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EXECUTIVE SUMMARY
Testing plays a vital role in many of the stages of a product life cycle. Experiments are generally conducted to obtain
physical evidence to support or disprove a hypothesis. Consequently the purpose of the experiment is the central
objective when designing an experiment. The design of experiment process optimises the experiment to achieve a
high quality and quantity of data sets. Ideally, testing has to be performed throughout all the stages of product
development.
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 products.
• 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.

The vast majority of the tests being performed in the Ocean Energy areas are related to the testing of the physical
prototypes, with the main objective of validating a determined concept. In many cases, the research and subsequent
tests of the generator, power electronics and grid connection part are forgotten. This is a common mistake that can
cause many problems like instability, inefficiency and underperformance of a prototype. As well as great delays and
high costs provoked by poor behaviour of these parts.
Dynamic tests in Hardware in the Loop (HIL) test-beds are very extended in Wind Turbine testing where the
validation of the physical concept is not a challenge anymore. It is expected that these tests will become essential for
ocean energy in the near future, when the technology of the devices will not be so questioned and the control and
grid connection will become the new challenge.
The main objective of these tests is to analyse the viability of the concept from the electric point of view. Usually
hard work is done in order to validate the WEC concept, efficiency, survivability etc. But it is very interesting to know
if the concept is electrically viable. With the results of the prior tank tests, and the information of the developed
models, a first design of the generator and electronic equipment is usually developed. On the other hand, research
on control methods is also carried.
These concepts and controls need to be tested in a HIL test-bed. The controls are previously developed in
mathematical models and simulations but must be tested in real equipment where physical limitations are present.
It is important also to test all the controls in a controlled laboratory environment where repeatability of
tests/working conditions is possible.
In short, the hardest work is usually done in the validation of the device concept and evaluation of its power output.
But, there is also research to be done on the generator, power electronics and grid connection part. The conceptual
design of this electrical part is represented in a wave to wire model. This model also helps in the design of control
algorithms which aim to maximize the efficiency of the turbine at all sea-states while maintaining proper power
quality in the grid connection. Therefore, this electrical design and control laws must be tested in a controlled
environment because mathematical models represent a too idealistic condition.
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1 INTRODUCTION
Testing plays a vital role in many of the stages of a product life cycle. Experiments are generally conducted to
obtain physical evidence to support or disprove a hypothesis. Consequently the purpose of the experiment is the
central objective when designing an experiment. The design of experiment process optimises the experiment to
achieve a high quality and quantity of data sets. Ideally, testing has to be performed throughout all the stages of
product development.
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 products.
• 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 budgets necessary to finance the practical activities.
The wind turbine industry is relatively mature given that commercial scale wind turbines have been around for
decades. There is a wide range of wind turbines which have 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 configuration. While there is a wider variation of small-scale wind turbines, the
horizontal axis configuration is the most popular. Standards and recommendations (IEC 61400, BWEA, AWEA etc.)
exist for designing and more significantly, testing of this technology.
Marine renewable energy technologies (wave and tidal) are in their relative infancy. Recently, full scale
prototypes of tidal energy converters have undergone field tests in various locations around the world. The
horizontal axis turbine remains the most common among these prototypes. However turbines which operate on
different principles are still being pursued.
Wave energy devices 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,
the components of PTO of wave devices vary significantly from device to device.
Given that no standards existed for certification or testing of wave and tidal energy converters as of 2010,
EQUIMAR protocols [1] set out a list of good practices for testing wave and tidal 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) [2]. 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
Uncertainty analysis and quality assurance.
Qualities of prototype models
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•
•

With respect to tank testing of wave and tidal devices.
Archival and data storage
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2 GENERAL TEST OBJECTIVES
Although wind turbine industry is relatively mature and has well established testing procedures, this is not the
case for wave and tidal energy converters. Their lack of device convergence has led to a wide variety of
alternatives where testing protocols are not always clear.
Subsections 2.1 and 2.2 will show an example of the existing dispersion when fulfilling the tests [3].

2.1 WAVE ENERGY CONVERTERS TESTING
The design of WEC’s has not converged to a small or defined group of configuration. Consequently, there are 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 underestimated 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. [4] 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 [5]. The tests were used to demonstrate the operating principles of the device. In addition the model was
used to test control algorithms of the device. Seeing as the technology is more advanced than others, the data
from the results were used to validate a numerical model of the device. The experience from the 1/7th scale
model was used to develop a module which forms part of the full scale 1MW prototype. 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 section of published work in the field is noted below;
• Natazi et al [6] used a bidirectional gas turbine testing facility to assess the performance of a novel
impulse turbine for an oscillation water column.
• Linear generators provide a good option for converting mechanical movement to electricity in wave
energy devices because it eliminates the need for mechanical interfaces with complex hydraulic or
pneumatic systems. In addition, the motion of the device can be influenced by controlling the generator.
Baker et al. [7]describes an experimental set up for testing linear wave energy PTO.
• Sheck et al. [8] 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 to as a spring to eliminate a
phase shift between velocities was tested on the liner 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.
• Prudell et al. [9] 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. [10] described the test facility which can perform dynamic testing using captured or
generated wave profile in more detail.
• Agamloh et al. [11] used the same equipment to test and validate a MATLAB model of a WEC generator.
• The Oscillating water Column (OWC), a WEC with a Pneumatic type PTO is one of the more researched
concepts. Most common PTOs for OWC utilise wells turbine or an impulse turbine. A comparative study
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•
•

•
•
•

•

•
•
•

on OWC PTO was performed by Maeda et al. [12] 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 [13], 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 [14]. 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.
A common practice in numerical modelling involves crying out a mesh refinement study to demonstrate
the influence of mesh size on numerical accuracy. The novel WRASP was successfully tested at a 100th
scale by Bhinder et al [15] to validate the mesh independence of CFD model of the device.
Experiments conducted by Danielsson [16] was not used only to verify the design of a WEC generator but
was used as a precursor to field deployment by clarifying difficulties may arise offshore and improving
building experience.
Typical control goal for WEC’s is to achieve oscillatory velocity that is in phase with the excitation force
from the incident wave. 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 [17].
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 [18] 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, several tank tests were
conducted which enabled the generation of a generic power capture curve for geometric optimisation,
Henry et al, [19].
In Lopes et al. [20], 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. [21]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.

2.2 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 of tidal turbine rotor 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 [22] performed a comparison test
where scaled model experiment results were compared to numerical calculations and simulations. The
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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 [23], 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.
In their analysis, Shah and Williams [24] constructed a prototype magnetic gearbox for contra rotating
tidal turbines. The gearbox which has a maximum theoretical torque of 12.51 Nm 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 [25] prototype was tested in ISET
(now Fraunhofer IWES) laboratory in Kassel.

2.3 STRUCTURED DEVELOPMENT PLAN
As shown in subsections 2.1 and 2.2, researchers have not followed any methodical testing procedure. This lack of
a standardized guidance in the testing plan has resulted in significant investment losses, slow rate of technology
development and credibility issues for the sector. In order to attempt a standardised approach to development,
an international Structured Development Plan has been produced. This concept, based on proven steps
established by NASA and widely used by many engineering research establishments, has gained acceptance
worldwide through the International Energy Agency's intergovernmental collaboration 'Ocean Energy Systems
Implementing Agreement' (OES) and through the European FP7 project EQUIMAR, which developed the concept
using Technology Readiness Levels and other metrics. It is now used as the main development and assessment
method in the US and Europe.
The Structured Development Plan [26] sets out the development Stages required for a marine renewable energy
concept to achieve commercial reality.
The protocols for wave, tidal and offshore-wind energy differ slightly, but the basic concept of following a
Structured Development Plan is the same. An example of the wave energy Structured Development Plan is given
below. In all of the Stages, there is a requirement for testing of physical models.
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Figure 1: Structured Development Plan for Wave Energy

It can be seen that the Stages in this Plan progress from small scale tank tests to intermediate tests and finally
large scale field trials. In the past, many device developers have taken research results from small scales and
jumped directly to the large scale field devices. All of the devices that have missed these intermediate steps have
failed.

2.4 TESTING AT ELECTRICAL PTO SIDE
The vast majority of the tests being performed in the Ocean Energy areas are related to the testing of the physical
prototypes, with the main objective of validating a determined concept. In many cases, the research and
subsequent tests of the generator, power electronics and grid connection part are forgotten. This is a common
mistake that can cause many problems like instability, inefficiency and underperformance of a prototype. As well
as great delays and high costs provoked by poor behaviour of these parts.
Dynamic tests in Hardware in the Loop (HIL) test-beds are very extended in Wind Turbine testing where the
validation of the physical concept is not a challenge anymore. It is expected that these tests will become essential
for ocean energy in the near future, when the technology of the devices will not be so questioned and the control
and grid connection will become the new challenge.
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The main objective of these tests is to analyse the viability of the concept from the electric point of view. Usually
hard work is done in order to validate the WEC concept, efficiency, survivability etc. But it is very interesting to
know if the concept is electrically viable. With the results of the prior tank tests, and the information of the
developed models, a first design of the generator and electronic equipment is usually developed. On the other
hand, research on control methods is also carried.
These concepts and controls need to be tested in a HIL test-bed. The controls are previously developed in
mathematical models and simulations but must be tested in real equipment where physical limitations are
present. It is important also to test all the controls in a controlled laboratory environment where repeatability of
tests/working conditions is possible.
In short, the hardest work is usually done in the validation of the device concept and evaluation of its power
output. But, there is also research to be done on the generator, power electronics and grid connection part. The
conceptual design of this electrical part is represented in a wave to wire model. This model also helps in the
design of control algorithms which aim to maximize the efficiency of the turbine at all sea-states while
maintaining proper power quality in the grid connection. Therefore, this electrical design and control laws must
be tested in a controlled environment because mathematical models represent a too idealistic condition.

2.4.1 Main objectives
The main objective of these tests is to analyse the viability of the concept from the electric point of view.
Researchers usually work hard in order to validate the WEC concept, efficiency, survivability etc. But it is very
interesting to know if the concept is electrically viable. With the results of possible prior tank tests, and the
information of the developed models, a first design of the generator and electronic equipment can be developed.
On the other hand, research on control methods can also be carried.
The controls that previously are being developed in mathematical models and simulations must be tested in real
equipment where physical limitations are present. It is important also to test all the controls in a controlled
laboratory environment where repeatability of tests/working conditions is possible.
The specific objectives that can be achieved are the following:
o To validate the basic electrical operation of the concept, including the selected generator, power
electronics, controller, probes and sensors. In order to achieve this objective the whole electric
set-up is connected in the laboratory and different tests to check the electrical operation of the
system are performed. After these tests, the basic electrical operation of the proposed concept
including:
The correct design and wiring of the electrical system.
The correct individual performance of the electric elements (generator, power
electronics, sensors, controllers and protection elements).
The correct interaction between the different elements. Integration of the different
elements and their interaction with the controller can be tested here. Basic function
commands as for instance start and stop commands, grid connection command,
measurements acquisition, emergency brake etc. should be tested.
should be fully validated.
o Validation of the control algorithms. The HIL test-bench allows performing dynamic tests with the
real electrical equipment that is going to be used in the WEC. In this way, these tests are a step
forward with respect to the mathematical simulation performed previously in the projects. They
also allow to :
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o

Check the control software under normal and extreme sea conditions.
To perform the fine tuning of the controllers in order to accommodate the non-idealities
of the system (sensor delays, hardware response time, signal saturation etc.).
Check the control laws under normal and extreme sea conditions.
To perform repetitive tests, leaving the system working during several days, covering as much as
possible sea states. This allows fixing different hardware and software problems as for instance,
avoid overheating of the electrical components, avoid problems related to saturation of some
variables in the controller etc.
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3 STANDARDS1
Standards are developed when a number of people realise 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 far reaching consensus are
typically developed under the supervision of organisations who 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 the
Offshore Renewables are the IEC and ISO [3].

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. Founded in 1906, the IEC
(International Electrotechnical Commission) is the world’s leading organization for the preparation and
publication of International Standards for all electrical, electronic and related technologies. These are known
collectively as “electrotechnology”.
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 such 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.

1
This Section has been taken from the internal report “D2.25 Definition of Standarised PTO Test Procedures” developed by NAREC within Task 2.4 of the
Marinet project [1].
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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 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.
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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 [1]
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), [2]. 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
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
specific topic relevant to WEC and TEC PTO’s are identified below.
Reference
Name
Purpose
IEC/TS
Marine Energy – Wave,
A definition of standards Terminology
62600-1
tidal and other water
(2011)
current converters – Part
1),: Terminology
IEC/TS
Marine energy - Wave,
A definition of requirements to be implemented in
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
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covering a
Status
Published
2011

In draft

IEC/TS
Marine Energy - Wave,
62600-30 Ed. tidal and other water
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
62600-100
and other water current
(2012)
converters. Electricity
producing wave energy
converters. Part 100 Power performance
assessment
IEC/TS
Marine energy - Wave,
62600-101
tidal and other water
Ed. 1.0
current converters - Part
101: Wave energy resource
assessment and
characterization
IEC/TS
Marine energy - Wave,
62600-102
tidal and other water
Ed. 1.0
current converters - Part
102: Wave energy
converter power
performance assessment at
a second location using
measured assessment data
IEC/TS
Marine energy - Wave,
62600-103
tidal and other water
Ed. 1.0
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
IEC/TS
Marine energy. Wave, tidal
62600-200
and other water current
(2012)
converters. Electricity
producing tidal energy
converters. Part 100 Power performance
assessment
IEC/TS
Marine energy - Wave,
62600-201
tidal and other water
Ed. 1.0
current converters - Part
201: Tidal energy resource

A definition of the electrical power requirements for In draft
WEC’s and TEC’s

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

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

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
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assessment and
characterization
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. Of the documents referred mainly they have been developed by the IEC and ISO organisations.

