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Abstract

Following a sequential development path with| 2y
growing model size Wavebob has in recent year s
gained valuable experience during large scalergda.t
For the important advancement from sea going mode
to full scale demonstration of pre-commercial
prototypes a transition in the development prodess
required.

The implemented systems engineering approac
enables Wavebob to effectively work within a powérf
research & development network, efficiently empéoy
range of development tools and progress a number
parallel development threads. This paper described
concept of systems engineering in its application t
wave energy converters (WEC), highlights its
effectiveness in mitigating risk and accelerating t
development process towards full scale demonstratic
of commercial operations.

Keywords: Research & development network, systems
engineering, wave energy converter development.

1 Introduction and Motivation

In the development of wave energy converters ¢=
number of protocols and guidelines have beefF ="
suggested over the years. During 10 years of refsea |
and development and following the Irish ocean epergt =
development & evaluation protocol [1], Wavebob has#s—
completed small, intermediate and large model scals
tests ranging from 1/160to 1/4" scale. A selection of |
hydrodynamic model tests configurations at différen
model scales in wave basin, wave flume and in lrenig

sea sites is displayed in Fig. 1. Figure 1: Wavebob scale physical model testing.
a) 1/7%" scale model in wave basin,
b) 1/28" scale model in large wave flume,
c) 1/17" scale model during benign sea trials.
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Advanced development model (ADM) sea trials at In 2008 Wavebob have implemented these changes
1/4" scale were undertaken in 2006 (ADML), and embraced the systems engineering approach. The
producing electricity from ocean waves for the tfirs following sections are intended to give a concise
time in Ireland, and in 2007 (ADM2) confirming powe overview of Wavebob’s system development setup
absorption capability during sea operation; see Eig with regard to the concept of the adopted systems
These important development stages were achieveshgineering approach, the structure of the R&D
under budgetary constraints, with acceptance ofietwork and the range of R&D tools and methods
remaining risk factors, providing considerable hdag  utilised.
and setting focus for further improvement.

2 Systems Engineering

The systems engineering approach considers all
lifecycle issues of the complete system rather fbanh
the WEC or even just those of a functional models
used to capture the complexity of the system, its
development process and to manage risk.

A common vision on the commercialisation strategy
is built on the basis of three fundamental planning
exercises. These result in detailed definitions of

»  Concept of Operations
- “What we do”

* Programme Management Plan
- “How we get there”

*  Economic Models
- “How we sustain it”

Based on identification of key market drivers the
Concept of Operations defines operational scenarios
right through from transportation, assembly,

Figure 2: Wavebob 1/% scale sea going advanced installation and commissioning to  operation,

development model 2 (ADM2) during sea trials in 200 maintenance, support and decommissioning. Fig. 3

For the important advancement from the large” 1/4illustrat_es the most common high demand application
scale sea going models to the full scale demormtrat Scenario of WECs deployed in a wave farm for
of a pre-commercial prototype, a transition in the€lectricity sale to the grid operator.
development process is required. This transition i
three-fold and comprises methodological, structaral
institutional change:

* The sequential development following the increase
in model scale is transformed into arallel
development utilising a number of scales and ave e
advanced models alongside a choice of numerice :
models of different complexity. This allows for
the selection of the most efficient development tooff
for a particular aspect of the device development. [\ *

» The advanced model development is supported a  Hubs =8 o
continuously substituted bysystems engineering Transmission Line
development approach. This is essential to refle i
end-user needs as well as commercial productio
operation and maintenance requirements in the  Figyre 3: Systematic illustration of the wave farm
design of the full scale engineering development operational scenario.
models and WECs. . L

* The combination of in-house and external research Other _dlscret(_a targeted apphcatlo_ns are _equally
& development components is extended to nalysed in detail. Based on the application siesa

research & development network comprising _he system is broke_n down at muItlpI_e '?Ve's
strategic partners, end users, research &dentlfymg th? system hierarchy as dls_playedlgtlal. .

technology partners and industrial subsystem The _resultmg m-dept_h under_star)dmg_of operation
developers. This provides the required framewor nd maintenance plans in combination with the syste

and technological strength for pre-commercial lerarchy e'_‘ab"?s the analysis of system de_signs
engineering development towards their failure mode effects. This provides
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guantitative  information on statistical systeme Kinematic and dynamic separation of force flux

availability and informs on the need for increased through structure and power take-off (PTO), e.g.

system redundancy or modularity, in turn providing linear and other bearing systems, PTO mountings,

invaluable information on the appropriateness ok End-stop avoidance/protection solutions.

system designs at an early stage of the development The development of these technologies is covered in
separate development threads referred to as spirals
When the technological engineering solutions are

[ Wavebob Energy }

¢ - designed, tested and ready, they are transferredtov
onversion System - . . .
: be fitted and used in the advanced or engineering

