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EXECUTIVE SUMMARY
The Power Take Off system (PTO) of an offshore renewable energy convertor, be it harnessing wind, wave or tidal
energy is a key system component, where PTO’s generally consist of some combination of the following
components; Bearings, Shafts, Flywheels, Gearboxes, Generators and Power Electronics. In order to consider the role
of PTO testing this document was developed in four major sections. These sections when combined provide an
overview of the important issues to consider when planning and executing renewable energy PTO system tests.
According to the context of MaRINET this document considers within its scope, PTO’s related to Offshore Wind
Turbines, Wave Energy Convertors (WEC’s) and Tidal Energy Convertor’s (TEC’s).
There are many reasons for conducting PTO test programs in a laboratory environment. The purposes and
motivation for conducting a series of tests is driven by a combination of the degree of uncertainty (risk), the relative
stage of maturity of the PTO and physical scale. When optimising the testing the intended outcomes need to be first
clearly understood in order to be supported by the activities that are then actually undertaken. Therefore this
requires care and attention at both the planning and the execution phases. The initial part of the report describes
the range of tests that can be undertaken and outlines a rationale for achieving the best outcomes, pertinent a wide
range of potentially desirable objectives.
In order to achieve best practise in PTO testing for marine renewable emerging technologies, it is necessary to build
upon the experience of existing testing knowledge. Review of the relevant available standards and best practise has
been undertaken as it applies to laboratory testing. It is found that in particular the IEC is pioneering the
development of such technical documentation. This chapter considers factors that are important in achieving
meaningful test outcomes in relation to issues including calibration, data acquisition, data analysis and reporting.
Finally it describes the role of Certification Testing.
The typical practices of a number of the European laboratories that are part of MaRINET with PTO testing capabilities
have been surveyed in order to capture the range of techniques and methodologies that are applicable to testing
Marine Renewable devices. The findings of this review show that determined by the developmental stage, there is
significant diversity in testing strategies and outcomes. Twenty four tests are documented ranging from 1kW to
1MW sized PTO’s. A number of recommendations about the themes that should be harmonised in laboratory
practice have been noted that include uniformed environmental input conditions and standardised numerical
simulation tools.
A review of several PTO testing case studies of projects undertaken by Narec are presented in order to illustrate
typical PTO testing activities as performed on WEC and TEC devices. Two diverse studies have been documented
spanning a 1kW TEC developed by Oceanflow Energy and a 315kW WEC development by Aquamarine Power. For
each study the product development and commercial context has been provided alongside the technical objectives.
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1 OVERVIEW
The general strategy used in developing this document has been based upon dividing it into four major sections as
outlined below. These sections when combined are intended to provide an overview of the important issues to
consider when planning and executing tests of renewable Power Take Off (PTO) systems. According to the context of
MaRINET this document considers within its scope, PTO’s related to Offshore Wind Turbines, Wave Energy
Convertors (WEC’s) and Tidal Energy Convertor’s (TEC’s).

1.1 TEST PURPOSE
There are many reasons for conducting PTO test programs in a laboratory environment. The purposes and
motivation for conducting a series of tests is driven by a combination of the degree of uncertainty (risk), the relative
stage of maturity of the PTO and physical scale. When optimising the testing the intended outcomes must be first
clearly understood in order to be supported by the activities that are then actually undertaken. Therefore this
requires care and attention at both the planning and the execution phases. This section describes the range of tests
that can be undertaken and outlines a rationale for achieving the best outcomes, pertinent a wide range of
potentially desirable, but sometimes opposing objectives.

1.2 STANDARDS
In order to achieve best practise in PTO testing for marine renewable emerging technologies it is necessary to build
upon the experience of existing testing knowledge. A review of the relevant available standards and best practise
has been undertaken and consideration has to how it applies to laboratory testing for wind turbines, WEC’s and
TEC’s is presented.

1.3 COMMON PRACTISE
The typical practices of a number of the European laboratories within MaRINET with PTO testing capabilities have
been surveyed in order to demonstrate the range of techniques and methodologies that are applicable to testing
Marine Renewable devices. This section reports of the findings of this review exercise.

1.4 CASE STUDIES
A review of several PTO test case studies of projects undertaken by Narec are presented in order to illustrate typical
PTO testing activities that may be performed on WEC and TEC devices. A range of studies has been selected spanning
1kW to 315kW scales.

262552 MARINET • Rev. 1d, 26-Feb-2014
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2 TEST PURPOSE
Testing plays a vital role in many of the stages of product life cycle. Tests or experiments are generally conducted to
obtain physical evidence to support or disprove a hypothesis. Consequently the purpose of the research is the
central objective when designing an experiment. The design of the experiment process optimises the test to achieve
ideally both high quality and quantity data sets.

Figure 1 Product Development Cycle [1]

While many tests are carried out in the field, testing in a laboratory environment offers a variety of advantages over
field tests.
 It is possible to recreate realistic and accurate loads in a controlled laboratory environment for evaluating
the effects of parameters on the product.
 Laboratory tests can be highly repeatable and provide reliable and comparable test results.
 Laboratory testing of renewable energy devices is focused on reducing the time to market of devices, while
ensuring performance, reliability, safety and cost competitiveness.
Overall PTO testing in Laboratory environments is heavily influenced by the maturity of the technology which is
being tested in conjunction with the availability and scope of budget necessary to finance the practical activities.

2.1 WIND PTO TESTING
The wind turbine industry is relatively mature given that commercial scale wind turbines have been around for many
decades. There is a wide range of wind turbines of different configurations available on the market, ranging from sub
kilowatt turbines to multi- megawatt devices. The design of large scale wind turbines has converged to the
horizontal axis type configuration. While there is a wider variation of small-scale wind turbines, the horizontal axis
configuration is also arguably the most popular.

2.2 WAVE AND TIDAL PTO TESTING
WEC and TEC technologies are in their relative infancy. Recently, full scale prototypes of TEC’s have undergone field
tests in various locations around the world, and the horizontal axis turbine remains the most common among these
prototypes. However TEC’s which operate on different principles are still being pursued. WEC’s are seemingly the
least mature of the technologies discussed herein. Although full scale developments exist, the design and operating
principles of most PTO devices are very different. Owing to that, WEC PTO components vary significantly from device
to device and is a significant challenge when seeking to standardise WEC testing methodologies.
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2.3 GENERAL TEST OBJECTIVES
The objective of a test is usually dependent on the developmental stage. A summary list of common testing
objectives is given below. At an early stage of product development, it is common that a single objective is sought
after, but at later stages where more complex outcomes are required, a combination of objectives may need to be
managed and rationalised.

2.3.1 Early Stage Tests
Typical tests that are undertaken in the earlier stages of product development are detailed below;

2.3.1.1 Proof of Concept Tests
Proof of Concept tests tend to be carried out on technologies which are in their infancy. It is aimed at demonstrating
the fundamental operating principles of a device. Proof of concept tests are performed on devices which incorporate
some kind of unproven concept or combination of ideas which need to be verified prior to progressing towards more
extensive testing. It is common to use an idealised configuration at this point because quantitative performance is
usually not considered to be a key driver.

2.3.1.2 Comparison Tests
It is common that when optimising a technology which has its fundamental working principles proven, to carry out
comparison tests. Comparison tests are aimed at establishing the relative significance of particular parameter or
variables.

2.3.1.3 Response Surface Optimisation Tests
Part of the optimisation process includes defining the interactions and relationships between various parameters.
But as in many situations performance is determined by a combination of multiple input parameters, the PTO output
may be best presented as a multi-dimensional surface.

2.3.1.4 Model Validation Tests
Nowadays, it is common to have mathematical and numerical models which are used to represent the operating
principles and behaviour of a device and physical testing is required to validate and calibrate the results of these
models. Once some degree of confidence has then been established in the robustness of a numerical model, it may
be used as a design tool to advance the maturity of a technology.

2.3.2 Typical Later Stage Testing Activities
Further to the generalised motivations of earlier stage tests that have been noted in the last section, a wide range of
possible tests may be conducted that focus in to more specific performance characteristics for more mature
products. These areas are detailed in the following sections;

2.3.2.1 Performance Testing
Performance tests for Renewable energy devices are vital to ensuring confidence in the technology for investors and
customers alike. The performance of devices in a specific environment is of key interest to stakeholders because it is
directly related to the generated revenue from power export. As such, it is a vital part of the contractual agreement
between a device manufacturer and their customers. The deployment of a device influences its performance, thus
site calibration is required to account for site specifics. For Laboratory tests where the PTO system is tested in
isolation, the energy extraction by the prime mover may often be emulated, leading to an increase in uncertainties
associated with modelling the prime mover behaviour and site characteristics. Power performance tests are mainly
driven by financial considerations. However, results of such tests may feed into the design and optimisation of a
control strategy of the device. Power curve assessment is among the most common performance tests. Power
curves relate the input energy resource to the output generated electricity from a device, this type of testing
establishes the efficiency characteristics of a PTO.
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2.3.2.2 Reliability Testing
To meet typical operational life expectancies of 20-25 years, testing may be used as a method to ensure reliability
and robustness. Generally, O&M costs can be reduced either by increasing the reliability of components and
assemblies or by reducing the cost of maintenance interventions. Increasing reliability through testing has the
potential to drastically improve O&M costs. The failure of products over time tends to follow the so-called bathtub
curve. The bathtub curve is characterised by a reducing failure rate over time (infant mortality), until such time
where the failure rates becomes constant. After operation in this constant region, the product starts to deteriorate
due to normal wear and tear. In general, reliability testing is aimed at eliminating the failures which occur at the
infant mortality (Burn in), stage of the product life. Several testing methods have been suggested for this purpose,
including burn-in/debugging tests, product reliability acceptance tests and accelerated tests.

2.3.2.2.1 Shake Down Tests
In order to eliminate product deficiencies like tolerance and alignment shortcomings, quality control failures and
control software coding errors it is desirable to conduct tests on PTO’s before they are deployed in the field. This
kind of testing allows for minor bugs and issues that have occurred as part of either the design and/or manufacturing
process to be identified and resolved. In some industrial sectors tests of this nature are commonly referred to as
Factory Acceptance Tests.

2.3.2.2.2 Endurance Tests
Endurance testing investigates the loads which can be withstood by a system for a period of time and the system’s
response to these loads.

2.3.2.2.3 Duration Tests
Duration tests are carried out to evaluate the dynamic behaviour of a device as well as to investigate material
degradation, structural integrity and the quality of environmental protection mechanisms over time.

2.3.2.2.4 Climate Tests
IEC recommendations require wind turbine auxiliaries to be kept operational at all temperatures below – 20oC. This
recommendation may difficult to achieve in cold site deployment locations in Mongolia, Scandinavia and Russia.
Many of the major components of a wind turbine or marine energy converter assemblies are affected by their
operational temperature. Extremely low temperatures can result in changes in material properties such as
brittleness which is experienced in steel and plastic parts. Additionally, lubricants may fall out of specification when
operated in extreme temperature environments. Transformer performance may also be hampered by high
temperatures operation. It is therefore essential to perform tests on wind and marine devices in extreme
environments. Clearly, the need for testing PTO components in extreme conditions before deployment is a critical
part of ensuring reliability. Consequently, a bespoke climates chamber has been developed by the OWI test Lab for
dedicated testing of wind turbines components [1].

2.3.2.2.5 Accelerated Tests
Accelerated Tests have been used for decades in many industries to obtain reliability information by applying higher
than usual levels of stress on a product being tested. Highly Accelerated Life Test (HALT) is a qualitative accelerated
testing strategy which subjects components to multiple stresses which are higher than in-field conditions. HALT is
very effective for increasing reliability growth by identifying weaknesses in a design as well as determining safe
operating limits of the product. Alternatively, the quantitative Accelerated Life Test (ALT) can be used to determine
product lifespan by increasing one type of stress on a component to higher than in-field conditions while keeping all
other stresses constant.

2.3.3 Power Quality Testing
The nature of power generated from renewable energy devices is different from conventional power plants. As the
penetration of renewable energy sources increase, the need for greater power quality control becomes more
important. Power quality assessments evaluate the impact of a device on the electricity grid and vice versa. The main
power quality measures of concern include harmonic emissions, unbalanced voltages, flicker, and low voltage rideRev. 1d, 26-Feb-2014
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through capabilities. All power plants which supply power to a grid have to comply with stringent network codes and
renewable energy sources are no exception. These Grid codes have been developed to maintain the reliable and safe
operation of power systems. Common grid codes require wind turbines to stay connected to the grid during periods
of low voltages, which are often due to grid faults or high loads. Grid codes vary country by country so there is a
need to match a specific configuration to meet the demands of local grid code requirements.

2.3.3.1 Industrial Lab Example
Device manufacturers often utilise Power Electronics hardware and software to achieve particular grid code
compliance. Choosing the right power electronics for a turbine at the design stage is difficult because the site where
the wind turbine will be installed may not be known. ABB have developed an electrical drivetrain lab in Helsinki,
Finland for commercial as well as in-house testing of ABB generators and power electronics(ABB) [2]. The Facility
can undertake tasks such as evaluation of the performance, electrical drivetrain optimisation, modelling and
converter dimensioning. Typical tests undertaken include the evaluation of fault ride through capabilities
incorporating balanced or unbalanced loads, single-phase and three-phase interruptions. Other tests which can be
carried out include harmonic distortion, continuous and temporary power supply unbalanced operation testing. The
facility has a direct connection to the distribution system with a serial reactor to allow a wide range of short circuit
power range at the point of connection.