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/SCs2, 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;

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

2

TC – Technical Committee, SC – Scientific Committee
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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 – information interchange –
representation of dates and times
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 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.
This document offers guidelines on how data from ADCP instruments should be compiled and stored, along with
information on data descriptors, and 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 International Hydrographic Organisation (2008), IHO standards for hydrographic
surveys,
Special
publication
No.
44.
5th
edition
(http://www.ihoohi.net/iho_pubs/standard/S-44_5E.pdf)
This 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 ISO/IEC Guide 98-3:2008, Uncertainty of measurement – Part 3: Guide to the
expression of uncertainty in measurement, (GUM : 1995)
This guide 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.
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4 GENERAL DESCRIPTION OF ELECTRICAL PTO SIDE
Most of the current WECs as well as all the wind turbines, convert the ocean/wind energy into a rotating
movement. There are multiple configurations for this purpose as mechanical, hydraulic, pneumatic PTO etc. After
this first energy conversion, the rotating movement must be converted into electrical energy and adapted to be
able to be injected into grid.
There are again different configurations for this purpose. This power conversion step has suffered a big impulse
with the evolution of wind turbines. However, it still poses a challenge for ocean devices where even if the
objective of the conversion is the same, presents major differences with the former application; operation ranges,
complicate environment, space limitation, different control approaches, etc.
The electrical conversion stage of each WEC consists in the following elements:
• Electrical generator: It can be linear or rotating generator although, most of the renewable applications
are based in rotating ones. Besides, it can be asynchronous or synchronous. The choice between one and
another is not simple. They present a different behaviour that compromises the choice of the power
converter and the control. Their advantages and disadvantages have been largely discussed in wind
turbine research.
• Power converter: It is the connection between the generator and the electrical grid. It allows the
generator frequency to be completely independent from the grid, and depending on the kind of
converter, it permits a high control of the generator speed, as well as allows controlling the quality of the
injected power.
• Associated elements: Electrical generator and power converters are the main components of the
electrical conversion but several other components are also needed such as DC-link Capacitor, DC-link
chopper resistor, AC filter, Control boards, etc.
A detailed description of these components as well as an explanation of the possible combinations can be found
in [27].

Figure 2: Back-to-back VSC configuration and its associated components [27]

4.1 SELECTION OF THE GENERATOR
As stated in [28] there are some common generator design requirements that are technology neutral. These can
be divided into the ones related to the environmental conditions and those related to the grid connection. One
important requirement is the suitability of the generator performance in the harsh environmental conditions of
the marine environment. A summary of the common generator design requirements is shown below [28]:
• Brush operation: The feasibility of the use of brush machines as the DFIG and the brushed SG in this
environment and its consequence maintenance is an issue to be tackled. Brush wear in brushed machines
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•

is the result of mechanical friction and electrical erosion. For a better maintenance, brushes should
operate close to the rated load current, since overcurrent and under load operation reduce the brush life.
Due to the pulsating nature of waves, WECs require a high peak to average rating, and so will operate
close to their peak or overload current ratings for a significant proportion of the time. This represents a
further complication in the employment of brushed machines. On the other hand, TECs and Wind
Turbines will have a smother operation that will make the use of brushes an alternative choice. Other
damaging factors for the brushes operation are humidity and chemical contaminants present in the air.
These factors can be partially controlled in offshore wind turbines, but not in WECs or TECs.
Operation and Maintenance: The use of brushes in the generator implies a costly operation and
maintenance that includes regular replacement (twice a year). This can be a complicated issue in OEC,
even in offshore wind.
Corrosive environment: When the generator is located offshore in the marine environment, it is
vulnerable to the effects of saline air or moisture. This will have the most detrimental effects on a PMSG
machine since NdFeB, which is the material of choice for high performance permanent magnet machines,
is very sensitive to corrosion. These materials can be destroyed within days if certain forms of corrosion
take hold.
Mechanical issues: Due to the high motions of OEC, system components will suffer severe mechanical
stress and bearings and couplings will have to be rated to absorb high shock loads. As an example, an
initial analysis of the impact of these motions on bearing design indicates that the static loading of the
bearings for a horizontal axis rotary generator, within a typical full scale device layout, increases at least
twofold. Generators with a higher power to weight ratio will have an advantage in this regard, as the
shock loading and bearing ratings will not be as severe. An analysis of the main generator alternatives
can be found in [29].

4.2 OBJECTIVES OF THE POWER CONVERSION STAGE
The previous section has analysed the specific requirements and constraints that are inherent to the generator. In
reality, the selection of the power conversion alternative of a device is very dependent on the objectives it has to
fulfil: kind of device, control approach, grid connection requirements etc. The specific generator requirements are
considered, but the selection of the power stage is taken globally, i. e. power converter and generator selection is
made at the same time. Usually, if the constraints of the application lead to a particular generator, the selection
of the power converter can be quite straightforward. This section describes the main purposes of the power
conversion stage in any ocean energy converter.

4.2.1 Power Conversion
Obviously this is the main objective of this stage. The conversion from mechanical to electrical energy is
performed by the electrical generator. There is a possibility to avoid the power converter and connect directly the
generator to the grid. In this case, the generator will not take part in the control and its speed would be related to
that of the grid with more or less flexibility depending on the kind of generator: synchronous generators will have
the speed strictly imposed by grid frequency, while asynchronous generators would allow a small variation.
This alternative was mostly used in the early stages of wind turbines and some of them have survived until today,
but it is not expected that this will be the trend in ocean energy devices. There are three main drawbacks that
make this alternative a non-interesting one:
• Poor energy capture: The speed of the generator is fixed to the grid. Therefore, it cannot be adapted to
work in optimal points of operation to obtain higher efficiencies.
• High mechanical stress: input power fluctuations are transmitted directly as torque pulsations, causing
mechanical stress. Drive train and gearbox must be able to withstand the absolute peak loading
conditions.
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Poor power quality: input variations are also directly transmitted to the grid.

Although the alternatives are open yet, it is expected that most of the ocean devices that are being envisaged, will
have a power conversion stage that includes power converters.

4.2.2 Optimization of energy capture
When controllable power converters are used, a variable operation of the generator is possible since power
electronics decouples grid frequency from rotor speed. The variability of the speed will depend on the power
converter capacity.
In contrast to the fixed speed operation, variable speed allows the optimization of the performance and efficiency
of the prime mover. OWC with variable speed air turbines and variable speed tidal turbines work like this.

4.2.3 Power quality improvements
As grid codes are becoming more and more demanding, renewable energy converters are obliged to contribute to
power system stability and are required to take over control tasks that were traditionally focused on conventional
power plants. These requirements imply topologies integrating more power electronics and advanced controls.
Variable speed allows the drive train act as a flywheel storing o delivering energy. For this reason the mechanical
stress is reduced and rapid power fluctuations are scarce, what implies better power quality.
Furthermore, power converters also allow advanced controls of active and reactive power, which, besides the
benefits of variable speed operation would allow the fulfilment of the most demanding grid connection
requirements.
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5 GENERIC
DESCRIPTION
INFRASTRUCTURES

OF

THE

ELECTRICAL

Although each facility has its own particularities, in general the electrical infrastructures can be divided into two
parts:
Emulated part:
Devices that capture ocean energy and transform it into rotating motion can be emulated by these
facilities. An electrical motor, configured as the ocean energy (OE) prime mover, is used to re-create the
dynamic response exhibited by an ocean energy device given a specific set of input conditions. The prime
mover motion is emulated by drive-controlled electrical motor which is usually coupled to a flywheel via a
gearbox.
Real part:
This is the physical equipment on the electrical power take off side. This equipment is an exact scaled
replica of the equipment that would exist on the full scale ocean energy device. The connection between
the emulated part and the physical part of the Rotary PTO is the mechanical shaft between the motor and
the generator.
A full scale ocean energy device with rotary power take off will include:
o Electrical generator
o Power electronics
o Sensors
o Control
o Cables to connect to the utility grid
The scaled facility includes each of these elements.

Figure 3: Typical configuration of a testing infrastructure
Figure 3 shows the typical configuration that could have a generic testing facility. The first part surrounded by a
blue dotted square represents the emulated part described above. It would have the same behaviour of the real

Rev. 5, 31-Jan-2014
Page 26 of 87

ocean device, where the shaft between the flywheel and the gearbox would behave as the shaft of the real
device.
The second part of Figure 3 is the real part.

5.1 EMULATION OF THE MECHANICAL PART
The first step in emulating the sea-state is to determine the scale of the test-rig with respect to the full scale
device being investigated. Details of the full scale device are needed to make this decision, for example, inertia,
speed range, torque range, power range. The flywheel allows variable inertia be added to the system. If the
required inertia is not physically available, software options are available to include ‘pseudo-inertia’. The seastates or speeds/torques of interest must also be scaled to match the scale of the test rig.
Each facility will use a different alternative to emulate the behaviour of the ocean device, but the structure of the
system may not differ a lot. The complexity of the mathematical model will depend on the application and the
objective of the tests. This model will be implemented in a real-time simulation software that will receive inputs
from the test bench (speed in Figure 3) and will feedback outputs (torque in Figure 3). For that purpose, a data
acquisition board has to be connected to the computer where the simulation software is running, and the inputs
and outputs must be adapted to the signals required by both, test bench and data acquisition board.
As an example, the mathematical model can be implemented in Matlab/Simulink and then communicated to the
test bench through a dSPACE board [30] or a XPC target [31]. The numerical modelling issues are better described
in Section 7.

5.2 PHYSICAL LIMITATIONS OF THE TESTING INFRASTRUCTURES
Each testing facility has been designed under some physical constraints that must be taken into account when
new devices are to be tested. Some of these constraints can be overcome by simple scaling, but when some
parameters are scaled, some others become fixed and usually they do not coincide with the parameters of the
device under test.
This section shows a selection of general constraints that this kind of facilities may have, as well as some solutions
to overcome these limitations.

5.2.1 Maximum Power
Physical components of the testing facilities have a maximum power that cannot be surpassed. The maximum
power is usually the parameter to be scaled. The rest of parameters will comply with the scaling factor that
results from the scaling of the power.
Depending on the control laws under test, it may happen that the ratio between maximum and mean power is
very high. Several publications on optimal control laws obtained by simulation work under this perspective. They
allow ratios up to 10, which imply a maximum power 10 times higher than the mean power. However, as [32]
evidences, this scenario is not realistic non desirable. On the one hand, it would imply the overrating of the power
conversion equipment (in the example, it would be 10 times bigger which becomes economically non-feasible).
On the other hand, another important consideration regards the efficiency of the whole power transfer. It must
be considered that electric machines and power converters have an efficiency that is affected by several factors,
such as the loading conditions, the rotational speed, etc.; although a precise evaluation of the effect of efficiency
is rather complex, the simplified efficiency curve of Figure 4 will be used as a function of the load factor, i.e. the
ratio between the extracted power and the nominal (rated) one. As expected, the efficiency is strongly decreased
when the extracted power is a small fraction of the nominal one. This has a different effect depending on the
selected control strategy.
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Figure 4: Efficiency curve of a generic power converter
This problem translates directly to the testing facility when the scaling is not properly applied or the control law
allows power peaks much higher than the mean power. In both cases, the testing facility will work underloaded
most of the time, which, as shown above, implies an important reduction in the efficiency of the overall system.
This underload problem will also affect most of the sensors of the facility. They are designed for a measurement
range, and their accuracy may decrease when measuring very low values.

5.2.2 Rotational Speed
The motor and generator of the facility will have a maximum rotational speed that cannot be surpassed. When
the scaling has been done on the maximum power, the rotational speed is directly scaled using the same factor. If
equivalence with the original device is desired, the rotational speed must be the one obtained after scaling.
As imagined, most of the times, the resulting scaled rotational speed does not coincide with the one of the
facility.
However, this problem can be easily overcome. In this kind of facilities, the mathematical equations of the
physical device are simulated and there is an interaction with the facility through a data acquisition board.
Usually, the mathematical model imposes the torque of the device and sends this signal to the test bench. The
facility applies this torque which, in addition to the control law will result in a rotational speed. This rotational
speed is sent to the mathematical model to compute again the equations of the physical device and obtain the
new torque.
Therefore, the rotational speed is shared between the facility and mathematical model. It is, hence, easy to allow
different speeds if a correction factor is applied in the input of the model, so that the maximum speed is adapted
to that of the facility.
G
ω D = ω!
∙ G HIJKLM
1
NJIOKOPQ
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In some facilities this is called Virtual Gearbox”, and it does not affect the accuracy of the results.

5.2.3 Mechanical Torque
This is the same case as with the rotational speed. The scaling factor obtained in the scaling of the power will be
the one to apply to the mechanical torque. If this scaled torque does not coincide with the torque of the facility,
again a correction factor can be applied. In this case, this correction will be applied in the output of the
mathematical model so that the maximum torque of the model will be adapted to the maximum torque of the
facility.
TD

=TD

∙

SNJIOKOPQ
SHIJKLM

2

5.2.4 Inertia
Most of the facilities will work with a fixed inertia, or will allow a discrete number of inertia possibilities. As in the
previous cases, the scaled inertia may not coincide with any of the possibilities offered by the facility.

5.2.4.1 Mechanical solutions
The initial inertia of the test bench usually consists in a fixed inertia flywheel. The first option to change the inertia
of the test bench is to have a selection of interchangeable flywheels with different inertias, so a wider offer can
be made. However, beyond the cost of each flywheel, the mechanical operation on the test bench is not very
recommendable. Once the test bench has been properly aligned and balanced, manipulation of the shaft may
result in disequilibrium of the whole bench. This would produce fatigue problems that would be translated to the
different components of the bench.
A similar solution is the use of a variable inertia flywheel. Different alternatives have been proposed and
patented: fluidic variable inertia flywheel [33], variable mass flywheel [34] and even a controllable inertia
flywheel [35]. However, none of these solutions are applied to the current testing facilities, and again, they would
offer a discrete variety of inertia numbers.
A more appropriate option is the use of a gearbox with different gear reductions as the one used in [36].