Wave Energy Transmission Mooring Operational development models. The overall development
Converter Element Element Control H H H H H .
‘ T ‘ L E ‘ scenario is illustrated in Fig. 6; — the Concept of
Operations (CONOPS) defines the targeted system
| Hull | Electrical | Surface Status models which are developed individually in techigylo
Structure Riser Lines Display .
Subsystem spirals and transferred to complement the system.
| Power | Sub-seahub | SUI‘faCE System
Takeoff uoys Control SR
Subsystem I ! spiral2 CP * O C\;(;b Q
| Converter |_ T ission L— Moori Comm. 5 — A\ 7 N o
Control Lir:ensmlsswn ”nc;c;rlng Sgll;lr;stem Spiral 1 J‘j I:I l A ‘i:i’l LF
TECHNOLOGY
N 7 \ ;;”— TRANSFERS
| Auxiliary | Sub-station |__ . = — o e
WERILEL]
P e o e |
Figure 4: System hierarchy. ADM-3 ADM-4  ADM-5 I EDM-1 EDM-2 WEC-1
TECHNOLOGY = o
The Programme Management Plan integrate{ " DEMONSTRATION _| oot PN
activities in three areas: O’ e : : ] ] =
* Technology development, _ _
+  System development & demonstration Figure 6: Illustration of the phased and concurrent struetur
«  Operation & support planning of the Programme Development Plan.
and distinguishes between The here described system engineering methodology
» Advanced Development Models (ADM), in combination with the appropriately detailed
* Engineering Development Models (EDM), documentation, comprising:
* Wave Energy Converters (WEC), » Overall system specification and design base

representing different stages of system integratiorr Diverse subsystem specification and design base
Their individual purpose and objective defines ithei»  Clear specification of subsystem interfaces

distinction as outlined in Fig. 5. facilitates early detection of technology gaps and
simultaneous progress of several focused subsystem
development threads. These are essential preiteguis
Advanced Development Model — Objective: for the effective activation and cooperation ofasgk
Demonstrate maturity of new technology and powerful research & development network.

before integration into system context
3 Research & Development Network

Engineering Development Model = Objective: Particularly over the last 2 years Wavebob has
|:| Demonstrate system functionality managed to assemble a strong research and
development network comprising recognised research
l:l Wave Energy Converter — Objective: institutions and expertise from mature and develope
} Demonstrate system prototype at industries. The network is composed of:
[:l pre-commercial level « Research partners,

* Technology partners,
e Funding partners,
» Strategic partners,
For the advancement of the different development |nternational support.
models a range of technology solutions for indieidu Strategic partners include end users, wave farm
functionality of subsystems is required, examptes a  developers, power utilities, offshore oil and gasyine
* Redundancy implementation of vital subsystems, operators and contractors and technology and

Figure 5: Definition of the development objectives
of the different device development stages

 Passive fail-safe systems, component suppliers. Technology partners of egdent

* Modular connection solutions, subsystems assume the role of complete subsystem

« Umbilical connection, developers. The cooperation within the development

« Point load introduction into system structure, e.ghetwork is built around an ethos of Open Innovagasn
mooring connection, illustrated in Fig. 7.
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Research
Academia,
Institutions, Private Sector,
Consulting, Industry

Strategic & Methodological

Hydraulics, Power Electronics,
Structural, Materials, Design,
Manufacturing, Transport,

Deployment, Operation

Public
National
International, EU,US

e Detailed system specification, design base and
subsystem interface definition,
A range of methods closely associated with the
systems engineering approach.

Open
. Innovation

Strategic

End users
Power Utilities
Marine Operators
Offshorse Oil & Gas
Wave Farm Developers

It is important to stress the value of growing and
maintaining a wide spectrum of research and
development tools. This is central in facilitating
effective and rapid system development while reaici
technological, strategic and corporate risk.

International
network

Private
Institutional, Strategic
Agencies, etc.

Figure 7: Wavebob research & development network.

4 System Research & Development Tools . ,
_ _ 5 Technology Evolution & Intelligent
With Wavebob being at the core of the development Design

network the in-house research and system develdpmen

tools reflect this focus. Thus the central colunuis It is of the essence to emphasise a very specific

research and development methods & tools araspect of wave energy converter development; areat

empirical, numerical, strategic & methodological. which is most simply described when first consideri

a technology development case of opposite character

Wind energy converter technology has been

. ) . developing and evolving over decades, even cesturie

* Reduced scale hydrodynamic physical modellingrie gevelopment process has to date largely been on
continues to prove an effective and efficientya is characterised by technological evolutioFhis
development tool. Different scales are employed,as heen due to a number of key factors including:
and system refinement tests are conduc_:ted at sr_nqll Early convergence of converter system concepts,
and large scale wave basins and ‘f.ﬂ benlgn sea sitgs Technical feasibility, industrial production and

*  Subsystem onshore bench te;tmg, primarily of market opportunity at all and growing scales,
PTO hard' a.n'd software is vital 'to ensure the, Availability of technological knowhow and
system reliability and conduct experimental system experience in the theory, design, production and
Improvements. . operation of very similar industrial applications,

» System demonstration of large scale advanced and Cheap and easy access (onshore) to operating

ggg{ﬂi‘aer'?g Sg?\)’:lgzn:ﬁgtul';?r?‘g?és ?c:ofse?)in(ilse?cr)ly system, allowing gradual failure rate reduction
P P during commercial operations.