Figure 2 ABB grid code compliance and performance Test Lab Setup [2]

2.3.3.2 Academic Lab Example
It is common to test scaled models of devices at the developmental stages along with simulations. A Research
Laboratory for power electronic generator systems at Kiel University has developed a scaled wind turbine power
electronics test lab [3]. The lab is a dedicated research lab for PhD research and industrial projects. The facility is
equipped with four common generators, each with a nominal power of 22kW which are found in the wind industry
namely, the induction generator, doubly-fed induction generator, permanent magnet excited synchronous generator
and electrically excited synchronous generator. This small scale facility can be used to test devices which are being
developed before full scale prototypes are built. Typical testing activities include grid fault analysis, harmonic
distortions, unbalanced voltages and over voltages [4]. Testing can be used by manufacturers to develop control
strategies for generator systems in MW scale devices.
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2.3.4 Control System Testing
Control issues encompass cut in, cut out, emergency stops and power capture optimisation. Regarding performance,
the control strategy can have a huge impact on energy yield, given that it manages power capture potential of the
system. The control unit of a device performs tasks which ensure safety, operability and reliability. As such, it must
be subject to scrutiny and undergo rigorous testing before being deployed. Many researchers have performed
laboratory experiments to demonstrate how the control system of a device can be used to increase performance.
Many of these experiments use a similar set up as used by Fraunhofer Institute for Wind Energy and Energy System
Technology (IWES) in Kassel, where a virtual wind turbine is used to simulate inputs for testing complex control
systems for wind turbines in real time (Fraunhofer-Gesellschaft 2013) [5].
The Variable Speed Wind Turbine (VSWT) is currently the most common in the wind industry because of its
efficiency, low drivetrain torques and reduced power fluctuations. VSWT achieve efficiency because their speed can
be adjusted to achieve a specific power coefficient. Maximum Power Point Tracking (MPPT) control strategy for
VSWTs adjusts the turbine configuration to enable maximum extraction of energy at different energy resource
levels. The subject of control optimisation has seen significant academic interest and there is a wealth of published
research in the public domain. A few examples of these research topics and findings are provided below;
 Camblong et at [6] presented a test bench for testing control strategies of wind turbines and demonstrated
that an unconventional control strategy which has higher dynamics compared to the mechanical dynamics of
the system can lead to higher aerodynamic efficiency. The analysis used the test rig to demonstrate how
different control strategies can be used to increase efficiency through MPPT of a wind turbine with a Doubly
Fed Induction Generator (DFIG). The test bench, comprises an 18kW DFIG, and uses a validated emulator for
a 180kW wind turbine and successfully illustrated that the flexibility of a direct speed controller enables
higher efficiency.
 Similarly, Bhowmik [7] validated a control strategies based on MPPT for a novel 1.5kW brushless DFIG in a
laboratory setup which uses a wind turbine emulator and a DC motor to drive the generator being tested.
 Cardenas et al [8] presented a control system for the operation of a switched reluctance generator with
MPPT capabilities. The control system was validated experimentally using a 2.2kW generator and wind
conditions were emulated. The control strategy was tested over a range of wind speeds to demonstrate its
overspeed protection.
 Chiang [9] tested a novel full-scale pitch control mechanism and its control system for a 2MW wind turbine.
 In Mokademet et al [10](El Mokadem, Courtecuisse et al. 2009), the control system of a 2.2kW variable
speed wind turbine generator test bench was used to illustrate how a control strategy can be used for
primary frequency control.
 Flocard and Finnigan [11] tested methods to improve power capture of point absorber type wave energy
PTO by modifying the device inertia by ballasting at different wave frequencies. The small scale proof of
concept experiment, conducted at the University of Sydney Wave Flume. The experiment demonstrated
energy capture can be increased through ballasting by measuring wave elevations with three 100Hz wave
probes and wave motion with a low frequency rotary encoder and torque sensors.
 Rao et al. [12], experimentally validated a novel control strategy to track peak power for wind or wave
energy converters which eliminates the need for wind (or wave) measurement or estimation. The strategy
which ensures high generator efficiency by reducing its slip by voltage and frequency control of armature
and field winding was validated experimentally. The test set up included a squirrel cage induction generator
which was driven by a wind or wave energy converter emulator comprising a DC motor and Pulse Width
Modulation controlled power electronics.

2.4 WIND TURBINES PTO TESTING
Wind turbine PTO components are tested individually to ensure robustness. After assembly, testing the PTO systems
and assemblies become relevant for eliminating problems with system integration. A description of common tests
carried out on PTO systems is given below where the emphasis is on laboratory testing. Power Curve Assessment
and the role of Certification Testing is described in Section 3.
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2.4.1 Full scale prototype testing
Testing at full scale is a vital part of any product development and it is common for wind turbines to be tested in the
field. However the process can be time consuming and relatively expensive. Testing is often carried out throughout
the various developmental stages of devices. But due to unfavourable commercial pressure (i.e visible market
presence), full scale prototypes are often considered the best option for validating a turbine before deployment [13].
Full scale prototype tests can deliver useful results for model validation [14] [15], and condition monitoring [16].
Testing of wind turbines in full scale nacelle test bench can either be performed on a single component or a system.
Typical wind turbine system tests include endurance testing, turbulent wind simulation testing, load event testing
[17]. Endurance testing is performed to verify the fatigue life of a nacelle design. It is possible to evaluate the fatigue
life within 3 to 6 months with continuous operation at elevated stress loads in conjunction with transient load cases
which are present in the long term operational load spectrum. The fatigue life of bearings, shafts, and housings and
gear teeth are influence by non-torque loads. Hence representative non-torque loads must be applied. As Musial
and Mcniff [17] pointed out, this process required high steady state power ranging from 1.3 to 1.7 times the rated
power of the test turbine. Turbulent wind simulation testing replicates the operation of the turbine under design
conditions. Conversely, Accelerated Testing methodologies may be implemented to shorten test time. In a nacelle
test bench presented by [17], a closed loop torque control system which uses feedback from the test turbine’s
control system was implemented. Where the turbulent wind conditions was converted to main shaft torque. The
turbine control system can be verified in nacelle test rigs given that the control system is required to maintain the
turbine in its operational envelop during the stochastic wind conditions. One may perform a load event test to verify
the performance of a turbine under extreme operational events such as transient events. A common example of this
kind of transient is an emergency stop or grid faults. Some of these extreme events may involve self-induced loads
which are generated by turbine components. Integrated nacelle testing facilities enable testing of fully assembled
systems as well as individual components in an assembly in isolation. Typical components which may be tested
include gears, shafts, housings, bearings, generators, isolated control systems, brakes, and power electronics
components.

2.4.1.1 Gearbox Tests
Given that gearbox failures tend to result in high downtimes and repair costs, gearbox testing is vital to ensuring
reliability of wind turbines. Typical gearbox tests include [17];
 Tooth load evaluation/mitigation
 Tooth wear evaluation/mitigation
 Optimisation of lubricant and lubrication system
 Optimisation of temperatures, filtration and oil system levels
 Measuring case stress
 Bearing life test
 Evaluation of tooth contact and meshing to establish optimum load and profile modification.
 Efficiency test

2.4.1.2 Generator Tests
The generator is fundamentally a critical component of the PTO of a wind turbine since it converts the mechanical
rotational power into electricity power. Similar to gearbox failures, generator failures cause long downtimes and are
also expensive to repair or replace. In addition, the generator dynamics have a significant effect on both mechanical
and electrical behaviour of the entire drivetrain during normal operation and in fault conditions. In isolation, the
generator may be tested for [17];
 Electrical characteristics and fault settings
 Bearing and winding temperatures
 Torque-speed characteristics
 Performance in extreme conditions such as break away torque
 Efficiency
 Transient response characteristics
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2.4.1.3 Other Tests
Musial and Mcniff proposed four tests which could be carried out with NREL’s 2.5MW drivetrain test bench at the
National Wind Technology Centre. The tests included contact tests, brake event tests, micro-pitting tests, and
endurance tests and were performed on a 750kW Z750 series wind turbine. During the contact test which were
performed to authenticate proper meshing of gears, a gear tooth painting technique was used which displays the
wear patterns on gears at various load levels. Such a test informs designers and manufacturers in optimising
geometry and materials. For the micro pitting test, efforts were made to establish baseline micropitting signatures
for the comparison of micropitting mitigation methods. The authors proposed an endurance test that involves
running the 750kW device at 1MW to accelerate failure mechanisms. Consequently, it was expected that a 30 year
period could be simulated by 1600-2000 hours.

2.4.2 Laboratory Testing
For megawatt scale devices, installing a prototype is often a costly and time consuming matter thus it is common
that large volume manufacturing will start before field test can be completed, but this has led to field failures which
require expensive retrofits to mitigate. Wind turbine systems and their component manufactures stand to gain a lot
from testing in laboratory. Turbine manufactures have performed laboratory testing of critical components such as
rotor blades for many years nevertheless facilities which are capable of testing the whole turbine drivetrain system
were very rare. Recent years have seen the development of several large scale drivetrain testing facilities with others
in the pipeline and awaiting completion [18]. These test laboratories are essential because it is difficult to produce
accurate and repeatable loads in the field. LaCava et al [19], have demonstrated that drivetrain tests beds can
reasonably replicate field loads on a wind turbine gearbox. Most of the drivetrain loads are due to wind loading
which is transmitted to the main shaft as torsion and bending. It is common practice to consider torque alone when
testing gear teeth of a given design. However, additional non-torque loads are required when testing includes
additional components such as bearing and shafts. For this reason most of the existing and planned test rig designs
incorporate methods to apply torsional and non-torsional loads to the main shaft.
The Wind turbine emulator is critical to testing the PTO in a laboratory environment. During in-field conditions the
components of the drivetrain are either accelerating or decelerating. Therefore in the laboratory environment, the
device inertia and stiffness of the drive system must match the representative conditions experienced in-field. Most
test rigs achieve this by torque and speed control. Other test facilities implement a similar topology while focusing
on gearbox dynamics. In full scale drive train facilities, many tests can be carried out including torque reversals,
high-frequency preloaded cycling and grid induced torque peaks, non-linear stiffness, backlash and hysteretic losses
can also be quantified. The ability to perform full scale tests is so critical that some wind turbine manufacturers such
as Siemens and Areva have in-house drivetrain test facilities for testing entire drivetrain of their geared and direct
drive turbines.
Several gearbox manufactures perform internal manufacturing testing to confirm the performance and indeed the
reliability of their gearbox. According to Eickhoff [20], it validates the performance of its gearboxes in one of four
test benches. In addition to their 5MW test bench which can perform test in climates of up to -40oC, the Gearbox
manufacturer has a 3MW and two 4MW test benches. Of which one can perform highly accelerated life testing.
Similarly, General Electrics (GE) reports production validation testing on component, sub-system and systems of
wind turbine gearboxes and their lubrication systems [21]. Other general testing institutions are breaking into the
wind industry to offer test facilities for wind turbines. For example, INOVA testing systems proposes a wind turbine
main bearing test rig with the capability to apply 14MN of axial force and 20MNm of torque. Schaefller also proposes
a bearing test rig which can accommodate up to 6MW turbine bearing. Such test centres eliminates the need for
bearing manufactures to construct costly test rigs for their products.
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Figure 3 GE Gearbox Test Stand [21]

2.5 WAVE ENERGY CONVERTERS TESTING
The design of WEC’s has not converged to a small or defined group of configuration. Consequently, there is a large
number of different PTO configurations available for WEC’s. For this reason, many tests carried out on WEC’s are
Proof of Concept type. The availability of test facilities which have the right capabilities and setup to perform the
various tests is critically important for the development of this field. The importance of lab testing should not be
underestimates as it will be used as a precursor to field test. While preparing for a field test of a novel generator in
the PTO of their device, O’Sullivan et al. [22] performed tests in the laboratory to confirm the performance of power
electronics and for tuning control loops. Pelamis Wave Energy, one of the most advanced in the wave energy
industry performed testing of their wave energy converter at a 1/7th scale before full scale testing [23]. The tests
were used to;
 Demonstrate the operating principles of the device.
 Test control algorithms of the device.
 Validate a numerical model of the device.
 Provide design information for a module which forms part of the full scale 1MW prototype.
Hence the control strategy used on the small scale device was then used on the full scale device before switching for
a more flexible control system.
Due to the relative infancy of the wave industry, the majority of testing efforts are in the research and development
phase. This is unlike the wind industry where research efforts are more focused on solving specific problems in the
industry. The lack of convergence in WEC design leads to research efforts on testing different PTO technologies. A
selection of published work in the field is noted below;
 Natazi et al [24] used a bidirectional gas turbine testing facility to assess the performance of a novel impulse
turbine for an oscillation water column.
 Baker et al. [25] describes an experimental set up for testing linear wave energy PTO’s.
 Shek et al. [26] presented a strategy for optimising the performance of a wave energy device using a
Reaction force control scheme. The control strategy which uses the generator as a spring to eliminate a
phase shift between velocities, was tested on the linear generator to confirm its performance. The
experimental set up includes four main components namely the linear generator, drive system, the support
structure and an electronic sensor unit. The drive system was comprised of a three phase induction motor
and a reduction gearbox drives the generator horizontally to simulate the motion of the wave energy device.
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Prudell et al. [27] presented a novel linear generator which functions in seawater and tested a 50 kW device
at the Wallace Energy Systems and Renewables Facility in Oregon State University.
Rhinefrank et al. [28] described the test facility which can perform dynamic testing using captured or
generated wave profile in more detail.
Agamloh et al. [29] used the same equipment to test and validate a MATLAB model of a WEC generator.
A comparative study on OWC PTO was performed by Maeda et al [30] through laboratory experiments. The
comparison between a Wells turbine with guide vanes, an impulse turbine with-pitch-controlled guide vanes
and impulse turbine with fixed guide vane was performed. This used a test rig consisting of a large pistoncylinder, a setting chamber and a 300-mm-diameter test section with a bell mouthed entry and a diffuser
exit.
In Lee et al [31], the effect of wave height, wave period, geometry on the performance of a cross flow type
direct Drive hydro turbine was investigated experimentally.
The variation between unsteady and steady flow conditions for Wells Turbines was investigated by
Camporealea et al [32]. Their laboratory experiment was conducted to investigate this because a
comparative study of a numerical model and 1:10 scale field experimental analysis of a REWEC3 WEC had
concluded that the quasi-steady assumption used in the numerical analysis may not adequately represent
the flow phenomena.
An experimental study on the capture of bottom-pivoted pitching point absorber WEC subjected to regular
and irregular wave conditions has been presented by Flocard and Finnigan [34]. The analysis demonstrates
how experiments can be used to investigate the influence of factors such as geometry, inertia modification
and PTO damping on performance of the device. A 1/33 Froude scaling of the 25m prototype enabled the
test to be carried out in the University of Sydney’s 30 m long and 1 m wide wave flume. This set up is in
accordance with Chacrabati’s recommendation which prescribes that the largest geometry of the model
should not exceed 1/5 of the tank width.
With a 7.5m x0.3m x 0.3m Armfield flume and wave channel, Herdisty [35] demonstrated how a harmonic
model can be used to increase efficiency of Point Absorber oscillating in heave. The laboratory experiment
was used to develop empirical relationships which demonstrated efficiency in excess of 80% resonance.
Throughout the developmental stages of AQUAMARINE Power’s OYSTER device, many tank tests were
conducted which enabled the generation of a generic power capture curve for geometric optimisation,
Henry et al, [36].
In Lopes et al. [37], the authors have researched a latching phase control strategy which can be employed
without incident wave prediction in irregular sea states and validated a mathematical model with
experimental results.
Similarly, latching control has been tested by Bjarte-Larsson et al. [38] and results indicate that the captured
energy which is converted to a hydraulic energy increases by 2.8 and 4.5 times for 0.75 Hz and 0.5 Hz wave
periods respectively.