5.2.4.2 Emulation of different inertias
When the change of the inertia is physically non feasible, or the possibilities offered do not cover the values
needed by the users, there is a last easy alternative to make the facility behave as if it had a different inertia. It
consists in applying a compensation torque to the test bench, to obtain the same dynamics as if it had a
higher/lower inertia.
This technique is explained in the following equations.
The desired mechanical behaviour of the test bench is represented by:
T

−T =J

G

+ Dω

3

Where
7 6; is the mechanical torque applied by the motor (it is the torque the shaft of the real device would have and
that has been calculated through the mathematical models).
7Y is the resistive torque applied by the generator.
&' is the desired inertia for the test bench.
Z is the rotational speed.
B is the friction of the test bench.
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On the other hand, the test bench does not have the desired inertia &' , but the real one &46[\ . Thus, for obtaining
the same behaviour a compensation torque is applied and the former equation results in:
T

+T −T =J

G

+ Dω

4

Solving this equation system, the compensation torque to be applied results in:
T =

^_LJK `^M
^M

aT − T − Dωb

5

This torque is computed in the simulation model together with the rest of mathematical equations. Finally, the
torque reference that is sent to the frequency variator to move the motor will be the following:
T

$

=T +T =T +

^_LJK `^M
^M

aT − T − Dωb

6

Notice that in stationary state, a7 − 7Y − BZb = 0 and the applied torque is exactly 7 without compensation.
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6 CHARACTERIZATION OF THE RESOURCE AND PTO
6.1 RESOURCE
6.1.1 Wave
Waves are generally generated by wind blowing on the sea free surface. On the fetch length the waves are called
‘wind sea’ and far away from the fetch the waves are grouped into a ‘swell’.
Sea states can be characterized by a sum of regular waves, as panchromatic waves. The main characteristics of
monochromatic waves are the length, height and depth. Considering sea states as sums of linear waves, a simple
manner to characterize them is by panchromatic waves, either of same or different directions. It is accepted to
characterize a defined site by the probability of occurrence of defined spectra (Tp, Hs) without depending on the
direction.
Wave spectra can be split into two basic categories [37]. Spectra derived through analysis of a particular wave
record and parametric spectra calculated as a function of a set of particular parameters (e.g. wind speed, fetch,
Hm0, Tp etc.).

6.1.1.1 Spectral Analysis
The raw measurement from a wave buoy or gauge consists of an elevation time series. In order to represent this
measurement in the frequency domain (as an energy spectrum) a number of assumptions must be made.
It is assumed that the recorded period may be assumed to be a stationary process. In basic terms this requires
that the spectrum is valid throughout the period of measurement (e.g. 20 minutes for typical wave buoy). This
assumption will be more valid for shorter time periods, although this will, in turn, reduce confidence in the
calculated spectrum.

6.1.1.2 Parametric Spectra
A parametric spectrum is defined as a function of a number of oceanographic parameters. Traditionally they are
functions of geographical and meteorological parameters (e.g. fetch and wind speed at a defined altitude). For
engineering purposes it is more useful to define the spectra in terms of the global parameters (i.e. Hm0, Tp etc.).
The most common formulations encountered are the Pierson-Moskowitz (P-M) and JONSWAP spectra.
Pierson-Moskowitz Spectrum
The P-M spectrum is based upon the assumption of fully developed seas with effectively infinite fetch. It is given
by [37]:
S f = αg h 2π
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Where, fp = peak frequency of the spectrum, a = Philips constant = 0.0081

7

JONSWAP Spectrum
The JONSWAP spectrum is an empirical spectrum borne out of measurements made in the North Sea to take into
account the limited fetch and non-saturated seas. The JONSWAP spectrum is a function of Hm0, Tp and γ (the

Rev. 5, 31-Jan-2014
Page 31 of 87

Peak Enhancement Factor) where 1 ≤ γ ≤ 7. The spectrum becomes progressively narrower banded with
increasing γ. The spectrum may be regarded as a modified P-M formula. The JONSWAP spectrum is expressed as
[37]:
S f = αg h 2π
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Where, f p = peak frequency of the spectrum, a = Philips constant = 0.0081, g = peak enhancement parameter,
which is the ratio of the maximum spectral energy to the maximum of the corresponding Pierson-Moskowitz (PM)
spectrum and for this spectrum g =1.

6.1.2 Tidal
The tidal currents can be analysed for harmonic components in the same way as the tidal heights, since in shallow
water, where tidal devices are installed, the shape of the tidal curve changes from a plain sinusoid to some other
shape. Parameterisation is performed to describe the general trends of the tidal signal. For this purpose it has to
be taken into account the characteristics of the flow over seconds (usually caused by local waves) and sub-second
timescales; generally referred to as turbulence [37].
Current velocity due to tides is composed of a mean velocity and the mentioned turbulence. Therefore, the flow
may be characterised by assuming the instantaneous flow Ui is the sum of the mean flow plus the local
instantaneous variation. Thus,

where
Then

With tidal intensity defined as:
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The calculated intensity is sensitive to the spatial resolution of the measurement. The averaging length N also
needs careful choice to provide a satisfactory smoothing of the mean flow. Turbulence intensity provides no
indication of the frequency of the variation, or the spatial scale.
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Figure 5: Example of tidal current acquired at EMEC [38]
In Figure 5 it can be appreciated a vertical increase of the velocity due to the soil roughness, and the high
frequency variation due to the turbulence.
To be taken into account is the interaction between currents and sea waves. As the wave propagation imply
water particle circulation.

6.1.3 Wind
Offshore Wind resource is more suitable as the roughness of the sea surface is generally lower than inland. Since
the exponent of the mean wind velocity is lower offshore, a defined mean wind velocity is given at lower heights.
Thereby, for the wind characterization a power law wind profile can be supposed, which gives the mean wind
speed at a desired height [39]:
Š •

U z = U H ‰‹Œ

Where:
U
Mean wind speed at a specified height
z
Height at which the mean wind speed is calculated
H
Reference height and α is related to the water roughness (typically 10m for wind turbines).

13

The value for α parameter [39] can be represented as follows:
α=
Where z0 is the water roughness.
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For offshore locations the roughness parameter typically varies between 0.0001m and 0.01m. For offshore
locations it may be solved iteratively from the equation [39]:
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Where ka=0.4 is the Von Karman’s constant and Ac is a function of the wave velocity given by the next equation
[40]:
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In the equation above c is the speed of waves. In the present project a group velocity in deep water has been
used for the peak period of the sea state as given by [41]:
¡

c = h·S → in deep water → λ =

·Sw
h·©

17

Solving iteratively the set of equations given above, the mean velocity for an estimated roughness may be
obtained.
Regarding the time variability of the wind speed about the mean value in a 10 minute period, is known as
turbulence. It is characterized by speed spectra of different shapes depending on the roughness and the location,
among others Kaimal, Davenport, Harris or Ochi and Shin spectra.
For example, for the variability of the wind speed Kaimal spectral density that has to be applied is [39]:
S f =σ ·
h
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In which Lu is an integral length scale and σh is the square of the mean standard deviation specified in [39].
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7 MODELLING AND SIMULATION

3

Numerical modelling refers to the process of using mathematical models to simulate physical processes in a
system. Numerical modelling is an important part of the power take-off (PTO) design process, especially in cases
where physical tank tests are unfeasible. It is a cost effective approach to evaluating the power take off
capabilities of the ocean energy converter with different control parameters, and is a valuable tool in ascertaining
whether a PTO system needs any further remedial design work, or to check whether the power output of the PTO
system will be grid compliant. Deployment of large scale arrays of ocean energy devices will only occur when
project developers have sufficient confidence in the technology. Therefore, validated methods are required for
modelling and predicting the ocean energy capture of the devices.

7.1 MODELLING FOCUS AREAS
In engineering, there are a number of different areas where numerical modelling can be utilised. Different
methodologies are used depending on the type of study being performed, which in turn leads to different
software requirements. This section gives an overview of some of the different modelling focus areas.

7.1.1 PTO Modelling
PTO modelling generally refers to the time-domain modelling of the power flow through the various stages of an
ocean energy device. Such models can be used for performance assessment, energy production studies, or ‘whatif’ scenarios. A full ‘wave-to-wire’ model would require a detailed model of the entire power train from wave
elevation input to electrical power output; which would involve modelling the hydrodynamic system, the power
take-off components, the electrical system and the control system. For many studies, a fully descriptive model is
not required and simplifications can be made. For instance, if the device’s hydrodynamics are of interest, then a
highly descriptive model of the electrical system would clearly be unnecessary.
The model developer should determine (1) which aspect of the device they are interested in modelling and (2) the
appropriate modelling methodology for the study.

7.1.2 Structural
Structural modelling refers to modelling the structural integrity of a device. Structural integrity is the reliability
and safe design of all of the device’s components. This includes internal/external structural loads, mooring loads
and dynamic loads of shafts/bearings for example. A Finite Element Method (FEM) or Boundary Element Method
(BEM) numerical solver would typically be used for such analyses. These methods can be used to find the stresses
and strains in a component which in turn can be used to determine information such as peak loads, wear, and
potential failure points. This information can be used to determine the component’s operating limits and also
estimate the component’s lifetime.

3

Most of the information of this section has been developed in the internal deliverable “D 4.15 Report on Numerical Methods for PTO Systems” by HMRC
[58].
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Figure 6: Computer rendering of the 2 kW SeaUrchin finite element analysis

7.1.3 Optimisation
Optimisation is an important aspect of any design phase. It is quite a broad term applicable to many aspects of a
design, such determining the optimal size of an OWC chamber or finding the optimal operating point for a control
system to maximize power output or efficiency. Optimisation from a modelling perspective is quite different from
the other forms of modelling mentioned in this section. Optimisation modelling typically tends to involve
formulating a design problem in a form which mathematical optimization algorithms can be utilized. Such
algorithms typically involve an iterative approach to find a ‘best value’ of a parameter or function.

7.1.4 Power Systems
Ocean energy devices are characterised by intermittent power generation, where the power being exported to
the grid varies rapidly over short time scales. This presents a unique challenge for grid connection as the
integration of such systems affects the stability and operation of the grid. Modelling PTO systems in power
systems simulation tools enables the user to certify that the connections, ratings and operation of the proposed
ocean energy system are within the grid code requirements under varying operating and resource conditions.
Power systems are implemented using time-domain mathematical models, solved using differential equations.
Typically used power system simulation tools include DIgSILENT Power Factory, PSS/E, PSCAD among others.
These power system tools use a modular approach to model the different components of the PTO system, such as
storage options, therefore the user may investigate the effect of varying components in order to investigate the
power output, and facilitate smoothing of the output power. The outputs from these models depend on the
system and control parameters, and conditions at the grid connection point. The focus of these simulation tools
output is the real and reactive power at the point of common coupling.

7.2 MODELLING FOR ELECTRICAL TESTING
Regarding electrical testing, the main focus of numerical modelling is divided into two areas:
• PTO Modelling: As described in previous sections, electrical test infrastructures are made of an emulated
part and a real part. The latter is composed by the physical equipment on the electrical power take off
side, from the generator to the grid connection. But the behaviour of the device from the resource to the
generator shaft must be emulated. Thus, for electrical testing, a numerical model is always needed and
represents the capture of the ocean energy and transformation into rotating motion. This modelled
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behaviour is then emulated by the facility. An electrical motor, configured as the ocean energy (OE) prime
mover, is used to re-create the dynamic response exhibited by an ocean energy device given a specific set
of input conditions. The prime mover motion is emulated by drive-controlled electrical motor which is
usually coupled to a flywheel via a gearbox.
Complete simulation model: This is a complete model from the resource behaviour until the grid
connection. This model will represent the approximated behaviour of the whole device and will be
validated and compared by experimental testing.

7.2.1 PTO Modelling
Electrical testing facilities count on specific simulation tools that by means of I/O acquisition boards interact with
the physical variables of the facility. The PTO models designed for the testing purpose may have to be developed
in these simulation tools, and adapted to receive and send the required I/O.
Most of the wave energy technologies under development are very complex physical systems. Usually consist of
several components and require the knowledge of different engineering disciplines to build complete numerical
models for their global assessment.
It is clear therefore that the mathematical models of the wave energy conversion can be very specific depending
on the type of the device considered and it is often questionable whether the conclusions found for a particular
type of technology are applicable to other kinds of device.
Nevertheless, all the wave energy converters, no matter which principle they are based on, extract the energy of
water waves through the interaction of part or all of their structure with waves. The first step in the energy chain
of a WEC is therefore constituted by the hydrodynamic interaction between the device itself and the water
waves.
Models for wave-body interaction are necessary for the characterization of wave energy devices and a solution
for the fluid flow surrounding the WEC is needed in order to evaluate water pressure and velocity fields that
determine the dynamics of the structure.
Typical wave energy converters are composed by oscillating body in heave/pitch and linked to a fixed/semisubmersible structure by means of a Power Take-Off mechanism. For the solution of the hydrodynamic problem,
typically linear water wave theory can be adopted, based on the assumptions of incompressible irrotational flow
and inviscid fluid. This allows applying Boundary Element Methods (BEM) methods.
Typical used programs for analysing effects of bodies in waves are ANSYS ® AQWA™ and WAMIT [42] [43]. They
are computer programs based on the linear and second-order potential theory for analysing bodies in the
presence of ocean waves. The Boundary Integral Equation Method (BIEM) is used to solve for the velocity
potential and fluid pressure on the submerged surfaces of the bodies. These solutions are used to obtain the
relevant hydrodynamic parameters including added-mass and damping coefficients, exciting forces, responseamplitude operators (RAO's) and so on.
A typical system is composed by oscillating body in heave/pitch and linked to fix / semi submerged structure by
means of a Power Take-Off mechanism.
Hydrodynamic optimization of wave energy concepts is usually easily carried out by the mean of a frequencydomain analysis. To prove the validity of a PTO design or a control strategy, however, a more realistic approach is
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often needed, particularly when real sea-state performance is the determining criterion to validate a solution. In
such cases, a time-domain model is generally unavoidable.
When nonlinear effects such as viscous forces or other interactions are considered, the linearity assumption is no
longer valid. The most general and fundamental approach to deal with these cases is a full nonlinear time-domain
analysis, that requires the solution of the flow equation in the time domain possibly with complex and timeconsuming CFD codes that, at the current stage, are really difficult to implement and not always accurate enough.
Another way to take into account nonlinearities, particularly when they can be modelled as time-varying
coefficients of a system of Ordinary Differential Equations (ODEs), time-domain model based on the Cummins
equation [44] are builder for representing de behaviour of the system. This is based on a vector integrodifferential equation which involves convolution terms responsible for the account of the radiation forces. For a
case of oscillating body the Cummins equation can be expressed in the form:
t

