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ABSTRACT

We study free- oating point absorption wave generators, co n-
sisting of an assemblage of one or a few (mostly heaving) spar
buoys, housing at |east one short-stroke linear generator (SSLG),
made of a magnet, suspended to a spring, and oscillating within a
coil. Thissystem isaimed at producing low and renewable wave
power (up to O(1) kW) for marine coastal surveillance systems.
Both scale model experiments and numerical modeling are per-
formed in order to tune the system’s parameters and maximize
its response for a target sea-state (i.e., operate near resonance in
heave and magnet motion). We nd that, for such buoy systems,
viscous friction is the dominant damping mechanism near reso-
nance and, hence, the buoy’s wet extremities must also be prop-
erly streamlined, and rolling must be minimized as it may sig-
ni cantly increase such damping. This can be achieved with a
so-called trispar system, in which 3 spars buoys of identical di-
ameter are mounted in an equilateral triangle con guration , one
diameter apart from each other. Since the heave resonance period
of a spar buoy is primarily afunction of its draft, to lower this pe-
riod and better match the resonance period of the SSLG, the draft
of each buoy in thetrispar is varied (in the scale model, to 25, 50
and 100 cm), with the longest spar buoy housing the SSLG, while
simultaneously adjusting their dead weight.

Experimenta resultsin periodic waves, well supported by nu-
merical modeling, show a signi cantly improved performanc e of
thetrispar vs. single spar design, both with respect to parasitic roll
oscillations (almost none observed for thetripar) and power gene-
ration. The good performance of the trispar, particularly in terms
of Capture Width Ratio , iscon rmed by preliminary numeri cal
simulationsinirregular waves. Futurework will test the trispar in
irregular waves and explore dynamic tuning strategies (e.g., latch-
ing) of the SSLG, in order to further improve power generation.
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INTRODUCTION

Our god is to develop a system to produce low amounts of
power (O(1) kW) for marine surveillance instrumentation (e.g.,
autonomous target recognition instruments, persistence and ubig-
uitoussensor systems, tracking and identi cation of marit imeves-
sel's, and miniature underwater sensor networks), based on captur-
ing renewable wave energy. To do so, we design and optimize a
new typeof freely oating, slackly moored buoy, housinga S hort
Stroke Linear Generator (SSLG), made of spring, magnet, and
coil components. The response to periodic and irregular wave
forcing, of the double oscillator constituting the buoy-SSLG sys-
tem, is analyzed using both state-of-the-art numerical models and
scale model testing in alaboratory wave tank.

Our system falls within the genera category of independent
oscillators, point absorbers (Stallard et a, 2005). [A review of
variousforms of ocean wave energy systems can befoundin, e.g.,
Previsic et ad (2004).] The key features inherent in this type of
design include response to omni-directional wave forcing, direct
conversion from mechanical energy of the buoy motion to elec-
trical energy, thus eiminating the need for an intermediate com-
ponent in the power take off system (e.g. turbine), no externa
working parts, and minimizing the number of moving parts and
complexity of the structure and system. Budal and Falnes (1975),
French (1979), and French and Bracewell (1995), have concluded
that the most promising and economica form of these types of
systems are those that can be tuned to the frequency of the waves
present in the ocean and hence take advantage of the increased
amplitude of motion at the natural heave frequency of the system.
Given the low power applications that are targeted, the desire to
have the physical size of the system limited so that it can be rou-
tinely deployed and retrieved from either a surface vessel or even
helicopter, and to keep the construction and maintenance costs
as low as possible, a simple spar buoy design (both single- and
multiple-spars) was pursued.
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Fig. 1: (a) Spar buoy model SB3 in twave tank ( m,

m), forced by cm and s waves. Capacitance
wave gauges, buoy containment rink, and SSLG output wikes ar
shown. (b) SSLG undergoing dry testing.