2.6 TIDAL TURBINE TESTING
The horizontal axis tidal turbine is the most popular in the tidal industry. A lot of work is presented in the literature
on experimental testing for tidal turbines ranging from blade design, optimisation, and reliability. Others have
focussed on interactions between turbines and wake properties. Concerning testing of tidal turbine PTO, very little
has been presented. This lack in dedicated literature may have arisen given that the components of a horizontal axis
tidal turbine are very similar to that of a wind turbine. A selection of relevant research topics and findings is
presented below;
 While developing a shrouded horizontal axis turbine, Sun and Kyozuka [39] performed a comparison test
where scaled model experiment results were compared to numerical calculations and simulations. The
experiment was carried out in a circulating water channel at Kyushu university, Japan and concluded that
using a shrouded turbine can improve performance. The Circulating water CWC is 4.4m long, 1.5m wide,
1.6m deep and can generates speeds up to 1.3 m/s the model had a diameter of 300mm.
 In Liu et al [40], the performance of a hydraulic transmission and pitch control system was verified using a
scaled model. The hydraulic drivetrain system was coupled to a 3 phase synchronous generator while it was
driven by a motor. The experiment was then used to validate a model generated in Matlab and AMESim.
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In their analysis, Shah and Williams [41], constructed a prototype magnetic gearbox for contra rotating tidal
turbines. The gearbox which has a maximum theoretical torque of 12.51Nm was successfully tested by
comparing its performance with a finite element model.

The overall trend is that TEC’S are extensively tested at the developmental stage. At their developmental stage
components are often tested in isolation. These components may be similar to those used in wind turbines. Such
well known components may not be tested as rigorously as unconventional ones. Unconventional PTOs for tidal
turbines are regularly tested at small scale in laboratories to determine their performance. Given that turbine
components are supplied by several manufactures, performing a systems integration test to verify safe working of an
assembled system is vital. The entire electrical drivetrain for the Seaflow [42] prototype was tested in ISET (now
Fraunhofer IWES) laboratory in Kassel.
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3 STANDARDS
Standards are created when a number of people jointly decide that there is value in developing them. A new type of
product might need standardising, an industrial process might need regulating to protect workers or consumers, or a
business might simply decide it wants to create its own private standard to standardise its own processes. Therefore
it is apparent that Standards is a general term and it may refer to a range of differing documents such as;
 Technical Specifications
 Best Practices
 Guidance Protocols
 Industry Recommendations
The above grouping spans a wide range of documents from those that contain normative requirement to those that
are for information only. Standards should remove barriers to international trade and develop a benchmark against
which product conformity can be evaluated. As the development status of WEC’s, TEC’s and Wind turbines differ so
does the availability and maturity of the Standards that support them. This chapter reviews the availability of
relevant Standards and their application to PTO testing. It then goes on to consider factors that are important in
achieving meaningful test outcomes in relation to issues including calibration, data acquisition, analysis and
reporting. Finally it describes the role of Certification Testing.

3.1 STANDARDS CREATION BODIES
Of the types of Standards noted above the kind that have the greatest authority and furthest reaching consensus are
typically developed under the supervision of organisations whose primary function is to develop such documents.
Whilst a number of such organisations are noted below, the two principle bodies that are of most relevance to
Offshore Renewables are the IEC and ISO.

3.1.1 IEC
The International Electrotechnical Commission (IEC) is the world’s leading organisation that prepares and publishes
International Standards for all electrical, electronic and related technologies. IEC provides a platform to companies,
industries and governments for meeting, discussing and developing the International Standards they require. All IEC
International Standards are fully consensus-based and represent the needs of key stakeholders of every nation
participating in IEC work.

3.1.2 ISO
The International Organisation for Standardisation (ISO) is the world’s largest developer of voluntary International
Standards, and it produces standards to ensure that products and services are safe, reliable and of good quality. ISO
is a global network that identifies what International Standards are required by business, government, and society,
and then develops them in partnership with the sectors that will put them to use.

3.1.3 ICES
The International Council for the Exploration of the Sea (ICES) is a global organization for enhanced ocean
sustainability. ICES is a network of more than 4000 scientists from almost 300 institutes, with 1600 scientists
participating in activities annually. This body has a well-established data centre, which manages a number of large
dataset collections related to the marine environment. As such it is an authoritative source of how marine data
should be compiled and presented.

3.1.4 IHO
The International Hydrographic Organisation is a body which has a vision to be the authoritative worldwide
hydrographic body which actively engages all coastal and interested States to advance maritime safety and efficiency
and which supports the protection and sustainable use of the marine environment. The Mission of the IHO is to
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create a global environment in which States provide adequate and timely hydrographic data, products and services
and ensure their widest possible use.

3.2 WIND TURBINE STANDARDS
Standards and recommendations exist for designing, constructing and operating Wind Turbines. Also Standards exist
for the testing of turbines in both field and laboratory conditions.

3.2.1 IEC Technical Committee 88 (TC 88)
The scope of this technical committee is to prepare international standards for wind turbines that convert wind
energy into electrical energy. These standards address design requirements, engineering integrity, measurement
techniques and test procedures. Their purpose is to provide a basis for design, quality assurance and certification.
The standards are concerned with all subsystems of wind turbines, such as mechanical and internal electrical
systems, support structures and control and protection systems. They are intended to be used together with
appropriate IEC/ISO standards. The standards resulting from this committee are all numbered 61400, with a number
of sub sets covering a specific topic. Those that relate to PTO’s are identified below.

3.2.1.1 IEC 61400-3 (2009), Design requirements for offshore wind turbines
This standard specifies additional requirements for assessment of the external conditions at an offshore wind
turbine site, and it specifies essential design requirements to ensure the engineering integrity of offshore wind
turbines. Its purpose is to provide an appropriate level of protection against damage from all hazards during the
planned lifetime.

3.2.1.2 IEC 61400-12-1 (2006), Wind turbines: Power performance measurements of
Electricity producing wind turbines
This standard specifies procedures for measuring the power performance characteristics of a single wind turbine
connected to the electrical power network. The power performance characteristics are determined by the
measured power curve and the estimated annual energy production. The measured power curve is determined by
collecting simultaneous measurements of wind speed and power output at the test site, for a period that is long
enough to establish a statistically significant database over a range of wind speeds and under varying wind and
atmospheric conditions. The annual energy production (AEP) is calculated by applying the measured power curve to
reference wind speed frequency distributions, assuming 100% availability.

3.3 WEC AND TEC STANDARDS
Given that no standards existed for certification or testing WEC’s and TEC’s as of 2010 , EQUIMAR protocols [43] set
out a list of good practices for testing WEC and TEC devices in a controlled laboratory environment with the
intention of supporting the process for development and securing funding for development or promotion of devices.
The methods suggested by these protocols were adapted from various industries including the aerospace and
maritime industries. Guidance on tank testing of marine energy converters have been presented by the European
Marine Energy Centre (EMEC), [44]. Both document gives guidelines for laboratory scale testing of marine renewable
energy converter and is focused on these topics;






Design of experiment
Calibration of sensors,
Experiments on extreme or rarely occurring events
Documentation of tests
Quality and accuracy of results
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Uncertainty analysis and quality assurance.
Qualities of prototype models
With respect to tank testing of wave and tidal devices.
Archival and data storage

However since the time of publication of the EQUIMAR work the IEC has published additional documents under its
TC114 Committee.

3.3.1.1 IEC Technical Committee 114 (TC114)
The scope of this technical committee is to prepare international standards for marine energy conversion systems.
The primary focus is the conversion of wave, tidal and other water current energy into electrical energy. The
standards produced by TC 114 address:
 System definition
 Performance measurement of wave, tidal and water current energy converters
 Resource assessment requirements, design and survivability
 Safety requirements
 Power quality
 Manufacturing and factory testing
 Evaluation and mitigation of environmental impacts
The standards resulting from this committee are all numbered 62600, with a number of sub sets covering a specific
topic relevant to WEC and TEC PTO’s are identified below.
Reference
Name
Purpose
Status
IEC/TS
Marine Energy – Wave,
A definition of standards Terminology
Published
62600-1
tidal and other water
2011
(2011)
current converters – Part
1),: Terminology
IEC/TS
Marine energy - Wave,
A definition of requirements to be implemented in In draft
62600-2 Ed. tidal and other water
the design of WEC’s and TEC’s
1.0
current converters - Part 2:
Design requirements for
marine energy systems
IEC/TS
Marine Energy - Wave,
A definition of the electrical power requirements for In draft
62600-30 Ed. tidal and other water
WEC’s and TEC’s
1.0
current converters - Part
30: Electrical power quality
requirements for wave,
tidal and other water
current energy converters
IEC/TS
Marine energy. Wave, tidal A definition of the standardised methodology for the Published
62600-100
and other water current
measurement, data analysis and reporting of power 2012
(2012)
converters. Electricity
production from WEC’s
producing wave energy
converters. Part 100 Power performance
assessment
IEC/TS
Marine energy - Wave,
A definition of the standardised methodology for the In draft
62600-101
tidal and other water
measurement, data analysis and reporting of the
Ed. 1.0
current converters - Part
environmental conditions that interact with WEC’s
101: Wave energy resource
assessment and
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IEC/TS
62600-102
Ed. 1.0

IEC/TS
62600-103
Ed. 1.0

IEC/TS
62600-200
(2012)

IEC/TS
62600-201
Ed. 1.0

characterization
Marine energy - Wave,
tidal and other water
current converters - Part
102: Wave energy
converter power
performance assessment at
a second location using
measured assessment data
Marine energy - Wave,
tidal and other water
current converters - Part
103: Guidelines for the
early stage development of
wave energy converters:
Best practices &
recommended procedures
for the testing of preprototype scale devices
Marine energy. Wave, tidal
and other water current
converters. Electricity
producing tidal energy
converters. Part 100 Power performance
assessment
Marine energy - Wave,
tidal and other water
current converters - Part
201: Tidal energy resource
assessment and
characterization
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A definition of the methodology to be employed In draft
when extrapolating the performance of a WEC from
one set of site conditions to another set of site
conditions

A definition of testing requirements of WEC’s in In draft
laboratories.

A definition of the standardised methodology for the Published
measurement, data analysis and reporting of power 2012
production from TEC’s

A definition of the standardised methodology for the In draft
measurement, data analysis and reporting of the
environmental conditions that interact with TEC’s

Table 1 IEC TC114 Summary

3.4 INFORMATIVE DOCUMENTS & ASSOCIATED COMMITTEES
The following referenced documents and identified committees are indispensable for the application of this
document.

3.4.1 IEC Technical Committee 8 (TC 8)
The scope of this technical committee is to prepare and coordinate, in co-operation with other TC/SCs1, the
development of international standards and other deliverables with emphasis on overall system aspects of electricity
supply systems and acceptable balance between cost and quality for the users of electrical energy. This committee is
involved in power quality activity, producing a number of IEC publications involving the standardisation of voltage,
current, and frequency, including the following;

1

TC – Technical Committee, SC – Scientific Committee
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3.4.2 IEC 60038 (2011), CENELEC Standard Voltages
This document applies to AC transmission, distribution, and utilisation systems and equipment for use in such
systems, with a standard frequency of 50Hz having a nominal voltage above 100V. It also applies to AC and DC
equipment having nominal voltages below 120V AC or below 750V DC, with the AC voltages being intended for 50Hz
applications (but not exclusively).

3.4.3 IEC Technical Committee 38 (TC 38)
The scope of this technical committee is standardisation in the field of AC and/or DC current and/or voltage
instrument transformers, including their subparts like (but not limited to) sensing devices, signal treatment, data
conversion and analogue or digital interfacing. This committee is involved in producing a number of IEC publications
utilising transformers for measuring instruments, including the following;

3.4.3.1 IEC 60044-1 (1996), Instrument transformers – Part 1: Current Transformers
This standard covers transformers intended for both measurement of current, and protection devices. Although the
requirements relate basically to transformers with separate windings, they are also applicable, where appropriate, to
autotransformers.

3.4.3.2 IEC 60044-2 (2003), Instrument transformers – Part 2: Inductive Voltage Transformers
This standard applies to inductive voltage transformers for use with electrical measuring instruments and electrical
protective devices at frequencies from 15 – 100Hz.

3.4.4 IEC Technical Committee 85 (TC 85)
The scope of this technical committee is to prepare international standards for equipment, systems, and methods
used in the fields of measurement, test, recurrent test, monitoring, evaluation, generation and analysis of steady
state and dynamic (including temporary and transients) electrical and electromagnetic quantities, as well as their
calibrators. This committee is involved in producing a number of IEC publications covering electrical measuring
equipment, including the following;

3.4.4.1 IEC 60688 (2002), Electrical measuring transducers for converting AC electric
quantities to analogue or digital signals
This standard applies to transducers with electrical inputs and outputs for making measurements of AC or DC
electrical quantities. The output signal may be in the form of an analogue direct current, or an analogue direct
voltage, or in digital form.

3.4.5 ISO 17025:2005, General requirements for competence of test and
calibration laboratories
This standard specifies the general requirements for the competence to carry out tests and/or calibrations, including
sampling. It covers testing and calibration performed using standard methods, non-standard methods, and
laboratory developed methods. The standard is applicable to all laboratories regardless of the number of personnel
or the extent of the scope of testing and/or calibration activities.

