Wire model. Sensor values from the
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PTO are fed back into the model of the WEC at sea to close the loop and reduce the effect of
modelling discrepancies. The most important sensors used for control purposes of the HIL rig
are:
•
•

Force and torque sensors,
Encoders for velocity, position and acceleration.

For diagnostics and model validation, the following is also monitored:
•
•
•
•
•
•
•

Force (in addition to the sensors mentioned above)
Acceleration
Pressure, in pressure tanks and cylinders
Structural loads, e.g. load on moving secondary rig frame due to the WaveSpring,
Temperatures,
Voltage, e.g. bus voltage for rig motors
Current, e.g. active current from grid.

The control system also handles all required safety aspects e.g. to detect when the behaviour
of the PTO is starting to exceed safe operating limits and then stop in a controlled manner.
This approach avoids letting the emergency system trigger a hard, and potentially dangerous,
stop. There is a separate safety control system that initiates emergency stop in case of faults.
4.1.3.2.3. Initial assessment of applicability to the hybrid testing methodology
The PTO HIL rig that CPO uses is a typical example of hybrid testing. Actual wave data is input
to the controller, which converts it into theoretical hydrodynamic loading and then applies
corresponding physical loads to the PTO.
This rig will not be upgraded as part of the VALID project and the main focus will be on the
seal rig.

4.2 User Case #2: Generator failure
4.2.1 Overview
User case #2 aims to produce a first-of-a-kind practical implementation of the novel testing
methodology and hybrid platform on a critical subsystem common to ocean energy devices,
namely the electric generator.
The numerical models are set to simulate the electro-mechanical behaviour of the Power TakeOff system of resonant Wave Energy Converters. Particular attention is given to the
applicability in the IDOM’s [249] OWC device (MARMOK).
The electrical generator is a critical component within the PTO, and it is also in the critical path
of the energy conversion steps. It is the core of the WEC where mechanical energy is
transformed into electrical power. A failure in this component will directly reduce the Annual
Energy Production (AEP) which creates incomes for the wave energy plant. Wave energy
devices are not usually easy to be maintained on site due to the constrained working conditions
on board (i.e. weather windows, movements and accelerations, reduced working space, ...). If
towed onshore for maintenance, the downtime and the maintenance cost increase
significantly.
The PTO of the MARMOK WEC device (Figure 73) has been extensively demonstrated at the
Mutriku shoreline OWC plant (12 months) and at the BiMEP [250] open-sea testing site (2.5
years) within the H2020 OPERA project [251].
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Figure 73: Marmok wave energy converter [251]
To be accurate, Mutriku power plant has been operating for almost 10 years already ( Figure
74), wherein significant input data on real conditions has been collected and it can be used to
feed into the user case specification.

Figure 74: Mutriku Wave Plant
Although the two WEC configurations presented above differ on the location respect to the
shoreline (Mutriku is located nearshore and Marmok offshore), the operational principles of
both are the same. Indeed, the operational principle of an Oscillating Water Column or OWC
consists of extracting the energy from a bidirectional airflow generated by the oscillating of the
sea level in one or more chambers. The chambers are filled with air and seawater. Through
an underwater opening to the sea, the incoming waves change the water level inside the
chambers. This causes a change of the pneumatic pressure for the air volume inside the
chamber. The compressed air leaves through an aperture above the water column, making an
air turbine running. The air f low drives a turbine which rotates always in the same direction
even though the air flow is bidirectional. When the seawater leaves the WEC, this cycle repeats
itself in a different direction, generating a bidirectional airflow in one cycle. The rotation o f the
turbine is transmitted to an electrical generator to produce electrical power. Hence, the Power
Take-Off consists of an Air turbine, Electrical generator and Power electronics. Hence, the
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difference between the two concepts is the heave degree of fre edom of the floating buoy
compared to the fixed chambers attached to the breakwater.
The insulation failure is a significant root cause for the breakdown of high voltage rotating
machines. The ageing mechanism is dominated by thermal degradation of the bin der resin,
mechanical stress caused by vibration and switching pulses and stress caused by the different
thermal expansion coefficients of the materials involved. This failure was experienced during
the testing of the new turbine-generator set in the OPERA project. Tightly coupled with the
electrical generator, the power electronics suffer similar issues. Moreover, the power peaks
and the environmental conditions impose very severe conditions on the mechanical design of
the generator: bearings, balancing, alignment, etc.
4.2.2 Existing numerical models
4.2.2.1 Modellable components of an OWC device
Depending on the final objective pursued, several relevant modelling approaches can be used
to simulate a WEC. Objectives may range from the evaluation of energy or structural
performance, to optimisation of real time operation and the integration in the power system
[252]. With regards to the PTO modelling, time-domain models are widely used to simulate the
power flow through the various stages of wave energy converters.
Wave-to-Wire (W2W) models are used to evaluate the behaviour of ocean energy devices
[253], the forces acting on them, the loading and stresses, and the electrical power output from
a given set of input resource conditions. In the field of wave energy, the term wave -to-wire
usually refers to numerical tools that can model the entire chain of energy conversion from the
hydrodynamic interaction between the ocean waves and the WEC to the electricity feed into
the grid.

Figure 75: Wave to wire model of a generic wave energy converter [254]
W2W models gather various conversion stages, where each one could be an individual
numerical model. Specifically, for OWC operation principle, the W2W model is composed of
the following stages:
1. Absorption stage model: from hydrodynamics to pressure conditions in the chamber.
2. Primary PTO: Mechanical stage model: from airflow to rotation of the turbine. Air turbine
model.
3. Generator: Mechanical energy to electrical energy transformation.
4. Power Electronics: electrical energy adaptation for grid connection.
5. Control: refers to generator torque/speed control.
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4.2.2.1.1 Models for design validation
The best way of validating a particular wave energy technology is throughout experiments and
performing them in a controlled environment like a laboratory. For this, mathematical models
are necessary to represent the wave resource (the WEC excitation forces) and the different
energy transformation steps which cannot be physically tested at the test bench.
Figure 76 shows a simplification of the different subsystems of an OWC WEC, where the PTO
is divided by the turbine, generator and power electronics.

Figure 76: Subsystems of a typical configuration of the different energy transformation steps
OWC device
Every single subsystem can be modelled with different level of detail depending on the purpose
of the model. It must be noted that a complete model of the device implies modelling
subsystems with very different dynamics and couplings.
From the hydrodynamic point of view, the interaction between waves and an OWC can be
represented by a boundary-value problem [255] where the only exception is constituted by the
boundary condition at the interior free surface which, in case of uniform pressure distribution
can be written as
−𝜔 2 𝜙 + 𝑔

𝜕𝜙
𝜕𝑧

=−

𝑖𝜔
𝜌

𝑝̂

on 𝑧 = 0

(20)

where we clearly assumed the pressure to be oscillating with frequency  so that it can be
described by its complex amplitude. A visual representation of the application of the boundary
conditions is given in Figure 77.
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Figure 77: Definition scheme and representation of the boundary-value problem for the
solution of the velocity potential due to an oscillating water column [255]
Different commercial BEM codes are available (WAMIT[256], AQWA [257]) to characterise the
hydrodynamic response.
4.2.2.1.2 Models for HIL testing
Hardware-In-the-Loop (HIL) means that part of the device to be tested will be emulated in the
facility while other part will be a real representation of the device itself. Different facilities will
focus on different testing objectives, having different real and emulated parts.
In the case of testing electrical PTO components, the division between hardware and emulated
part could be the one shown in Figure 78.

Figure 78: Emulated vs. real subsystems in a HIL electrical facility
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HIL testing of electrical PTO components therefore requires a numerical model to emulate the
behaviour of the OWC from the resource to the torque and rotational speed in the shaft. Thus,
emulated part needed for the hybrid tests could be termed as a wave to torque model.
In addition, other software resources are needed in order to operate the facility:
•
•

Generator control strategy: a torque or speed control to extract the power from the
generator.
High level control: it could be a state-machine to start, operate and stop the device.

These last two controls elements are not strictly models, as they do not represent the
mathematical approach of a subsystem. However, they are needed for the facility operation
and will be collected and treated as models in this Deliverable.
4.2.2.1.3 Models for full simulation
In the case of a complete simulation, all the subsystems of Figure 76 must be modelled. This
will result in a wave to wire model. Each subsystem can be modelled with lower or higher
detail depending on the objective of the simulation.
The models (or algorithms) necessary for completing the W2W model can be split into:
•
•
•

•

•

Wave to torque model: it can be exactly the same model as the one used to emulate
this behaviour in the facility. In the case of an OWC device, and depending on the
detail level, it will comprise the models of the resource, air chamber and air turbine.
Generator model: it can be represented as a simple electromechanical equation, or it
can be more detailed including efficiency and reliability performance.
Generator control strategy: It represents the control algorithm over the generator.
The control can be on a torque or speed basis. It will be composed by:
o Control strategy to obtain the reference speed (or torque)
o Control loops including the controllers, to extract from the generator the current
associated to the reference speed (or torque)
Power electronics model: It represents the behaviour of the power electronics.
Depending on the purpose, it can be a simple gain, representing the efficiency (even
a unity gain, as the power electronics efficiency is higher than the one of the rest of
components), a gain depending on the power load, or a more complex model. If the
behaviour of the power converter itself is to be analysed, the switching of the
semiconductors can also be modelled. This, however, would have very slow dynamics
compared to other subsystems (µs vs. s).
Grid model: this model is not strictly necessary as the outputs of the power electronics
can be enough to analyse the performance of the device. The grid model is useful
when analysing the behaviour of the device regarding grid connection. A weak or
strong grid can be modelled, and perturbations (voltage sags, offset, frequency
variations, etc.) can be added.

The inputs and outputs of each of these models are not predefined. They must be adapted in
order to fit with the previous and next step.
4.2.2.2 Available numerical models
The numerical models needed for the laboratory testing of the electrical generator encompass
the absorption, pneumatic and mechanical energy transformation stages. The principal outputs
from this numerical model are the torque and rotational speed. In the context of VALID, we will
refer to this part of the W2W models as wave-to-torque models. The rest of the conversion
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chain (i.e. electricity generator and grid connection) will be used to control the test rig operation,
to model the failure mode and to extrapolate test results.
Table 14: Summary of available models for UC#2.
Models for HIL testing
Wave to torque

Models for simulation

CORES: Input is directly pneumatical power passing through a
Wells turbine efficiency curve. Simulink
OPERA: hydrodynamic model of Mutriku plant
MARMOK model

Generator

MARMOK model
CORES:
simple
electromechanical equation.
Simulink (losses estimation,
Matlab-Simulink)
OPERA: (losses estimation)
DTOCEAN+: Losses and
reliability model. (Python)

Generator Control

CORES: 4 different speed CORES: 4 different speed
control
laws.
(Beckhoff- control laws. (Matlab –
Twincat)
Simulink)
OPERA: 7 different control OPERA: 7 different control
laws including MPC. (Matlab - laws including MPC. (MatlabSimulink)
Simulink)
MUTRIKU

Power electronics

HIL state
control *

MUTRIKU (Matlab-Simulink)

Space Vector Modulation and Different switching models of 2
Positive Sequence Detector for and 3 level power converters.
a multilevel converter in a DSP
DTOCEAN+: Losses and
reliability models. (Python)

machine Tecnalia test rig (BeckhoffTwincat)

4.2.2.2.1 Wave-to-torque models
The goal is to translate the environmental loading into relevant inputs to the motor which
represents the prime mover mechanical energy obtained from the resource, considering the
generator torque
To represent the dynamic of a device, a general approach [258] of the equation of motion for
a single body oscillating (f.e. heave) can be represented with de 2 nd Newton law:
𝑚𝑥̈ = 𝐹𝑒 + 𝐹𝑟 + 𝐹ℎ + 𝐹𝑃𝑇𝑂

(21)

Where
m: mass of the device,
𝑥̈ : heave acceleration,
𝐹𝑒 : Excitation force,
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𝐹𝑟 : Radiation force,
𝐹ℎ : Hydrostatic force,
𝐹𝑃𝑇𝑂 : PTO force.
To take into account nonlinearities, particularly when they can be modelled as time -varying
coefficients of a system of Ordinary Differential Equations, it is useful to apply a time -domain
model based on the Cummins equation [259], whose use is widespread in seakeeping
applications. This is based on a vector integro-differential equation which involves convolution
terms responsible for the account of the radiation forces. For a case of a single body floating
in heave, the Cummins equation can be expressed in the form:
𝑡

(𝑚 + 𝐴∞ )𝑥̈ (𝑡) + ∫−∞ 𝐾(𝑡 − 𝜏)𝑥̇(𝜏)𝑑𝜏 + 𝜌𝑔𝑆𝑥(𝑡) + 𝐹𝑝𝑡𝑜 = 𝐹𝑒 (𝑡)

(22)

Where
𝐴∞: infinite added mass, the integral term represents the convolution,
𝜌: density of the water,
g: gravity,
S: area at the degree of freedom.
The hydrodynamic parameters such as added mass and damping can been obtained using a
boundary-element code (ANSYS-AQWA [257]. WAMIT [256]).
4.2.2.2.2 CORES OWC model
Overall description and capabilities
This model was used in CORES project to validate the generator, the power converter and the
PLC that were installed in the OE Buoy [260] 4th scale prototype tested in Galway Bay. The
model which emulates the buoy and the turbine, gave as output a torque reference to the
motor. It directly considered as an input the pneumatic power of the OWC chamber (instead
of processing the hydrodynamic iteration of the buoy with the waves). This pneumatic power
was empirically obtained on a testing campaign in HMRC [261] wave basin with a floating
OWC device at a scale 1:50.
Regarding the definition of the air turbine, the model considers a typical efficiency curve of a
Wells turbine as shown in Figure 79. This curve is represented with a look-up table.
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Figure 79: Wells turbine performance characteristic

The nondimensional flow coefficient, φ, input to the look up table, is equivalent to the air
velocity to tip velocity ratio and can be expressed as:
𝜙 = (𝐴

2𝑄
𝑑𝑢𝑐𝑡 −𝐴 ℎ𝑢𝑏)𝐷𝜔

(23)

where Q is the volumetric air flow across the turbine, Aduct and Ahub are the turbine duct and
central hub cross-sectional areas respectively, D is the turbine diameter, and ω is the turbine
rotational speed in rad/s.
Mechanical power is considered as 𝑃𝑚𝑒𝑐 = 𝑃𝑝𝑛𝑒𝑢 𝜂𝑤𝑒𝑙𝑙𝑠 and thus, the torque in the shaft can be
easily obtained as 𝑇 = 𝑃𝑚𝑒𝑐 𝑤.
Communication, software and hardware requirements
Since the test bench was designed for CORES project [262], several users have been working
in the lab throughout MARINET1 [263], MARINET2 [206] projects, all of them used SimulinkMatlab [264] to define a time domain model of each device.
In order to guarantee a real time model, a DSpace [265] was used in collaboration with the
University of Basque Country. As an output, the model is able to provide the torque reference
to the motor taking into account the generator speed.
The generator control laws were developed in the Beckhoff environment (Twincat-Beckhoff
[266]) inside the “HIL state machine control”. This is an overall control module whe re a state
machine algorithm has been implemented in the PLC. It is divided into 6 states describing the
different necessary steps for the correct and safe operation of the system.
At State 1, the system boots up and after a certain time goes directly to State 2, where some
verifications are made to be sure that the sensors are operational, and values are inside the
requested ranges. For example, it will test the chamber pressure to know if it is within safe
operation range [267].
Then State 3 stands for the run up where the brake is released, and the turbine starts rotating
and then goes to State 4 where a specific control law can be applied on the generator every
sampling period. When an alarm is triggered by sensors or if an error is detected, the machine
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system enters in State 5 (low priority) and the turbine slows down until breaking in State 6. If
the error is critical, State 6 is directly engaged stopping the operation.
Initial assessment of value provided for the hybrid testing methodology
The model can be used as a fast wave-to-torque model to provide a torque to the generator
and analyse the influence of pneumatic power amplitude and variations.
The model takes the pneumatic power as an input. If inputs should be directly correlated with
the wave resource, it must be adapted.
4.2.2.2.3 Mutriku OWC model
Overall description and capabilities
This model was initially developed within OPERA H2020 project [251]. Some modifications
were developed regarding how to send the speed reference to the motor in real time.