Three major, linked subsystems, are considered in themtesig
(i) buoy dynamicd.e., mechanical buoy response to wave forcing;
(ii) generator mechanical dynamicse., response of the SSLG
resulting from the movements of the buoy (motion of magniet re
ative to the coils); and (iiipenerator electric dynamics.e., de-
termining the electrical power output from the linear geer,
given the dynamics of the armature-stator system. In the mos
general case, there are feedbacks between the various nentpo
of the system, that must be considered to optimize its oveesd
formance. As an example, the movement of the armature will
result in a change of the weight distribution and hence e
buoys movement. Similarly the electro-magnetic force fittwen
armature-stator system will alter the mechanical respofnsiee
generator. In the present study, the focus has been restitiot

the buoy and mechanical SSLG dynamics portion of the problem

(systems (i) and (ii)). In the experimental part of this wotthe
heaving buoy(s) are equipped with a SSLG model, built by-Tele
dyne Scienti ¢ and Imaging, LLC (TSI), in which a new type of
friction reductionferro uid is used, as a uid cushion between the
moving magnet and the coil. Hence, magnet damping due to fric
tion becomes negligible as compared to mechanical dampiag d
to electro-magnetic interactions between the magnet anddih

Power production can be maximized by tuning the response

of subsystems (i) and (ii) to wave forcing. The goal is to sele
parameters so that the mechanical responses of the buohand t
SSLG are near resonance for the most prevalent wave comslitio
Ideally, in accordance with typical ocean wave energy spettie
system should have broadband response so that it optiméaes w
energy capture over a range of wave frequencies, and naatust

one xed frequency. Systems can be tuned to improve their re-

sponse by xed, slow, and fast tuning. Fixed tuning refergriap-
erties of the device (size, shape, and mass), that are isbtdin

the basic design and hence not readily changed once the ®uoy i ggparit et al., 2006), in which

constructed and deployed. Slow tuning refers to changelsein t

response on time scales of minutes to hours and typicallg-is f
cused on changing the systems buoyancy and hence its mass
effective stiffness. This can be achieved by active batlastrol.
Fast tuning actively controls system dynamics on time scafe
variations of individual waves or wave groups. The lattering

is typically very dif cult to implement because device chater-
istics must be changed quickly enough to alter its respohise,

for typical irregular sea states, one cannot exactly ptedaves
that are about to reach the system (and thus dynamicallyitune
for such waves), and hence one can only make a forecast and if
atively correct it over a number of wave periods (e.g., Bilaad
Clément, 2006). In this initial work, we only explore xedrting

of the system.

THE ANALYTICAL AND NUMERICAL MODELS
Dynamic of the heaving spar buoy

We consider a rigid spar buoy of cylindical shape, with draf

, external diameter , and length (Fig. 1a), oatingin water of
speci c mass and depth . The submerged extremity of the buoy
is streamlined to reduce friction drag generated duringionot
but this slight change of geometry is neglected in the foltmwv
idealized analysis. For slender spar buoys, the heaveahditer
guency can be predicted by the simpli ed equation, o
(Berteaux, 1994). Using the numerical model detailed belesy
veri ed that this equation is accurate for

In transient waves, the buoy heaving motion in the time dc
main, denoted here by , under the action of inertia, radiative
wave damping, viscous damping, gravity, and buoyancy &iise
governed by the 2nd-order nonlinear Ordinary Differerqua-
tion (ODE),

1)
where the upper dots denote time derivatives, is the buoy
mass (with , the buoy displacement), the instan-

taneous heave added mass (i.e., for a very large frequency),

(@)

is the viscous damping coef cient, with the drag coef cient
and the horizontal buoy cross-section,

is the buoyancy restoring term, is the wave vertical particle ve-
locity (de ned later), and is the heave wave excitation force.
The bracketed term in the right-hand-side is a feedbackloaup
force due to the spring/magnet oscillator motion, whichl \wé
discussed later.

The integral in Eq. (1) represents a memory term (e.g
, the heave impulse response

function, can be calculated as a function of the buoy frequen