3.4.5.1 ISO 8601, Data elements and interchange formats
The purpose of this standard is to provide an unambiguous and well-defined method of representing dates and
times, so as to avoid misinterpretation of numeric representations of dates and times, particularly when data is
transferred between countries with different conventions for writing numeric dates and times.

3.4.5.2 Guidelines for Moored ADCP Data
International council for the exploration of the sea working group on marine data management guidelines for
moored ADCP Data. Compiled Oct 1999 and revised Aug 2001 and Aug 2006, is a document offers guidelines on how
data from ADCP instruments should be compiled and stored, along with information on data descriptors, and
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calibration. It also covers descriptions on the format of data including time zones and timestamps, so that the
community at large follow the same methodology when reporting on recorded data.

3.4.5.3 IHO Standards for Hydrographic Surveys
The document the International Hydrographic Organisation (2008), IHO standards for hydrographic surveys, Special
publication No. 44. 5th edition (http://www.iho-ohi.net/iho_pubs/standard/S-44_5E.pdf) document is designed to
provide a set of standards for the execution of hydrographic surveys for the collection of data which will primarily be
used to compile navigational charts to be used for the safety of surface navigation and the protection of the marine
environment.

3.4.5.4 Uncertainty of Measurement
This guide ISO/IEC Guide 98-3:2008, Uncertainty of measurement – Part 3: Guide to the expression of uncertainty in
measurement, (GUM : 1995) establishes general rules for evaluating and expressing uncertainty in measurement
that can be followed at various levels of accuracy and in many fields — from the shop floor to fundamental research.
The principles of the document are therefore intended to be applicable to a broad spectrum of measurements.

3.5 TERMS & DEFINITIONS
There are a number of terms and definitions that are commonly used when describing and referencing performance
testing of renewable devices. These have been compiled and are referenced in Section 6.

3.6 SCALED TESTING PTO’S
As discussed in more detail in Section 2 the process of developing a marine based generator device will most likely
involve the design and construction of a scaled device, in order to test and evaluate the principles behind the design,
and determine an approximation of its capability. In order to test such a model, tank testing would be the next
logical step, and therefore a number of limitations need to be considered when going through this process.

3.6.1 Environmental Loading
The ability to replicate in a ‘like for like’ or scaled manner the physical environmental forces and bending moments
that the met-ocean environment exerts upon a PTO is of paramount importance when conducting tests in the
laboratory setting. Typically the key met-ocean parameters are the wind, waves and tidal velocity. However in some
circumstances other effects including; turbidity, salinity, temperature and atmospheric pressure may also require
consideration, either in isolation or in combination. Simulation of multiple body interaction should be included in the
determination of operational loading regimes. It is important to note that components within a marine energy
extraction device will most likely scale at different rates, and therefore care should be taken when attempting to test
a scaled device. The test methodology and requirements outlined in this section describe the process for a large
scale (100kW +) device, and is not necessarily applicable to smaller scale testing. The emphasis on 100kW and
greater type devices has been selected as it aligns with a scale of device that is becoming fairly industrialised and
relevant to standardisation considerations.

3.6.2 Tank Testing Facility
A ‘tank’ in the context of testing scaled marine generators may actually be a wave flume, or towing tank, or wave
basin etc. or other facilities (so long as the test conditions are controlled and fully understood), along with its
geometry, scaled plan requirements, and water depth. The scaled device to be tested should also be clearly
described, along with detailed information such as its geometry, dimensions, scaled drawings, mooring details, and
an explanation of its working principle. When performing tank testing it is important to ensure that it is as
representative as possible of the device operation at full scale in the real environment. This should include
consideration of the position of the model in the tank, position of the mooring points, and that the mooring is
representative of the actual design and not compromised in any way. This is to ensure that the device is free to
move in the same way as the real device, and not limited due to tank restrictions. This is also true in terms of the
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proximity of the model to the structure of the tank i.e. it must not benefit or be hindered by the tank structure itself,
and it must be of a proportional size compared to the cross-section of the test tank.

3.6.3 Testing in an External Environment
Should the test location be in an external environment i.e. a known oceanic environment, then additional external
constraints may further affect performance assessment of the device, and which therefore may need appropriate
consideration and planning. For example such constraints may include;
 Electric grid conditions
 Permitting limitations
 Adverse sea states
 Inclement weather
While these constraints are not exhaustive and may lie outside of the ability of the researcher to control, they must
be considered in order to aim for an ideal of continuous operation of the device.

3.6.4 Measuring Instruments – General
Instrumentation to be used during a test campaign can be broadly categorised into two areas; test location
instrumentation, and the instruments measuring the performance of the device itself. It may be that the test
location instrumentation is already in place if the test is to be undertaken in a tank designed for the purpose, but any
existing instruments should be verified prior to a test commencement regardless. All instrumentation should be
accurate to the required standards and levels of accuracy, with valid calibration certificates stored within the test
documentation. It is also recommended that each instrument is checked ‘end to end’ by injecting known input
signals at the instrument source, and verifying that the expected measurement is apparent at the indicating device
or data logger. Any discrepancies should be investigated to ensure correct operation of the measurement and
integrity of the signal cabling. The type of instrument output should also be carefully considered with regard to
signal degradation between the instrument and the measuring device. For example instruments which give their
measured value as a voltage output may be unsuitable where long cable runs are concerned due to voltage drop.
This could result in a loss of accuracy, and an increase in the level of uncertainty, in the final performance analysis.

3.6.5 Tank Measuring Devices
As part of the operation of the testing tank, the tank itself must be well understood, and therefore the operation of
such a facility must be suitably instrumented to measure all appropriate variables for the operation of the tank. This
would include devices to measure marine conditions such as waves (height and period), pressures, velocity,
temperatures, directions etc, although this list is by no means exhaustive. All such equipment must be calibrated
and calibration certificates held as part of the pack of test documentation, and the instruments themselves must be
sufficiently accurate to minimise the level of uncertainty in the test results.

3.6.6 Tank Construction and Operation
As well as the instruments which measure the environmental parameters, further detailed information on the
operation of the test tank must be documented, such as how waves or tidal flow is generated, the mechanism and
control system, for example the type of mechanical interface such as flap or piston, the frequency of the system, any
pumping mechanisms and sizing/power, flow rates etc. The resulting documentation of the test conditions and test
set up should ensure that the test could be repeated at another similar facility, or the same facility at a later date,
and obtain the same test results.

3.6.7 Test Commencement
Prior to the commencement of testing of a device, the test tank should be allowed to stabilise at its normal
operating conditions, but not too long to prevent wave reflections building up affecting the test.
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3.6.8 Froude and Reynolds Numbers
With regard to the testing of scale models of marine based devices, the Froude and Reynolds numbers become
important as they are key measures of how close to a full scale device the scaled down testing can be made. First of
all these two numbers need to be understood;



The Froude number is dimensionless, and is used to determine the resistance of a partially submerged object
moving through water.
In fluid mechanics the Reynolds number gives a measure of the ratio of inertial forces to viscous forces. The
Reynolds number is also dimensionless

The target is therefore to ideally achieve the same Froude number and Reynolds number for the scale model as
would be apparent for the full size device. In practise however this is impossible to achieve at any scale.
By way of example there follows an extract of the University of Edinburgh document by Gregory Payne;
Generally speaking with mechanical interactions between fluids and solids, three kinds of forces are of comparable
importance. These are associated with inertia Fi, gravitation Fg, and viscosity Fv.
𝐹𝑖 ∝ 𝜌𝑈 2 𝑙 2
𝐹𝑔 ∝ 𝜌𝑔𝑙 3
𝐹𝑣 ∝ 𝜇𝑈𝑙

(1)
(2)
(3)

where U is the fluid velocity, g the gravitational acceleration, l the length characterising fluid/solid interaction
phenomenon and µ is the dynamic viscosity.
Depending on the phenomenon investigated, the relative magnitude of those forces varies. It is useful to quantify
their relative importance. This is typically done using the two non-dimensional quantities: the Froude number Fr and
the Reynolds number Re.
𝐹𝑟 =
𝑅𝑒 =

𝑈
√𝑔𝑙
𝑈𝑙
𝑣

∝
∝

𝐹𝑖
𝐹𝑔
𝐹𝑖
𝐹𝑣

∝
∝

𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒
𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒
𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒

(4)
(5)

where v the kinematic viscosity (𝑣 = 𝜇/𝜌)
Ideally, when designing scaled model testing, it is desirable to retain the same balance between inertial,
gravitational, and viscous effects as that of the full scale device. This implies ensuring that the values of both Fr and
Re at the model scale are the same as the full scale ones. In practise this is impossible to achieve in normal facilities.
As an example, if we consider the investigation of the forward motion of a ship using a 1/100th scale model in a
towing tank. Assuming that the gravitational acceleration g is the same in both model and full scale conditions, if F r
is to be kept constant then according to formula (4) previous, the value of the forward speed U at model scale has to
be 1/10th of the full scale one. Now assuming that the fluid used with the model is the same as in full scale, v is the
same in both model and full scale conditions. If Re is to be kept constant, according to formula (5) the value of U at
scale model has to be 100 times that of the full scale value. The obvious way to overcome these conflicting
requirements would be to increase g and/or decrease v. This would involve running the model experiments in a
centrifuge and/or using fluids whose viscosities are lower than that of the full scale one. Unfortunately this kind of
experimental set up is generally not practical for tank testing of wave energy devices, where usable tanks are too
large to fit in centrifuges and are filled with water. There are cases of small tanks using alternative liquids to water
as the test medium, but these are very rare.
It can be seen from the foregoing therefore that in terms of testing scaled devices, it is improbable that both the
Froude and Reynolds numbers will be the same for the model device as will be true for the full scale device.
Designers will therefore try to achieve the same value for one of the numbers, depending upon the type and style of
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device, to provide the best compromise. In test scenarios that are dominated by inertial forces, Froude scaling is
preferentially used, and conversely in test scenarios where viscous forces are dominant, Reynolds scaling is
preferentially used.

3.7 DEVICE TESTING
It is critical to the accuracy and repeatability of a device test that all aspects and conditions of the test arrangement
are clearly understood, and well documented within a structured final test report, such that the test conditions can
be replicated by another test laboratory, and obtain the same test result. The following sections discuss a number of
different areas which must be fully considered for the purposes of testing and final reporting.

3.7.1 General Description
A general description and diagram of the device should be produced, which should include a description of the
operating principle of the machine, as well as information on the components and subsystems. Parameters which
should be reported are as follows, although this list is not exhaustive;
 Rated power output
 Rated wind velocity, water velocity or sea state (i.e. wave height and period)
 Design wind/water speed, sea state or water depth
 Equivalent diameter
 Tower or foundation description
 Cut in point
 Low cut out point
 Cut out point (i.e. for self-preservation etc)
 Operational speed range, or period for an oscillating device
The device test site should be characterized in detail and reported prior to any assessment of power performance.
Specifically, the wind resource, bathymetry, incident wave climate, and flow conditions should evaluated such that a
power performance table can be populated.

3.7.2 Control & Protection Systems
Although the device may be at an early stage of development, the final device design will undoubtedly require some
form of protection systems, as well as normal control items. These components may well have a bearing on the
performance of the device, and therefore should be considered in any developmental testing. For example this
could be related to protection of the device itself (i.e. shut down in adverse conditions), or protection of personnel
(i.e. for maintenance or operation).

3.7.3 Design Basis
A design basis document should be developed and maintained for the device, which covers design codes and
standards, design parameters, assumptions made, and methodologies.

3.7.4 Bathymetry
For marine devices the bathymetry of the test site should be surveyed to ensure that it is free from obstacles and
topography that could hinder or enhance the performance of the device or the local quality of the wave resource or
tidal currents. The surveyed area should cover at least 10 equivalent diameters upstream and downstream of the
test location, and 5 equivalent diameters either side, so that the test location can be adequately documented and
described in the final test reports.

3.7.5 Normal Environmental Conditions
Typical or ‘normal’ environmental conditions that should be taken into account are;
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Ambient air temperature range of -10°C to +40°C
Relative humidity of up to 100%
Solar radiation intensity of 1,000W/m²
Air density of 1,225kg/m³
Water density of 1,025kg/m³
Water temperature range of 0°C to +35°C

3.7.6 Electrical Power Network Conditions
The typical or ‘normal’ conditions of the electrical network at the output terminals of the generator are;
 Voltage – nominal value (according to IEC 60038) ±10%
 Frequency – nominal value ±2%
 Outages – electrical network outages shall be assumed to occur 20 times per year. An outage of up to 6
hours shall be considered a normal condition. An outage of up to 3 months shall be considered an extreme
condition

3.7.7 Flow Conditions
When testing a marine device in an external environment, and particularly for tidal generating devices, the flow
conditions must be fully understood, and therefore information such as predominant direction of ebb and flood
streamlines must be assessed and later corroborated during actual testing of the device.

3.7.8 Test Site Characterisation
An analysis of the prospective test site shall be undertaken to ensure that it is suitable for power assessment of the
device. In the case of tidal stream or wave generators, the physical conditions need to be evaluated to ensure that
the power performance measurement is clearly understood, and that the conditions are well documented such that
the test conditions can be replicated at a future date.
Care also needs to be taken with regard to the size of the device in relation to the test site, as the cross sectional
area of a device may cause unrepresentative performance if the relative size of the site prevents flow from diverting
around it i.e. the proportion of the machine size is too great in relation to the test location.

3.7.9 Water Density
A representative value for the density of seawater at 15°C and 35 PPT (parts per thousand) salinity is 1,025kg/m³,
which should be used in all applicable calculations. Where test water temperature and density differ then it can be
compensated for during the data analysis.