Figure 80: Simulink lay-out for real time experimentation of OWC [267]
Communication, software and hardware requirements
The motor is controlled by a UMV4301 Leroy Somers drive following torque or speed reference
provided by the analogue signals coming from the acquisition board NI PCI 6221 from National
Instrument [268].
The simulation is performed by an XPC target configuration which is the real-time architecture
from Matlab/Simulink [264]. The generator is an ABB M3BP200MLA 8-pole SCIG of 11 kW
rated power for 768 rpm. As the motor, its frequency is 50 Hz and the voltage is 400 V
connected in delta. The generator is grid connected via an ABB ACS800 B2B power converter.
The PLC controller is a CX1020 [269] from Beckhoff with a series of digital and analogue signal
boards.
Initial assessment of value provided for the hybrid testing methodology
The model can be used as a wave-to-torque model that represents the behaviour of the Mutriku
plant.
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4.2.2.2.4 MARMOK Model
Overall description and capabilities
Marmok model considers the heaving motions of the floating structure and the surface water
level as well as the air chamber compressibility and the electric generator. The model can be
divided into three parts
•
•
•

Hydrodynamics: Heave of the floater and Heave of the OWC
Chamber Pressure and turbine performance
Generator performance with its internal voltage and current control

The first part represents the energy captured from waves and transformed into WEC motions
based on the Cummins Equation (Linear Hydrodynamic coefficients) with state space
approximation of the convolution term and two degrees of freedom, heave of the floating
structure and heave of the OWC (Figure 81):

Figure 81: Hydrodynamics: Heave of the floater and Heave of the OWC
The second part represents the energy transformation from WEC motions into a rotating shaft
(Figure 82), where the chamber pressure has been added, as well as air turbine non dimensional curves: airflow / pressure and torque / pressure.
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Figure 82 Marmok air chamber pressure and turbines performance
The third part represents the energy transformation from the rotating shaft into electrical current
and voltage. There is a stationary model based on energy losses estimation ( Figure 83):
•
•
•
•

Iron losses
Winding losses
Mechanical losses
Capacity losses

Figure 83: Marmok Generator performance
Initial assessment of value provided for the hybrid testing methodology
The wave to torque model can be used to represent the motion of a floating OWC while the
generator model can be used for calculating the losses.
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4.2.2.2.5 Electrical generator models - DTOceanPlus model
The ultimate goal is to model the physics of the electrical generator for the critical failure mode,
namely thermal fatigue. Most available models have been developed for functional tests
(energy yield). However, the usual performance and control models converting input to rque
and speed into tension, voltage and thermal losses are not enough to model the generator for
the failure mode investigated. Large instantaneous peaks are a feature specific to UC#2.
Overall description and capabilities
The DTOceanPlus project has developed a generator model [270] for reliability analysis.
Generator insulation lifetime has been estimated by statistical methods [271]. The machines
may withstand temporary, often-repeated high temperatures depending on the duration and
amplitude of the temperature peak. A similar shortening of the lifetime applies also to the
bearings of the motor, in which heat-resistant grease can be employed.
The generator life is calculated using the mean temperature of the generator given the stator
current. Specifically, the total damage on the generator is computed as the sum of the
individual damages for each operational sea state.
Electrical insulating materials are thermally rated by test to establish a thermal endurance
relationship. This is an expression of aging time to the selected failure criterion as a function
of test temperature in an aging test. The former is the number that corresponds to the
temperature in °C, derived mathematically or graphically from the thermal endurance
relationship at a specified time (often 20,000 hours for utility and industrial machines [272]).
Generator life can be defined from the curves presented in Figure 84, which depend on the
class of the generator and winding temperature:

Figure 84: Total winding temperature curves obtained from [273]
Curves of the figure above have been adjusted through logarithmic functions (considering
thermal classification of rotating machine insulation materials from IEC 60005 [274]), having
obtained the following results: 𝑁 = 𝑒 𝐾𝑇+𝐾0
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Table 15: Life assessment curves adjustment
Life
adjust

assess

Class A

Class B

Class F

Class H

K

-0.069

-0.069

-0.069

-0.069

K0

17.1288228 18.8974785 20.7619675 22.1243926

T max

105

130

155

180

TRMS =K*I RMS 2 (24)
The relation, k, between the RMS current and temperature has been supposed to be the
corresponding value to the maximum permissible temperature and the nominal current working
point.
Therefore, life damage is computed as the cumulative damage with respect to the predicted
life of the generator at every sea state:
𝑛

𝐷 = ∑𝑠 𝑁𝑠

𝑠

(25)

This model is integrated in the performance model for two common types of electrical
generators: Permanent Magnet Synchronous Generator (PMSG) and Squirrel Cage Induction
Generator (SCIG). The performance model computes the mechanical, capacity, winding, iron,
rotor and brushes/magnet losses respectively.
Communication, software and hardware requirements
The model has been implemented in Python.
Initial assessment of value provided for the hybrid testing methodology
It can be the starting point for the generator failure assessment model. However, this model
only takes into account the impact of the stator current and thus, temperature in the reliability
of the generator. Other affecting factors should be included.
4.2.2.2.6 Generator control algorithms
Different control strategies for the optimal performance of the generator and turbine set are
available from previous projects. These control strategies were designed for analysing and
improving the performance of the device. Even if UC#2 is focused on the reliability of the
generator, each control strategy will stress the generator in a different manner. Therefore, the
impact of the control law must be taken into account in the tests.
CORES speed control laws (4)
Different control laws were designed within CORES project. Two were focused on low inertia
turbines performing a continuous optimum speed control that tried to maintain the turbine
working in the maximum efficiency point as much as possible, thus, with the objective of
extracting the maximum power [275].
The following expression allows calculation of the optimum speed to maximize the turbine
efficiency as a function of air pressure inside the OWC chamber and the actual turbine angular
speed, both of which can be measured. This optimum speed reference is commanded to the
generator side power converter speed controller:
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(26)

Usually, the pressure measurement is available. However, if any problem occurs with the
pressure sensors it is still possible to control the system, optimizing the turbine efficiency,
without the pressure measurement. This can be accomplished by estimating the opt imum
electrical torque as a function of the rotational speed.
We can easily obtain the maximum mechanical power for a given pneumatic power and
Cp _ opt (opt ) being the peak value of the turbine efficiency:
2
Pmec _ opt = 0.25C p _ opt (opt ) K d opt
( Aduct − Ahub ) D 2opt3
2

(27)

Due to the pulsating nature of wave energy, the power injected into the grid in these two control
laws is highly variable. This fact may seriously affect the grid stability. Additionally, the power
electronics of the PTO system must be overrated to withstand high power peaks.
Energy storage systems can be introduced to smooth the electrical power injected into the
grid. If the turbine does not have enough inertia, a flywheel can be used to add it. Two new
control strategies for a Wells turbine OWC device were designed in CORES [276]. The primary
goal of these control strategies was to smooth the profile of the electrical power injected into
the grid, so that a high penetration of wave energy does not threaten the grid stability . In both
cases, the flywheel also helped to smooth the power through the electric generator. The first
high inertia control law tried to extract from the generator the same power that the turbine was
receiving in the shaft but filtering it, and thus, avoiding the peaks. This obtained a quasi constant speed profile, and a smother power output.
The second high-inertia control law designed a sea state basis variable speed control law. It is
not possible to follow the speed reference in a wave to wave basis due to the effect of the high
inertia. However, it is possible to develop a control law that changes the turbine rotational
speed in a sea state by sea state basis. In this case, the rotational speed of the turbine will
change until it reaches an optimum value according to the current sea state. It would also be
desirable that the speed changes occur automatically without any information or measurement
about the sea state. The optimum speed values are obtained through offline simulations. A
number of fixed speeds are tested for every sea state and the particular speed that maximizes
the efficiency is selected for each.
OPERA speed control laws
One of the objectives of OPERA was the implementation at sea of innovative algorithms for
controlling the Power Take Off of wave energy converters that would increase the power
production and device reliability
Six (CL1 – CL6) control laws were implemented and tested in the shoreline Mutriku Wave
Power Plant during the project and are summarised in the table below. All were previously
validated through simulations and dry-lab tests. Unfortunately, the validation of the CL7 was
not possible because it required a more accurate estimation of the incoming waves than
available.
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Table 16: Summary of control laws designed in OPERA
Control Adaptive/
Law # Predictive

Controls …

Based on …

CL1

Adaptive

Generator torque

Rotational speed

CL2

Adaptive

Generator torque

Chamber pressure

CL3

Adaptive

PTO damping, valve
open-close timings

Hourly sea-state data

CL4

Adaptive

Valve
open-close
timings and position

Rotational speed, chamber pressure
and valve position

CL5

Adaptive

Generator torque

Next wave inf ormation + output
power+ rotational speed

CL6

Predictive Generator torque

Water column motion in the chamber
(position and speed)
Pressure in chamber
Turbine speed
Wave elevation in f ront of the plant

CL7

Predictive Valve
open-close
timings and position

12-24 sec f uture wave inf ormation,
rotational speed and chamber
pressure and valve position

4.2.2.2.7 Power Electronics models
A complete wave to wire model consists of a variety of systems that integrate different
disciplines (e.g. hydrodynamics, aerodynamics, electronics…) and have very different
dynamics. Usually, depending on the purpose of the simulation, some subsystems are
simplified in order to save computational efforts and focus on the subsystems that have more
influence in the objective under study.
Power electronics have very fast dynamics compared to the rest of subsystems in the wave to
wire model and present a high efficiency. They are thus, usually not modelled and its
performance assumed as ideal. Integrating a complete power converter model, including the
switching, would make it really difficult to perform a long simulation if a powerful workstation is
not used. In addition, the information it would add is not clear.
However, due to the possibility that the switching of the power converters has some impact in
the generator failure mode under study in the UC#2, a compilation of available power converter
models has been done.
•
•
•
•

Diode rectifier
Thyristor rectifier
IGBT 2 level converter with vectorial control
NPC 3 level converter

4.2.3 Existing test rigs
This section provides a description of the test rigs and capabilities to inform reliability testing
of the thermal fatigue in the electrical generator (User Case #2).
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The test rigs are set to validate the electro-mechanical behaviour of the Power Take Off system
of WECs. Particular attention is given to the applicability in the IDOM’s OWC device
(MARMOK). However, the capabilities of the rigs can be utilised for other rotating devices such
as tidal and wind turbines.

Figure 85: General Test rig schematic
4.2.3.1 Electrical PTO test rig (TECNALIA)
4.2.3.1.1. Overall description and capabilities
The Electrical PTO test rig is a PTO emulator to reproduce the primary mechanical energy
captured by ocean energy devices. It provides a controlled lab environment, reducing risks and
development time of control laws before the deployment of the system. It facilitates a step -bystep design, fine-tuning and comparison in terms of efficiency, power quality and grid codes.
This test rig allows to repeat actual operational conditions (based on field measurements),
validate numerical models and identify software errors which may lead to PTO failures .
The following image represents the general scheme of the Electrical PTO Lab.

Figure 86: Configuration of the Electrical PTO Lab at Tecnalia.
The test bed can be divided into two key areas, namely the motor and the generator areas.
The motor area (device emulator) is composed by the motor, the frequency converter to control
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the motor and the motor control software. The aim of these components is to simulate the
performance of the WEC and turbine under any sea condition. It is a simulation because the
mathematical equations are programmed in the motor control software so that it behaves like
the WEC. The generator area (real embedded components) includes the generator, the
frequency converter to control the generator and a PLC with the generator control software.
This part represents the real equipment that could be connected between the WEC and the
grid. The motor and the generator are coupled by means of a gearbox.
The next figure shows the practical setting of the test rig.

Figure 87: Electrical PTO test rig at Tecnalia.
The test rig has the following components:
Motor and motor frequency converter: The motor and motor frequency converter are supplied
by Leroy-Somer. They have a rated power of 15 kW and rated speed of 1,460 rpm. The motor
is a 2 pole-pairs 15 kW SCIM and allows peaks of power up to 28 kW. The frequency converter
is suitable to control motors with a maximum speed up to 3,000 rpm. It can be controlled
remotely via external 4/20 mA signals. Motor control is performed via a PC control board.
Torque or speed commands updated every 5 ms. Fully controllable in speed or torque control
modes. Arbitrary torque or speed waveform references can be followed. Programmable user
defined mechanical input characteristics under arbitrary sea states/sea currents/wind
conditions can be programmed.
Generator and bidirectional power converter: These two components are provided by ABB.
The generator is a 4 pole-pairs 11kW SCIG and connected to an isolated grid by the B2B. The
converter is rated at 11 kW (heavy-duty use) and permits a flexible remote control of the
generator torque or speed via analogical signals. It is possible to adapt the test bed as required
by the user to accommodate different generators with different rotational speeds. Currently the
test bed is available with:
•
•

11 kW 768 rpm 400 V squirrel cage induction generator
10 kW 1500 rpm 400 V doubly fed induction generator
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Generator control is performed by a PLC. Torque or speed commands updated every 10 ms.
Fully controllable in speed or torque control modes. Arbitrary torque or speed waveform
references. Programmable user defined control software
The motor and generator specifications are listed in the table below:
Table 17: Motor and Generator specifications.
Model
Rated power
Rated velocity
Rated torque
Rated current
cos phi at nom
Nb pairs of pole
Ratio Max/Nom torque
Nominal voltage
Nominal f requency
Weight

Motor
LSES 160 LUT
15
1460
97.77
28.10
0.85
2
1.86
400 Y
50
109

Generator
M3BP180MLA
11
768
136.77
27.30
0.58
4
1.80
400 Delta
50
239

Unit
kW
rpm
Nm
A
V
Hz
Kg

Inertia: Currently installed with a 1 kgm2 flywheel. Possibility to increase the inertia up to 8
kgm2.
Grid connection: Direct grid connection through a full power back-to-back power converter.
Additional communication, software and hardware requirements
The motor is controlled using a real-time simulation based on Matlab/Simulink environment
and using an xPC configuration. This type of architecture is composed of a host PC for the
development of the numerical model, a target PC operated by the Simulink Re al- Time OS and
where the model is downloaded and run in real time.
A NI-6221 process board is installed in the target PC. It is the interface to manage the I/O. This
setup simulates the performance of the WEC and turbine. The model includes the sea states
and the WEC mathematical equations. It receives the turbine speed from the test bench motor
encoder and sends the torque that must be applied to the motor using the frequency converter.
The motor frequency converter by Leroy-Somer is rated at 15kW and allows peaks of power
up to 28kW. It can be controlled remotely via external 4/20 mA signals. Both speed and torque
control modes are available.
The generator is controlled with software programmed in a PLC from Beckhoff. The controller
and the generator frequency converter are communicated through several analogical and
digital inputs/outputs.
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Figure 88: Beckhoff PLC
In this way, the generator rotational speed is fed into the PLC. It is connected to a 400 V grid
through a back-to-back bidirectional converter supplied by ABB.
This converter is rated at 11 kW and allows flexible remote control of the generator torque or
speed via analogical signals.
In the current application, speed or torque reference are computed by the control law of the
generator control software and applied by the back-to-back converter.
The PLC executes a state machine that handles the possible er rors and, in case of no error,
carries out the speed control algorithms. The output of the speed controller is the electrical
torque that needs to be applied to the generator in order to reach the desired turbine speed.
This torque reference is sent to the power converter through a 4/20 mA analogue output
terminal. The controllers embedded in the commercial frequency converter will follow this
torque reference and will control the DC bus voltage and the power injected into the grid. In
order to manage the power take-off, the state machine represented in Figure 89 has been
implemented in the PLC controller. The state machine is quite simple and just 6 states are
used to control the whole system. Transition conditions and actions in each state can be
modified to adapt the operation to the desired WEC.
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Figure 89: State machine implemented in the PLC controller
4.2.3.1.2. Initial assessment of value provided for the hybrid testing methodology
The Electrical PTO test rig was originally designed for functional tests, namely design and finetuning of controllers and comparison of different implementation options in terms of efficiency,
power quality and grid codes. The behaviour of the WEC is completely emulated and it is based
on the knowledge of the mathematical equations and main parameters of the WEC. The main
components that take part on the WEC emulation are the motor, the frequency converter, the
programmable inertia and the motor control software. The rest of the WEC components are
physical copies of the real ones at small scale. That makes the test bench a Hardware In the
Loop facility (HIL).
However, the possibility of reproducing actual operational conditions (based on field
measurements) opens the way to the investigation of critical failure modes in the electrical
generator and corresponding power electronics.
Testing of the generator at full scale is not considered to be a critical requiremen t, since wave
energy devices will have a broad range of nominal powers depending on the deployment site,
the specific technology or even the configuration of the PTO (i.e. single or multiple turbines per
device). However, some phenomena may not be fully scalable. There is a more fundamental
question of how to combine in a controlled laboratory environment the environmental loading
which can accelerate the degradation of the insulation under certain conditions.
The analysis of generator performance under specific stress conditions requires the installation
of sensors to monitor relevant parameters. Accelerated aging tests will require increasing the
stress levels above normal service operation conditions. This could either involve increasing
the ambient temperature where testing is performed or undersizing of key components to
speed up the failure.
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4.2.3.1.3. Preliminary identification of needs for upgrading
The Electrical PTO test rig has suffered some modifications as a result of its use in other
research projects. The following picture shows the actual condition of the test rig located in the
laboratory of building 700 at Tecnalia. The test rig needs to be put back to work and upgraded
with new sensing capabilities. A specific analysis is being done in WP4 leading to the
specification of the user case.