(m + A∞ ) &x&(t ) + ∫ K (t − τ ) x&(τ )dτ + ρgSx(t ) + Fext ( x, x&, t ) = Fe (t )
−∞

19

Where m is the mass of the floater, A∞ is the added mass at inﬁnite frequency, K is the Radiacon Impulse
Response Function (RIRF), ρ is the density of sea water, g the gravity acceleration, S the waterline area and Fe is
the wave excitation force.
In this formulation all the possible nonlinearities are included in the term Fext, which represents the external
forces that are applied to the system due, for example, to the PTO or to the moorings and could be possibly linked
to other independent variables that form a set of ODEs.
As a first approach simplified PTO models can been used:
¶·¸¹ = º·¸¹ »¼ ½

¶·¸¹ = º·¸¹ ¾¿ÀÁ »¼ ½

: PTO force proportional to the velocity of the buoy in the oscillating degree
: Coulomb damping

Once the model has been validated an evolution of the model with a more realistic PTO can be developed:
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Figure 7: Power take-off classification
In the next figure there is an example of the same wave energy converter with different detailed PTOs:

Figure 8: Comparison of different types of PTO for point absorber [27]
This section gives an overview of some of the methods used in modelling wave and tidal energy devices.

7.2.1.1 Hydrodynamic Model Overview
The dynamics of the majority of wave energy devices (over-toppers being the exception) can be described by
considering the device to be an oscillating body, which is subjected to a number of time varying forces which can
accelerate or decelerate its oscillations.
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The forces acting on the oscillating body can be summed to give an overall equation describing the motion of the
device [45]:
mXÄ t = f

where:
m
X
f
t
f
t
f
t
fL(t):

t + f

t +f

t + fÅ t

20

Mass of the body
State variable representing motion in a given degree of freedom.
Excitation force on the body
Radiation force experienced by the body due to its own motion in the water
Buoyancy force
Load forces due to power take-off or constraints such as moorings

The radiation force, f (t), is composed of two components, one in phase with the body acceleration and the
other in phase with the body velocity [46]. Thus,
f

t = −[A ω XÄ + B ω X¼]

21

A and B are frequency dependant coefficients known as the added mass and damping coefficients respectively.
The hydrostatic force, FH(t), is the buoyancy force on the body:
f

= −CX

22

Where C is the hydrostatic coefficient (or buoyancy coefficient), which is equal to ρgSÊ . ρ is the fluid density; g is
acceleration due to gravity; and SÊ is the wetted surface area.
Equation 20 can then be expressed in the following form:

m + A ω XÄ + B ω X¼ + CX = F

t + FÅ t

23

A, B, C and Fexc can all be determined using hydrodynamic solvers such as WAMIT.
Hydrodynamic modelling can be performed in either the frequency domain or time domain. Frequency domain
analysis is typically used for hydrodynamic optimisation and assumes the system is linear and the excitation is
sinusoidal. If the system is linear and the excitation is sinusoidal, then equation 23 can be rewritten as:
−ωh m + A X ω − iωBX ω + CX ω = F

ω + FÅ ω

This leads to an expression for the amplitude of motion for a linear system in regular waves:
F
ω
X ω =
h
−ω m + A + iωB + C + FÅ ω

24
25

However, this expression does not consider non-linear loads or real sea-states. Time domain modelling is required
to account for the non-linear effects such as PTO forces, mooring forces, and control algorithms. We define:
H ω = B ω + jω A ω − A ∞
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Where A ∞ is a constant corresponding to the added mass at infinity.

Substituting this into equation 23 and applying an inverse Fourier transform, an expression for the time-domain
hydrodynamic model can be found:
27

m + AÎ xÄ t + Ï h t − τ x¼ τ dτ + Cx t + FÅ x¼ , x, t = F t
`Î

The component, ℎ ½ − = , is an impulse response function related to the radiation damping. Solving this integral
term can be computationally demanding so system identification techniques are often used to determine an
approximate solution for this term. There are a number of techniques used to find an approximate model for the
radiation force, such as the use of MATLAB’s ‘invfreqs’ function [47]; and the Prony method [48]. Using these
techniques, a state-space model of the radiation force can be developed, bypassing the need to solve the integral
term in equation 27 [49]. A simulation diagram for the hydrodynamic model is shown in Figure 9.
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Figure 9: Hydrodynamic Model simulation diagram

7.2.1.2 Pneumatic PTO
The oscillating water column is a wave energy device type which implements a pneumatic power take-off system.
The principle of operation is shown in Figure 10. Water enters an air chamber through an inlet at the bottom; the
water level oscillates up and down creating a bidirectional air flow through a turbine duct. Power can then be
extracted using a bidirectional air turbine.
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Figure 10: Oscillating Water Column [50]
There are many different methodologies for modelling OWCs, with varying degrees of complexities. A number of
simplifications are often made to reduce the computational effort. The approach taken in this section utilises a
more experiment-based method of modelling, where turbine characteristic curves and pneumatic power input
are used to simulate the power take-off system. Pneumatic power in an OWC can be determined by wave tanktesting the OWC at model scale. The turbine characteristic curves can be determined by lab-testing or numerical
codes.

Turbine Characterisation
Turbines for OWCs are typically characterised using non-dimensional parameters. The following expressions
denote the most commonly used parameters for turbine characterisation [51]:
p
ρ N h Dh

28

Q
2Q
=
A U
A ND

29

Ψ=
Φ=

Π=

P
ρ N ² Dk

30

Ψ, Φ, and Π are known as the pressure, flow and power coefficients respectively. Where p is air pressure; Ö is the
density of air; N is the rotational speed of the turbine; D is the turbine diameter; Q is the air flow rate; AA is the
annular area of the turbine rotor (i.e. duct area minus hub area); and Pt is the turbine power.
Turbine efficiency,×, can be determined using the non-dimensional coefficients:
η=

Π
Tω
p=
r
ΨΦ
pQ
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These coefficients can be used to plot characteristic curves for the turbine; where Φ = Ù Ψ , and × = Ù Φ

(a)

(b)

Figure 11: Typical characteristic curves for a Well's turbine – (a) Pressure-Flow Coefficient [49] and (b)
Efficiency-Flow Coefficient [52]

Defining the applied turbine damping as:
p t
B t =
Q t

32
Ü

Note: This turbine damping is defined differently to [51] where damping is defined as Ú[ = Û ÞÝ . The methodology
Ý

used in this section follows that of [52].

Now rearranging equations 28 and substituting into equation 32 , we get:
B t =

2ρ DN t Ψ
p r
A
Φ

33

As can be seen in Figure 11 (a), the relationship between Ψ and Φ can be approximated as being linear, therefore
ß

the ‰àŒ term is constant.

Using equation 32 , the flow can be determined from pneumatic power in the chamber using the following
relationship:
P

= pQ = B Q Q = B Qh
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34

P
⇒Q=â

35

B

The flow coefficient Φ can now be determined using equations 33 and 35 . The turbine efficiency can then be
calculated using the Φ − × relationship (such as the example in Figure 11 (b)).
P

Turbine power is then calculated as:

Turbine shaft torque is:

ã

T

=η∗P

ã

=

P
N

36

ã

ã

Turbine speed can be found by solving the differential equation:
T

ã

− T

dω
=J
dt

Where 7Y61 is the generator torque; & is the rotor inertia; and Z is the rotor speed.
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7.2.1.3 Hydraulic PTO
Hydraulic PTO systems are utilised in many ocean energy devices due to their ability to transmit large forces at
relatively low speeds. Power is transmitted by the flow of pressurised hydraulic fluid throughout a circuit. Hydraulic
fluid is typically based on mineral oil but water can also be used.
A hydraulic system typically consists of tube sections that are connected with rams. The rams pump the hydraulic
fluid, converting the body motion of the wave energy device into hydraulic and mechanical energy. The hydraulic
system also contains high pressure and low pressure accumulators which are capable of storing energy over a few
wave periods. This minimises pulsations, resulting in a smoother flow. The pressure difference across the hydraulic
motor causes the hydraulic ﬂuid to ﬂow from the high-pressure to the low-pressure accumulator, and this motion is
used to drive the rotary electrical generator. The main components in a hydraulic system are:
•
•
•
•

Actuator – Uses the motion of a buoy (in a point absorber type device) or pontoon (in an attenuator type
device) to generate hydraulic pressure and flow. Typically, a linear piston ram is used for this purpose.
Motor – Converts the pressure and flow of the fluid into mechanical torque and speed which drives a
generator
Valves – Directional & relief valves used to control the flow of hydraulic fluid throughout the hydraulic circuit
Accumulator – Pressurised storage reservoir held under pressure by a compressed gas or a spring.
Accumulators are used to smooth power fluctuations in a circuit, and for energy storage purposes.

Figure 12: Hydraulic PTO of wave energy converter [49]
Hydraulic Cylinder
In a wave energy device, a hydraulic cylinder is typically used to convert the force and motion of a float into pressure
and flow of a hydraulic fluid, effectively acting as a pump for the hydraulic PTO. The diagram below shows a doubleacting cylinder. During the extension stroke, the piston moves downwards, hydraulic fluid enters through the top
port and exits through the bottom port. Conversely, during the retraction stroke, the piston moves upwards,
hydraulic fluid enters through the bottom port and exits through the top port.
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Fpto
X

Figure 13: Double Acting Hydraulic Cylinder
A force, Fpto is applied by the float. The piston then moves a distance X. The pressure, P, in the cylinder is then:
P=

äåæç
•

39

Where A is the area over which the force is being applied; in the extension stroke, A is the area of the piston head,
Ap; in the retraction stroke, A is the piston head area minus the area of the piston rod, Ar (i.e. A= Ap – Ar).
The flow, Q, from the piston is related to the velocity of the piston motion:
Q = AV

40

Where V is the velocity of the piston (=dx/dt), and A is the area over which the force is being applied.

Hydraulic Motor
There are many types of hydraulic motors. They all operate on the same basic principle – a pressure differential
across the motor facilitates hydraulic fluid flow through the motor. This hydraulic flow then produces the rotating
motion of the motor shaft.

Figure 14: Hydraulic Motor types - Fixed displacement unidirectional flow (left); Fixed Displacement
bidirectional flow (centre); Variable displacement unidirectional Flow (right)
The shaft torque produced by the motor is proportional to the pressure drop across the motor:
T = DΔP

41
Where T is shaft torque; Δ, is the hydraulic pressure drop across the motor; and D is the motor displacement. Motor
displacement is the volume of fluid required to produce one revolution of the motor shaft, typically units are given in
cubic centimetres per revolution (cm3/rev or cc/rev).
The motor shaft speed is proportional to the fluid flow rate:
ω=

Q
D
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Where Z is the shaft speed; Q is the hydraulic flow rate; and D is the motor displacement.

Accumulator
A hydraulic accumulator is a type of energy storage device used primarily to smooth out pressure pulsations in a
hydraulic circuit. An accumulator contains hydraulic fluid which is held under pressure by an external source such as
a compressed gas, a weight, or a spring. The compressed gas accumulator is most commonly used in wave energy
applications due to its ability to handle relatively high pressure ratios.

Figure 15: Hydraulic Accumulator
When pressure in a hydraulic circuit increases, hydraulic fluid enters the accumulator and compresses the gas. The
process is assumed to be isentropic (no change in entropy), thus the following equation can be used to relate the
pressure and volume of the gas in its ‘before and after’ states.
P8 V8 = Ph Vh
ê

ê

43

Compressed gas accumulators are pre-charged before use in a hydraulic system. This pre-charge pressure will vary
depending on the system, but a general rule of thumb would be that the pre-charge pressure should be 0.8 times
the minimum pressure in the system. The volume at this pre-charge pressure can also be easily determined, thus we
can rearrange 43) to give a relationship between pressure and volume of the pressurised gas.
Ph = P

p

ê
V
r
Vh

44

Where ë is the heat capacity ratio for the gas. Nitrogen is typically used in this application, which has a heat capacity
ratio of 1.4.