3.7.10 Test Log
A test log should be set up and maintained throughout the course of the testing of the device. The test log should
record;
 The date and time of the commencement and conclusion of the test
 The dates and times during which the device was not available for normal operation, and the cause
 The date and time of any manual shutdown of the device, and the reason
 The date and time of any failure of the device, and the cause
 Any changes to software configuration, parameter settings and/or hardware should be logged

3.8 CERTIFICATION TESTING
An indication of the industrialisation of a sector is the required for products to conform of internationally recognised
measures of quality and performance. In order to benchmark the performance of a product against a set standard it
is typical for testing to be undertaken and furthermore it is typical for the testing to be either conducted or
witnessed by independent third party experts.
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3.8.1 Wind Certification
Due to the relative maturity of the wind turbine industry, there are several guidelines and standards for certifying
wind turbines. GL guideline [45]for certification of wind turbines specify tests which may be carried out on PTO
components to facilitate the certification process. According to these guidelines, prototype testing can be carried
out either in a test bench or in a test field. The guidelines advocate routine testing throughout the production and
manufacture of the wind turbine. Bench testing of gearbox is required at prototype stage where the gearbox is
tested and according to GL’s guideline for certification, comparison of performance of an analytical gearbox with
results from prototype tests. The guideline calls for independent verification of the thermal performance of
generators and generator performance during over voltage, maximum voltage steepness, overspeed, and short
circuit.
While carrying out the thermal performance test, the worst case operation voltage and power factor must applied in
addition to frequency converter harmonics when the generator requires a frequency converter. An over speed test is
required to be run for a minimum of two minutes using the maximum operating speed. The vibrations before and
after the over speed test must be recorded. In the GL guideline, additional routine test must be performed on at
least every tenth generator. Transformers will be subject to a temperature test, dielectric test and a lightening
impulse test for dry type transformers. To verify the design assumptions of the frequency converter, type testing is
carried out by parties independent of the design or production team at the factory. Frequency converter
manufacturers are also required to carry out tests at prototype stage including;










Protective bonding impedance test
Impulse withstand voltage test
Temporary overvoltage test
Protective bonding impedance, type test (exception when total enclosed)
Touch current measurement
AC or DC voltage test partial discharge test
Temperature rise test including voltage steepness
Hydrostatic pressure test and loss of coolant test (except for air cooling)
Vibration test

In addition to prototype test, routine testing is required during production. The routine tests include;









Tightness of cooling system, except for air-cooled
Frequency converters
Plausibility checks of voltage waveform and
Phase angle
Preloading and discharging of DC capacitors
Test of grid synchronization and preferably
Heating test, showing the proper heating behaviour of the power semiconductors with the cooling
System running

At prototype stage, the medium voltage switch gear must undergo;





Dielectric tests
Short-time withstand current test
Peak withstand current test
Arc resistance test
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The control system is a safety critical part of the turbines therefore both that software and hardware parts must be
tested. The control software may be tested by code inspection, walk through, white box, black box and software-inthe-loop tests. In addition, Controller hardware can be tested in a hardware-in-the loop environment.

3.8.2 Wave and Tidal Certification
For certification purposes, technology qualification is carried out to ensure that a new technology meets specified
requirements for the intended use. The technology qualification process is based on specified performance limit,
boundary conditions and interfacing requirements. Testing plays a key role in the technology qualification process
as shown in [46]. Here, an analytical approach is complimented by results obtained from testing to minimise
uncertainties.
The basic test include testing programmes such as material property tests. Prototype tests are carried out to verify
the functional requirement of components, subassemblies and assemblies. In addition, factory acceptance tests are
carried out to verify manufacturing and assembly. The guideline suggests a model basin test to determine the global
response of device in both in operational and extreme conditions.
Regarding PTO certification, the general guideline for certification of wave and tidal devices as given by DNV (2009)
require the main parameters investigated for PTO measurements to be Identified and described from the point of
view of the device application. The PTO measurements taken should be sufficient to allow the calibration of an
analytical model. The calibrated model is required to predict the performance of the PTO system to reasonable level
of accuracy. The evaluation is required to include all the necessary statistics of metocean condition therefore the
period of time dedicated to PTO test has to be reported along with limitations on the measurements taken, field
characteristics and metocean conditions.

Figure 3: Path to certification [47]
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3.8.3 Power Curve Assessment
From industrial experience, measured power curves are often more accurate than calculated ones, which tend to
over-predict energy yield. Consequently, IEC standards require turbine power performance curves to be measured
by a competent and independent party. It has been shown that site specific conditions can greatly affect the energy
yield. Thus the IEC 61400-12-1 provides a guideline for how power curves can be adjusted to incorporate effect of
the turbine’s local environment. The power curve is assessed for a full turbines system and includes all the different
efficiencies of the turbine components at different speeds (Rotor, gearbox, generator, and converter). Traditionally
power curve assessments are carried out when a wind turbine is installed at a site. For large wind turbines, the
process of setting up a field test is more challenging, making carrying out performance tests in a laboratory condition
more appropriate. Recent years have seen a large increase in the number of test centres which can perform
independent power curve assessments for large offshore wind turbines in laboratories. Full drivetrain test facilities
can perform power curve assessments of wind turbines given the characteristics of the rotor and its control
strategies are accurately simulated. Due to size restrictions the aerodynamic efficiency of a full scale offshore wind
turbine cannot be performed in laboratories. Small scaled test facilities are, however available, which enables rotor
efficiencies to be evaluated at different wind speeds. A given power curve may deviate from nominal due to factors
including, site specifics, complex wind regimes and deterioration of turbine components.
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4 COMMON PTO TESTING PRACTISES
The existence of harmonised testing protocols to allow the direct comparison of testing results from different
laboratories would be of benefit to the renewable energy sector. It would increase the confidence in the technical
knowledge basis that underpins product development as well as reducing time to market. Therefore a review of the
current practises of a number of the laboratories with PTO testing capabilities and operating within the MaRINET
project has been undertaken. In conducting this exercise it was seen as valuable to ascertain to what extent
comparative practices do currently exist within the laboratories. This was done with a view to quantifying the extent
to which these PTO common practises do exist, so as to identifying areas where greater harmonisation could be
achieved. Even within the relative narrow field of PTO testing the Testing Centres within the MaRINET network are
varied in their design, size and capabilities, as well as the markets in which they operate. This is a direct function of
the strategy behind the project, where a balanced cross section of test facilitates was deliberately selected.
Therefore this exercise was undertaken in the knowledge that it would potentially be challenging to draw out
quantitate outcomes. However taken on a qualitative and strategic level the exercise was found to be insightful.

4.1 BACKGROUND DATA GATHERING
An attempt to quantify the stages of design for a WEC can be seen in Figure 4. This sets out the scales at which
models typically are created, and the types of subsystem which may be tested and developed at each scale.
Although this specific testing Route Map is orientated towards WEC’s, it is conceptually highly applicable to TEC’s
and Wind Turbines. Therefore it was used as the basis for a questionnaire used to capture laboratory test activities.
As may be seen in Section 7, a copy of Figure 4 was used to guide the questionnaire respondents. Given that the
respondents are known to have a good baseline knowledge of renewable energy, it was considered very reasonable
to allow them to use the WEC Route Map concept and extrapolate it into their laboratories areas of expertise and
activities.

Figure 4 WEC Testing Route Map

4.1.1 Questionnaire Structure
Before suggesting areas in which standardised practice could be developed, it is important to investigate areas
where common methods may already exist. To do this, a questionnaire was generated covering some of the key
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areas in which all scales and designs of test facility may find commonality. Thematically, these were in connection
with;
 Device Types, Pre-arrival Services, Failures and Electrical Connections;
 Measurements, Data Acquisition and Reporting;
 Test Design, Modelling and Simulation;
 Questions related to “Dynamometer-type” facilities of all scales.

4.1.2 Questionnaire Application
The questionnaire was replied to by the following institutions;
 Narec
 Tecnalia
 HMRC
 SINTEF
 IWES
Given the diversity of laboratory scale and capability represented by the survey population it was anticipated that a
broad range of responses may result.

4.2 QUESTIONNAIRE RESPONSES
Response to the questionnaire was found to be poor overall, but those responses received were found to provide a
good level of detail, and the respondents are thanked for their efforts. One indication as to why the responses to the
questionnaire were so poor was that the questionnaire was found to be quite prescriptive and didn’t allow space for
organisations which cut between many stages of development to describe their work. Whilst this level of
prescription is necessary to provide satisfactory comparisons to be drawn, it is regrettable that as an unintended
consequence that it may have prevented a greater number of responses. Therefore due to the limited number of
responses to the questionnaire, Narec undertook a number of follow up telephone interviews with operators of
laboratory facilities. The results of these interviews were transferred to questionnaire documents for the purpose of
analysis. The telephone interviews offered the opportunity to develop themes for standardisation across the
different development stages. As it would be unreasonable to make any conclusions based on the low statistical
population some of the cumulative responses can only described in general terms.

Wave

Cross
Cutting

Tidal

Stage
Responded
Small
Medium
Large
Small
Medium

1
2

Large
Small
Medium

3

Large
Table 2 Questionnaire Respondents

Table 2 shows the number and type of facility for which the operators provided a response. Some operators replied
in response to more than one facility, and some facilities are in more than one classification (e.g. they may be both
Wave and Tidal).
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4.2.1 Facility Backgrounds
The responses received cover Large and Small Laboratory Facilities in the Wave, Offshore Wind and Cross-cutting
focus areas. Although no facilities are declared as tidal-focussed, a number of the Cross-cutting facilities had
undertaken tests on tidal devices. The outcomes of 24 tests, and the on-going process for further test projects were
discussed and fed back. These range from subsystem tests on low voltage devices at around 1kW, to testing of
complete Stage 5 tidal generators which generated power to the laboratory’s high voltage grid with a power rating
of 1MW. The design, development and construction of the devices tested by the laboratories was predominantly
carried out within the EU, with some 84% of devices originating here. The remaining 11% were from Asia, with only
5% of devices having originated from the Americas and none from the Rest of World as shown in Figure 5.
Others
0%

Asia
11%

Americas
5%

EU
84%

Figure 5 Graph showing where Clients come from

4.2.2 Scaling of Test Activities
10
9
8
7
6
5
4
3
2
1
0
Stage 1

Stage 2

Stage 3

Stage 4

Figure 6 Tests performed at each development stage
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As shown in Figure 6, of the 24 tests which had already been conducted, six tests were for devices in Stage 1, nine at
Stage 2, five at Stage 3, one at Stage 4, and three at Stage 5. It should be noted that the definitions were found to be
a little difficult to use for this exercise as the devices were predominantly tidal. It was found that “Stage 5” was often
used to describe devices which were ready for commercial operation, but not necessarily being deployed into arrays.
In the early stages of development, there was a clear aim of verifying the scaling and modelling assumptions, as well
as achieving first power generation. Some tests were aimed at developing and refining control algorithms and power
tracking capabilities. Tests at these earlier stages (Stages 1&2) were carried out using parts which were not expected
to be used in the final device. This is believed to have occurred where the benefits of downscaling the technology
was not felt to be important to the test aims. Two differing examples were presented to illustrate this;
 In the first, a Stage 2 offshore wind turbine prototype underwent testing for new blade formats. This was
predominantly an aerodynamic test of the blade parts, but power take-off equipment was installed to
control the speed of the test as the scaling had meant that the operating speed of the turbine had increased
such that self-starting was not possible in average wind conditions. The power take off equipment was
formed from commercial off the shelf parts, and designed by the laboratory to allow all necessary
measurements to take place. However, it was understood that the test system would not be suitable for the
full scale device.
 In the second example, another laboratory undertook a number of tests on Stage 1 and 2 device control
systems using their electrical systems laboratory which allowed for different power systems to be
experimented with to determine the optimum option. Much of the turbine is not included for the testing, as
it is not required. However, various electromechanical components (e.g. generator) can be used during
testing if desired.

4.2.3 Rated Power Production and Grid Connection
As expected, the general trend is that later stage devices are of higher rated power. Stage 1 devices were tested up
to rated powers of 10kW, with Stage 2 extending this maximum to 50kW, although one laboratory reported that
they had performed tests on Stage 2 devices at around 1kW constant power output. In general, the energy
generated from these tests was fed back to the internal grid (for dynamometer type test beds), or dissipated using
known test loads (variable load banks etc). Some Stage 2 tests were connected to a Laboratory DC grid rather than
the more common AC network. One laboratory reported that up to 80% of tests at Stage 2 had been grid connected
during testing whereas another reported only 15% had been grid connected. Whilst both facilities are nominally
Large Cross-Cutting laboratories, it is probable that this disparity is due to the type of testing that the clients were
requiring from the facilities, and demonstrates that clients may use a number of different facilities within the
MaRINET network during the early development stages of their device. At Stage 3, the tests were rated at 22kW,
however these were to test control and electrical systems. 80% of these tests were connected to the Utility power
network, with the remainder attached to a laboratory-simulated grid connection. At Stages 4 and 5, there was an
increase in rated power to full scale at between 150-1000kW. Testing at this stage also included overloading beyond
rated power in some cases. The electrical output was either recirculated back to the grid or fed back through
laboratory-designed electrical network simulation equipment to give a better representation of the load conditions
in “islanded” or grid-connected operation. At the later development stages, demonstration of operation at rated
power for sustained periods was a feature of testing. Later stage tests were also performed at higher voltage levels,
with some Stage 5 tests connecting to the facility at 11kV, or 400V where that was the final connection voltage for
the design.

4.2.4 Communication, Test Planning and Duration
For tests across all stages, the durations varied between 4 weeks to 12 months, with the average test time being
around 2-3 months. These test durations were generally agreed between the Test Client and Facility operator based
on test plan requirements and financial/contractual limitations. None of the tests reported had any requirements for
test duration applied to them directly by external standards organisations. Some tests were designed around existing
engineering codes of the operating nation (e.g. grid connection codes for disconnection time, stopping requirements
etc) or proof testing of ISO/IEC type standards which had been used in the design of the components. These had
some bearing on the test plan. Communication requirements between the test laboratory and client varied between
stages, but generally comprised;
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An outline or detailed test scope and purpose complete with schedule
A description of the equipment to be tested including drawings; rigging requirements including weight
Other health and safety related information (e.g. risk assessments).