Figure 90: Current status of Electrical PTO test rig at Tecnalia

4.2.3.2 Mutriku Wave Power Plant (BiMEP)
4.2.3.2.1 Overall description and capabilities
The Mutriku Wave Power Plant was commissioned in 2011, the first of its kind being connected
to the power grid and currently the only one that has operated for almost ten years. In these
ten years of continuous operation the plant has supplied more than 2.000 MWh to the power
grid, undoubtedly reaching a significant milestone within the wave energy sector. In addition,
the power plant was upgraded with new equipment in order to be used as resear ch and testing
infrastructure. Among the equipment, a back-to-back power converter and a control PLC was
installed on site, which have already been used during one-year testing of a biradial turbine
within the H2020 OPERA project.
However, during this period different components have suffered a significant aging process as
the equipment is exposed to a harsh environment with high levels of humidity and salinity,
especially in the gallery where turbo-generators are located. Salt accumulation, pitting
corrosion and bearing wear are the main causes of component failure. Among the electrical
failures stand the generator insulation fault or heatsink overheating due to obstructions
produced by salt.
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Figure 91: Back-to-back power converter and a control PLC
The following table shows a set of available equipment at Mutriku site.
Table 18: Available equipment at Mutriku.
Equipment ID
OWC Chamber
CHB-PS
CHB-LR
Wells Turbine
TRB-BV
TRB-PS
TRB-ACC
TRB-DDP
TRB-TOP
Induction Generator
GEN-IM
GEN-GWT
Power Electronics
PES-B2B
Control Unit
CTR-PLC

Equipment Description

Model

Chamber Pressure Sensor
Water Column Level Radar

Keller-Druck PTX 5072
Rosemount 5601

Motor-operated Butterfly Valve
Damper Position Sensor
Vibration Sensor
Turbine Duct Differential Pressure
Turbine Outlet Pressure

Novotechnik RFC 4801
IFM VKV021
CMR P-Sensor
Druck PTX7533

18.5 kW Induction Generator
Generator Winding Temperature

VEM
-

90 kW AC Drive

Control & Measurement PLC

C. Techniques Unidrive
M700
B&R X20cCP1584

The Mutriku Wave Power Plant is composed of 16 OWC chambers, from which only 14 are
currently equipped by a Wells turbine and an induction generator. The remaining two
chambers, located at both ends of the power plant, remain empty as the construction of the
breakwater is not fully finished and the side walls are not completely sealed. For this reason,
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enough pressure is not obtained in both chambers as the air inside the chamber is lost through
small joints and orifices in the side wall.
In addition, one of the 14 chambers in the mid-section of the plant was upgraded with additional
instrumentation and is currently used for testing purposes, where new control strategies can
be tested as well as novel concepts of turbines and generators. Among the new
instrumentation stand the water level radar, control & measurement PLC and the power
converter.
Figure below shows the communication topology used in the Mutriku Wave Power Plant.

Figure 92: Communication network topology of the Mutriku Wave Power Plant
The original communication system was designed under Control Techniques -brand CTNet
topology. CTNet is based on a token ring topology, where the fieldbus headers, control PLCs
and servers form a communications ring. The data from the sensors, however, had to be
accessed by using specific protocol established by the CTNet system. For this reason, new
communication cards were added to access the PLC via Ethernet communication. That means
that the PLC itself acts as gateway between Ethernet and CTNet networks. The PLC is
attached to the SP2404 power converter, one PLC per power converter and 14 power
converters in total.
To improve the communication capabilities, a parallel and separate network was deployed in
the testing position where a PLC is responsible for reading from sensors directly and serving
the data in an Ethernet network.

4.2.3.2.2 Additional communication, software and hardware requirements
Operation data of each turbine are collected by the plant SCADA and stored in a local
database. A sampling period of 100 ms is used to collect data. The list of parameters measured
on site is shown below.
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Table 19: Measured parameters at Mutriku.

Measured

Estimated

Pneumatic/mechanical
Pressure (Pa)
Water Column Level (m)
Damper Position (º)
Vibration (mmps)
Differential Pressure (Pa)
Outlet Pressure (Pa)
Winding Temperature (ºC)
RMS Pressure (Pa)
Rotational Speed (rpm)

Electrical
Active Current (A)
Reactive Current (A)
Voltage (V)
Frequency (Hz)

Instantaneous Power (kW)
Mean Power 1 min (W)
Mean Power 5 min (W)

4.2.3.2.3 Initial assessment of value provided for the hybrid testing methodology
One of the barriers when analysing the ageing process, material fatigue and their effects, often
failure or breakage, is usually a lack of failure events properly recorded and labelled that would
allow a post-failure analysis. Fortunately, as mentioned above, overcurrent faults have
happened during the operation of the wave power plant. This could have likely been caused
by an insulation fault due to thermal stress in the generator wind ings and it could be worthy of
a deeper analysis. Nevertheless, the short number of parameters observed and collected may
not provide significant results.
The elevated number of turbo-generator sets placed in Mutriku also makes easier to compare
the functioning of different turbines and the stress the machines are subjected to when they
are operated under different operating conditions. This may help to analyse those mechanical
and electrical parameters able to produce significant alterations on the system which may
consequently yield in premature ageing of components.
4.2.3.2.4 Preliminary identification of needs for upgrading
Many sensors show appropriate performances and accuracy class despite the adverse
conditions they are subjected to and the fact that they have not been designed for such
purposes. Electric meters of the power converter, however, have been designed for the only
purpose of protecting electrical equipment, and thus, they do not offer a reliable and accurate
measure of many electrical parameters such as voltage, currents and frequency, and other
parameters estimated from these measurements such as power and rotor speed. Installation
of new and more precise sensors and meters could contribute to improve the accuracy and
reliability of the measurements, being it necessary to make some arrangements in the turbogenerator housing for that purpose.

4.2.3.3 Available electrical generators for UC#2
This subsection provides additional information about the technical specification of the
electrical generators currently available for testing in UC#2:
•
•
•
•

Doubly fed induction generator installed as drive motor in TECNALIA’s test rig (15 kW)
Squirrel cage induction generator (CORES) installed in TECNALIA’s test rig (11 kW)
Induction Generator in TECNALIA, property of IDOM (18.5 kW)
Squirrel cage induction generator in Mutriku Wave Power Plant (18.5 kW)

The suitability of each generator for thermal fatigue testing will be assessed after the user case
is specified in WP4.
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Table 20: Doubly fed induction generator installed as drive motor in TECNALIA’s test rig
Motor
Model

Unit

LSES 160 LUT

Rated power

-

15

kW

Rated velocity

1460

rpm

Rated torque

97.77

Nm

Rated current

28.10

A

cos phi at nom

0.85

Pairs of poles
Ratio Max/Nom torque
Nominal voltage

-

1.86

-

400 Y

Nominal f requency
Weight

2

V

50

Hz

109

Kg

Table 21: Squirrel cage induction generator (CORES) installed in TECNALIA’s test rig
Model

Generator

Unit

M3BP180MLA

-

Rated power

11

kW

Rated velocity

768

rpm

Rated torque

136.77

Nm

Rated current

27.30

cos phi at nom

0.58

Pairs of poles
Ratio Max/Nom torque
Nominal voltage

Weight

4

-

1.80

-

400 Delta

Nominal f requency

50
239

A

V
Hz
Kg
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Figure 93: Induction Generator specifications (property of IDOM)

Table 22: Squirrel cage induction generator in Mutriku Wave Power Plant
Generator
Model

Unit

GU1V 160L 2

-

Rated power

18.5

kW

Rated velocity

3053

rpm

Rated torque

Nm

Rated current

25

cos phi at nom

0.93

Nb pairs of pole
Ratio Max/Nom torque
Nominal voltage

2

-

1.80

-

460 Delta

Nominal f requency
Weight

A

50
134

V
Hz
Kg
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4.3 User Case #3: Seawater hydraulic pump seals and glider pads
4.3.1 Overview
User Case #3 deals with seawater hydraulic pump seals and glider pads in WECs. The specific
case to be demonstrated in the VALID project is based on the Wavepiston WEC. Wavepiston
is a multi-body floating oscillating wave surge converter (OWSC) constructed by surging plates
connected through beams. The WEC is slacked moored to the bottom ( Figure 94, upper panel).
Each plate is attached to a wagon, that is connected to two telescopic hydraulic pumps. A unit
of plate, wagon, support beam and pumps are called Energy Collector s (Figure 94, lower
panel). The hydraulic pump pushes seawater into a transport pipe. The pipe leads the
pressurised water to an onshore turbine and/or a reverse osmosis system. Wavepiston has
deployed several scaled sea-trials outside Denmark and is presently testing a full-scale system
at the PLOCAN test site in the Canary Islands (Figure 95).

Figure 94: The Wavepiston floating oscillating surge wave energy converter.
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Figure 95: Wavepiston with two energy collectors operating at the PLOCAN test site.
The wear of the hydraulic seals has been identified as a critical factor for the Wavepiston
device. This is not a unique problem for OWSCs such Wavepiston, but the same problem is
present also for all WECs relying on hydraulic pistons in the PTO setting. However, for
Wavepiston the hydraulic pumps do not only generate power but also (i) make the energy
collectors self-centring, and (ii) are vital for the integrity of the structure by providing damping
for the motion of the wagon.
4.3.2 Existing numerical models
4.3.2.1 Modellable components of an OWSC device
To fully model a wave energy converter is a multi-disciplinary task. When modelling a WEC
the approach is often made up of highly specialised models executed in a sequential manner.
These models often represent different sub-systems of a WEC. A general way to breaking it
down is presented in Figure 96. Here the different sub-systems are [253]:
1. Hydrodynamic sub-system. This is the system describing the wave energy conversion
approach. For the Wavepiston OWSC this is the wave motion causing the surge motion
of the plates.
2. PTO sub-system. This system describes the conversion of mechanical power to
electricity. This is often a two-stage system. For the Wavepiston OWSC this subsystem consists of a primary PTO in the shape of hydraulic pumps converting the
motion of the plates to high-pressure seawater and an electrical generator as
secondary PTO that converts the high-pressure seawater into electricity.
3. Power transmission sub-system is the electric system that feeds the converted
electricity into the grid.
4. Reaction sub-system. This system provides the reaction point for the PTO. It can be a
mooring system or a fixed support structure. For a Wavepiston energy collector this is
the support beam that in turn is keep stationary by a slack mooring system.
5. Control sub-system. Consists of sensors and actuators for the electromechanical
processes.
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Figure 96: WEC system breakdown. From [253].

4.3.2.1.1 Models for design validation
Due to computational complexity and, mainly, prohibitively large computational times, models
used for performing optimization and design of the WEC must often be somewhat simplified.
The type of model used for the complete system simulation is referred to as a Wave -to-wire
model. A W2W model will typically rely on model equations for all sub-systems listed above,
in combination with site specific environmental conditions and grid connection model. For User
Case #3 that would count to:
•
•
•
•
•
•

Environmental model: the operational and survival sea-states are hindcasted from
wind-data using a phase averaging wave model such as SWAN.
Hydrodynamic model: the loads and motions of the WEC are based on linearised
hydrodynamic/wave-body interaction and a rigid-body assumption of the WEC.
Reaction model: Wavepiston is slack moored. The design with many energy collectors
per WEC could mean a quasi-static mooring approach to be sufficient. Otherwise, for
WECs generally dynamic mooring should be employed.
Primary PTO model: a dynamic model for the flow and pressure inside the telescopic
pump and the transport pipe.
Secondary PTO model: Generator model
Grid connection model

Here the specialised numerical models for every sub-system should ideally have been
validated against experimental laboratory experiments or against numerical simulations of
high-fidelity specialised numerical models.
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4.3.2.1.2 Models for HIL testing
As mentioned earlier, HIL means that part of the device to be tested will be emulated in the
facility while other part will be a real representation of the device itself. The division between
hardware and emulated part for User Case #3 is like presented in Figure 97.

EMULATED

Motion
Pressure

Motion

RESOURCE

SURGE
PLATE

EMULATED

REAL IN LAB

TELESCOPIC
PUMP

Pressure
Flow

SEAL

GRID

GENERATOR

Figure 97: Emulated vs. real subsystems in a HIL seawater hydraulic seal testing facility.

It is assumed that the same sub-system models as used in the W2W model will be used in the
emulated parts. However, in the case real-time simulations are required even simpler
surrogate models might be necessary for some subsystems.
4.3.2.1.3 Models for full simulation
The full simulation model will consist of the W2W model described above but with extra added
numerical or heuristic models for estimation of
•
•

Wear, fatigue, and reliability models for the seals
Wear, fatigue, and reliability models for the glider pads

4.3.2.2 Available numerical models
The numerical models available for the Wavepiston user case are listed in Table 23.

Table 23: Overview of numerical models for User Case #3.
Num.

Model Type

Software

Comments

1

Computation of motion
and power production.
Frequency
domain
tool.

WEC-1 [277] [278]: an in-house
model developed in MATLAB.
Model relies on hydrodynamic
coefficients in WAMIT f ormat.

Developed by DTU.

2

Computation of motion
and power production.
Time domain linear
tool.

WEC-2: an in-house model
developed in MATLAB. Model
relies
on
hydrodynamic
coefficients in WAMIT format.

Developed by DTU.
Based on the opensource DTU Motion
Simulator [279].

3

Computation of motion
and power production.
Time domain weakly
nonlinear tool.

WEC-SIM
[280][281].
The
hydrodynamic response uses
WEC-SIM
standard
implementation while there are
bespoke implementation of the

Restricted to surge
motion only and fixed
support structure.
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Num.