7.2.1.4 Overtopping PTO
Overtopping devices are fundamentally different to other forms of wave energy devices; in that they do not rely on
an oscillating motion of two or more bodies. Incoming waves run up the overtopping ramp and spill into a reservoir.
From here, the energy conversion process is essentially the same as hydropower plant – water from the reservoir
flows through a low-head turbine, which is connected to a generator.
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Figure 16: Overtopping schematic
Overtopping has been an area of interest for many years in the coastal engineering sector. However, the focus is
slightly different in the ocean energy sector; breakwaters and sea-walls have been designed to minimise
overtopping, whereas maximising overtopping is often the goal in overtopping wave energy devices.
Modelling overtopping flow can be quite difficult and computationally demanding, due to the highly non-linear flow.
Therefore, a statistical approach based on empirical data is often used to model overtopping flow. The following
method outlines the approach taken by the WaveDragon [53] and SSG Wave Energy Converter to model overtopping
flow [54].
45
Q ! = Q ã + Q + Q Dì
where /01
/2345
/46+
/-.64

= wave overtopping flow
= flow through the turbine
= flow in reservoir
= overflow from reservoir

Calculating Qin
The overtopping flow, /01 , is calculated on a discrete wave-to-wave basis. First, the probability that overtopping
will occur is determined
PDì = e

`‰

‹H vw
Œ
íI

46

,-. is the probability that overtopping occurs in the given event. Hs is the significant wave height (m); Rc is the
relative crest freeboard (m); and c is a constant whose value determines the spread of the overtopping (a value of
1.21 has been used in some overtopping studies).
If overtopping occurs, the volume of overtopped water from the wave, V, follows a Weibull distribution with shape
factor 0.75, scaled to fit the average overtopping volumes
47
V ”.ïk
Pì = PaV ≥ Vb = exp p− r
a

Where ð = 0.84

¸ñ ò
·óô

7: = mean wave period
/ = average overtopping flow (calculated from an overtopping formula or from model data)

Combining the above equations and rearranging gives:

Q ! = 0.84

{
Q
− ln 1 − Pì
PDì
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To calculate a time-series for Qin the following steps are taken:
1. Calculate Pov according to equation 46 .
2. Generate a random number p between 0 and 1.
3. If p > Pov then:
a) generate a new random number ,. (probability of overtopped volume)
Else
End

b) Calculate: /01 = 0.84
/01 = 0

òõ
·óô

− ln 1 − ,.

ö
µ

Determining Qturb
The flow of water through the turbine can be found using the turbine’s characteristic data. Turbine flow and
efficiency is related to the head height in the reservoir. So once the head height is known, Qturb can be found using a
look-up table in the model.

7.2.2 Complete Simulation Model
Electrical testing is usually part of the lasts tests of a device, or is developed for a specific purpose such as validation
of control algorithms. Whatever the final objective, electrical tests will validate previously developed simulation
models adding the uncertainties of the physical electrical world.
The simulation model will usually represent a complete model from the resource behaviour up to the grid
connection. Depending on the objective, the mathematical equations that describe the system can be extremely
precise or completely simplified.

7.2.2.1 Wave-to-Wire
A "wave to wire" model is a numerical model which solves a set of differential equations in the time domain. These
models are used to evaluate the behaviour of the ocean energy device; the forces acting on it, the loading and
stresses, and the electrical power output from a given set of input wave or tidal resource conditions. The component
blocks for an OWC system are shown in Figure 17.

Figure 17: "Wave to Wire" component blocks of an Oscillating Water Column [1]
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In this example, the first three boxes (hydrodynamic, pneumatic and mechanical motion) integrate the PTO model
described above. The last two boxes will be real physical components in the facility but must be first simulated in the
complete model.

7.2.2.2 Generator
The transformation from mechanical to electrical energy of the PTO device is carried out by a generator. The
electrical PTO components are now receiving more attention as increasing numbers of ocean energy devices are
approaching commercialisation readiness. Knowledge of the typical operating conditions and careful design of the
electrical PTO system is necessary to ensure that the system performs well in terms of energy yield, efficiency and
reliability. This in turn will reduce maintenance and repair costs.
Design considerations to be taken into account include the mechanical PTO type, the allowance of variable speed or
operation at low speed, gearbox options, potential for overloading, and performance during faults, such as low
voltage ride through (LVRT). The rated speed and power can be determined from time series simulations.
Generally, hydraulic pump based devices such as the Pelamis, and overtopping devices, such as the WaveDragon,
use a fixed speed generator, as there is inherent energy storage in these technologies. Wave energy converters, such
as point absorbers, typically use linear generators. Other types of ocean energy devices, such as oscillating water
columns, are better suited to variable speed devices. Allowing variable speed maximises the PTO efficiency, and
ensures that swell or extreme wave conditions do not cause extreme loading on the generator shaft, which may lead
to increased component failures.
There are many types of generators such as synchronous generators (fixed speed) (SG), permanent magnet (PMSG),
field would synchronous generators, squirrel cage induction generator (SCIG), and doubly fed induction generators
(DFIG). A summary of advantages and disadvantages for each of the generator types is given in Table 2 [55]. Directly
coupled refers to the absence of additional power electronic (PE) equipment.

Table 2: Advantages and disadvantages of available generator technologies for use in ocean energy
Generator Type
Brushed SG

Advantages
Low cost and maintenance (if
directly coupled)
High efficiency

SG
PMSG

DFIG

LVRT capability (with PE)
Speed control
LVRT capability (with PE)
Speed control
Low cost
High efficiency
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Disadvantages
The pulsating waves cause
the system to operate
outside the rated load
current, requiring brushes to
be changed twice a year.
Limited speed variability (if
directly coupled), therefore
transfers full variations in the
generator output are
transferred to the electrical
grid.

Most susceptible to
corrosion using current
magnet materials
Brush replacement necessary
twice a year.
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Speed control

SCIG

Poor Low Voltage Ride
Through (LVRT) capability.

High power to weight ratio,
therefore experience less
mechanical stress.
LVRT capability (with PE)
Speed control

The typical accompanying electrical components for the generator are shown in Figure 18. The turbine is directly
connected to generator. This generator is then connected to the grid via a back-to-back converter, consisting of a
rectifier and inverter separated by a DC link, and filters and transformers. The back-to-back converter decouples the
generator from the grid and the thus the electrical frequency of the generator can be changed independently from
the grid. Therefore, any grid disturbances that may occur will not impact the generator directly.
Additionally, effective control actions can be made to provide additional reactive power support to the grid in the
event of a grid voltage dip. The grid side converter is responsible for maintaining the DC bus voltage and the reactive
power control, while the generator side converter controls the active power and generator voltage. The controllers
for these converters are shown in Figure 12 with the necessary sensors and measurement signals. The generator
electrical system also includes two series reactors connected to the generator and the grid connection. These are
used for filtering purposes, and may also provide protection against excessively large currents under short-circuit or
transient conditions.

Figure 18: Structure of accompanying electrical set-up
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(a)

(b)

Figure 19: Example of (a) generator side control (b) grid side control

The equivalent circuit model of a permanent magnet generator is shown in Figure 20. The generator voltage and
currents have been transformed into d (direct) and q (quadrature) axis using the Park transformation.

Figure 20: Equivalent circuit of PM generator on the dq-rotating frame
The equation for the electromagnetic torque, Tem, in the permanent magnet generator is:
T
ø' :

t =

²
h

λ$ i ÷ t

Flux linkage of the stator d-axis windings due to the flux from the rotor magnets
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q-axis current

The terminal voltages of the generator in the d-q reference frame are given by (31) and (32)

Rs :
id:
Ld:
Lq:
ωe (t):

V t = R i t +L

i t − ω t L÷ i÷ t

50

V÷ t = R i÷ t + L÷

i ÷ t + ω t L i t + λ$

51

Stator phase resistance
d-axis current
d-axis inductance
q-axis inductance
Electrical rotating speed (equal to the number of pole pairs multiplied by mechanical speed of the
generator)

Linear generator
In wave converters linear generators are usually developed for heave oscillating point absorbers. The typical
configuration usually consists in permanent magnets which are mounted on the translator where varying magnetic
field acts on stator windings. In this section a linear generator is described following [56], [57], [58]:
The typical scheme of linear PM generator:

Figure 21: Scheme of linear generator
General form of voltage equation of the linear generator can be described by faraday’s law:
u = Ri +

¡

Taking into account the following assumptions have taken into account:
• Mutual inductances between different phases equal because symmetry
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• Sum of three stator currents zero
• Position of translator is chosen zero when the flux linkage of phase is zero
Flux linkage can be represented as follows:
©
λ = Li + Miã + Mi + λ
= L i + λý sen p xr

53

þq

With the equations above the following expressions of the voltage can be represented:
u =R i +L

!J

u =R i +L

!I

uã = R iã + L

!

+ λý

©
þq

sin p xr = R i + L

+ λý

©
þq

sin p xr = R i + L

+ λý

©
þq

©
þq

!J

©
þq

!I

©
þq

sin p xr = R iã + L

!

©
þq

+ e} sin p xr
©
þq

+ e} sin p xr
©
þq

+ e} sin p xr
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Where the amplitude of the no-load voltage induced by the magnets can be represented:
e} = λý

©
þq

= 2N K Ê l B
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Amplitude of the fundamental space harmonic of the magnetic flux density in the air gap due to the magnets (B .) is:
B =

Where:
g

$$

γ=

= (; À8 ,

g8 = À +

\

LNN

B

©ã
j
sin p hþ q r
©
q

K =

,

4 b
b
b h
artan p
r − logâ1 + p
r
π 2g8
2g8
2g8
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`Y°

The main part of the synchronous inductance can be calculated as
L

=

« ‘ H þq ˜ •H w
w
LNN ©
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And the stator phase resistance is calculated from the dimensions of the machine, the number of turns in a slot, and
the cross-section of a slot
R =ρ

®H

• ®H

60

Where:
l

= 2N l + 2τ

And

A

=

˜HNOK ã H
•H

7.2.2.3 Power Systems Dynamic Models
As previously mentioned in Section 2.4, power systems simulation tools play an imperative role in ensuring that the
grid integration of ocean energy devices does not negatively impact on the transmission grid stability and security,
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during both normal and faulted conditions. Furthermore, new grid code requirements are emerging, making the
provision of dynamic power system simulation models mandatory for grid connection of renewable energy systems
greater than 5MW. The provision of power system dynamic models allows the TSO to investigate how the
installation of new renewable energy systems will interact with the grid, and what, if any, remedial design work
needs to be carried out in order to maintain grid stability. There are numerous software packages available to
investigate whether the ocean energy system satisfies grid code requirements; DIgSILENT PowerFactory, PSS/E,
PSCAD, GE PSLF, SimPowerSystems, among others.
In the following section, DIgSILENT PowerFactory is used as an example case to demonstrate the methodology for
creating a power systems dynamic model for an ocean energy device.
The power systems dynamic model consists of four main layers:
•

Overall PTO model:

The typical energy conversion processes of an ocean energy system are described in the Overall PTO model as shown
in Figure 22: PTO Overview depicted in DIgSILENT PowerFactory . This model is comprised of the wave source data
input data, the Primary Power Capture model, and Prime Mover Unit. The wave source data consists of a time series
of wave elevation height data or tidal speed. The Primary Power Capture process describes the means through which
the ocean energy device interacts with the energy source, transferring energy from the waves or tidal currents to a
medium which can be captured by the Prime Mover Unit, which converts the pneumatic power to the turbine’s
mechanical power using the turbine’s performance characteristics. The Overall PTO model is then linked to the
electrical network via the single line diagram.

Figure 22: PTO Overview depicted in DIgSILENT PowerFactory [59]
(PPC: Primary power capture, PMU: Pneumatic )
•

The single line diagram (shown in Figure 23), is a simplified way of representing a three phase power system.
This layer shows an overview of the electrical components of the ocean energy system, which includes a
generator, back to back to back converter (two PWM converters), dc capacitor, dc chopper, and two
transformers. It also incorporates two series reactors connected to the generator and the grid connection
bus. These are used for filtering purposes, and to provide protection against excessively large currents under
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short-circuit or transient conditions. Power system simulation tools typically contain libraries containing
standardised schematics of these electrical components.

Figure 23: Ocean energy grid electrical system depicted in DIgSILENT PowerFactory
•

Electrical System Control
This model contains the overall control of the electrical system (Figure 24). The measurement blocks are
linked to specific components in the single line diagram in order to measure the generator speed, voltage,
real and reactive power, grid voltage, and dc voltage. These measurements are then sent to PWM converter
controllers to compare to reference signals. In this simulation example, the generator side PWM converter is
responsible for the DC bus voltage and the reactive power control, while the generator side converter
controls the active power and generator voltage.

Figure 24: Control of electrical systems

•

Power Electronics Controllers
Figure 28 shows a more detailed look at the grid side PWM converter controller, which controls the grid
reactive power and the DC bus voltage using proportional-integral (PI) controllers.
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Figure 25: Example of grid side power electronics controllers
The outputs from the Power Systems Dynamic Models are user selectable, but typically the transmission system
operator (TSO) is interested in the real and reactive output power of the generator/ farm, and the behaviour of the
system under faulted conditions. Examples of these signals are given in Figure 26 and Figure 27, which show the real
and reactive power output of the ocean energy device generator, and the real and reactive power at the point of
common coupling undergoing a fault of one second.