4.2.5 Faults and Failures during Testing
Looking only at the written responses to the questionnaire, about 35% of test plans were disrupted. The stated
reasons were;
 Component failures
 Electrical interference
 Instability
 Control system issues
 Vibration
 Limit exceedance (e.g. temperature)
Also failure of specific test processes (e.g. voltage-dip ride through) was noted. There was some contention that
these were not actually test failures, but the results of a test process which was designed to seek out faults of this
kind. Indeed, test schedules are often defined as a method of gaining understanding about a prototype system for
which no other primary data was found.
Problems were also found with devices which were not under test, but were part of the test process. These failures
were not considered to be critical outcomes of the test at Stages 1 & 2, but instead represented areas where further
development would need to occur. System failures in latter Stage tests were considered to be more serious, but
were not necessarily a product of the integration of multiple subsystems for the first time. Instead these may have
been an unintended by-product of the testing process. One such example was a vibration-induced failure within a
device under test where the device was not secured in the same manner as it would have been “in the field”.

4.2.6 Measurements, Data Acquisition, and Reporting
Measurement and reporting of the acquired data are key areas for any testing activity. For earlier stage testing, the
use of laboratory standard equipment such as oscilloscopes was found to be common. These instruments offer a
high level of detail in use, but may not be equipped for longer term monitoring of data, or for higher signal counts.
Measurement uncertainties of around 2% were found to be typical across all stages. Measurement traceability was
not available for all measurements, and was not required by some clients. Where it was provided, it was only for
facility-fitted and custom-designed transducers. This is understandable as laboratories cannot have the same level of
confidence in the calibration history and service life of a transducer outside of its immediate asset control. Some
measurements had an uncertainty of 0.5%, more specifically in Power and Torque measurements in small
laboratories.
At Stages 1&2 where “standard” test instruments were not used, and at Stages 4&5, custom designed measurement
and data acquisition software was used. For these, packages such as LabVIEW, MatLAB and proprietary vendor
packages were utilised. In some cases bespoke coding was also developed using C++, Visual Basic or VHDL. The data
was then stored in a range of file types ranging from Microsoft Word and Excel compatible files, Comma Separated
Variables, image formats (for oscilloscope captures) to more specialist forms such as TDMS. Before data storage
occurs, it is important to understand the client’s needs in relation to their future use for the data. If only the
information within a formal testing report is required, then the data format can be chosen to suit word processing
requirements. However, when clients have requirements to feed test data back into simulations or mathematical
models, or wish to process the results at a later time, the data format needs to be chosen accordingly. It was found
that data analysis was commonly carried out using packages such as Matlab, and so storing data in a form which
could be read by this package would be advantageous. Additionally, storage of metadata with or in the files is
important to aid the understanding of data. This can include the simple information such as the type and location of
the transducer, down to very specific information such as serial number and calibration information.
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In addition to the raw test data, laboratories provided some form of test report. These varied in connection with the
clients’ requirements more than the stage of development. Some test laboratories only provided factual reports
containing only a presentation of the tests performed and the data recovered. Others were contracted to provide
interpretative reports, which add the benefit of a laboratory’s knowledge and experience to the testing process. One
laboratory was cautious about generating interpretative reports at later stages of development where the
interpretation could stray into opinion. However, laboratories can add value to the testing process by assisting
clients in identifying the possible causes of unexpected data – be that a result of the test equipment (such as the
action of anti-aliasing filters) or device difficulties (such as instabilities). The format of test reports are often bespoke
and are based on the requirements of customers. Some laboratories used a standard template but only one
laboratory reported that they were working on standardising test reports (at Stage 5) for standard test types. Where
it occurred, laboratories retained client data for between 5 and 7 years. This data was held confidentially as a record
of the test and not for any other use.

4.2.7 Test Design, Modelling and Simulation
Simulations of how devices would operate in the test conditions are useful in verifying design models, and
importantly how those models can be scaled for use in later stage tests. Test Centres which are able to provide
dynamic models of the client’s device in operation may be able to avoid delays by identifying resonances and
unintended test rig-induced faults and errors. Input data for simulations was from a mix of standardised test
patterns (normally from other applications), artificially generated input sequences (such as step loadings and
sinusoids), or from in-field measurements.

4.3 ANALYSIS AND CONCLUSIONS
When initially viewing the range of different, and complementary, test laboratories which are part of the MaRINET
network, it was difficult to see how standardisation of test methodologies could extend beyond the more mundane
and non-technical aspects of testing. However, as discussions with test laboratories evolved, it was apparent that a
number of standardised test conditions could be applied without bias toward any one type of laboratory. These
standard test conditions would take the form of input data, compatible with the simulation tools utilised by the
laboratories and scalable for each of the development areas. As a baseline, these could be wave, wind flow, tidal
flow characteristics in the form of multiple time series for nominal deployment conditions. The time series would
need to be readily inputted into simulation models such that suitable test facility inputs could be created. For
instance, if the laboratory operated a rotary dynamometer test facility of any scale, the standardised simulations
would need to be fed into a CFD model containing the specifics of the turbine system being tested to generate a
torque signal which could then be reproduced by the test equipment. In the example of a wave test tank, the wave
profile may be loaded directly into the machine controller for direct play-out. It would be imperative that the inputs
to the device under test were monitored to ensure that machine dynamics were taken into account.
The benefits of the standardised test scenarios would be most apparent when they are used from Stage 1 upwards.
In that way, the performance of control algorithms and other scale-independent features can be assessed as the
machine evolves towards Stage 5. The suite of standard test conditions would need to be large enough to fully
describe the varied installation conditions of the technologies in use. They would also not replace the need to
generate test signals based on specific sites for Stage 5 array investigations.
Further work is needed to understand how developed the simulations would need to be to generate inputs signals
which are accurate enough to drive the different test equipment and derive meaningful results. One paradox which
requires resolving is that the smaller the scale, the more accurate the model would need to be to avoid large errors
generated due to scaling up. However, the models are likely to be less developed at earlier stages and therefore
more prone to uncertainty.
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5 CASE STUDIES
A number of PTO development and testing case studies have been documented based upon project activity that
Narec has been involved in. These cover the study of a 1KW TEC and 300KW WEC.

5.1 CASE STUDY 1 – EVOPOD
Evopod is a semi-submerged, floating, tethered tidal energy device which is developed by a North East of England
company, Oceanflowenergy ltd [48]. Invented by Graeme Mackie the very first prototypes were tested in the
Newcastle University towing tanks. The particular attraction of this device is the relative simplicity of its mooring
system and the ease by which it can be retrieved for maintenance. This is a feature that differentiates it from some
other TEC’s. Early in 2007 Oceanflowenergy was awarded public funding support to develop and test a 1/10 th scale
model in Narec’s Tees barrage tidal facility and then subsequently in Strangford Narrows, Northern Ireland. The
maximum power output for the 10th scale device is quite modest, up to around 1kW in fast flows. However there
were a number of challenges in effectively testing such a device as described in the next sections.

5.1.1 Characteristics Relevant to PTO Design
The device is physically quite small and as such only capable of generating in the range of a few Watts up to about
1.3kW depending on the flow rate of the test site. By way of example, the predicated power output for the test
device is summarised in Table 3.
Flow rate (m/s)
0
0.4
0.6
0.8
1.0
1.2
1.4
1.5
1.6

Optimal rotational speed of
turbine (rpm)
0
16
24
32
40
48
56
60
62

Shaft power (Watts)
0
20
69
163
320
552
878
1080
1310

Table 3 Tidal turbine predicted performance

Narec was provided with predicted torque and power curves when taking into account the predicted efficiencies of
the mechanical drive train and electrical generator.

Figure 7 Predicted Power Curves for Test Machine
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Figure 8 Predicted Torque Curves for test machine (torque units-Nm, shaft speed units-rpm)

It can be seen that the predicted behaviour of this device is fairly typical of a water turbine in that there is an optimal
rotational speed (𝑛) which is proportional to the flow rate (𝑣) and shaft power output is proportional to the cube of
the flow rate:
𝑛 ≈ 𝑘𝑣
𝑃𝑠ℎ𝑎𝑓𝑡 ≈ 𝑎𝑣 3
In this case, the constants 𝑘 & 𝑎 are approximately equal to 6.84 and 40 respectively. It can also be seen that the
maximum power points do not coincide with the maximum torque points on the curves. For example, at a flow rate
of 1.6m/s the maximum torque of approx. 250Nm is achieved at 42rpm whereas maximum power is achieved at
60rpm. Therefore and ideal power take-off control strategy for such a device can use one or other of the following
control inputs;
1. Have direct access to the flow rate information so as to control the rotational speed of the turbine
according to the characteristics identified above
2. Have some form of Maximum Power Point (MPP) tracking algorithm to optimally adjust the load torque to
achieve the highest power output.
Alternatively much simpler approach is to use a purely resistive load. However, there are some challenges with this
approach. Ignoring losses in the generator and other parts of the drive train, the optimal rotational speed is
proportional to the flow rate and for a typical turbine. The electrical generator output voltage is also proportional to
the rotational speed, hence:
𝑉𝑜𝑢𝑡 ≈ 𝑘𝑦𝑣
Where 𝑦 is the generator constant which in this case is approximately 1.36, therefore, the power consumed by the
resistor is:
𝑘𝑦𝑣 2
𝑃𝑒𝑙𝑒𝑐 ≈
𝑅
Based upon the above relationship selection of the correct resistor value is a challenge as if the Ohmic value is too
high then the turbine will tend to operate above the optimum operating speed as the terminal voltage will need to
increase to achieve power balance. But conversely if the Ohmic value is too low, the turbine will stall or won’t reach
the optimal operating point as illustrated in Figure 9.
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Figure 9 Comparison of load power and shaft power (Watts) against input shaft speed (rpm) for various resistor values (ohms)

A further consideration is that if the Ohmic value is too high i.e there is no load, the turbine will over speed.
Fortunately, in water, the viscous drag will limit the maximum rotational speed to around twice the optimal speed,
but this could still be an issue if the generator or its connected equipment is not designed to withstand the terminal
voltage resulting from this over speed event. Over speed (voltage) protection needs to be considered.

5.1.2 Initial Evopod Tests
The first trials at the Tees Barrage facility were designed to verify that the prototype at the scale constructed would
correctly function. This involved testing the mooring system and experimentally validated the predicted power
curves for the generator and gearbox combination as selected in the prototype unit. This was intended to be a short
duration test of a few hours per day, partially due to the operational limitations of the test site which needs a
specific state of the tide to operate. It was possible to connect the device to shore side instrumentation and bring
the power connections ashore from the generator. Instrumentation was installed to measure shaft torque & power,
rotational speed, flow speed. An adjustable resistive load bank was arranged on shore into which the voltages and
current could be monitored using the same shore side instrumentation. Therefore, input power and output power
could be measured.

Figure 10 Lowering Evopod into Facility
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Figure 11 Data Acquisition Equipment

Figure 12 Device during Test

There were certain limitations with this particular test facility such as the difficulty in controlling the flow rate in the
lock and the influence of turbulence, but the initial results were sufficiently promising for the developer to consider
moving on to the next stage.

5.1.3 Testing at Strangford narrows – independent operation
Narec was approached to develop a complete power off-take and on-board instrumentation package that would
enable the device to be moored for several months in Strangford narrows. A number of challenges needed to be
overcome:
 Limited budget and short timescale prior to launch
 On-board energy storage required during slack tides
 Some uncertainty about tidal flow resource potential available in the test site
 Instrumentation with data logging and remote upload capability
 Limited space in the hull (see Figure 13)
 Single flange access
 Requirement for navigation lights to be fully operational during all hours of darkness
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As indicated in section 5.1.1, the optimum load profile would bear a cubed relationship to flow rate such that the
turbine speed is proportional to flow rate. The load system was designed to provide this by using a Pulse Width
Modulation (PWM) chopper into a low resistance load bank.

Figure 13 Cross section of Hull showing Gearbox and Generator

As shown in Figure 13 the space available for the DAQ, load management components, instrumentation systems and
all the associated cabling was very constrained. This is because whilst the prototype was a physical 1:10 scale device
the DAQ etc components were at 1:1 scale. In order to accommodate all the necessary components within the
prototype, a skid system was developed in order to facilitate the correct location of the equipment within the
prototype.
During initial trials at Strangford, problems ensued with the device which resulted in it being completely submerged.
This resulted in a degree of salt water ingress from the glands on the instrumentation on the top of the device and in
turn, destruction of some of the on-board control system. A Post mortem revealed a few issues with both the
original control/load system and the device that might have contributed to the demise of the original test unit. A
short circuited IGBT could have led to the turbine stalling and hence providing greater drag and ultimately pulling the
device under water, equally, the tidal flow might have been greater than expected or a mass of sea weed etc might
have increased the drag loading. The level of waterproofing of the cable seals was inadequate once the device was
submerged.
After the review, a decision was taken to redesign and simplify the on board load system such that is it had a much
more passive nature and the likelihood of failure was reduced, replace the damaged components and upgrade the
cable gland waterproofing. A bank of five 47 Ohm resistors was used with a simple voltage/speed monitoring
algorithm which could switch in and switch out load as required and maintain the operating voltages within a
tolerance band. A further enhancement was to load shed during times of low flow so that the battery was only
supplying the navigation lights. A low voltage relay was configured to detect when the turbine began operating and
switch in the instrumentation and data-logger above this cut in speed. Thereafter, the load banks were progressively
switched in to follow the predicted generation profile until the end of the tidal cycle when the under voltage relay
would drop out when the instrumentation and data logger would be de-energised until the next cycle. There are
some limitations with this simpler approach but it proved to be a more reliable solution and was satisfactory for the
client’s needs and the relative stage of the maturity of technology.
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Figure 14 Control and Instrumentation Skid

Figure 15 Device under test in Strangford Narrows

5.1.4 Lessons Learnt
Narec’s staff learnt the hard way about the destructive power of sea water as within a very short space of time
several weeks work had been destroyed. Assumptions had been made about the device and the necessity for
waterproofing of the cable entries. With hindsight, it was obvious that these needed to have a high degree of
integrity to allow greater contingency for unknown or unexpected events. The original load design was rather too
elegant for the time and resources necessary to implement it and as such ended up being unreliable potentially
contributing to the problems.
Implementing design reviews and closer monitoring of the build process has been implemented as a result of this.