Model Type

Software

Comments

PTO and export pipe. Model
relies
on
hydrodynamic
coefficients computed by WAMIT
and/or NEMOH.
4

Computation of motion
for the macro system
including
mooring.
Time domain weakly
linear model.

ORCAFLEX [247]. Orcaflex is
able to handle the wave-body
motion and restraints from the
mooring
system.
Bespoke
external forces can be added
using the ORCAFLEX API.

Model setup and
execution by external
consultants.
Model
does not include PTO.

5

CFD model (U-RANS)
for estimating viscous
effects.

STAR-CCM+ [282]. Two-phase
simulations using the volume of
fluid approach.

Forced surge motion
with no waves.

6

Fatigue modelling

Waterfall analysis
results

7

FEA.
Structural
mechanics. Nonlinear
time dependent.

NASTRAN [283]. Used as an
overall structural design tool.
Identified “hot spots” are needed
for detailed analysis using
ABAQUS.

8

FEA.
Structural
mechanics. Nonlinear
time dependent.

ABAQUS [284]. Used for detailed
studies.

of

WEC-2

Model setup and
execution by external
consultants: Sigma
Energy & Marine

4.3.2.2.1 Models for motion and power estimation
As seen from Table 23, Wavepiston have 3 different numerical models for estimating the power
production from the device. They are all based on linear hydrodynamic theory; one solves the
motion and the power production in the frequency domain while the other two works in the time
domain. The first two are developed by Technical University of Denmark and is based on the
open-source linear solver DTU Motion Simulator [279] which is implemented in MATLAB. In
this report we will, however, focus on the model based on WEC-SIM [280].
The governing equations to be solved are the Cummings equation for the motion (28), two
pressure equations for the pumps (29) and accumulators (30) and, finally, one equation for the
continuity of the flow in the pipes (31):
𝑡

(𝑚 + 𝐴∞ )𝑥̈ + ∫ 𝐾(𝑡 − τ)𝑥̇ (τ)𝑑τ + ρ𝑔𝑆𝑥 + 𝐹𝑝𝑡𝑜 + 𝐹𝑚𝑜𝑜𝑟 + 𝐹𝑑𝑟𝑎𝑔 = 𝐹𝑒𝑥𝑡 ,

(28)

𝑄𝑛−1 − 𝑄𝑛 = | 𝑥 𝑛̇ | 𝑆(𝑥 𝑛̇ ,𝑥 𝑛 ),

(29)

−∞

pṁ = (Qn−1 − Qn )
𝑄𝑛̇ =

p1 pm 1/γ+1
( )
,
VE p1

𝐴𝑛
1
𝑄𝑛
(𝑝𝑛 − 𝑝𝑛+1 ) −
𝑓 ( ) 𝑄𝑛2 ,
𝜌𝐿𝑛
2𝐷𝑛 𝐴𝑛 𝐴𝑛

(30)
(31)
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where m is the mass matrix, 𝐴∞ is the added mass matrix at infinity and x is the position vector.
Overdots denote differentiation with respect to time. K denotes the damping matrix, and the
integral is the damping impulse response function. S is the water plane area. 𝐹𝑒𝑥𝑡 denotes the
wave excitation forces, while 𝐹𝑝𝑡𝑜 , 𝐹𝑚𝑜𝑜𝑟 and 𝐹𝑑𝑟𝑎𝑔 denotes the possibly nonlinear source
functions representing PTO, mooring and viscous drag forces, respectively. Pressure and
discharge in the n:th pump are denoted 𝑝𝑛 and 𝑄𝑛 , while 𝐿𝑛 , 𝐷𝑛 , 𝐴𝑛 describe the length,
diameter, and cross-section area of the pipe. 𝑝𝑚 is the pressure at the inflow to the
accumulator, while 𝑝1 and 𝑉𝐸 is the pressure and volume of the bladder containing gas. Finally,
γ is the specific heat ratio.
WEC-SIM time domain
WEC-SIM is a multi-body model based on linear hydrodynamics develop in
MATLAB/SIMULINK by NREL/Sandia [280][281]. However, as WEC-SIM supports the
nonlinear Froude-Krylov approach for the excitation force it can be viewed as a weakly
nonlinear model [285]. The external forces can be fully nonlinear. WEC-SIM comes with blocks
for PTOs [168] and constraints and supports dynamic mooring [171],[286].
The Wavepiston model in WEC-SIM is for simplicity here shown for the case of two energy
collectors only. The approach has been extended to up 24 energy collectors, but the 2 energy
collectors case include all modules used. Figure 98 show the main Simulink blocks. The green
block is the global frame located at the bottom. The grey blocks are PTO blocks whose main
objective is to constrain the motion to surge only. While the grey PTO blocks include classical
spring-damper PTO we do not use those but instead couple to a Wavepiston specific PTO
block that have been developed to mimic the telescope hydraulic pumps (the red block). The
actual plates are the yellow body blocks.
Focusing on the telescopic pump block, the most important parts are show in Figure 99. Here
the PTO force is obtained as
𝐹𝑝𝑡𝑜 = p S sign(−𝑢).

(32)

If we disregard the flow in the export pipe, then the energy collectors basically work
independently and there is no coupling between the energy collectors, as seen in Figure 98. If
we allow for a time-dependent flow and pressure in the pipes connecting the energy collectors
to the on-shore turbine, as well as adding accumulator tanks, the energy collectors become
coupled. The corresponding Simulink block become as illustrated in Figure 100. The light-blue
blocks solve the continuity equation, including losses, in the pipes. Including these blocks now
couples the energy collectors together.
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Figure 98: WEC-SIM Simulink representation of the basic Wavepiston WEC (ECx=Energy
collector x)

Figure 99: WEC-SIM Simulink representation of the hydraulic pump.
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Figure 100: WEC-SIM Simulink representation of the Wavepiston WEC with connecting
pipes and accumulator tank.
WEC-SIM time domain compared to WEC-1 and WEC-2.
Generally, the three motion simulation models provide similar results. Figure 101 shows a
comparison of the pressure in the pump for a “one pump – one accumulator” tank set-up. In
Figure 100 “eps” denotes the steepness of the waves, defined as the ratio of wave height over
wavelength. Please note that the reason the WEC-SIM model continues to increase the
pressure is that the WEC-SIM model did not have the end-stop forces turned on. End-stop
forces are implemented within the PTO block as for WEC-SIM version 4.2. As the WEC-1
model is significantly faster it might be used in an initial part for the hybrid modelling.

Page 151 of 212

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101006927.

Figure 101: Code-to-code validation of pressure in the hydraulic pump (eps denotes wave
steepness, i.e. wave height/wave length).
4.3.2.2.2 Model for survivability cases
While the above models are focused on power production and the motion is presently restricted
to surge only, Wavepiston uses yet another model for mooring and export pipe design. This
model is set-up in Orcaflex, the commercial industry standard model for mooring and offshore.
Orcaflex is like WEC-SIM a weakly nonlinear model (based on linear hydrodynamics with
nonlinear Froude-Krylov implementation). However, as this model is mainly focused on
survivability, in the Orcaflex Wavepiston model the energy collectors are simplified to be
Morison bodies and there is no PTO active (albeit that is presently under implementation). On
the other hand, the Orcaflex model supports the “flipping” of the energy collector plates i.e. the
plate fold together when the wagon hits the end-stop damper to reduce the load at the extreme
position (see the left most energy collectors in Figure 102).

Figure 102: Snapshot of the Wavepiston Orcaflex model [287].
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CFD model
The Wavepiston plates clearly cause vortex generation and losses from induced drag (see
Figure 103). This is further complicated by several plates in close proximity to both other plates
and the free surface. Thus U-RANS simulations has been carried out to get better estimation
of drag coefficients. This being an important variable connected with large uncertainty in the
weakly nonlinear hydrodynamic models discussed above. The simulations were performed in
model-scale and for an earlier design of the plates.

Figure 103: Snaphot of a CFD simulation showing vorticity =2/s iso-contour for three plates in
close proximity to each other and to the free surface [288].
Structural dynamic models
The macro Wavepiston system experience significant motion yielding structural loads on the
support structure and wagon. The bending and torsion of the beam and wagon is believed to
greatly influence the wear and fatigue of the glider pads/wheels. Thus, FEA models have been
set-up in NASTRAN and ABAQUS. Figure 104 show the deformation of the wagon due to
torsion of the structure. The attachment of the glider pads/wheels are deformed which likely
will influence the wear and fatigue.
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Figure 104: ABAQUS FEA simulation of response to torsion. Left: mesh and Right: Stresses
and deformation (exaggerated 5 times) of the wagon/glider pads holder [289].
4.3.2.3 Communication, software and hardware requirements
The sub-models are to be coupled by the AVL Model.CONNECT platform. Most of the submodels are developed in MATLAB/Simulink. The Model.CONNECT already supports the
Simulink communication. The sub models and the Model.CONNECT software are to be run on
a standard workstation.

4.3.2.4 Initial assessment of value provided for the hybrid testing methodology
The numerical models outlined above can provide the fundamental data about the required
motion of the wear bar that is needed by the hybrid testing. The models will also be used to
get the limits of the unsteady pressure that the seals will be subjected to.
The WEC-SIM model is highly valuable to the project as it forms the basis for the virtual models
to be used in the hybrid testing methodology. The WEC-SIM W2W model will provide the
motion of the hydraulic pump in the physical test rig and thus form the boundary conditions to
the hybrid model. The WEC-SIM model additionally forms the starting point for a more refined
hydraulic pump/export pipe model that will be coupled through Model.CONNECT.
The Orcaflex model is valuable as verification/validation of the WEC-SIM model for global
motions, but is not foreseen to be coupled to the hybrid test rig.
The CFD model is highly valuable to be used to get a better prediction of the drag the plates
are experiencing. To obtain better drag coefficients are vital for the global motions that will
drive the physical test rig. This model will thus provide data but not be coupled through the
Model.CONNECT.
The NASTRAN/ABAQUS models are valuable to estimate possible bending/torsion of the
frame for the glider pads. These models will thus provide data but not be coupled through the
Model.CONNECT.
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4.3.2.5 Preliminary identification of needs for upgrading
•
•
•
•
•
•

To extend the WEC-SIM model to include the motion of the macro-structure as well as
the mooring restoring forces.
The model is highly sensitive to drag and multi-EC plate simulations for wave-plate
interaction should be carried out in CFD to better identify this for the full-scale PLOCAN
device.
There is a critical need to include a higher-fidelity model for the hydraulic pump and to
include models for predicting the wear of the seal and glider pads.
The onshore electrical generator/reverse osmosis system should be included to obtain
a more complete W2W model.
Grid connection should be included to obtain a more complete W2W model.
Judging from the FEA simulations hydro-elasticity will probably have to be included in
a simplified manner in the W2W model if to accurately address the glider pads
reliability.

4.3.3 Existing test rigs
This section provides a description of the existing test rigs and capabilities to perform reliability
testing of seals and glider rings in seawater hydraulic pumps (User Case #3).

Sea Waves

PTO sub-system
Hydrodynamic
sub-system

WEC

Hydraulic
Pump

Electric
PTO

Electric Grid

The test rigs are set to validate the behaviour of seawater hydraulic pumps. Particular atten tion
is given to the applicability in the Wavepiston’s floating oscillating surge device. Generally, the
seawater hydraulic pumps are part of the power take-off (PTO) sub-system acting as the
primary PTO. However, the capabilities of the rigs can be utilised for other devices targeting
e.g. desalination and pumping storage.

Control

Figure 105: General test rig schematic
4.3.3.1 Seawater Hydraulic Pump Seal Test Rig (Fiellberg OY)
Overall description and capabilities
The Seawater hydraulic pump seal test rig is used to assess the wear on the seals and wear
on the rods of the hydraulic rams of the Wavepiston system. It mimics the translation in one
degree of freedom motion of the primary PTO, which in turn is caused by the wave motion.
Looking at the Wavepiston device (Figure 106) the hydro-dynamic sub-system is made up of
the energy collectors, i.e. the plate-wagon system. The hydraulic pump is then connected to
the wagon which is experiencing a translating single degree of motion.
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Figure 106: Overview of one Wavepiston energy collector and the seawater hydraulic pump.

Figure 107 presents an overall drawing on the test rig while Figure 108 shows photographs of
the test rig. There are several main parts (as indicated in Figure 107):
A.
B.
C.
D.
E.
F.

The electrical motor.
The arm translating rotation to oscillatory linear motion (prime mover).
The support structure holding the wear bar.
The wear bar.
The seal block package holding up to 4 seals.
Pressure tank (not included in Figure 107)

The electrical motor and arm are generating the oscillatory linear motion. The rpm of the motor
is controlled by a manually programmed Variable Frequency Drive and sets the frequency of
the translating motion of the wear bar. The design of the arm sets the stroke length, which is
constant. The wear bar is then pushed back and forth by the arm while the seal block package
is locked in place in relation to the support structure. Please note that the resulting motion is
close to sinusoidal, but not fully sinusoidal as illustrated in Figure 109. The seal block package
consists of up to 4 seals which can be set under pressure. During operation the seals operate
fully immersed in water.

E

D

C

A
B

Figure 107: Drawing of the Seawater hydraulic pump seal test rig
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Fiellberg Oy / Heikki Kauranne

13.03.2020

Run time
Total: 695 h 34 min (in several periods; see below), total travel 3211,4 km
- 1. period 221 h 52 min; travel 1024,3 km (stopped after reaching total travel of 1000 km)
- 2. period 28 h 41 min; travel 132,4 km (stopped for replacing the temperature sensor)
- 3. period 89 h 5 min; travel 411,3 km (stopped after reaching milestone of ~ 500 km)
- 4. period 118 h 36 min; travel 547,6 km (stopped after reaching milestone of ~ 500 km)
- 5. period 117 h 48 min; travel 543,9 km (stopped after reaching milestone of ~ 500 km)
- 6. period 119 h 32 min; travel 551,9 km (stopped after reaching milestone of ~ 500 km and considering the
seal leakage too high)
- leakage tests were conducted between run periods
- velocity of wear bar vmax = 2,2 m/s
Figure
108:variation
Photos of
the Seawater
hydraulic
- feed
pressure
during
the test 14,8–22,8
barpump seal test rig. Top: overview. Bottom: Seal
block package.

Figure 109: Position, velocity, and acceleration of wear bar as function of the rotational angle
Figure
Wear bar velocity,
of the2.
translating
arm. acceleration and position as a function of the rotational angle of the prime
mover axle.

Actions following the stops
- After 1. period, Leakage test:
- no cooler flow
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Table 24 presents the main characteristics of the test rig.
Table 24: Hydraulic Seal Test rig specifications.
Maximum

Minimum

Motor frequency (rpm)

25 rpm

5 rpm

Stroke length (m)

2m

(Depending on arm length)

Seal diameter (mm)

60 mm

60 mm

Pressure (Pa)

10 MPa

0 MPa

The test rig has the following components:
•
•
•

Motor: VEM G43A DM100LC4
Pressure tank: Unknown high-pressure pump
Data acquisition system: None, seals and counterpart are inspected manually.