Figure 26: Generator output - Blue: real power, Green: Reactive power
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Figure 27: Blue: real power, Green: Reactive power at the point of common coupling during a fault
The vast majority of the tests being performed in the Ocean Energy areas are related to the testing of the physical
prototypes, with the main objective of validating a determined concept. In many cases, the research and subsequent
tests of the generator, power electronics and grid connection part are forgotten. This is a common mistake that can
cause many problems like instability, inefficiency and underperformance of a prototype. As well as great delays and
high costs provoked by poor behaviour of these parts.
Dynamic tests in Hardware in the Loop (HIL) test-beds are very extended in Wind Turbine testing where the
validation of the physical concept is not a challenge anymore. It is expected that these tests will become essential for
ocean energy in the near future, when the technology of the devices will not be so questioned and the control and
grid connection will become the new challenge.
The main objective of these tests is to analyse the viability of the concept from the electric point of view. Usually
hard work is done in order to validate the WEC concept, efficiency, survivability etc. But it is very interesting to know
if the concept is electrically viable. With the results of the prior tank tests, and the information of the developed
models, a first design of the generator and electronic equipment is usually developed. On the other hand, research
on control methods is also carried.
These concepts and controls need to be tested in a HIL test-bed. The controls are previously developed in
mathematical models and simulations but must be tested in real equipment where physical limitations are present.
It is important also to test all the controls in a controlled laboratory environment where repeatability of
tests/working conditions is possible.
In short, the hardest work is usually done in the validation of the device concept and evaluation of its power output.
But, there is also research to be done on the generator, power electronics and grid connection part. The conceptual
design of this electrical part is represented in a wave to wire model. This model also helps in the design of control
algorithms which aim to maximize the efficiency of the turbine at all sea-states while maintaining proper power
quality in the grid connection. Therefore, this electrical design and control laws must be tested in a controlled
environment because mathematical models represent a too idealistic condition.
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8 SCALABILITY
This section describes the theory and concepts of scaling when applied to electrical test rigs. Scaling concepts must
be understood in order to correctly translate the input data to the scale of the test rig and to translate the output
data back to the full scale of the prototype being examined.
The building of physical scaled models persists despite advances in numerical device hydrodynamic models and
wider availability of increased computational power. These models are tested in both wave basins and at sea. Even
at sea, scaled models are typically built before moving to full scale prototypes. The high risk and high costs
associated with full scale sea trials do not allow a iterative design process at sea.
There is a growing appreciation of the impact of coupling between the mechanical and electrical systems in ocean
energy devices. As a result more electrical test rigs are being built specifically to test these devices by both academic
centres and industrial companies. There are a number of implications when integrating physical test data into
electrical test rigs. Firstly, electrical test rigs are typically not at full scale. These rigs are often connected at
distribution level voltages and are built at scaled power levels. Even the more costly megawatt test rigs may not
exactly mirror the inertia, stiffness or other subtleties of a full scale prototype. Additionally, the input test data to
the electrical test rig is often from physical tests of scaled models. The scaled input data from wave basins or from
scaled sea-trials need to be suitably adjusted to the scale of electrical test rigs. The results gathered from the
electrical testing then need be adjusted a second time to yield the results expected from a full scale prototype.
Before describing the correct steps to scale the data, some background theory is presented on (i) similitude and (ii)
dimensionless numbers.

8.1 PRINCIPLE OF SIMILITUDE
Similitude describes how well a model represents real-life conditions. Similitude is considered under three headings;
geometric, kinetic and dynamic similitude, i.e. shape, force and movement.
Geometric similitude is achieved if a fixed ratio relates every length of the model to the corresponding length of the
full scale prototype. Kinetic similitude requires that the fluids or air moving around and through the model replicate
the movements around and through the full scale prototype. Finally, dynamic similitude is the similitude of forces.
The forces applied to the model must be scaled versions of those applied to the full scale model. A model is said to
have perfect similitude if it meets the three requirements of geometric, kinetic and dynamic similitude. It is not
always possible to achieve this with models; certain forces are not easily scaled. For example, scaling gravity is tricky
to scale and requires significant effort and expensive test equipment, for example, centrifugal in Grenoble.

8.2 DIMENSIONLESS NUMBERS
Several fields of engineering rely heavily on dimensionless numbers, none more so than fluid dynamics. Since
physical laws are homogenous (i.e. they do not depend on the choice of basic units) the law is valid in any system of
dimensions or units of measurement. When considering scaled models this principle is vital. In scaled tests,
dimensionless numbers ensure that the force ratios are similar. If the dimensionless number calculation, as in the
following equation, of both the model and the prototype are equal the force ratio is equal.
¾¿¾½¿ÁÀ ¶
ðÛÛ ¿ ¶

= ¿

Á¾¿ Á ¾¾ Á

<

For perfect similitude, all forces ratios have to be equal. In any model there are many forces at work including,
amongst others:
•

inertial forces
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gravitational forces
viscous forces
elastic forces
pressure forces

Achieving simultaneous similitude of all these forces is extremely difficult without the scale being very close to unity.
Therefore model builders need to determine the important dominant forces and attempt to keep those forces scaled
in the correct ratio. Several force ratios have proven to be of interest and of specific use in different engineering
problems, so much so that they have been given the names of the men who instigated their use.

Ratio of
Inertia …
… and Gravity
… and Viscosity
… and Elasticity
… and Drag
… and Surface Tension

Definition of
Name of
Dimensionless number Dimensionless number
¶016420[
= ¶Á
Froude Number
¶Y4[.02
¶016420[
=
Reynolds Number
¶.0+;-+02
¶016420[
= ¶Á
Mach Number
¶6\[+20;02
¶'4[Y
Keulegan–Carpenter
= (º
Number
¶016420[
¶016420[
=
Weber Number
¶+34ø¸61+

Named after
William Froude
(1810-1879)
Osbourn Reynolds
(1842–1912)
Ernst Mach
(1838-1916)
Garbis H. Keulegan and
Lloyd H. Carpenter
Moritz Weber
(1871–1951)

Table 2: Force ratios of interest and of specific use in different engineering problems.

Surface waves in the ocean are gravity driven. The strong dependency on gravity, g, can be seen in the equations in
Table 3 describing the surface motion of a sea. Therefore, in many ocean energy device models the ratio of inertial
force to gravitational force is the most important force ratio of interest. Therefore, models of devices that engage
with ocean waves are built according to Froude scaling rules.
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Table 3: Froude scaling rules.
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Table 4 shows the scaling factors for a selection of physical parameters required to have a valid Froude scaled model.
These relationships are easily derived when the Froude number of the model and the Froude number of the
prototype are kept constant. Similar tables of parameters can be calculated for different scaling methods, e.g.
Reynolds or Mach.
Physical Parameter
Length
Time
Structural Mass
Inertia
Force
Torque
Linear Velocity
Angular Velocity
Linear Acceleration
Angular Acceleration
Pressure
Power

Multiplication Factor
λ
√λ

3

λ
λ5
λ3
λ4

1

√λ
1/√λ

λ

1/λ

λ 3.5

Table 4: Froude Scaling Rules for a selection of physical parameters.

8.3 SCALING FOR ELECTRICAL TESTING FOR OCEAN ENERGY DEVICES
In the previous section the theory behind scaling has been presented. The following section will describe how this
theory is applied to electrical testing of ocean energy devices. As described earlier, the input data for the electrical
test rig is often not full scale data and the test equipment is also not at full scale. Therefore, there are three scales
frequently considered when carrying out electrical testing; source data scale, full scale and electrical test rig scale.
These are represented graphically in Figure 28.

Figure 28: Three scale zones typically involved in electrical testing of ocean energy devices

The scale of the source data, ¾'[2[ , is known and fixed. However there is a degree of freedom in selecting a suitable
test rig scale, ¾40Y . The same device model could be tested at different scales on the electrical test rig, for example,
1/20th scale for normal operation, but 1/40th scale for high power wave conditions. The user must select a suitable
test rig scale value to suit the test rig being used.
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As well as scaling the power, other parameters need to be considered. The following sections outline an approach to
fitting scaled test data to electrical test rigs.

8.3.1 Select the type of scaling
As discussed earlier, the method of scaling must be carefully selected to correctly represent the dominant forces of
the device under test.

8.3.2 Scale according to power ranges

The power range of the full scale device and that of test rig will largely determine the test rig scale; ¾40Y .The peak
mechanical power at the test rig must be within the power range of test equipment. This is usually the first step in
determining a suitable scale for the experiment.

8.3.3 Check other parameters are within range
Once a first guess at a suitable scale has been determined, other parameters need to be checked to ensure they are
within the physical limits of the test rig. All electrical test rigs have limited speed, torque, inertia and power ranges
(see Figure 29). The inertia of the test rig may be fixed or adjustable to discrete levels of inertia using a gearbox and
flywheel combination. Given these physical limitations, certain devices may not fit every electrical test rig. If the
experiment values for speed, torque, power and inertia are within range, testing can begin. Otherwise some simple
options may prove useful.

Figure 29: Important parameters to consider for electrical testing

8.3.4 Optional steps to increase ranges of test rig
Two options are presented below to help ‘fit’ the experiment to the electrical test rig being used.
• Virtual Gearbox
• Virtual Inertia

8.3.4.1 Virtual Gear Box
If the speed and torque parameters do not fit, then a virtual gearbox can be added. The scaled model running on the
system controller e.g. Programmable Logic Controller (PLC) can operate at a different speed and torque to that of
the electrical test rig. Note the gear-ratio squared relationship for inertia shown in Figure 30.
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Figure 30: Scaling – with virtual gearbox

8.3.4.2 Virtual Inertia
This method expands the range of model inertia values that can be tested on a given electrical test rig. An additional
inertia is added the virtual device model that is controlling the motor.

8.3.5 Summary guide to scaling for electrical test rigs
1.
2.
3.
4.
5.
6.
7.

Determine dominant forces
Select scaling rule (e.g. Froude)
Determine power range of full scale
Estimate test rig scale based on power scaling
Examine other parameters based on this scale. (e.g. speed, torque, inertia)
If all parameters are within range, testing may begin
Otherwise, the following options may help ‘fit’ the full scale data to the test rig limitations
• Adjust the first guess test rig scale
• Add a virtual gearbox
• Add virtual inertia to the model
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9 MAIN TESTS
As stated in previous sections, most of the manufacturers or even research groups are very concerned on the device
concept from the energy extraction point of view, and the mechanical validation of this concept becomes the main
activity and task of interest. In the current state of OECs, this is beyond question a very important issue. However,
the focus of the researches on this area should not overshadow the importance of the power conversion stage and
the grid connection. A proper design and validation of the prime mover operation is equally as important as the
power conversion and grid connection of this prime mover.
In this line, testing at electrical facilities as the ones described in this document can contribute to the optimum
development not only of the power conversion stage, but of the OEC as a whole. The planning of these tests can be
focused on the different design stages of each OEC. This section describes the main purpose of the tests that can be
performed in these facilities depending on the development stage of the device. The test can satisfy different
requirements since the design validation to pre- and post- deployment testing. Some of the mentioned test can be
interesting in more than one design stage, depending on the objective of the results.

9.1 DESIGN VALIDATION
9.1.1 Early Stages of Electrical Design
The selection of the power conversion alternative is not a trivial decision. Many factors must be taken into account
such as the OEC motion, the needed controllability, the power connection, etc. This decision does not usually
require a testing stage, but when several alternatives seem to compete and the decision cannot be taken from
conceptual or simulation details, doing some specific tests can turn the scales to the better option.
Some facilities can perform as different alternatives for comparison.

9.1.2 Concept Validation
In the next step, when the concept has been already decided and the main details have been worked out a concept
validation from the electrical point of view is recommended. This covers stage 1 and 2 of the Structured
Development Plan for Wave Energy [26]. However, in OEC these stages are only accomplished from the prime mover
point of view but usually forgotten from the electrical point of view.

9.2 RESEARCH TESTING
9.2.1 Model Validation
Simulation models based on mathematical equations are the basis and the beginning of any kind of research.
Mathematical models can be as precise as needed depending on the purpose of the simulation. But it is difficult to
represent the real physics limitations and uncertainties in these models. Thus, they can become too idealistic and
provide non-valid results.
Simulation models can be improved by comparison with electrical testing results. Once validated, they will represent
better the real performance and can be used for future research studies without continuous experimental testing.

9.2.2 WEC Control
Different levels of controls can be first simulated and then tested in electrical facilities:
o

Tuning of controllers when the parameters are not exactly known. Experimental tests will show the accuracy
of any control law when as it happens in reality; the exact parameters are not known or are time-varying in a
non-controllable manner (delays, wear, etc.)
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Optimum efficiency control. Some WEC controls try to track the maximum efficiency curve of a turbine,
without taking into account the effects of the inertia, or the influence of a highly varying speed in the rest of
the components.
High peak to average power controls. Many research works based only in simulation, describe the
advantages of a particular control law without taking into account that the electrical components must be
designed for the maximum peak power. Electrical tests help in the understanding of the compromise
between high power extraction and component oversizing.
Analysis of generator control laws, and optimization.
Investigation of varying inertia.

9.2.3 Grid Connection
Any research work regarding grid connection must be tested in an electrical facility prior to installing the device in
the water. Existing pre-commercial devices have not arrived yet to this point, but grid connection normatives are
becoming more and more demanding and ocean energy devices will have to meet a number of requirements.
Some electrical facilities are able to provide a programmable grid including different kind of disturbances to test the
robustness of the designed system.
o Interaction between components in an electrical power network in various grid conditions, as strong
grid, weak grid and island operation.
o Investigation of component behaviour during abnormal operation conditions, transient behaviour.
o Behaviour of converter control system in non- ideal network conditions, as weak grids and island
operating modes, transient events, dips and circuit breaker operations etc.

9.3 PRE-DEPLOYMENT TESTING
Electrical testing facilities can be a scaled exact replica of the electrical physical components existing on a device.
These tests can detect any abnormal operation in a safe laboratory environment, which results in an important
money saving.
The electrical facility allows a full dry electrical and control pre-deployment system testing for a variety of sea states.

9.3.1 Final Software testing
The complete control software that will be implemented in the prototype can be tested in a laboratory. It can work
for days and make sure that goes through all the states. This way, any problem will be detected prior going to the
sea.

9.3.2 Component testing
The exact replica of a prototype allows the component testing in a laboratory environment.
o Component and system behaviour during grid faults
o Investigation of electrical systems characteristics, such as harmonics, electromagnetic interference, thermal
and electromechanical stresses component lifetimes and supervisory control reliability.

9.4 POST-DEPLOYMENT TESTING
Post-deployment analysis such as power matrix augmentation based on validated device model, and power quality
assessment.
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10 TEST PROCEDURES
10.1 STEP BY STEP ELECTRICAL TESTING IN MARINET FACILITIES.
In the following lines a brief description of the different steps that may be completed when accessing and electric
laboratory are described:
•
•
•
•
•
•

•
•

The first step is a pre-access preparation of the tests. Before accessing the infrastructure, some more
discussion needs to be held with the infrastructure provider in order to obtain all the inputs needed to
perform the tests.
The mathematical models that represent the resource and the energy converter behaviour have to be
adapted to be implemented at the electrical facility. Each facility may have a different simulation software
and I/O acquisition boards.
Discussion about the appropriate sea-state conditions to be tested.
Onsite preparation of tests: Final programming of the WEC in the Lab.
Final programming of the proposed controls.
WEC validation tests: Initial tests to analyse the performance of the facility with the WEC are envisaged.
o First without grid connection. For the first purpose the facility counts with already tested generic
controls that can be used in order to perform general tests of the WEC part.
o Full tests: Once the WEC simulator’s behaviour represents completely the behaviour of the
mathematical models and/or the results of prior tests in tank, the proposed controls can be tested.
Battery of tests.
Analysis of results.