5.1.5 Evopod Development Route Map
In 2011 the 1/10th scale model was adapted to enable grid connection. This involved developing a slip ring mooring
system that would allow the Evopod unit to rotate on its mooring but still permit the collection of power to shore.
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Figure 16 Evopod with grid connection Swivel Joint

More recently, the company is working on testing a ¼ scale model capable of generating about 35kW. Oceanflow
plans to deploy this quarter scale Evopod™ unit, in Sanda Sound, South Kintyre in 2013. Oceanflow has awarded
contracts to Southampton-based Designcraft which is building the turbine blades; Siemens in Germany which is
supplying the main gearbox and Optima Control Solutions of Blackburn which is developing the controls using a
totally integrated Siemens control system. The project was successful in winning Scottish Enterprise funding support
through its WATERS (Wave and Tidal Energy R&D Support) fund.
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5.3 CASE STUDY 2 – OYSTER
Aquamarine Power’s wave power technology, “Oyster”, is designed to capture energy from near shore waves and
then convert it into electricity. Essentially Oyster is a wave-powered pump which pushes high pressure water to
drive an onshore hydro-electric turbine [49].

Figure 17 Aquamarine Oyster [49]

Aquamarine approached Narec at an early stage in the development of their first large scale prototype unit which
was due to be installed and tested at the European Marine Energy Centre (EMEC) on Orkney. This was to be one of
the first wave power devices to be trialled at the EMEC facility with a target date of 2008/9. It was a significant
project for Narec as it involved a step up in scale and complexity from previous marine engineering projects for
clients. We were approached initially for support in the development of suitable instrumentation package for the
offshore device and to scope the design for appropriate power conversion equipment for the prototype unit. This
was followed by a design and build contract with subsequent Factory acceptance testing and onsite installation and
commissioning support.

5.3.1 Contract History
Given the nature of the project, the needs of the developer and lack of any pre-existing detailed electrical
specifications for the project, Narec had to provide a flexible approach to the developer that would not place undue
strain on either party. Therefore, the activities that Narec was involved in were phased as follows:
1. Phase 1: Feasibility. This was primarily an initial design scoping exercise for the power take off (PTO) and
instrumentation package. It was based upon a quote we provided in 2006 to deliver a set of outputs which
would be sufficient for the developer to progress towards full system construction with a reasonable
estimate of the costs and timescales for achieving such. Specifically it included:
a. Designing the 11kV power interface for the PTO equipment to the existing grid connection at EMEC.
b. Specifying and selecting the Pod mounted breaker, transformer, inverter and generator unit for
extracting energy from the Pelton turbine.
c. Specifying and designing the control, protection and instrumentation systems for both the electrical
and hydraulic systems within the Pod and the Oyster device.
d. Providing advice on the interfaces between the various systems and the underwater umbilical cable
associated with the on-board instrumentation
2. Phase 2: Construction. Having successfully completed the feasibility study and provided an estimate, the
value of the work was quite significant. Therefore, the client proposed that a standard construction contract
be used and in this case the NEC3 contract was used [50]. This provides a well-defined way of managing any
changes to the scope by either party. The scope of this phase of the project was:
a. Design, procurement, construction and “dry” testing of the Power take-off system within shipping
containers, suitable for installing at the test site.
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b. Design, construction and initial testing of the instrumentation system with support for the
installation of transducers etc at the fabrication yard.
c. Development of a Supervisory Control and Data Acquisition system (SCADA) and drive control
system for the complete PTO
3. Phase 3: Test 1
a. System trials of a single cylinder coupled to the PTO unit in the dry dock at Narec
4. Phase 4: Test 2
a. Onsite installation, commissioning and initial sea trials of the complete system.

5.3.2 Characteristics Relevant to PTO Design
The primary source of energy for this device is near shore waves. Referring to Figure 17, the device consists of a
buoyant actuator which is hinged and anchored on the sea bed. Attached to the actuator is one or more hydraulic
pistons which react against any actuator movement to drive hydraulic fluid towards a land based PTO unit. The
method of energy extraction is for the passing waves to “push & pull” the buoyant structure away from the vertical
position and at the same time force fluid into a Pelton turbine which in turn drives a generator and produces
electricity.
One of the major challenges for this type of wave energy device is the dynamic range and pulsed nature of the
power within the primary energy resource, i.e the waves. Assuming a device extracts most of its energy as the wave
front passes the device, there can be a period of many seconds between wavefronts which is problematic for
developing a continuous power output from the device. This type of wave device is therefore normally staggered in
an array such that the natural timing of waves and the devices would tend to average out the peaks and troughs at a
common power take off. From the point of view of designing a PTO unit, the main challenge is ensuring the
utilisation factor of the converter equipment is high whilst also managing the pulsating input power and dynamic
range of power.
As an illustration of the problem, an example scatter diagram is shown in Figure 18 for a typical deep water location.
It includes contours of constant wave power that illustrate the relationships between power (P), wave height and
period. In fact, the power in waves is proportional to wave period (P∝T) and wave height squared (P∝H 2 ). (The
scatter diagram is analogous to the wind speed and direction distribution used to describe wind climates.). The blue
lines are contours of constant wave power, and indicate that most sea states carry energy below 50kW/m, but a few
rare sea states carry more than 400kW/m. As an example, a single sea state with significant wave height 4.25m and
energy period 10.75s is circled in red [51]. Note, this simple relationship applies to deep water waves, for near shore
waves the analysis is considerably more numerically complicated and beyond the scope of this document.

Figure 18 Example Scatterplot showing sea states frequency [51]

Thus, for the Oyster prototype the PTO had to be designed to withstand the high peak pressure produced by the
hydraulic ram as the wave front meets the device, to extract the maximum amount of energy from each wave and
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also to store as much energy as practicable between wave fronts, in an effort to achieve continuous power flow and
improve converter utilisation. In the prototype device this was to be achieved using a combination of hydraulic
accumulators and a flywheel mounted on the same shaft as the Pelton turbine and generator.

5.3.3 PTO Design
The PTO design involved selecting and configuring an 11kV to 400V Variable Speed Drive system (VSD) and
associated components with a supervisory control system to operate the control valves and monitoring equipment
for both the offshore device and the VSD. Some points of interest are highlighted in the following section.

5.3.3.1 Grid and Instrumentation
EMEC provide an 11kV breaker connection and require the ability to remotely disconnect any device, they also
require that any connected device is compliant with the appropriate connection standards to ensure the risk of
adversely affecting other users is minimised. In the UK this is largely covered by the Engineering Recommendation
G59 standard. Essentially, this defines the tolerance for supply voltage, frequency, harmonics etc and defines how
the device should behave when there is a loss of mains event etc.
A suitably rated 11kV /400V transformer was selected and everything else was designed to be housed within two
shipping containers, one for the VSD and controls and the other for the rotating machinery. A commercially available
VSD system with an active front end was identified as being an ideal candidate for this project. This would have the
ability of controlling the speed of the Pelton Turbine to achieve the optimum operating conditions for the flow rate
from the hydraulic system.

Figure 19 PTO Power and Single Line Diagram

Some basic protection requirements were identified as being necessary to protect the incoming supply and satisfy
EMEC’s requirements:
Overcurrent protection and fault clearing
o The VSD must be able to limit the current in the 400V connection to the grid by both
electronic and hardware means. For example, an MCCB and/or Fuses on the incoming
feed as well as fast gate inhibiting techniques within the power electronics.
o Prospective fault current: A fault in the cables between the VSD cubicle and the 400V
transformer could result in a prospective fault current of up to 15kA. The VSD
protection must be capable of protecting the cubicle wiring properly.
G59 protection
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o In order to meet the requirements of G59, The VSD must be able to isolate itself from
the 400V supply, preferably using a contractor, under the following conditions:
 Over voltage
 Under voltage
 Over Frequency
 Under Frequency
 Loss of mains
o The VSD must remain disconnected until the supply returns to normal for a period of
time, typically 3 minutes, after which it should be capable of automatically restarting.
Thermal protection
o

The VSD must be able to detect and trip if over temperature conditions within the
motor and/or drive cubicle exist.

5.3.3.2 Control Requirements
Supervisory control was required to manage the start-up and shutdown procedures for the PTO and to provide
reporting of the operating status. It fundamentally needed to avoid any dangerous operating conditions such as
over-speed etc being experienced and to ensure safe shut down in the event of such an overload event or a
component failure. The VSD needed to be able to operate in speed control until the nominal operating speed for the
device was achieved and then once running operate in a combination of torque with speed limiting to control the
power flow from the turbine. Some specific features that were required within the supervisory system included:
 Hardware I/O for interfacing to valves and sensors and remote instrumentation (4-20mA)
 Sufficient processing capability for hosting the operating algorithms
 Data logging capability
 Remote operation and configuration capability
 Robust operating system (industrial controller e.g PLC)

5.3.4 PTO Construction and Testing
The PTO was built, and initial functional tests carried out, at Narec. It was relatively easy to verify that the interfaces
within the two containers were working properly and to spin up the drive system to verify that the rotating
machinery was operating without issue. These tests included:
 I/O check
 Instrument calibration
 Control program
 Instrumentation
 Valve skid operation
 Overspeed trip operation
 Emergency stop operation
 System performance, bearing vibration, temperature, spear valve operation (movement)
 Algorithms, correct output.
However, there was concern that this was not a representative test of the overall system. Given the relative
geographical remoteness of the EMEC installation site and the prototype nature of the device at that present time it
was considered prudent to consider a further testing.
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Figure 20 Rotating Machinery in Mechanical Container

Figure 21 Variable Speed Drives and Control System

5.3.4.1 Dock Testing
The proposed solution was to mock up some of the main elements of the hydraulic system in an effort to replicate,
as far as possible, the operating conditions as might be found in the final installation. A single cylinder and hydraulic
manifold from the Oyster prototype unit were installed in the Narec facility (Figure 23 & Figure 24). The Oyster main
cylinder was actuated using multiple conventional hydraulic cylinders powered by a portable HPU and diesel
generator (Figure 25). The schematic set up of the test is shown in Figure 22.

Figure 22 Docks Test Schematic
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Figure 23 Installing Hydraulic Manifold

Figure 24 Single Calendar Installation

Figure 25 Connecting Hydraulic Hoses

The Docks environment tested the PTO using a hydraulic power pack and water pumped by a large cylinder. This
tested the following;
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PTO Operation & Control.
Overspeed trip.
Non return valve operation.
Operational test under varying sea states.

5.3.5 Commissioning at Orkney
Following completion of the testing in the Narec Docks Environment the PTO and its supporting equipment was
shipped to Orkney for its next phase of testing which was integration into the full Oyster WEC system. The scope of
Narec’s involvement in this phase of the project was to;
1. Check of subsea instrumentation before installation
2. Installation & commissioning of PTO system
3. Undertake operative training

Figure 26 PTO at EMEC

Figure 27 Flap at Fabrication Facility
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Figure 28 : Flap Installation at EMEC

5.3.6 Oyster’s Development Route Map
Since completion of the project activities described within this case study the development of the Oyster technology
has continued to a further up scaling to the technology and plans to develop commercial arrays.
Oyster 1, Orkney