Additional communication, software and hardware requirements
As mentioned above, the test rig is not controlled by any software and there is no automatic
collection of data.
Initial assessment of applicability to the hybrid testing methodology
The Seawater hydraulic pump seal test rig has been designed for testing of fatigue and wear
of different seals. The behaviour of the WEC is quite simplified as, at present, only regular
harmonic motions with a constant stroke length can be emulated.
Another major draw-back of the current setup is that the seals are fully pressurized during the
entire test. This is very different from actual operation conditions where the seal is only
energized in the compression part of the stroke cycle.
The seals are tested in full scale conditions which circumvents any scaling problems.
The tests are carried out using temperature-controlled pH buffered artificial sea water which is
assumed fully aerated.
When upgrading the seal test machine, it would be extremely useful to perform it such that
both seal tests and sliding pad tests can be run simultaneously and on the same machine. This
will speed up test times and, at the same time, ensure consistent and comparable wear data
for all gliding components of the Wavepiston system.
Preliminary identification of needs for upgrading
•
•
•

To upgrade the test rig to support operational conditions, i.e. mimicking irregular wave
motion response as well as the uneven pressure for energizing the seals.
The test rig needs to be upgraded with a control system as well a data acquisition
system which enables continued monitoring of friction and internal pressure.
As suspended material in the sea water is expected to be very important for the wear
of the seal, the test rig should accommodate this feature.
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•

It would be beneficial if the upgraded test system, after certain test intervals, could
interrupt testing and assess seal performance by pressurizing the seals, shut down the
high-pressure pump and then measure the gradual decline in pressure.

All in all, it is most likely that a completely new test rig will be constructed within WP5, along
the lines of Figure 110.

Figure 110: Outline of upgraded seawater hydraulic pump seal test rig.
4.3.3.2 Gliding Pads Test Rig (Wavepiston)
Overall description and capabilities
The Wavepiston system is heavily dependent on gliding pads, partly to align the different
sections of the hydraulic rams and partly to align the wagon (which drives the hydr aulic rams)
with the supporting beam. All gliding pads in the Wavepiston system experience movements
closely related to the movements of the seals.
The gliding pads test rig is used to assess the wear and fatigue of the gliding pads of the wagon
that is part of the primary PTO. It mimics the translation in one degree of freedom motion of
the primary PTO, which in turn is caused by the wave motion. Looking at the Wavepiston
device the hydro-dynamic sub-system is made up of the energy collectors, i.e. the plate-wagon
system. The wagon is attached to the wear bar by several gliding pads (see Figure 111).

Figure 111: Overview of one Wavepiston energy collector, the wagon and the glider
pads/wheels.
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The gliding pads test rig set up is similar to the hydraulic seal test rig. It consists of a motor
and arm that provided the one degree of motion with a fixed stroke length. The arm is attached
to the wear bar. The wear bar moves inside a small basin filled with water. The glider pads are
attached to the basin walls (see Figure 112). There are two sets of glider pads in the test rig.

Figure 112: Photos of the glider pads test rig. Left: overview. Right: Glider pads.

Table 25: Glider pads test rig specifications.
Maximum

Minimum

Motor frequency (rpm)

25

25

Stroke length (m)

1

1

Glider pads diameter (mm)

10

0

Pressure on pads [N]

100

20

The test rig has the following components:
•
•

Motor: VEM G43A DM100LC4
Data acquisition system: None, at certain intervals testing is interrupted and wear on
pads and polymer liner is estimated using optical inspection and simple analogue
measurement methods

Additional communication, software and hardware requirements
As mentioned above, the test rig is not controlled by any software and there is no continuous
collection of data.
Initial assessment of applicability to the hybrid testing methodology
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As for the hydraulic seal test rig there is presently a shortcoming in only fixed stroke lengths
that can be modelled and not responses as for irregular wave cases.
The glider pads are tested in full scale conditions which circumvents any scaling problems .
The tests are carried out using temperature-controlled pH buffered artificial sea water which is
assumed fully aerated.
When upgrading the sliding pads test machine, it would be extremely useful to perform the
upgrade such that both seal tests and sliding pad tests can be run simultaneously and on the
same machine. This would speed up test time and at the same time ensure consistent and
comparable wear data for all gliding components of the Wavepiston system.
Preliminary identification of needs for upgrading
•
•

To upgrade the test rig to support operational conditions, i.e. mimicking irregular wave
motion response.
The test rig needs to be upgraded with a control system, an improved actuating system
as well a data acquisition system which enables continued monitoring of friction.
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4.4 Virtual testing platform
This section provides a description of the IODP capabilities that AVL provides to the VALID
project. Model.CONNECT TM and Testbed.CONNECT TM capabilities.
The mentioned tools can be used to create pure virtual or hybrid prototypes, integrating various
models, created in various software tools, with test benches, Figure 113.

Figure 113: Typical set-up of a hybrid prototype, incorporating multiple simulation models
and a test bench
4.4.1 Model.CONNECT TM
Model.CONNECT™ is a model integration and co-simulation platform, connecting virtual and
real components. Models can be integrated based on standardized interfaces (Functional
Mockup Interface, FMI) as well as based on specific interfaces to a wide range of well-known
simulation tools.
Model.CONNECT™ supports the user in organizing system model variants. These variants
may describe different configurations of the system under investigation as well as different
testing scenarios and testing environments.
Through the integration with multiple model execution environments, Model.CONNECT™
supports the continuous functional integration scenarios that form the basis of model-based
development processes in particular in the automotive industry.
As a member of the AVL Simulation Desktop, Model.CONNECT™ features powerful model
parametrization and batch simulation capabilities, simulation online monitoring, result analysis,
and reporting functionalities. Interfaces to various optimization tools enable design studies and
optimizations.
The model execution is supported in two flavours which can also be combined:
-

Model integration based on models that are provided as executable libraries (FMI for
Co-Simulation or Model Exchange). Such model configurations can be executed in one
process. Such closely coupled model configurations are prepared for execution on realtime operating systems with later releases of Model.CONNECT™.
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-

Tool-coupling based on the ICOS technology which is a distributed co -simulation
platform with a wide variety of supported simulation tools, industry-leading cosimulation algorithms (e.g. adaptive time step control, NEPCE), and the possibility to
connect real-time systems to the co-simulation. The modular architecture provides the
possibility for an iterative model developing process. Furthermore, influences of model
accuracy, model depth, and nonlinearities on the result can be determined, due to the
cross-domain considerations.

Figure 114: Typical (simple) Co-Simulation problem and setup in Model.CONNECTTM
4.4.1.1 Hardware and software requirements
The recommended hardware requirements for Linux and Windows are:
•
•
•
•

Processor(s) recent x86 or x86_64 processor architecture
Main Memory >= 8 GB
Graphic Card hardware OpenGL & Direct-X support / 2 - 4 GB
Storage >= 256 GB Solid State Drive

Following operating systems are supported:
•

Microsoft Windows 10
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•

Red Hat Enterprise Linux 7 or newer

4.4.1.2 Supported Tools
Model.CONNECT TM supports a wide variety of tools with vendor-specific or generic interfaces,
see Table 26 and Table 27.
Limited support means, that the interface is no-more maintained or not extensively tested (e.g.
due to small demand, or because the interface is new).
The Custom Interface is used for the integration of any simulation tool in Model.CONNECT™.
The communication is done via the DllLink.dll and its headers (dllLink.h and dllLinkSpecial.h)
which are provided in the installation. Keep in mind that the DllLink.dll is not thread safe.
Tested programming languages are python, C, C++, FORTRAN, JAVA. A typical code showing
the integration of python-code, is given in section 4.4.1.3. Details are given in the
Model.CONNECT TM manual.

Table 26: Supported Software Tools Model.CONNECT 2020R2.
Tool/Interface

Tool vendor

Supported versions

Adams

MSC Software

2015.1, 2016, 2017.2, 2019.2

AMESim (Simcenter)

Siemens LMS

R13.3-14-14.2-15-15.2-16-17,
2019.1, 2019.2, 2020.1

AVL BOOST

AVL

2016 – 2020 R1, 2020 R2

AVL CRUISE

AVL

2011.3 – 2020 R1, 2020 R2

AVL CRUISE M

AVL

2016 – 2020 R1, 2020 R2

AVL FIRE

AVL

2014.2, 2017 – 2020 R1, 2020 R2

AVL Testbed.CONNECT
(RT model export)

AVL

1 R2.1, 1 R2.3, 1 R3, 1 R3.1, 1 R4, 1
R5

AVL Testbed.CONNECT
(non-RT model coupling)

AVL

1 R5

AVL VSM

AVL

3.13, 4.0, 4.1, 4.2, 4.3, 2020 R1.4

CAN (RealTime)

n/a

n/a

CarMaker/TruckMaker

IPG Automotive

4.5.4, 5.1.1, 6.0, 7.0, 8.0, 8.1

CarMaker for Simulink

IPG Automotive

4.5.4, 5.1.1, 6.0, 7.0, 8.0, 8.1

CarSim Product Family

Mechanical Simulation
Corp.

8.2.2, 9.0.3, 2016.2, 2017, 2018,
2018.1, 2019, 2020.1

Custom

n/a

n/a

DCP (ACoSar)

n/a

1.0

Dymola

Dassault Systèmes

2015FR01, 2016, 2017, 2018, 2019,
2020

FloMASTER

Mentor

7.9.2, 7.9.4, 7.9.5, 9.x

FMI

n/a

1.0, 2.0

GT-Suite

Gamma Technologies

7.3, 7.4, 7.5, 2016, 2017, 2018, 2019,
2020
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Tool/Interface

Tool vendor

Supported versions

Java

n/a

7, 8, 15

KULI

MAGNA

9.1, 10, 11, 11.1, 12SR2, 13, 13.1,
13.2

LabVIEW

NI

2016, 2019

MapleSim

MapleSoft

2018, 2019, 2020

MATLAB

Mathworks

2012, 2014, 2015b, 2016, 2017,
2018a/b, 2019a/b, 2020a

OpenModelica

Modelica Consortium

1.9.3, 1.9.6, 1.9.7, 1.11(64/32),
1.12(64/32), 1.14

RealTime

n/a

n/a

SaberRD

Synopsys

2018, 2019, 2020

SIMPACK

Dassault Systèmes

9.4.1, 2017, 2019, 2020

SimulationX

ESI

3.8, 3.9, 4.0, 4.1

VTD

Vires

2.0, 2.1, 2.2, 2019.1, 2020.1

VI-CarRealTime

VI-grade

18

Table 27: Software Tools with limited support.
Tool/Interface
Abaqus
Ansys
CARLA
CarMaker 9
CFD++
Excel
Generic Wrapper
LS-Dyna
monoDrive
PreScan
rFpro
SciLab
SUMO
TAITherm
VEOS
VISSIM
WAVE

Tool Vendor
Dassault Systèms
LMS
CARLA
IPG Automotive
Metacomp
Microsoft
LSTC
monoDrive
TASS
rFpro
scilab.org
Eclipse Foundation
ThermoAnalytics
dSPACE
PTV
Ricardo
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4.4.1.3 Code example for Custom wrapper (python 2.7)
from ctypes import *
from time import sleep
import math
from icos import ICOS_Connection
import sys
import os
state_x1 = 0.0
state_x2 = 0.0
def main():
try:
# Model.CONNECT UI
icos = ICOS_Connection(port = 0)
except Exception as exc:
print(str(exc))
sys.exit(-1)
endTime = icos.getEndTime()
dT = 0.01
num_sim_steps = int(math.ceil(endTime/dT)) # ceil to always end with a
full timestep, even if endtime is not aligned
couple_stepsize = icos.getModelDefsSpecial()['TimeStep']
for x in range(num_sim_steps + 1):
tstep = float(x) *dT
force = icos.getScalarInput("Force", tstep)
position = calcPosition(force, dT)
icos.postScalarOutput("Position", tstep, position)
def calcPosition(F, dT):
# dT ... micro time step
global state_x1 # velocity
global state_x2 # position
m = 1.0 # mass
c = 0.05 # spring coefficient
d = 0.3 # damper coefficient
state_x1 += 1/m *(F - d*state_x1 - c*state_x2)*dT
state_x2 += state_x1*dT
return state_x2
if __name__ == "__main__":
main()
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4.4.2 Testbed.CONNECT TM
4.4.2.1 Overall description and capabilities
Testbed.CONNECT™ helps harnessing the benefits of model-based testing. As an open
platform it facilitates early integration tests by connecting simulation models to the testbed. In
alliance with Model.CONNECT™ it opens the testbed to the whole world of office simulation.
This prevents long wait times for prototype components and vehicles and allows for quicker
and more powerful decision- making throughout the entire development cycle.
Testbed.CONNECT™ ensures a seamless connection between advanced office simulation
and their utilization in the testfield.

Figure 115: Testbed.CONNECT TM features

Figure 116: Testbed.CONNECT TM Architecture
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4.4.2.2 Hardware and software requirements
Testbed.CONNECTTM uses a dedicated high-performance PC (AVL TCW) with pre-installed
operating systems (inTime – a real time Windows, and Windows 10), software, and hardware
extensions (interface cards) pre-installed.
Workstation
•
•

Dual Operating Systems (Windows & InTime)
8 Core Xeon CPU
o 4 cores for Windows (Model.CONNECT™)
o 4 cores for InTime (Testbed.CONNECT™)

Connector
•
•
•
•

Clock from Real-Time System for Windows simulation
Patented technology
Enables integration of Windows simulation models* to real-time environments (e.g.
testbeds)
*capability to run faster than real-time

TIP (Testbed Integration Package)
•
•

Standard interfaces for Engine Testbed, Powertrain Testbed and Driveline Testbed
Incl. basic safety features

•
•
•
•

CAN FD (1kHz)
EtherCAT (10kHz)
UDP (coming soon)
Analog, digital and frequency I/Os