10.2 DEVICE ADAPTATION TO THE FACILITY
Section 8 has defined the scalability laws applicable in ocean energy converters. Electrical test facilities have specific
physical limitations, generally, completely different from the parameters of the device under test. Usually this
facilities are small-scale replica of the electrical part of a device, but not only the power is scaled, the rest of
parameters are also fixed and small variations are allowed. For that reason, the application of scalability laws is not
straightforward and some steps must be followed in order to achieve a good accuracy in the results.
Section 5.2 showed some physical limitations of the facilities, describing how when some parameters are scaled,
some others become fixed and usually they do not coincide with the parameters of the device under test. It also
described a selection of general constraints that this kind of facilities may have, as well as some solutions to
overcome these limitations.
The present section will define the steps to follow to adapt the real parameters of the device or prototype, to the
physical limitations of the facility. This definition is done considering a generic electrical facility. The prototype to be
tested in the facility is represented by a mathematical model implemented in a simulation tool. For the testing
purpose, only the mechanical part (emulated part in Section 5.1) is modelled, the rest will be connected to the
electrical components of the facility. Is this modelled emulated part which runs in simulation the one that must be
scaled.
1. The main physical limitation that cannot be overcome is the torque. Thus, first, the torque of the model
must be scaled to meet the facility requirement. From this scaling, the Froude scale number that will be used
to scale the rest of the parameters is obtained.
2. Scaling of the rotating speed. Using the previous scale number, the speed is also scaled. Obviously, the
resulting scaled speed may differ from the speed of the facility and the so-called “Virtual Gearbox” method is
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then applied (see Section 5.2.2). This method will allow the speed of the facility be the adapted to its
limitation, while the speed of the mathematical model can be kept according to the scaled parameter.
3. The time of the simulation must be also scaled with the same scaling number.
4. The last important parameter to be scaled is the inertia. In this case, the inertia will be affected by the scale
number and by the “Virtual Gearbox” as the next equation shows. It can also be understood as placing the
inertia on one side or the other of the “Virtual Gearbox”.
Z
7≅&
½

These are the main parameters to be adapted. Depending on the model, it may have other parameters that will have
to be also scaled always using the same calculated number.

10.3 LOAD REGIMES
The definition of the appropriate rated power for ocean energy technologies is largely dependent on the resource
available at the deployment site [60].
One could even argue that some devices are actually scalable depending on the energy available so that a set of
different configurations might be defined for deployment at different locations.
The structural design of marine energy devices and their components (e.g. moorings) is particularly sensitive to the
extreme environmental conditions occurring at the site so that the fundamental assessment of the structural
configuration is typically carried out on a reduced set of sea states representative of the most severe conditions that
are likely to occur along the lifetime of the device.
On the other hand, the PTO design should be based, as a first step, on the most frequent sea states on which the
device is expected to be operational. It is desirable to design the PTO in such a way that its efficiency is maximal in
correspondence with the most frequent conditions and therefore the correct identification of representative sea
states for PTO design and testing is particularly important.
Since the efficiency of the PTO system is often variable depending on the operating conditions, a possible objective
of the design would be to obtain the best efficiency in correspondence with the most frequent resource. Thus, any
fundamental testing schedule for conversion system should include a set of dynamic loads corresponding to typical
sea states representing “best-working” points.
Finally, in some cases it might be necessary to provide some understanding of specific “survival” operation modes
corresponding to extreme environmental conditions in which the PTO might be required to perform different
functions other than producing electricity.
Previous work done in [60] defines the typical dynamic load regimes for marine energy devices, which implies the
definition of a set of environmental conditions corresponding to the following four fundamental load cases:
• Optimal operating conditions
• No-load conditions
• Extreme load conditions
• Extreme safety conditions

10.4 TESTING STANDARD CONTROL LAWS
A good recommendation to follow a reliable step-by-step methodology is to implement first the mathematical model
in the simulation tool of the facility and compare the results of the complete behaviour (including the physical real
part) with the complete model.
For that purpose, it is recommendable to start with simple control laws like simply following a rotation speed.
Otherwise, if the model and experimental results do not coincide, there will be plenty of uncertainties to follow the
errors.
Usually these electrical facilities will already have some simple controllers implemented what will ease the first tests.
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10.5 TESTING GRID CONDITIONS
As described in previous sections, the main effort of industry and researchers in the development of ocean energy
devices is focused on improving the efficiency and behaviour of the physical power extraction of the ocean. But it
must be kept in mind that the real objective of these devices is injecting electrical power into the grid. Without this
last step, the effort will not obtain benefits.
Depending on the development stage of the project to be tested, it might result essential to study grid connection
requirements and the robustness of implemented control strategies. However, if that is not the case, a set of grid
conditions for testing must be selected and referred.
When the robustness of power electronics and control strategies in the presence of grid disturbances is analysed,
existing grid codes must be taken into account. There are some particularities of grid integration of marine energy
converters compared to other kinds of renewable energies that must be taken into account. Specific attention must
be paid to power quality issues raised by tidal and wave energy converters. Compared with other sources of
electricity, wave energy is recognised for having high short-time variability in the power output. This appears in two
main forms:
Depending on the WEC configuration, its power output can present important variations at the frequency of the
incident wave front, and its harmonics. Additionally, the intensity of power peaks is also fluctuating, with a peak-toaverage ratio typically of several units.
Grid codes address issues related to connection of renewable generation plants, particularly wind power plants,
under normal and grid disturbance operations. These requirements are similar to requirements laid out for large
conventional power plants [61].
Analysing connection requirements stated in grid codes from Transmission System Operators (TSOs) of the main
European Countries (including Denmark, Ireland, Germany, UK, Finland, Italy, Spain and Norway), the following
conclusion is stated: compared to other marine renewable generations, wind power is addressed by most of the grid
codes in more detail. These connection requirements may be applicable for offshore wind plants, but very few
comments are made regarding wave and tidal.
Regarding electrical testing, different aspects could be addressed:
• Steady state or normal operations conditions
• Voltage and frequency deviations
• Active and reactive power control
• Voltage control
• Power factor control
• Power quality
• Fault ride through requirement during grid disturbance, and active and reactive power support during grid
faults.
Not all the electrical facilities may be prepared for holding these kind of tests. For this purpose, specific equipment is
needed, such as a virtual grid that can count on a high power back-to-back converter, programmable software and
loads.
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11 DATA ANALYSIS
Measurement and reporting of the acquired data are key areas for any testing activity. Laboratory users need to
check in real time the correct performance of the test. In addition, they will need to save the data for further analysis
and comparison.
Different equipment takes part in this process. In the first stage sensors or transducers can be found. They must be
calibrated gradually and the level of error must be known. Measurement uncertainties of around 2% can be typical
across all stages. Measurement traceability is not available for all measurements; however, it is not always required.
If needed, custom-designed transducers must be used.
Some of the measured information will be a feedback for the facility and thus, mandatory. Other measurements may
be needed for the analysis of results.
Instrumentation equipment must be also well and gradually calibrated. In an electrical facility different devices are
common:
• Oscilloscopes for different measurement inputs, usually directly from a transducer
• Power meters
• Current meters
In addition, power electronics may have its own internal measurement techniques as well as estimation software.
Data acquisition software will highly depend on the facility and the user necessities. For these, packages such as
LabVIEW, MatLAB and proprietary vendor packages are utilised. In some cases bespoke coding is also developed
using C++, Visual Basic or VHDL. The data is 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.
In a previous work [3] it was found that data analysis is 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.
Parameters monitoring is also an important issue. It helps understanding the correct performance of the tests, as
well as accelerates the identification of any error that may occur.

Figure 31: Example of HMI interface to monitor outputs of the Rotary Rig (showing the multiple electrical
connection options for the generator)
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Figure 32: Human machine interface screen for prime mover configuration

11.1 CORRELATION BETWEEN EXPERIMENTAL TESTS AND SIMULATION RESULTS
As explained in previous sections, prior to experimental testing simulation models are based on mathematical
equations. These models represent the ideal behaviour of each of the components and do not show the real
operation and interaction between them.
Electrical tests will help in obtaining a feedback from the experimental results to simulation model.

11.1.1 Main differences between experimental and simulation results
Experimental tests will show if the accuracy of the model is enough regarding the purpose for what it is designed. It
may occur that some aspects like specific control laws, have a completely different behaviour in simulation and in
the laboratory. The laboratory will add to the tests a touch of reality showing the unexpected behaviours before a
prototype is installed in the sea.
There is a variety of issues that are not usually considered in simulation models. Some of them can be added after
experimental testing, and some others cannot even be measured and will be part of an accepted level of
uncertainty.
• Delays in power electronics, filters
• Uncertainties in the applied values
• Measurement errors: 1) intrinsic error of sensors; 2) error for working out of range (low ranges)
• Uncertainties in the physical data: Inertia, friction
There are other considerations that can complicate the implementation of the model in the facility. The most
important is the need of working in Real Time. When the complexity of the calculations is high, simulations can work
in variable or fixed step, and with simulation periods longer than real time. This is not acceptable when working in
physical facilities. Usually variable step options must be substituted by fixed-step solvers which should not cause too
many problems. On the other hand, it is mandatory that the models of the PTO work in real time. Sometimes the
reduction of computation time is a complicated task that implies a reprogramming of some parts of the code.
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12 CASE STUDIES
The first step for any test consists in a deep communication between the user group and the access provider to
analyse the feasibility of the tests and asses the user group in their first steps.

12.1 CASE STUDY 1
This section will show a schematic description of the methodology followed in a 3-week test program that took place
in the Electrical PTO Lab in Tecnalia. The testing methodology will be explained schematically step-by-step:
Previous work by the user group:
1. Create a numerical model of the system decoupling the turbine/generator group equations from the
hydrodynamic model.
2. Remove all singularities such as the zero velocity condition.
3. Scale the equations using the scaling laws or the dimensionless form of the equations. Respect the Froude
Number.
4. Choose the appropriate scale for the tests (inertia, rotational speed, power)
5. Create a small scale numerical model of the system that supports HIL control of the motor/generator group
and also software in the loop.
6. Simulate the test conditions before coming to the test rig.
First visit:
7. Do a preliminary recognition of the test rig.
8. Planning of the readjustments to be made in the developed models.
Second home-work by the user group
9. Choose the real-time acquisition/control software that meets the requirements. Facility provides one but
may not be of the interest of the user.
10. Assure that the real time computational time-step is faster than the physical time. Special attention has to
be paid since the time step is also scaled.
11. Implement the numerical model in the real time software
12. Onsite tests

Rev. 5, 31-Jan-2014
Page 71 of 87

D4.02

Report on dynamic test procedures

13 CONCLUSIONS
Ocean Energy Converters are suffering an impressive development in the last years. Many research groups, small
and big companies as well as universities are spending their money and time to be the first in getting an
achievement in any of the fields related to OEC.
First works only took into account the first stage of the devices. They worked in the strategies to best solve the
problem of obtaining a usable movement from the ocean energy. From these initial works a wide variety of devices
arose. The most promising devices for Tidal Energy seem to be better defined. However, in the case of Wave Energy,
there is not a winning technology yet, and every group choses which of the alternatives suits their research better.
Thus, wave energy devices 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, the
components of PTO of wave devices vary significantly from device to device.
This lack of technology maturity and alternative dispersion makes that the main tests being performed in the Ocean
Energy areas are related to the testing of the physical prototypes, with the main objective of validating a determined
concept.
Given that no standards existed for certification or testing of wave and tidal energy converters as of 2010, EQUIMAR
protocols [1] set out a list of good practices for testing wave and tidal 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.
In many cases, the research and subsequent tests of the generator, power electronics and grid connection part are
forgotten. This is a common mistake that can cause many problems like instability, inefficiency and
underperformance of a prototype. As well as great delays and high costs provoked by poor behaviour of these parts.
This document emphasizes the importance of the research on the electrical grid connection and control, highlighting
that the only valuable energy is the electrical energy injected to the grid. It makes a review of the different
components from the prime mover to the grid connection.
Testing of the electrical behaviour of the ocean devices seems to be left in the background. Throughout the Marinet
project, efforts have been made to show the necessity of these kind of tests. Many developers have failed for the
simple reason of forgetting to design a good electrical part and a good control strategy.
A variety of electrical test benches available within the Marinet Project are also described in this work. Each of them
has some peculiarities that make them different but cover the main necessities of any research. This research must
follow some important steps. First, numerical modelling is essential prior to any experimental test. On the one hand,
complete simulation models from the resource behaviour until the grid connection are used. These models will
represent the approximated behaviour of the whole device and will be validated and compared by experimental
testing. On the other hand, electrical test infrastructures are made of an emulated part and a real part. The latter is
composed by the physical equipment on the electrical power take off side, from the generator to the grid
connection. But the behaviour of the device from the resource to the generator shaft must be emulated. Thus, for
electrical testing, a numerical model is always needed and represents the capture of the ocean energy and
transformation into rotating motion. This modelled behaviour is then emulated by the facility. An electrical motor,
configured as the ocean energy (OE) prime mover, is used to re-create the dynamic response exhibited by an ocean
energy device given a specific set of input conditions. The prime mover motion is emulated by drive-controlled
electrical motor which is usually coupled to a flywheel via a gearbox.
The more accurate the models are, the more precise will be the obtained results.
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The document also covers important aspects such as how to tackle the scalability issues when testing in an electrical
test bed. Nearly all the physical parameters of the test bench are already fixed, and just applying scaling methods
may not be enough. Other problems that can be found when doing electrical tests are also documented and solved.
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14 ANEX A: DESCRIPTION OF THE ELECTRICAL FACILITIES
AVAILABLE IN MARINET
Although most of the generalities described above are shared among this kind of facilities, in the following, a more
detailed information about some of the facilities found in the Marinet Network is given.