Oyster 800 project, Orkney

West coast, Orkney

North-west Lewis

Installation of the first 315kW Oyster wave energy device at Billia Croo off the
coast of Orkney in 2009. Oyster 1 successfully demonstrated our hydroelectric
wave energy concept and delivered over 6000 offshore operating hours over
two winters.
Operational testing of the second-generation Oyster 800 wave energy machine
in June 2012. We also produced first electrical power to the grid the same
month
Granted in partnership with SSE Renewables, an exclusive lease option on an
area of seabed off the west coast of Orkney. This allows work to start with
stakeholders on the first phase of the proposed Oyster wave farm.
Lewis Wave Power Limited (a wholly owned subsidiary of Aquamarine Power)
secured seabed leases to capture up to 40MW of wave energy off the west
coast of Lewis in May 2011.
Table 4 Oyster Technology Route Map
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6 APPENDIX 1 – COMMON TERMS
Acoustic Current Profiler
An instrument that produces a record of water current velocities, for specified depth and time intervals, over a predetermined distance through the water column.
Annual Energy Production
An estimate of the total energy production of a device over a one-year period, obtained by applying the measured
power curve to a set of resource predictions.
Averaging Period
The period of time, in minutes, over which data samples are averaged to calculate a data point.
Complex Terrain
The terrain surrounding the test site that features significant variations in topography and terrain obstacles that may
cause flow distortion.
Control System
A sub-system which receives information about the condition of the device and/or its environment, and adjusts the
device in order to maintain it within its operating limits.
Conversion Efficiency
The measure of the overall effectiveness of a device calculated as the ratio of electrical power output in relation to
the incident power in the resource.
Current
The flow of water past a fixed location, usually described in terms of a current speed and direction.
Current Profile
The variation in velocity throughout the water column, typically displayed as a function of height above the seabed.
Current Profiler Bin
A distance interval, typically vertically on the order of 1m or less, that is used to group data samples and data points
for calculation of certain parameters according to their corresponding distance above the seabed or below the
surface.
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Cut-in Point
The resource level at which point the generator begins to produce positive power (i.e. the point at which it has
overcome any parasitic load).
Cut-out Point
The resource level above which point a generator ceases to produce power due to control action (i.e. for selfpreservation).
Data Point
A single measurement used to populate bins and obtained from averaging instantaneous data samples over the
specified averaging period.
Data Sample
A single measurement obtained at a minimum sampling frequency of 1 Hz used, along with other data samples, in
the subsequent calculation of a data point
Data Set
The collection of data points calculated during a specific portion of the test period, and is a subset of the test data.
Data Bins
The data bins are groupings of test data arranged in regular measured intervals (i.e. speed, distance etc). Each bin
will record how many samples have been taken at each interval, their sum, and the average value.
Data Acquisition
A digital data acquisition system, monitoring key resource variables, as well as the device output, at a minimum
sample rate of 1Hz.
Design Wave
A deterministic wave with a defined height, period, and direction, used for the design of an offshore structure. A
design wave may be accompanied by a requirement for the use of a particular periodic wave theory.
Energy Extraction Plane
The plane that is perpendicular to the principal axis of energy capture, where device rotation or energy conversion
nominally occurs.
Environmental Conditions
The characteristics of the environment (wind, wave, sea currents, water level, sea ice, marine growth, scour, and
overall seabed movement), which may affect the behaviour of wind turbines, or wave and tidal devices.
Equivalent Diameter
The equivalent diameter (𝐷𝐸 ) is a common method used to transform a device that is non-circular in cross-section
(where the cross section is parallel to the energy extraction plane), into an equivalent device with a circular crosssection. A simple formula to determine this equivalence is;
4𝐴
𝐷𝐸 = √
𝜋
where A is the projected capture area.
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Expanded Uncertainty
The expanded uncertainty is the combined uncertainty multiplied by a coverage factor to give an increased level of
confidence that the measured value lies within the stated limits.
External Conditions
The factors which affect the operation of offshore wind turbines, or wave and tidal devices. This could include
environmental conditions, electrical network conditions, or other climatic factors (temperature, snow, ice etc).
Extrapolated Power Curve
An extension of the measured power curve by estimating power output from the maximum measured resource to
the cut-out point of the device.
Extreme Significant Wave Height
The expected value of the highest significant wave height, averaged over 3 hours, with an annual probability of
exceedance of 1/N (where N is the recurrence period of N years).
Extreme Wave Height
The expected value of the highest individual wave height (generally the zero up-crossing wave height) with an annual
probability of exceedance of 1/N (where N is the recurrence period of N years).
Fetch
The distance over which the wind blows constantly over the sea, with approximately constant wind speed and
direction.
Free Stream Condition
Boundary condition description for a device operating in a sufficiently large channel and without external influence,
such that its performance is equivalent to a device operating in the centre of a channel having a cross-section of
infinite width and depth.
Generator Output Terminals
The point of a power generator where the output is available as an AC signal at the grid network frequency. In the
case of a DC output machine, the output terminals are defined as the point where output power is available for
battery charging, or direct connection to the load.
Generator Rated Power
The maximum continuous electrical power measured at the generator output terminals, which it is designed to
achieve under normal operating conditions.
Highest Astronomical Tide
The highest still water level that can be expected to occur under any combination of astronomical conditions and
under average meteorological conditions.
Hindcasting
A method of simulating historical metocean data for a region, through numerical modelling.
Hub Height
The energy extraction plane horizontal centreline distance from the ground or sea floor.
Icing
A build-up of a cover of ice or frost on parts of an offshore device that can result in added loads and/or changed
properties.
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Low Cut-out Point
Resource level below which point a device does not produce power.
Lowest Astronomical Tide
The lowest still water level that can be expected to occur under any combination of astronomical conditions, and
under average meteorological conditions.
Marine Conditions
The characteristics of the marine environment (waves, sea currents, water level, sea ice, marine growth, seabed
movement, and scour etc), which may affect the behaviour of wind turbines, or wave and tidal devices.
Marine Growth
The surface coating on structural components caused by plants, animals, and bacteria.
Mean Sea Level
The average level of the sea over a period of time long enough to remove variations due to waves, tides, and storm
surges.
Mean Zero Crossing Period
The average period of the zero crossing (up or down) waves in a sea state.
Measurement Sector
A sector of resource directions from which data are selected for the measured power curve.
Method of Bins
A method of data reduction that groups test data for a certain parameter, into sub-sets typified by an independent
underlying variable.
Net Electrical Power Output
The net active power at the output terminals, excluding any power generated by on-board ancillary generators or
imported via separate cables.
Normal Shutdown
A shutdown in which all stages are under the control of the control system.
Obstacles
An object which blocks the resource and creates distortion of the flow (i.e. rocks, structures, nearby devices, trees)
Operating Limits
A set of conditions defined by the device designer that govern the activation of the control and protection system.
Power Curve
A table of data and a graph which represents the measured, corrected, and normalised net power output of the
device as a function of the resource level (i.e. wind, wave or tidal energy) under a well-defined measurement
procedure.
Power Form
The physical characteristics which describe the form in which power produced by the device is made deliverable to
the load
Power Take Off
A mechanism that converts the motion of the prime mover into a useful form of energy such as electricity
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Prime Mover
The physical component that acts as the interface between the resource and the energy converter from which the
energy is captured
Principal Axis of Energy Capture
An axis parallel to the design orientation or heading of a device passing through the centroid of the projected
capture area.
Principal Flow Direction
The primary orientation or heading of the tidal current. The primary flow directions for flood and ebb tides are
normally 180° apart, however the exact difference between these two directions is determined by site specific
factors such as bathymetry.
Projected Capture Area
The frontal area of the energy capture device, including any ducting or other structures which contribute to the
power extracted by the device perpendicular to the principal axis of energy capture. If the upstream and
downstream areas of the device are different, then the larger area should be used in any calculation of system
efficiency.
Protection System
The system which ensures that the operation of the device remains within the design limits.
Rated Power
The quantity of power assigned to a specific operating condition of a device, in terms of the input resource (i.e.
output power at 11m/s wind speed)
Rated Water Velocity
The lowest mean water velocity at which the energy converter produces its rated power at its output terminals.
Refraction
A process by which wave energy is redistributed as a result of changes in the wave propagation velocity, due to
variations in water depth and/or current velocity.
Residual Currents
The components of a current other than tidal current. The most important is often the storm surge current.
RMS Fluctuating Velocity
The root-mean square of the current variations in each current profiler bin.
Rotor-Nacelle Assembly (RNA)
Part of an offshore wind turbine carried by the support structure i.e. tower and sub-structure
Scour
The removal of seabed soils by currents and waves, or caused by structural elements interrupting the natural flow
regime above the sea floor.
Sea Floor
The interface between the sea and the seabed.
Sea Floor Slope
The local gradient of the sea floor, for example associated with a beach.
Seabed Movement
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The movement of the seabed due to natural geological processes.
Shear Profile (Marine)
The vertical variation of the mean current velocity across all measured current profiler bins.
Significant Wave Height
The statistical measure of the height of waves in a sea state, defined as 4 𝑥 𝜎𝜂 where 𝜎𝜂 is the standard deviation of
the sea surface elevation. In sea states with only a narrow band of wave frequencies, the significant wave height is
approximately equal to the mean height of the highest third of the zero up-crossing waves.
Standard Uncertainty
The uncertainty of the result of a measurement expressed as a standard deviation.
Still Water Level
Abstract water level calculated by including the effects of tides and storm surge, but excluding variations due to
waves. The still water level can be above, at, or below the mean sea level.
Sub-structure
Part of an offshore wind turbine support structure which extends upwards from the seabed and connects the
foundation to the tower.
Swell
A sea state in which waves generated by winds remote from the site, have travelled to the site rather than being
generated locally.
Tank Testing
Evaluation of device performance and properties under controlled hydrodynamic conditions
Test Availability
The ability of a marine energy conversion system to be in a state to perform a necessary function under given
conditions at a given instant of time or over a given duration, assuming that the necessary external resources are
provided.
Test Data
All data points collected during the test period.
Test Period
The statistically significant database produced between first data collection and last data collection, for the purpose
of device power performance assessment.
Test Site
The test site is the location of the device under test and its surroundings.
Tidal Current
The current resulting from tides.
Tidal Range
The distance between the highest astronomical tide and the lowest astronomical tide.
Tower
Part of an offshore wind turbine support structure which connects the sub-structure to the rotor-nacelle assembly.
Turbulence Intensity (Wind Turbines)
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The ratio of the standard deviation of the wind speed in a given time interval, to the mean wind speed in the same
time interval
Wave Period
The time interval between the two zero up-crossings which bound a zero up-crossing wave.
Wave Steepness
The ratio of the wave height to the wave length.
Weather Downtime
One or more intervals of time during which the environmental conditions are too severe to allow for execution of a
specified marine operation.
Wind Shear
The variation of wind speed across a plane perpendicular to the wind direction.
Velocity Bin
A velocity magnitude interval, typically on the order of 0.1m/s or less, that is used to group data samples and data
points for calculation of certain parameters according to their corresponding velocity value.
Wind Profile – Wind Shear Law
The mathematical expression for assumed wind speed variation with height above still water level. Commonly used
profiles are the logarithmic profile (equation A), and the power law profile (equation B) shown below;
𝑉(𝑍) = 𝑉(𝑍𝑟 ) .

𝑙𝑛(𝑧⁄𝑧0 )
𝑧
𝑙𝑛( 𝑟⁄𝑧0 )
𝑧 𝛼

𝑉(𝑧) = 𝑉(𝑧𝑟 ) . (𝑧 )
𝑟

where
𝑉(𝑧)
𝑧
𝑧𝑟
𝑧0
𝛼

(A)
(B)

is the wind speed at height 𝑧
is the height above the still water level
is a reference height above the still water level used for fitting the profile
is the roughness length
is the wind shear (or power law) exponent

for normal wind conditions, the power law exponent, 𝛼, is 0.14
Zero Up-crossing Wave
The portion of a time history of wave elevation between zero up-crossings. A zero up-crossing occurs when the sea
surface rises (rather than falls) through the still water level.
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INTRODUCTION
Marine Renewables Testing Centres are not uniformly configured or constructed; therefore standardisation is an
important aspect to the MaRINET Network Members. This questionnaire serves to gather basic information from all
Members from which more detailed analysis can be drawn. It would be useful to relate the results to the various
stages of a Structured Development Plan as shown in Figure 4 (see http://www.fp7-marinet.eu/about_test-stagesprotocol.html for further details).

Figure 29

The questionnaire covers a range of Electrical, Mechanical, Data Acquisition, Instrumentation, Control and Turbine
System information. Please feel free to add other pertinent information.
Where more than one facility is operated by a Member, it may be suitable to use one questionnaire per facility.
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GENERAL INFORMATION
No
1
2
3

Question
Please state the name of the Facility
Which Network Member operates this facility?
What type of Test Facility do you operate?
How many turbines have been tested in the past 5
years?

4

Approximately, what percentage of tested devices
originated from the following geographical areas

5

What is the average duration of a test for each stage
of development?

6

What was the primary purpose of the testing?
E.g. Cooling systems, Control Systems, Electrical
Systems, Blades, Gearboxes, Blade systems, Design
model validation, Simulation Validation, Proof of
Concept, Technology Demonstration, etc
What was the rated power of these devices?

7

8

What was the configuration of these turbines (i.e.
direct drive, geared, hybrid, PM, DFIG, etc?

9

What percentage of devices at each stage were Grid
Connected during testing?
What voltage levels were these?

10

How many devices have failed during testing?
(e.g. due to a dangerous condition occurring; device
failure causing test plan to be revised or halted etc.)

11

What were the failure modes?

Response

Small Lab / Large Lab / Medium Site / Large Site
Wave / Tidal / Offshore Wind / Cross-cutting
Stage 1
Stage 2
Stage 3
Stage 4
Stage 5
EU
Americas
Asia
Other
Stage 1
Stage 2
Stage 3
Stage 4
Stage 5
Stage 1
Stage 2
Stage 3
Stage 4
Stage 5
Stage 1
Stage 2
Stage 3
Stage 4
Stage 5
Stage 1
Stage 2
Stage 3
Stage 4
Stage 5
Stage 1
Stage 2
Stage 3
Stage 4
Stage 5
Stage 1
Stage 2
Stage 3
Stage 4
Stage 5
Stage 1
Stage 2
Stage 3
Stage 4
Stage 5
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What is the minimum level of data / information required from the
Test Client before a testing contract is agreed?
What further data / information is required from the Client between
Contract and Installation / Deployment?

MEASUREMENTS, DATA ACQUISITION AND REPORTING
No
1

2
3
4
5

6
7

8
9

10
11
12

13

Question
Response
Which input quantities measured?
E.g Blade Angle of Attack, Flow speed, Shaft Torque, Bending
Moments, etc.
How are these quantities measured?
Which output quantities measured?
E.g Voltage, Current, Tip Speed, forces, torque, etc.
How are these quantities measured?
In addition to these input and output quantities, what other
measurements have commonly been taken during the tests? (e.g.
bearing temperatures, vibrations, power quality etc)
For each measured quantity, to what percentage uncertainty were
these measurements taken?
Do you have processes to ensure measurements are traceable to Customer-fitted
National Standards?
Facility-fitted
Custom installed
In what format is data stored?
Is data recorded using a standard commercial data acquisition
package, a custom-written generic package, or using code customwritten for each test?
What are the minimum, maximum and average data acquisition (and
storage) rates used?
For how long is data retained at the Testing Centre?
How is data processed before being transferred to the Test Client?
(i.e. is raw data only provided to the Client? If not, what processing
is carried out?)
Are reports formed from a generic template (created by the Test
Centre), or is each report customer-specific?

TEST DESIGN, MODELLING AND SIMULATION
No
1
2
3
4
5
6

Question
What standards or guidance was used to develop or perform the
tests?
Are simulations performed before testing commences to determine
how the device will operate in the test environment/rig?
Are these simulation models generally created by the Test Centre or
the Test Client?
Are the simulation models run by the Test Centre or Test Client?
Are the models Static model or Dynamic model?
Are simulations carried out by the Test Client verified by the Test
Centre, and vice versa?
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What simulation codes or software are used?
How is the duration and content of tests determined?
(e.g. by standards, by the test client, by external standards
organisation, by the test facility, etc.)
Are the test durations determined by the Test Client, Test Facility, a Stage 1
Standards Organisation or other body?
Stage 2
Stage 3
Stage 4
Stage 5
What percentage of tests were for certification or some other form Stage 1
of accreditation?
Stage 2
Stage 3
Stage 4
Stage 5
Which industry standards are used for this purpose?

DYNAMOMETER-TYPE TEST FACILITIES
No
1
2
3

4

5

Question
If loads are imparted artificially (i.e. in a Dynamometer-type test
facility), how many axes are loads imparted in?
How are these load cases generated (e.g. from measured in-field
conditions, from a CFD model, from a standard etc?)
Are tests generally open loop or closed loop? i.e. test rig operate
with pre generated (i.e. offline/no real-time update) load cases or
load cases being generated online (i.e. real-time) while the test is
running.
What test factors have been used (where 100% would be equivalent Stage 1
to full load rating)
Stage 2
Stage 3
Stage 4
Stage 5
Are tests for Full Rating, Overload Endurance, or Highly Accelerated Stage 1
Lifetime Testing?
Stage 2
In general, what are the test being conducted (i.e. full rating, Stage 3
overload test, accelerated life test, functional test, etc.)
Stage 4
Stage 5
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