I/O

Figure 117: Testbed.CONNECT TM Workstation
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4.4.2.3 Preliminary identification of needs for upgrading
Required implementation of customized interfaces for hardware and software depend on the
identification of used software tools and available test bed interfaces. A more detailed analysis
of these is planned to be conducted in WP2.
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5 Analysis of limitations
5.1 Limitations of modelling approaches
Section 3 of this document presented a review of existing modelling approaches that may be
relevant from a WEC’s design perspective. These included state -of-the-art theoretical,
numerical and experimental / physical models, which were firstly introduced and then
extensively discussed. Section 4 reviewed the numerical models, test rigs and platforms
currently available for its use in the VALID project.
For the purposes of the VALID project, it is important to critically identify and analyse the
limitations of such modelling methods, in preparation of the conceptualisation of a new testing
methodology which aspires at embracing both hybrid and accelerated testing principles.
This section aims at identifying and discussing such limitations, focusing on the impact they
have on accuracy and computational effort. Furthermore, the practicalities associated with the
implementation of such methods in the future VALID testing framework is also considered. For
consistency, this sub-section has been structured analogously to Section 3.
5.1.1 Limitations of theoretical models
Theoretical models provide analytical representations of (potentially complex) physical
situations, often by e.g. reducing the description of the situation to a simplified set of equations,
or by implementing theoretical principles upon which engineering predictions may be derived.
This sub-section addresses limitations of theoretical models, categorised in Section 3 as
‘Environmental characterisation models’, ‘Wave-structure interaction models’, ‘Effects and
deterioration models’ and ‘Reliability and survivability models’. Such analysis is presented in
the text below and summarised in Table 28, which provides an overview on possible limitations
of theoretical models, both from a general perspective and considering their application within
the VALID project.
‘Environmental characterisation models’ typically provide inputs to a WEC’s design process.
Metocean data acquisition systems have the potential to provide the most accurate description
of relevant metocean variables used in these models, via e.g. wave buoys and satellite
observations. While providing the greatest fidelity due to their direct presence into the wave
regime, in-situ measurements are limited by the fact that can rarely be extended to other
geographical locations due to local wave transformation, which might be signif icant even at a
short geographical distance depending on the site characteristics. Furthermore, wave buoys
may be limited in their characterisation of extreme events due to station -keeping restrictions
associated with standard mooring configurations. Alternatively, satellite observations can
provide data related to vast portions of sea, however at the cost of discontinuous data sampling
(due to periodical orbits around Earth) and reduced accuracy close to the coastline (distance
less than ~20 km). Finally, and importantly in a context of accelerated testing, measurement
and observation of ocean waves for offshore structures, due to typical long -term design
requirements, would require years to be carried out if initiated at the project start date.
Wave models offer a complementary solution to overcome the limitations of measurement /
observations. Although a variety of models is available, they generally all provide accurate
results assuming the setup and calibration is appropriate. Within the VALID project, i t is
envisaged that a hybrid approach, which builds on relatively short observations and the
complementary use of wave models (‘measure, correlate, predict’), may offer a possible way
forward.
Estimates of environmental conditions related to long-term return periods play an important
role in the design of offshore structures. Extreme value analysis, among other techniques, is
an accepted method in the offshore engineering industry that allows the estimation of key
metrics. Within its potential limitations, the possibility of producing results with different
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probability distributions – and the limited guidance from standards on using these – can
represent a significant challenge.
Moving from resource modelling to ‘wave-structure interaction’ modelling, multiple theoretical
approaches can be considered (see Section 3.1.2). Frequency-domain models are the
simplest and the least computationally expensive, finding their major limitation in being unable
to model any nonlinear hydrodynamic effect – or other any nonlinear phenomenon related to
e.g. mechanically applied forces. Gradually increasing complexity, and thus moving to time domain formulations and finally to CFD models (RANSE, SPH, …), may in turn lead to an
increase in the accuracy of predictions, at the cost of additional computational effort – see
Table 28 for details. In the context of VALID, envisaging that hybrid approaches may include
Hardware-In-the-Loop (HIL) approaches, wave-structure interaction models shall therefore
offer the right (and non-trivial) balance between sufficient accuracy and computational cost.
Theoretical models may also be used to assess critical effects related to specific operational
modes. Models categorised under ‘effects and deterioration’ include models to quantify
corrosion, wear, fatigue or biofouling on a WEC. Fatigue models – namely the Palmgren–Miner
linear damage rule and an S-N curve following the Basquin expression– are simple yet
representative models which support the estimation of the fatigue life of a structure. Use of
such models is limited to elastic, single-type loading where high- and low-cycle fatigue occur
in similar fashion. Wear models, which are represented by Archard’s model in this context, are
based on simplified physical representation of wear (adhesive wear on spherical elements)
and is generally valid for the mild-wear region. “Effects and deterioration” models, within
VALID, play a significant role as witnessed by the studied user -cases, see e.g. Section 4.2.
Accelerated testing for such phenomena would be valuable during a WEC’s development,
noting that the timescale for these to affect reliability are typically very long. The limitations
underlined above shall be properly taken into consideration when framing a hybrid /
accelerated testing platform, noting that a combination of phenomena could also be important
from a WEC’s reliability perspective.
Finally, ‘reliability and survivability models’ are conceptualised to estimate the risk of failure
(under a range of operational and environmental conditions) of complex systems. From a
theoretical perspective, reliability and survivability models span from deterministic to
probabilistic models, with an increasing rate of complexity with the benefit of statistically more
relevant predictions. Within VALID, and to a wider extent in a future hybrid testing
methodology, deterministic models may be used at a pre-processing stage, prior to any test
being executed, in an attempt to anticipate – within the models’ capabilities – where the main
criticalities may lie. The results of deterministic models, together with those of physical testing,
could then inform probabilistic models, which could in turn to be used in a post-processing
stage to characterise a wide range of conditions and infer key design metrics. Such principles
will be explored in Section 6 and in future deliverables within the VALID project.
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Environmental characterisation

Table 28: Limitations of theoretical models
Model type

General limitations

Metocean input data

•

In-situ measurements observations are limited only •
to measurement location. Extreme weather could
bias observations due to mooring length / ability to
cope with such events.

•

Satellite observations of significant length require
time, they offer discontinuous data sampling and
reduced accuracy close to the coastline.

•

Require calibration.

•

Tend to over-estimate wave heights at high
frequencies, and
under-estimate at
low
frequencies.

Wave models

Observations of significant length require time
and hardly cope with the requirements of
accelerated testing.

•

None

•

•

Multi-variate analysis needs standardised variables
if PCA is used to reduce the dataset

Requires long-term data which acquisition hardly
copes with accelerated testing, see “In-situ
measurements” and “Satellite observations”.

•

Unable to model nonlinear hydrodynamic effects •
which may be dominating / significantly impacting
the system dynamic.

Possibly not providing a sufficient level of detail at
the development stage at which the VALID
framework would be adopted.

•

PTO and mooring forces must be linearised.

Extreme value analysis &
•
environmental contours

Frequency domain

Specific limitations in the context of VALID

Different functions may provide (substantially)
different results.
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Model type

General limitations

Linear BEM time-domain

•

Unable to model nonlinear hydrodynamic effects •
which – depending on the WEC type and the wave
conditions – may be dominating / significantly
impacting the system dynamic.

In-house codes should first follow steps to ensure
they are accurate

Nonlinear BEM time-domain

•

Capability of real-time modelling / simulation is to •
be investigated.

Likely unable to cope with real-time testing
requirements

CFD

•

Requires significant setup and running time

Fatigue – Basquin model

•

May not be appropriate if different L- (Low) and H- •
(High) CF (Cycle Fatigue) regimes are present.

•

Strain range is dominated by elastic rather than
plastic strain.

•

Applies only to one component of loading.

•

Valid only in the mild wear region, where the wear
rate is constant.

•

Assumes adhesive wear sliding spherical asperities
which deform fully plastically in contact to form a
junction.

Corrosion & biofouling

•

Known stress factors but lack of analytical
formulation to model degradation

Deterministic models

•

May oversimplify physics and provide biased •
reliability information.

•

Unable to effectively model component damage /
degradation / wear which inherently require
probabilistic models.

Effects and deterioration

Wear – Archards model

Specific limitations in the context of VALID

•

Unable to cope
requirements.

with

real-time

testing

Unclear if theoretical model works for accelerated
testing.

•

Unclear if theoretical model works for accelerated
testing.

•

Environmental effects may be difficult to model
and reproduce during lab testing
Likely applicable only at pre-processing stage.
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Model type

General limitations

Specific limitations in the context of VALID

Probabilistic models

•

Require statistical data related to components •
failure to feed the algorithms.

•

May require significant setup and computational
effort.

•

Deterministic and pseudo-probabilistic methods are
not practical for coupling operating conditions and
component damage/degradation/failure

•

Survivability definitions are not unified

Likely applicable only at post-processing stage.
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5.1.2 Limitations of numerical models
Numerical models are typically based on one, or a combination of more, theoretical model(s).
As such, and for relatable topics, when looking at possible limitations of numerical models a
strong cross-coupling exist with the previous Section 5.1.1. This sub-section addresses
limitations of numerical models, previously framed in Section 3 as ‘Environmental
characterisation models’, ‘Wave-structure interaction models’ and ‘Critical sub-system
models’. Such analysis is presented in the text below and summarised in Table 29, where
specific limitations which apply for the VALID methodology are highlighted.
To characterise the site’s environmental conditions, wave models, as part of ‘environmental
characterisation models’, inherit the benefits and setbacks of the theoretical models analysed
in the previous section. Additionally, considering implementation features, a wide range of
solution approaches exist (e.g. deterministic or probabilistic models, based on phas e-resolving
or phase-averaged approaches) and require careful use, depending on the application
requirements. In the context of VALID, wave models may play a role, at pre -processing stage,
in compensating time-related limitations of in-situ / satellite observations – see Section 6.
‘Wave-structure interaction models’, building on the theoretical models described in Section
3.1.2, are typically used to characterise the response of the WEC under a range of DLCs. The
definition and analysis of a range of significant DLCs represents a foundation in the formulation
of a WEC’s Design Basis. Wave-structure interaction numerical models represent the main
tool to analyse the selected DLCs and set the basis for both concept and detailed design – see
Section 3.2.2. Modelling a wide range of design situations, in both normal and extreme
environmental conditions, may require the use of multiple numerical models which, depending
on the complexity of the situation, may require a significant (overall) computational time. Within
VALID, wave-structure interaction models may be used to assess a wide range of DLCs (as a
pre-processing step) – which on turn assist in the definition of critical cases that may be
investigated in more detail / with more accuracy in a hybrid setup. Additionally, the models may
also be used at processing stage, during testing, offering a hybrid solution through the use of
e.g. real-time platforms to simulate e.g. wave-structure interaction in conjunction with the use
of physical models; however, this may require a significant computational effort which shall
match the hardware capabilities.
Finally, numerical models of critical sub-systems may increase the level of detail of a WEC’s
modelling programme, at the cost of adding complexity and computational time. This applies
to complete sub-systems e.g. dynamic mooring models, PTO models and flexible-body models
but may also apply to a more detailed component level – thus emphasising a possible hybrid
setup, where one component is replaced with a physical equivalent.
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Model type

General limitations

Wave models

•

Different models exist and accuracy / •
reliability depends on assumptions /
application type.

•

Ability to model non-linear applied
forces and constraints

•

Fully coupled WEC models – rigid &
elastic coupling

Critical sub-system models

Specific limitations in the context of VALID
In-house codes should first follow steps to ensure they are accurate

Selection of
design load •
cases (DLCs)

Modelling of a wide range of DLCs •
requires use of multiple types of
•
numerical
models
to
address
performance,
reliability
and
survivability

Unclear if hybrid formulations may be easily conceptualised.

PTO

•

Mostly addresses hydraulic PTOs – to •
date

Computationally expensive, if real-time testing is to be conceived.

•

Challenging to model PTOs down to
component level

•

Simple mass-spring-damper models
are unsuitable for reliability analysis

Mooring

•

Lumped-mass formulation.

•

Computationally expensive, if real-time testing is to be conceived.

Hulls

•

Peak loads may not be well estimated, •
depending on the WEC type

Computationally expensive, if real-time testing is to be conceived.

Wavestructure
interaction
models

Environmental
characterisation
models

Table 29: Limitations of numerical models

Computationally expensive, if real-time testing is to be conceived.

Page 176 of 212

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101006927.

5.1.3 Limitations of physical models
Physical models represent a widely used engineering mean of investigating the behavio ur of
a complex system – such as a WEC, or one of its sub-systems / components. In the context
of the VALID project, and building on the user cases defined in Section 4, physical models will
likely be used to represent (scaled) versions of key sub-systems and, as such, their limitations
need to be extensively assessed.
In Table 30, a number of limitations are compiled and categorised – following Section 3.2 –
within ‘hydrodynamic models’, ‘energy transformation models’ and ‘degradation and failure
models’. Limitations associated with models in each of these categories are discussed
sequentially below.
‘Hydrodynamic models’ are typically deployed in size-limited, controlled environments which,
by definition, can replicate only selected environmental conditions. Additionally, physical
limitations may induce loads which are non-existent in the real world (due to e.g. reflected
waves in the flume / tank). Moreover, depending on the scaling approach, specific
hydrodynamic forces may not be modelled correctly e.g. if Froude’s law is used, viscous forces
at model scale may not be representative of those at full-scale. In addition, the typical scale of
hydrodynamic models may not allow for a (true) scaled representation of representative subsystems (e.g. the PTO). For the purposes of VALID, an additional limitation is related to the
possibility of performing accelerating testing on hydrodynamic models. Given the limitation of
wave tanks / flumes related to e.g. build-up of reflected waves, it is unlikely that a hydrodynamic
model can be subject to a test where wave loading is accelerated.
‘Energy transformation models’, if conceived at scale, require careful consideration before
being built and tested. Firstly, an adequate scaling factor is required to make sure that all the
dominant effects of the energy transformation system are correctly scaled (i.e. the scale should
not be too small to alter dominant forces 2), while matching the requirements to the actuation
capabilities (i.e. the scale should not be too big). Secondly, a scaled energy transformation
model is unlikely to include the same components to be used at full-scale. This makes it unclear
whether failure modes at full-scale can be replicated at scale. Finally, and from a practical
perspective, the scale of an energy transformation model may have a lower limit given by the
availability of components (bearings, gears, electrical motors / generators, pumps etc.) which
form the sub-system under test, and / or the actuation system.
Finally, ‘degradation and failure models’, similar to the ‘energy transformation models’, are
likely to play a relevant role in VALID – see e.g. Section 4 of this report, where user cases
involve dynamic seals, pump seals and glider pads which are subject to such phenomena. At
a high-level, degradation and failure models are widely used in the industry when coming to
reliability and survivability testing. However, it is essential, that such models are representative
of components that will be used on the field, and that test conditions include all relevant loading
sources such that real-world failure modes – such as those possibly arising from e.g. a
combination of corrosion, wear and fatigue – are effectively replicated. Within VALID, and
related to accelerated testing, it is unclear whether this would trigger the correct failure modes
– noting the possible combination of loads that induce a path to failure.

2

A typical example is related to scaled PTO systems where f riction f orces may be significantly larger
than the corresponding ones at full-scale.
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Degradation and
failure models

Energy transformation
models

Hydrodynamic
models

Table 30: Limitations of physical models
General limitations

Specific limitations in the context of VALID

•

Controlled wave conditions may differ from real-world environmental
conditions.

•

Accelerating the wave-structure interaction loads for a
hydrodynamic model in a wave tank may be unfeasible.

•

Possibly suffer from loading conditions which are not present in realworld (e.g. wall reflected waves).

•

Depending on scaling law, specific hydrodynamic forces may not be
correctly scaled.

•

Scaled representation of representative sub-systems may not be
feasible and require simplifications.

•

Small scales may alter the ratio of dominant forces and require
components which are unavailable.

•

Testing procedures should include the test rig set-up and
calibration of the actuators.

•

Large scales may violate actuation limits.

•

•

Unclear if failure modes at scale are representative of failure modes
at full-scale.

Actuator performance and PTO system dynamics should be
carefully assessed. Uncertainty ranges should be considered.

•

The experimental model set-up might limit the failure mechanisms
that can be tested at laboratory.

•

Reproducing WEC accelerations and component set-up (vertical vs
horizontal orientation)

•

Testing may not be representative of complete real-world conditions, •
where multiple factors play a role in path to failure.

Accelerated testing may trigger failure modes which are not
representative of real-world applications.
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5.2 Limitations of available models, rigs and platforms
In Section 4, the existing numerical models and test rigs of the three user cases were
introduced. In addition, the IODP virtual testing platform from AVL (Model.CONNECT TM and
Testbed.CONNECTTM ) was also briefly presented. This section aims at identifying the
limitations discussed in Section 5.1 in the context of the available models and test rigs. The
section follows the outline of Section 4 and discusses VALID’s user cases sequentially.
5.2.1 User Case #1: Dynamic seals
The available models and test rigs for User case #1 are presented in Sections 4.1.2 and 4.1.3,
respectively. Focusing here on the Waves2Wire hydrodynamic model, and the seal test rig,
we list the limitations in Table 31.

Table 31: Limitations of available models and test rigs for User Case #1

Limitations physical test rigs

Limitations numerical models

User Case #1
•

The hydrodynamical models are based on the linear BEM time-domain approach.
Thus, the models have fundamentally a linear hydrodynamic approach to the
highly nonlinear system of a resonant WEC.

•

BEM time-domain models require calibration of drag coefficients. Drag
coefficients obtained f rom experiments typically lumps all nonlinearities into one
which makes scaling difficult.

•

None of the models addresses biofouling. Biofouling alters over time both the
hydrodynamic properties and drag of the WEC and mooring system.

•

The Waves2Wire model uses simplified mooring block

•

The Orcaflex model uses a simplified PTO/Controller block

•

Unlikely that the Wave2Wire model is fast enough for real-time simulations

•

The test rig uses a harmonic sinusoidal motion. It does not mimic the irregular
wave motion response.

•

Scaling effects for the dynamic seals have to take into account both the diameter
and length of the rods. It is possible to test the full-scale diameter, but not the fullscale length.

•

Scaling of the length in turn influences the speed and accelerations achievable.
It is possible to test either the desired speed, or the desired accelerations, but
not both at the same time.