14.1 ELECTRICAL PTO LAB-TECNALIA
The figure shows general scheme of the Electrical PTO Lab. The test bed can be divided into two key areas; the
motor and the generator areas. The motor area is composed by the motor, the frequency converter to control the
motor and the motor control software. The aim of these components is to simulate the performance of the WEC and
turbine under any sea condition. It is a simulation because the mathematical equations are programmed in the
motor control software so that it behaves like the WEC. The generator area includes the generator, the frequency
converter to control the generator and a PLC with the generator control software. This part represents the real
equipment that could be connected between the WEC and the grid. The motor and the generator are coupled by
means of a gearbox.

Figure 33: Electrical motor, gearbox and generator of the Electrical PTO Lab.

14.1.1 Emulation of Sea state and WEC behaviour
The behaviour of the WEC is completely emulated and it is based on the knowledge of the mathematical equations
and main parameters of the WEC. The main components that take part on the WEC emulation are the motor, the
frequency converter, the programmable inertia and the motor control software.
The motor control software runs in a dSPACE using a Matlab/Simulink model and simulates the performance of the
WEC and turbine. Any kind of WEC using a rotating generator can be simulated.
The model will have implemented the sea-states and the WEC and turbine mathematical equations. It will have as a
minimum input the turbine speed which is read from the test bench, and as a minimum output the torque that must
be applied in the shaft. This torque reference is supplied to the motor frequency. The dSPACE real-time board is
used to connect the simulation model to the physical world.
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14.1.2 Interaction between emulated part and physical facility
The dSPACE real-time board is used to connect the simulation model to the physical world. The model needs to read
the real turbine speed from the test-bench, and it generates the real torque that the WEC would impose in the shaft.
This torque is an output from the model and will be an input in the frequency converter that will impose this torque
in the motor.
Depending on the control law, different variables can be output of the model and driven to the PLC where the
control laws are implemented.
The PLC needs, at least, the real speed of the generator as an input and depending on the control law will generate
the resistive torque.

14.1.3 Mathematical models
Tecnalia usually uses Matlab-Simulink wave to wire models to perform the controls and grid connection. These
models are used before the tests, and the results will be used to compare the good implementation of the device
and controls in the test-bench. The models are also corrected with the results of the tests.
In the test-bench:
Users can come with their own Simulink model of the WEC and only minor changes have to be introduced in order to
adapt the model to the dSPACE environment.
The implementation of the generator control is performed in a PLC.

14.1.4 Short description of the main tests which are purpose of the facility
-

Validation of the concept from the electrical point of view.
Tuning, comparison and validation of speed/torque control of the generator. Comparison of the behaviour
of the system and control in non-ideal conditions.
Testing under different sea-states, repeatability.

Figure 34: Power electronics, electrical motor, gearbox and generator of the Electrical PTO Lab.
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14.1.5 Short summary of the test plan
A summary or example of the test plan has been explained in Section 12.1

14.2 ROTARY RIG-HMRC

Figure 35: Overall Rotary Rig Infrastructure.

14.2.1 Emulation of Sea state and WEC behaviour
Devices that capture ocean energy and transform it into rotating motion can be emulated by this Rotary PTO test
equipment. An electrical motor, configured as the ocean energy (OE) prime mover, is used to re-create the dynamic
response exhibited by an ocean energy device given a specific set of input conditions. The prime mover motion is
emulated by drive-controlled electrical induction motor which is coupled to a flywheel via a four-speed gearbox.
The first step in emulating the sea-state is to determine the scale of the test-rig with respect to the full scale device
being investigated. Details of the full scale device are needed to make this decision, for example, inertia, speed
range, torque range, power range. The flywheel allows variable inertia be added to the system. If the required inertia
is not physically available, software options are available to include ‘pseudo-inertia’. The sea-states or
speeds/torques of interest must also be scaled to match the scale of the test rig.
Once the scale value and required inertia are determined, the next step is to select the control mode. Three levels of
control mode for the prime mover emulator are available:
1. Simple open loop speed or torque control
2. More complex closed loop power control mode
3. A power capture model running in real-time, combining measured physical inputs with a file of sea-state
data.

In the first control mode, the motor can be operated in speed control mode, where the user can request a fixed
speed, sinusoidal speed or a file of speed time series data. The same options are available for torque control mode,
i.e. a fixed torque, sinusoidal torque or a file of torque time series data.
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In the second control mode, a time series of (scaled) captured mechanical power is used. In torque control mode,
the real-time physical shaft speed, Z 6[+ ½ , is measured and used to calculate the torque to be applied by the
motor, T D! t for a given mechanical power, P
t , in (1) . The case for speed control is shown in (2).
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In the third control mode, a software model of the power capture system is developed and runs in real time on the
system controller, a Mitsubishi PLC. The model can combine measured physical inputs (e.g. measured shaft speed)
with a times series of (scaled) significant wave height. The model then computes the torque that should be applied
by the prime mover to emulate the behaviour of the device.
The first and second prime mover control modes are easily configured using a custom built human machine interface
(HMI), see Figure 36. Configuring the third control mode requires a couple of additional steps:
1. The power capture model must be developed and verified by running it in a closed loop Matlab/Simulink
model of the Rotary PTO system. This step ensures that the equipment stays within its safe operating
envelope and avoids the need for re-scaling test data at a later stage.
2. The verified model must then be written in the logic language of the PLC. This simple language called
Structured Text (ST) is the industry standard for programming PLCs. It is simple to learn, however
complicated mathematical functions may not be available.
3. This code is downloaded to the PLC and testing can begin.

Figure 36: Human machine interface screen for prime mover configuration.

14.2.2 Interaction between emulated part and physical facility
The previous section described the prime mover emulator in detail. This section describes the physical equipment on
the electrical power take off side. This equipment is an exact scaled replica of the equipment that would exist on the
full scale ocean energy device. The connection between the emulated part and the physical part of the Rotary PTO is
the mechanical shaft between the motor and the generator.
A full scale ocean energy device with rotary power take off will include:
1. Electrical generator
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2. Power electronics
3. Cables to connect to the utility grid
The scaled Rotary PTO includes each of these elements.
A slip ring induction generator can be configured to behave as a permanent magnet synchronous generator, squirrel
cage induction generator, wound rotor induction generator or doubly fed induction generator. The generator can be
directly connected to the grid, and operated with a soft starter. Alternatively, power electronic connection via a
back-to-back converter can be used.
The system also contains a cable emulator which consists of a set of inductors and capacitors used to imitate the
impedance of a grid connection scaled equivalent of 10 km of sub-sea cable and 30 km of overhead line.
Once the user has selected the electrical system that best matches the system for the full-scale model under
investigation, control laws can be implemented. These can be simple fixed speed or torque, or more complex
dynamic models, e.g. maximum power point tracking. These are implemented in by programming them into the PLC
code.
Multiple system parameters are monitor during tests; shaft speed, shaft torque, per-phase voltage and current, real
and reactive power at multiple measurement points, and temperature in the drives, motors and generators. These
outputs are saved by the PLC data logger in a comma separated value file (*.csv) and can be post-processed by any
standard analysis software tool.
Sensors in the Rotary PTO include voltage, current and power LEM transducers, resistance temperature detectors
(RTDs), and a Kistler torque transducer. The electrical drives also provide many useful measurement parameters.

14.2.3 Mathematical models
The values for the single phase equivalent model of the electrical machines are given in the following table:

Motor
LSMV180LU
Generator
FLSB225

Stator
Resistance

Stator
Leakage
Inductance

Magnetising
Inductance,

Magnetising
Branch
Resistance,

Rotor
Resistance,
R2
[ohm]

Rotor
Leakage
Inductance,
L2 [mH]

L1+L2 [mH]

Rotatio
nal Pwr
Losses
(noload)
[W]

R1
[ohm]

L1
[mH]

Lm
[mH]

Rm
[ohm]

0.106

1.265

41.575

98.111

0.284

1.265

2.530

589.519

0.082

0.991

26.268

114.291

0.064

0.991

1.982

556.177

The mechanical values of the shaft (with no flywheel attached) are given in the following table:
Mechanical Parameter
Rotary PTO Inertia (Jrig)
Flywheel Inertia (Jflywheel)
Frictional Losses (B)

Measured Parameter
2
1.25 kg.m
2
8 kg.m
0.0775 N.m.s

14.2.4 Short description of the main tests which are purpose of the facility
Main tests include:
• Performing early stages of electrical design, including generator type selection, and concept validation.
• Analysis of generator control laws, and optimisation.
• Investigation of electrical systems characteristics, such as harmonics, electromagnetic interference, thermal
and electromechanical stresses, component lifetimes and supervisory control reliability.
• Investigation of varying inertia.
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Full dry electrical and control system pre-deployment system testing for a variety of sea states.
Post-deployment analysis such as power matrix augmentation based on validated device model, and power
quality assessment.
Wider applications for other renewable energy emulation, such as micro-generation and wind turbines.

14.2.5 Short summary of the test plan
Test plans are customer specific, with bespoke data requirements; however the following list may be used as a
general guide:
Pre-testing procedure
• The client provides the test centre with a test plan, which is reviewed to ensure that the test parameters (file
inputs, data capture rates, number of sensors etc.) are within the capacity of the Rotary PTO.
• Matlab simulations are performed for the planned test conditions to ensure that the Rotary PTO parameters
remain within its operating envelope.
Testing procedure
The test procedure will be tailored for each test requirement and objective.

14.3 SMARTGRID LAB-SINTEF
This is a block description of the Lab:

Renewable energy lab / Smartgrid Lab/ Windpower lab

Mains supply

NTNU / SINTEF

Lab supply grid 400V AC 225A
225A

L1

Local grid 1

L12

L2

Short
circuit
emulator

Local grid 2
125A
PM-generator 50kVA

Inv

IM

Inv

IG

Induction generator 55kVA

AC
DC

Energy
storage
lab

DC
AC

AC

AC
DC

AC

DC

PMG

IM

Inv

60kVA lab converters

DC

DC grid model

50A

HV/MV substation unit

MV bus

Z

Z
DC

AC
DC
Z
Inv

IM

AC

20kVA back to back
converter

Z

SG

Synchronous generator 17kVA

27 kW
resistive load

Z

Z

2013-07-11
VisioDocument

Figure 37: Components of the SmartGrid Lab.

14.3.1 Emulation of Sea state and WEC behaviour
This laboratory is mainly oriented towards electrical grid interface issues, but sea and device movements can be
included in mathematical models for device control and power generation when dynamic grid- device interaction is
going to be investigated.
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14.3.2 Interaction between emulated part and physical facility
Prime movers are emulated by electrical motors and vector control inverters. Torque reference signals to the
motordrives are generated by a LabView based control system which can be run according to the objective of the
actual experiments.
Main operating modes are:
• Manual control. Torque reference is set directly.
• Time series with torque signals. Either artificially made containing constant torque, steps, sine waves etc., or
based on measurements on actual plants.
• Prime mover model containing dynamics. An example is a wind turbine model, which contains turbine inertia,
blade pitching and a turbine controller model. It is driven by a time series with wind speed values.

14.3.3 Mathematical models
Converter control: In-house developed C and VHDL based vector control system using Phase locked loops for grid
synchronization. Can be configured for dq-axis current control, DC link voltage control or grid frequency control of
active current, AC grid voltage control of reactive current, and active damping of grid voltage transients. An OPAL-RT
emulator system using Matlab-Simulink can be used for investigating converter control algorithms.
Grid: Simplified physical models, using inductors and resistors to emulate lines and cables. Emulation of some
components may be performed with Matlab- Simulink models running on the OPAL-RT using three phase DC/AC
converters as power stage.

14.3.4 Short description of the main tests which are purpose of the facility
•
•
•
•
•

Interaction between components in an electrical power network in various grid conditions, as strong grid,
weak grid and island operation.
Investigation of component behaviour during abnormal operation conditions, transient behaviour.
Component and system behaviour during grid faults.
Interaction between units in converter dominated grids.
Behaviour of converter control system in non- ideal network conditions, as weak grids and island operating
modes, transient events, dips and circuit breaker operations etc.

14.3.5 Short summary of the test plan
A typical experiment sequence would be performed like this:
•
•
•
•
•

Design of experiment, deciding what to do and what to look for.
Planning. Adapting the experiment for available equipment, scaling of parameters to fit the equipment.
Simulations of actual case.
Preparation. Booking laboratory time and space, building or acquiring new equipment if required,
programming control system, rigging of setup.
Running the experiments. Data gathering, watching for unexpected results, adapting experiments to results.
Processing of results. Comparing with simulations, rerun simulations with modified models, reporting.
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14.4 IWES FACILITY
The test bed consists of a servo drive (blue machine in figure) with an attached fly wheel. Test machines/devices can
be mounted to the shaft of the servo drive machine with a flexible coupling (“RigiFlex®” coupling). The technical
specs of the servo drive are as follows:
•

Rated Power: 80kW

•

Rated RPM 1500/min

•

Max. RPM: 1800/min

•

Max. torque: 500Nm

Figure 38: Components of the facility at IWES.

14.4.1 Emulation of Sea state and WEC behaviour
To achieve a very flexible concept, we do not have integrated any Emulation / Simulation functionality into the servo
controller/FC. The controller needs to be actuated by a customer’s simulation model, running on his own
emulation/simulation hardware.

14.4.2 Interaction between emulated part and physical facility
The set values for torque, RPM, etc. of the servo drive need to be provided in analogue format (+/- 10V or 4-20mA).

14.4.3 Short description of the main tests which are purpose of the facility
-

Validation of PTO concepts from the electrical point of view
Tuning, comparison and validation of speed/torque control of the generator
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