\s/gfitﬁecmaﬂogunctmn, survival  and performance.l.hese conditions have been providing a physical,
: industrial and economical environment suitable for
technological evolution.
As opposed to the wind industry, WEC development
« Hydrodynamic modelling in frequency and time is characterised by rather different circumstances:

Empirical Modelling & Testing

Numerical Modelling & Simulation

domain, based on linear and non-linear Laplacean
Boundary Element Methods (BEM) and Navier-
Stokes Computational Fluid Dynamics (CFD)-*
solvers,

* Non-linear overall system dynamics including®
mooring systems

* Detailed and purpose built PTO models for
hydraulic, electromechanical and power electronic
subsystems,

»  Control modelling of power absorption, conversion
and delivery and overall system operation for
simulation and operational control,

Large spectrum of different converter system
concepts,

Strongly decreased market opportunity at reduced
scales,

Limited transferability of technological experience
design, production and operation of similar
industrial applications,

Expensive and delayed access to operating system
(offshore), prohibiting high failure rates from the
onset of commercial operations.

Numerical implementation of evolutionary WEC
system optimisation has proven to be immensely

« Hybrid device modelling combining CFD and effective as shown in [2]. However, numerical metho

detailed PTO representations,

are dependent upon parameterised representations of

« Design systems linked with structural systemthe system and are therefore mostly limited tonglsi

simulation and analysis,

«  Economical wave-to-wire modelling,

* Overall system parameter sensitivity analysis an
system optimisation,

*  Operational simulation and system animation.

species of WEC system concepts.
fundamental system concept decisions are often made
@t the onset of a WEC development when technolbgica
challenges or e.g. the potential for optimised eyst
performance can not be foreseen. There are a mumbe
of WEC system developments that have suffered from

At the same time

these circumstances.
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6 Conclusion

The implementation of the systems engineering
approach has proven invaluable in many respects. .

The method ensures to the highest possible leeel th
essential identification of technological barrietsan
early enough stage of the system development,
alleviating unnecessary technology cost, reducin
development, operational and corporate risk, while
shortening the development time. *

Further, it is an effective strategy to structure,’
interface and control the research & developmesksta
within a focussed, powerful and highly qualified
research & development network. Within the network®
Wavebob is in a position to concentrate on the core
WEC system development activities. Major subsystems
are being development by overall subsystem
technology partners in conjunction with correspondi
in-house expertise.

Fully recognise the challenges in their entire
complexity,

Embrace these to the necessary depth and detail,
Put a sound and proven methodology in place,
Assemble a strong R&D network,

Equip the R&D network with appropriate tools,
Optimise and refine overall- and sub-systems,
Maintain a targeted development path,

Ensure identification and prevention of possible
cul-de-sacs in the development at the earliestestag
possible,

Be prepared to consider the initially set conceptua
system perimeter when significant needs or options
become apparent.

Given the fundamentals of the Wavebob WEC
concept, a decade of development experience, the

The clear identification and specification of theStrength of the research & development network, the

multi-layered subsystem elements allows concurrerRCCess to a wide range of development tools and the
and independent development threads to provid@ﬁeC“Ve process and control of systems engingdrin

designed and tested technology solutions for iatégn

place, Wavebob is well positioned in the arena &GV

into advanced and engineering development models. developers.

The evident analysis of the WEC technology

development environment with respect to the limitedAcknowledgements

opportunity for evolutionary technology development
identifies the necessity for intelligent design.hege
circumstances clearly underline the importance o
implementing a well-structured development approac
to minimise corporate and technology risk and tegi
the optimised exemplar of the developed ‘species’ t
best opportunity to survive and efficiently delivierthe
given economical and operational conditions.
Summarising the improvements associated with the

systems engineering and development methodology

The authors wish to acknowledge and sincerely
Fhank Strategic Insight Ltd. for their essentiapgort
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engineering approach.

References

[1] HMRC & Marine Institute Ocean Energy: Development
and Evaluation Protocol, Ireland, 2003.

and more so, analysing the findings and experiefice [2] A.Babarit. Hydrodynamic optimisation and optima

the wave energy community as a whole, the following
proactive recommendations are made:

420

control of wave energy converters.Workshop on WEC
system optimisation, NUIM Maynooth, Ireland, 2009.