•

Methods to accurately initiate predicted failure modes are lacking.

•

Corrosion and biofouling effects are missing.

•

Using quarter-scale diameter rods it is possible to test 4 rods simultaneously,
however the actuation is controlled by a single motor, meaning that all rods and
seals sets experience the same speeds/accelerations.
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5.2.2 User Case #2: Generator failure
The available models and test rigs for User case #2 are presented in Section s 4.2.2 and 4.2.3,
respectively. Focusing here on the Marmok hydrodynamic model, and the Tecnalia test rig, we
list the limitations in Table 32.

Table 32: Limitations of available models and test rigs for User Case #2
User Case #2

Limitations numerical models

• The hydrodynamical models are based on the BEM time-domain approach. Thus,
the models have fundamentally a linear hydrodynamic approach.
• BEM time-domain models require calibration of drag coefficients. Drag
coefficients obtained from experiments typically lumps all nonlinearities into one
which makes scaling difficult.
• The Marmok model only work in heave.
• Uniform pressure and flow are assumed in the chamber.
• The model does not address biofouling. Biofouling alters over time both the
hydrodynamic properties and drag of the WEC and mooring system.
• No ageing effect on performance has been accounted for, such as Biofouling;
corrosion (structure/turbine blades); generator insulation…
• Compressibility model assumes air to be an isentropic gas.
• Turbine performance is based on physical testing in laboratory conditions and
constant rotational speed.
• Generator performance is based on numerical fittings of relevant loss coefficients
and assumes stationary working conditions.

Limitations physical test rigs

• Accumulated damage on the generator is independent of the actual state of it .
•

The converter that controls the motor (Leroy Somer UMV 4301 22T), has output
power of 15kW at 400 V and the following limitations for switching frequency of
3kHz : continuous rated current of 34A, Overload current for 60s of 50.6A ,Peak
current for 4s of 60A. Regarding overload capacity: 150% of controller rated
current for 60s and 175% of controller rated current for 4s

•

The motor is a Leroy Somer LSMV160LU-T with a Pnom =15kW, has a 1460 rpm
nominal speed (max speed of 1800rm). Rated torque=97,6Nm, rated current=
27,4A, maximum torque 3 times rated one. Similar and newer motor has the
following relation between speed, torque and current.
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User Case #2
•

The currently available generator has the same nominal power as the drive motor
which limits the capacity of generating overcurrents for accelerating the tests.

•

The converter ACS800-11-0016-3 has a continuous rated current of 34A,
maximum current of 52A, nominal power of 15kW, 32A continuous rms current
10% overload for one minute every 5 min, 50% current overload for one minute
every 5 min at heavy-duty use.

•

Several stress factors that affect the UC failure mode cannot be reproduced in
the laboratory environment (i.e. salinity, humidity, etc.).

5.2.3 User Case #3: Seawater hydraulic pump seals and glider pads
The available models and test rigs for User case #3 are presented in Section s 4.3.2 and 4.3.3,
respectively. The focus here are on the WEC-SIM and Orcaflex hydrodynamic models, and
the seal test rig, we list the limitations in Table 33.
Table 33: Limitations of available models and test rigs for User Case #3

Limitations numerical models

User Case #3
•

The hydrodynamical models are based on the nonlinear BEM time-domain
approach. Thus, the models have fundamentally a linear hydrodynamic
approach.

•

BEM time-domain models require calibration of drag coefficients. Drag
coefficients obtained from experiments typically lumps all nonlinearities into one
which makes scaling difficult. The multi-EC plate design should make this
problem even more pronounced for User Case #3.

•

The BEM model has difficult to provide reliable hydrodynamic coefficients for up
to 24 interacting bodies.

•

None of the models addresses biofouling. Biofouling alters over time both the
hydrodynamic properties and drag of the WEC and mooring system.

•

The WEC-SIM model is limited to surge motion of the ECs only and thus
disregards the motion of the macro-structure.

•

The WEC-SIM model does not include mooring restoring forces.

•

The WEC-SIM model does not include bending/torsion of the drill pipe.

•

The Orcaflex model does not consider wave diffraction/radiation.

•

Neither WEC-SIM model nor Orcaflex is expected to be fast enough for real-time
simulations.

•

The models hydraulic pump and pipe system are treated as quasi-static.

•

There are no models for predicting the wear of the seal and glider pads.

•

The models do not include the electrical generator/reverse osmosis system.

• The models do not include grid connection.
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Limitations physical test rigs

User Case #3
•

The test rig gives harmonic sinusoidal motion. It does not mimic the irregular
wave motion response.

•

The test rig does not support forces caused by end-stops.

•

The test rig has constant pressure on the seals, which is incompatible with the
true time-dependent pressure that energize the seals.

•

The test rig lacks control system as well data acquisition system to enable
continued monitoring of friction and internal pressure.

•

A way to accelerate initiation of seal failure is missing.

•

Suspended material in the sea water is expected to be very important for the
wear of the seal. The test rig does not accommodate this feature.

•

Corrosion effects are missing.

•

Biofouling effects are missing.

•

Scaling effects for the dynamic seals must consider both the diameter and length
of the rods. It is possible to test the full-scale diameter, but not the full-scale
length.

•

Scaling of the length in turn influences the speed and accelerations achievable.
It is possible to test either the desired speed, or the desired accelerations, but
not both at the same time.

5.2.4 The virtual platform
The IODP model for virtual models (Model.CONNECT) and test rigs (Testbed.CONNECT) are
presented in Sections 4.4.1 and 4.4.2 respectively. The identified limitations are listed in Table
34.
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Table 34: Limitations of the virtual platform.
Virtual platform

Limitations of
testbed.CONNECT

Limitations of
model.CONNECT

•

Missing support for industry standard tools in ocean engineering e.g. Orcaflex
and DeepC1.

• Only simulations in the time domain are supported.
• Very high number of channels will slow down simulation 2.
• Limited support for field coupling (e.g. CFD or FEA tools).
•

(Very) long simulation times might lead to memory issues 3.

•

All limitations as listed for Model.CONNECT, as well as:

•

Possibly missing support for hardware (e.g. interface / bus) used by the user
cases.

•

Each individual model has to be real time capable (realistically ~20% faster to
account for overhead).

1

basically, interfaces can be developed, as long as the tool to be integrated offers a proper API (application
programmable interface)
2 basically not too critical for pure office simulation
3 depending on coupling time step and number of result channels
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6 Moving forward: hybrid testing framework
Following the review of modelling approaches (Section 3), the compilation of the current
models, test rigs and testing platforms available in the VALID consortia (Section 4), and the
analysis of the associated limitations with both modelling approaches and current capacity
within VALID (Section 5), initial considerations related to a new framework for accelerated
hybrid testing can be issued. It is expected that such considerations will have a first application
in the VALID user cases, assisting in the conceptualisation of a testing methodology that shall
be compiled in the final WP1 deliverable (D1.5). The learnings from such initial application will
inform the re-contextualisation of a final methodology, promoting wider adoption in the wave
energy community.

6.1 Framework for accelerated hybrid testing
At a high-level, a framework for accelerated hybrid testing may encompass three key stages,
as illustrated in Figure 118. Such stages – pre-processing, processing and post-processing –
form the foundation of a hybrid testing methodology, by housing the key tasks and functions
that must be addressed in a successful hybrid testing campaign. Additionally, such stages may
benefit from being coupled via an integrated platform – ensuring that core aspects such as the
communication between all stages are preserved from inception. It is noted that in the VALID
application of such conceptual framework, the integrated testing platform role is performed by
AVL’s virtual testing platform (see also Section 4.4).

• Definition and preprocessing of relevant
input parameters (e.g.
definition of input
environmental
conditions, shorlisting
of target design load
cases, …)
• Alignment w ith best
practices

• Simulation ‘engine’
(emulator)
• Setup / calibration of
suitable interfaces,
including actuation
system, DAQ, ...
• Test scenario
implementation,
based on e.g.
numerical and / or
experimental
formulations (critical
sub-system may be
represented
physically, potentially
dow n to component
level)

Post-Processing

• Test setup, including
objectives,
acceleration
method(s) definition,
instrumentation needs,
scaling considerations,
…

Processing

Pre-Processing

Figure 118 describes some of the aspects associated with each of the proposed key stages.
Immediate follow-up questions include which modelling approaches are best suited to each
stage, and why are these best suited. Such critical questions are addressed in Section 6.2.

• Analysis of key test
metrics (reliability and
/ or survivability focus)

• Uncertainty
assessment (w hen
applicable)
• Adjustment / iteration
of key design aspects
(w here applicable).

• Re-testing, if
necessary

Integrated Testing Platform
Figure 118: Conceptual framework for accelerated hybrid testing
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6.2 Modelling approaches vs. testing stage
Having defined in Section 6.1 the three key stages that form the base of a hybrid testing
framework, it is relevant to consider which type(s) of modelling approach – theoretical,
numerical and / or experimental – best suit each stage. Such assessment will in turn inform
the conceptualisation of a (practical) methodology for hybrid testing, by focusing development
efforts at each key stage on the best suited modelling methods.
Following the layout of Section 3, theoretical models may be firstly considered. Owing to their
analytical nature, a theoretical model of a complete WEC and / or of a WEC sub -system is
likely to feature a number of high-level assumptions and / or simplifications (e.g. consideration
of a reduced number of degrees-of-freedom), potentially limiting the applicability of such
models in the ‘Processing’ stage of a hybrid testing framework. The use of a theoretical
modelling approach is more pressing at both the ‘Pre-Processing’ and ‘Post-Processing’
stages, as a means of preparing for the test by e.g. assist in the assessment of what is critical,
and assessing the test result by e.g. quantifying the key metrics emanating from the tests, by
applying e.g. key reliability and survivability assessment consideration (as detailed in Section
3.1). Additionally, crucial aspects such as the formulation and type of accelerated test, and the
assessment of the uncertainty across the I/O structure of the hybrid testing framework, can be
seen as critical areas that theoretical methods can contribute to.
Naturally, baseline theoretical principles are at the core of any numerical models – thus to an
extent, numerical models are also limited by the theory over which they are built on. However,
the inherent flexibility of numerical models offers them the potential to create a virtual
environment where a WEC can be described in a coupled approach, i.e. where the influences
of all relevant sub-systems in the WEC response are simultaneously accounted for, in modules
of increasing complexity / different formulations, adapting to the needs of a WEC development
programme. Overall, the majority of WEC numerical models proposed to date aim to address
overall behaviour (forces, displacements, …), and thus models of critical sub-system(s) aim to
address the impact of such sub-system(s) on the functional behaviour of a WEC. However,
such sub-system models do not typically provide a component-level breakdown, which could
in turn influence the detailed design of the sub-system and of the WEC itself. This is particularly
clear for the PTO sub-system, where numerical models are often reduced to simple massspring-damper representations at early development stages – and thus require additional
complexity to fully emulate the characteristic response of a (real) WEC.
Experimental / physical models offer the potential to add additional degree(s) of realism, if
required down to component level. However, it is important to note that the inherent limitations
of a ‘model’ still apply even if the model itself is an experimental / physical system – thus unless
a full-scale replica is used, modelling uncertainty may still have a significant impact on the test
results. Even with such caveat present, the role of experimental / physical models in hybrid
testing is likely to be key at the ‘Processing’ stage – and one that can jointly stimulate:
a) the acceleration of a WEC’s technology roadmap, by more readily assessing critical
components in a controlled environment.
b) The refinement and validation of (increasingly more) realistic accurate numerical
models of both the critical sub-system(s) and of the entire WEC.
While the identification of criticality may include or exclude the use of experimental models
(potentially in an isolated, non-hybrid test setup), the use of experimental models may also be
constrained depending on which sub-system is judged to be critical. For example, an
experimental test in a wave tank will likely limit the scale of the models, which may be more or
less relevant depending on the sub-system of interest. To mitigate such limitation, and where
feasible, a test scenario using large and / or full-scale versions of critical components may
more immediately yield relevant results for the objectives associated with the VALID project,
when compared to a scaled model test in a controlled environment. The assessment of such
compromise between scale and feasibility of the hybrid test is likely to benefit from the ongoing
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work within the VALID project – namely WP3 to WP5 – and later inform the hybrid testing
methodology to be proposed in Task 1.5.
Hybrid testing, i.e. the combination of a numerical model of the WEC and an experimental /
physical model of the critical sub-system(s) at a suitable scale, may therefore play a key role
in increasing the detailed understanding of a critical sub-system and of its overall influence in
the design of the WEC. Hybrid testing introduces the possibility of coupled modelling while
intrinsically allowing a higher fidelity approach in the development and design of critical sub systems. Such higher fidelity approach may be introduced numerically, where mu ltiple
numerical simulation tools for different sub-systems are coupled in a virtual platform; or
experimentally, via e.g. a full-scale PTO coupled to a numerical model of the WEC. While a
hybrid approach involving experimental / physical representations o f critical sub-systems may
be required to more immediately assess features that warrant critical design decisions, a
numerical (virtual) environment, especially once validated, is likely to have a key role in
ongoing development activities, assisting in the transition from concept to detailed design..
Importantly, hybrid testing can serve multiple test objectives – which should be made clear at
the ‘Pre-Processing’ stage. This may include e.g. Real-Time simulation (leading to system
validation, fault identification, …); limit state testing (where post-processed simulated loads are
used as the actuation loads); and component characterisation (where e.g. different
components of similar specification are compared for final selection in the sub -system).
Numerical models are likely to be essential to any of these objectives, although they may have
different roles depending on the overall test objective. For example, if component and / or subsystem accelerated tests are to be considered, then using output data fr om coupled numerical
models as actuation loads may be sufficient, noting that the load time -series would require
suitable pre-processing. From a computational perspective, the requirements for such setup
are likely less demanding, which may be relevant if e.g. a fully coupled hybrid environment
proves unfeasible in real-time for certain design situations. Additionally, this approach may be
valuable in e.g. the gradual increase in the level of detail of a fully coupled WEC numerical
model down to component level, leading to creation of a ‘digital-twin’ suitable for the detailed
design of the WEC.
Table 35 provides a summary of the perceived suitability of each modelling approach to the
proposed three stages that form a hybrid testing framework. While the connection between
numerical and experimental models is immediately clear in a hybrid testing context ( see also
Section 3.3), a further connection to theoretical models should not be neglected (see also
Section 3.1). Theoretical models are likely essential for pre- and post-processing in hybrid
testing, preparing input variables and assessing the outputs, to enable the evaluation of the
test objectives. For example, the preparation of input conditions for accelerated testing,
including e.g. environmental conditions beyond metocean considerations (e.g. marine growth,
salinity, temperature, …) should follow standard practices, from a theoretical basis and / or
related industries. Additionally, clear metrics to assess the test objectives should form the core
of a post-processing methodology; however, and as alluded to in [198], there is currently a lack
of consensus on which post-processing methodologies to implement, which may lead to
considerable uncertainty when analysing key test results (see also [175]). Further research
into this issue is planned under VALID’s Task 1.3.
A clear challenge of the VALID project is therefore to combine best practices from a theoretical,
numerical and experimental perspective, under the umbrella of hybrid testing and aligned with
specific test objectives. Some guiding principles that may be followed when devising a novel
hybrid testing methodology – and applied when drafting testing plans – are documented in
Section 6.3.
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Table 35: Suitability of modelling approach to key hybrid testing framework stages
Pre-Processing

Processing

Post-Processing

Theoretical

Numerical

Experimental

6.3 Guiding principles of a novel hybrid testing methodology
When devising a novel hybrid testing methodology for WEC design, alignment with best
practices from relevant industries should be sought (where applicable), to ensure that know how from other industries is incorporated in the novel processes and that compliance with
applicable industry standards is met from inception (see also VALID’s D1.1 [1] for a review of
relevant standards).
In this regard, and at a high-level, two industry processes may prove particularly useful when
conceptualising a methodology, and in turn drafting testing plans, suitable for the objectives of
the VALID project:
•
•

Technology qualification.
V-Model.

Technology qualification is defined in [290] as “ (…) the process of providing the evidence that
a technology will function within specified operational limits with an acceptable level of
confidence.” The overall principles are followed by multiple classification societies and detailed
in recommended practices (or similar documents) such e.g. DNV-RP-A203 Technology
Qualification [290], ABS Guidance Notes on Review and Approval of Novel Concepts [291],
LR’s Guidance Notes for Technology Qualification [292], IEC’s Specification for establishing
qualification of new technology [293], etc.. In this section, and for simplicity, the nomenclature
and key notes from [290] are followed.
Conceptually, a technology qualification process follows a systematic, risk-based approach.
The main guiding principles of the process include:
•
•
•
•

Adoption of an iterative qualification strategy, to be clearly defined and documented in
a series of key deliverables.
Definition of a series of activities (related to analysis, testing, documentation of previous
experience, etc.) that have the underlying objective of assessing failure modes for the
range of relevant design situations.
Acceptance margins should be defined using recognised methodologies / standards,
or in their absence by based on combinations of operational and test data, including all
significant sources of uncertainty.
Validation of model predictions shall be sought (in a quantifiable manner).

The above detailed principles guide the main steps typically involved in a technology
qualification process. These are illustrated in Figure 119, where a basic description of the
activities associated with each step is also provided. It should be noted that the technology
qualification process is iterative – thus prior to achieving a qualified technology, the same steps
may need to be followed (potentially) multiple times, to reach agreed qualification states /
milestones. Further detail into the definition of each step can be found in [290].

Page 187 of 212

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101006927.

Figure 119: Basic steps of a technology qualification programme [290]
From both a hybrid testing methodology and test plan creation perspective, it is relevant to
connect the basic steps illustrated in Figure 119 to the key questions that a hybrid test
programme may aim to address. Table 36 summarises a selection of key questions that can
associated with a WEC hybrid testing programme, while Figure 120 illustrates the possible
connection(s) between the basic steps of a technology qualification programme and such key
questions. In the context of the proposed framework for accelerated hybrid testing (see Figure
118), both Table 36 and Figure 120 can be used to develop, in detail, the pre-processing stage
of the test programme, while also aligning both the processing and post-processing stages.
It is therefore suggested that such guideline principles are taken into consideration, where
applicable, in the initial tasks associated with each VALID user case (namely Tasks 3.1, 4.1
and 5.1).
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Table 36: Key questions to be address in a WEC hybrid testing programme
Question

Notes

What is being tested?

Identif y what is to be represented numerically
(and how), and what is to be represented
physically (to what level)

What are the objectives of the test?

Compile details of tentative approach, e.g.
does a metocean design basis exist? Which
models are available? Etc.
Document approach (preliminary test plan)

What are the key constraints of the test rig and
models (e.g. scale, actuation load magnitude,
test duration, acceleration method)?

Do these constraints critically af f ect the test
objectives? Is re-iteration needed?

Following the risk / criticality assessment, what
design situations are most relevant f or the test
objectives?

See VALID’s D1.1 [1] f or guidance on the
identif ication of criticality

How all relevant interf aces between actuation
and reaction sides of hybrid platform (per test)
should be def ined?

Ensure suf f icient capacity to actuate each test
DLC
Align interf aces to allow critical data collection
Compile commissioning plan (with customized
check list) to mitigate possibility of severe
error(s)

How to f ormalise / document f inal test plan
(f rom less to most potentially destructive)?

Plan contingency should materials need to be
replaced

How to implement test plan, collect and post- Align
with
post-processing
practices
process data time-series?
associated with each DLC + test objectives
How to f eed qualif ication process with results?

Assess need to re-design and / or re-test

Figure 120: Connection between technology qualification basic steps and key questions
associated with a WEC hybrid testing programme
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In addition to Technology Qualification, a conceptual model used extensively in the automotive
industry – the V-Model or V-Cycle [294], [295] – may also provide guidance when
conceptualising a hybrid test programme related to WEC design. The V-Model, originally
conceived for software development, aims at guiding the development process of a system by
focusing on its multi-level nature, i.e. its capability of being decomposed into building
‘elements’. The V-Model plays a significant role in functional safety for automotive applications;
for example, it forms the skeleton of ISO 26262 Road vehicles – Functional safety [296], which
is derived from IEC 61508 Functional safety of electrical/electronic/programmable electronic
safety-related systems [297].
As illustrated in Figure 121, the V-Model is typically characterised by two phases: a
‘Partitioning’ phase (left side of the ‘V’), and an ‘Integration’ phase (right side of the ‘V’).

Figure 121: V-Model with exemplary named basic development processes [294]
Starting from the ‘Partitioning’ phase, and moving from the top to the bottom, the V-Model
subsequentially decomposes a system into lower-level building ‘elements’ – with the lowest
‘elements’ not requiring any further partitioning (as part of the development process). The
‘Partitioning’ phase includes, at each level, the dual presence of a ‘requirements engineering’
and an ‘architecting’ task: in the V-Model, the precise definition of requirements (which flows
down from higher levels), sets the basis for a corresponding architecting activity. As practical
as it can be, and focusing the continuous-line blocks of Figure 121 (i.e. neglecting the highest
level and the lowest level), a typical ‘Partitioning’ process for a generic software may include
(see also [298] and [299]):
1. Collecting functional requirement(s) (‘Stakeholder Requirements Engineering’).
2. Transforming the functional requirement into a function, in a model-based environment
(‘Logical Architecting’), to be verified through Model-In-the-Loop (MIL) tests.
3. Propagating requirements at a lower system level (‘System Requir ements
Engineering’) which may include e.g. memory usage, data types, specificities related
to the programming language etc.
4. Develop the final product, generating code in the target language (‘Product
Architecting’), and verifying it through Software-In-the-Loop (SIL) tests which include
compiling and running the software on the development laptop / computer.
This last step marks the end of the ‘Partitioning’ phase and allows the start of the ‘Integration’
phase. This aims at progressively integrating the product (i.e. the software in this example)
into the higher system levels – ultimately, to the highest level (i.e. the vehicle in this example).
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Two blocks compose the ‘Integration’ phase, at each level: ‘integration’ and ‘test’. Building on
the example above, the following steps would form part of this phase (see also [298] and [299]):
1. Integrating the product (‘Product Integration’) with all existing (software) modules
required for the specific project, noting that the developed function(s) can have an
impact on several software modules.
2. Testing the integrated system (‘System test’), to verify the correct interaction between
modules and check the impact of functional changes on legacy software. This is
typically done through Hardware-In-the-Loop (HIL) tests, where the vehicle is simulated
in model-based environment by means of a Real-Time target machine.
3. Deploying the software at the vehicle level (‘System deployment’), via a testing laptop
connected the target Electronic Control Unit (ECU) located on-board.
4. Finally, testing the software on a pre-defined test scenario (‘System acceptance test’)
to test the limits and capabilities of the developed product under real-world conditions
(i.e. through a vehicle test drive).
Significantly, any step during the ‘Integration’ phase provides feedback (and, possibly,
validation) to the corresponding step in the ‘Partitioning’ phase – this being visualized by the
horizontal arrows at the centre of the ‘V’ in Figure 121.
It is worth highlighting that ISO 26262 Road vehicles – Functional safety [296], in its Part 5,
suggests the application of the V-Model not only to software but also to hardware development
(although for electrical / electronic systems only) – see Figure 122. Notably, this entails two
significant steps:
•
•

The evaluation of ‘architectural metrics’, which shall “be objectively assessable: metrics
are a comprehensible means to differentiate between different architectures ”
The evaluation of ‘safety goal violation due to random hardware failures’ i. e. the
capability of the hardware to cope with a failure while maintaining appropriate safety
levels (as measured against the ‘architectural metrics’).

Figure 122: Application of V-Model for product development at system, hardware and
software levels [296].
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In summary, the V-Model presents features that may match (some of) the requirements of
accelerated hybrid testing in the context of VALID, and are aligned with the project objectives
(see Section 1.1.3 in the VALID Project Proposal), namely:
•
•

•

It specifically addresses the topic of functional safety and, thus, directly relates to
reliability and survivability as measurable metrics to evaluate whether a (WEC) system
is able to work within (predefined) acceptable risk limits.
It accommodates iteration and incremental development, being characterised by
gradual steps accompanied by validation / verification tasks – thus ensuring that design
changes can be timely made at an early stage (i.e. low TRL) of the development
process.
It inherently entails a hybrid feature, making use of MIL / SIL / HIL testing throughout
the process with an increasing degree of complexity / realism, moving towards the tailend of the ‘Integration’ phase.

It should be noted that the V-Model – as originally conceived – may require adaptation for the
specific purposes of VALID, and the wider goals of wave energy. Since VALID focuses on
critical sub-systems and components of a WEC – as identified in D1.1 – it is envisaged that
the V-Model principles may be adapted to the development process of such critical
components. Eventual adaptations should also align with additional principles fro m other
processes, such as Technology Qualification, and integrated with the modelling approaches
defined in Section 6.2. Additional notes on how next steps in VALID WP1 may address such
development and adaptation are provided in Section 7.
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7 Concluding remarks
Reliability testing is a recurrent issue in wave energy. At early development stages, there are
many uncertainties and design-decisions that need to be explored and consequently this is
commonly perceived as a costly investment. However, relegating this activity to later
development stages, when a full prototype is manufactured and ready for testing, has also
negative implications, namely the design may be too rigid to make significant changes and the
associated costs can be prohibitive.
To cope with this challenge, the VALID project aims to develop, implement and enforce a new
test procedure based on accelerated hybrid testing techniques. Accelerated hybrid testing
allows to integrate the knowledge from real environment ( i.e. ocean, uncontrolled testing), the
simplified lab environment (i.e. physical test rigs, controlled testing) and a virtually enhanced
environment (i.e. numerical models, controlled testing). Once implemented, it will enable the
industry to scale-up simulated lab conditions and test a virtual model of the existing structure,
and hence reducing current uncertainties, increasing confidence in results, empowering
informed decision-making, and thus, largely assisting in the design and development process
of WECs, specially at low TRLs.
This report has reviewed and assessed the various modelling theoretical, numerical and
experimental approaches that may be relevant in the context of accelerated testing of critical
WEC sub-systems / components together with the ones that are available for its use in the
VALID project within the partnership. It has also covered the limitations, impact and
practicalities associated with the implementation of these modelling approaches in the future
VALID testing framework.
Theoretical models provide analytical representations of physical systems by means of a
simplified set of equations or by implementing theoretical principles upon which engineering
predictions may be derived. Owing to their analytical nature, a theoretical model of WEC subsystems is likely to feature several assumptions, potentially limiting the applicability of such
models in the hybrid testing framework. Additionally, crucial aspects such as the formulation
and type of accelerated tests and the assessment of the uncertainty across the I/O structure
of the hybrid testing framework can be seen as critical areas that theoretical methods can
contribute to.
Numerical models are typically based on one or a combination of more theoretical model(s).
In this sense, they are inherently limited by the theory over which they are built on. However,
numerical models offer the potential to create a virtual environment where a WEC can be
described in a coupled approach. Despite this flexibility, most of numerical models developed
to date address the functional behaviour of a WEC and can be suitable for efficiency
assessment, but lack the level of detail to represent critical components or sub -systems and
to analyse other performance metrics such as reliability.
Finally, experimental/physical models represent a widely used engineering mean of
investigating the behaviour of a complex system or one of its sub-systems or components.
They add additional degree(s) of realism, but as models they are also limited, unless a fullscale replica is used.
The combination of a numerical model of the WEC and a physical model of the critical subsystem(s) under investigation at a suitable scale, therefore plays a key role in increasing the
detailed understanding of the key requirements for the robust design of a WEC at early stages.
This hybrid testing offers a coupled modelling while intrinsically allowing a higher fidelity
approach in the development and design of critical sub-systems.
The learnings from such initial application of this framework in three user cases will inform the
re-contextualisation of a final methodology, promoting wider adoption in the wave energy
community.
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8 Nomenclature
Abbreviations
ADCP

Acoustic Doppler Current Profiler

AEP

Annual Energy Production

ALARP

As Low As Reasonable Possible

ALWC

Accelerated Low Water Corrosion

AMM

Annual Maxima Method

ANN

Artificial Neural Networks

BAT

Best Available Technology

BEM

Boundary Element Method

BORA

Barrier and Operational Risk Analysis

BTA

Bowtie Analysis

CAPEX

Capital Expenditure

CBM

Condition Based Maintenance

CCA

Cause Consequence Analysis

CEA

Cause-and-Effect Analysis

CFD

Computational Fluid Dynamics

CL

Control Law

CPO

CorPower Ocean

CSN

Climatological Standard Normals

DEG

Dielectric Elastomer Generator

DLC

Design Load Case

EC

European Commission

ECU

Electronic Control Unit

EFTA

Energy Flow/Barrier Analysis

EMG

Electro-Mechanical Generator

ERMO

External Risk Management Options

ESA

Event Sequence Analysis

ETA

Event Tree Analysis

EU

European Union

EVA

Extreme Value Analysis

FEA

Finite Element Analysis

FME(C)A

Failure Modes, Effects (and Criticallity) Analysis

FMI

Functional Mockup Interface

FSI

Fluid Structural Interaction

FTA

Fault tree analysis
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FNT

Float-Neck-Tank

GEV

Generalised Extreme Value

GPD

Generalised Pareto Distribution

H2020

Horizon 2020

HAZOP

Hazard and Operability study

HCF

High Cycle Fatigue

HIL

Hardware-In-the-Loop

ICOS

Independent CO-Simulation

IGBT

Insulated Gate Bipolar Transistor

iid

identically independent distributed

LCF

Low Cycle Fatigue

LPA

Layer of protection analysis

MBD

Multi-Body Dynamics

MIC

Microbially Influenced Corrosion

MIL

Model-In-the-Loop

MLER

Most-Likely-Extreme-Response

MLD

Master Logic Diagram

MTBF

Mean Time Between Failures

OEM

Original Equipment Manufacturer

OPEX

Operational Expenditure

OWC

Oscillating Water Column

OWSC

Oscillating Wave Surge Converter

PCA

Principal Component Analysis

PCC

Power Conversion Chain

PCE

Polynomial Chaos Expansion

PDE

Partial Differential Equations

PHA

Preliminary Hazard Analysis

PID

Proportional Integral Derivative

PLC

Programmable Logic Controller

PM

Preventive Maintenance

PMSG

Permanent Magnet Synchronous Generator

POT

Peak-Over-Threshold

PFTE

Polytetrafluoroethylene

PTO

Power Take Off

RAMS

Reliability, Availability, Maintainability and Survivability/Safety

RANSE

Reynolds-Averaged Navier-Stokes Equations

RBD

Reliability Block Diagrams
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RBM

Risk-Based Maintenance

RDS

Risk-Directed Survivability

R&S

Reliability and Survivability

SAR

Synthetic Aperture Radar

SCADA

Supervisory Control And Data Acquisition

SCIG

Squirrel Cage Induction Generator

SHM

Structural Health Monitoring

SHP

Smooth Particle Hydrodynamics

SIL

Software-In-the-Loop

SWAN

Simulating WAves Nearshore

SWIFT

Structured What-if technique

TRL

Technology Readiness Level

UV

Uncertainty quantification

VHTP

VALID Hybrid Testing Platform

VMEA

Variation Mode and Effect Analysis

V&V

Verification and Validation

W2W

Wave-to-Wire

WAM

Wave Model

WEC

Wave Energy Converter

WEC3

Wave Energy Converter Code Comparison

WP

Work Package

WWIII

Wave Watch, 3rd geneartion
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