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ABSTRACT
KEYWORDS : Wave energy systems; heaving buoy; linear
We study free-floating point absorption wave generatons; co0  energy generator; floating body dynamic; Boundary Integral
sisting of an assemblage of one or a few (mostly heaving) spar gqyations; linear waves.
buoys, housing at least one short-stroke linear genera®iG),
ma_lde of a magnet_, su_spended toa s_pring, and oscillatingweith INTRODUCTION
coil. This system is aimed at producing low and renewableawav
power (up toQ(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 nearams® in
heave and magnet motion). We find that, for such buoy systems
viscous friction is the dominant damping mechanism near-res
nance and, hence, the buoy’s wet extremities must also ke pro
erly streamlined, and rolling must be minimized as it may- sig
nificantly increase such damping. This can be achieved with a
so-calledtrispar system, in which 3 spars buoys of identical di-
ameter are mounted in an equilateral triangle configuraboe
diameter apart from each other. Since the heave resonariod pe
of a spar buoy is primarily a function of its draft, to loweigipe- o .
riod and better match the resonance period of the SSLG, #fe dr Our system falls within the general category of mplependent
of each buoy in the trispar is varied (in the scale model, t&ps ~ 0Scillators, point absorbers (Stallard et al, 2005). [Aeavof
and 100 cm), with the longest spar buoy housing the SSLGewhil Various forms of ocean wave energy systems can be found in
simultaneously adjusting their dead weight. e.g., PI.’EVIS.IC et al (2004).] The key fgatgresllnherentmtype_
) ) o of design include response to omni-directional wave faycin
Experimental results in periodic waves, well supported by girect conversion from mechanical energy of the buoy motion
numerical modeling, show a significantly improved perfonee  electrical energy, thus eliminating the need for an intefiate
of the trispaws. single spar design, both with respect to parasitic component in the power take off system (e.g. turbine), nerez
roll oscillations (almost none observed for the tripar) aosver working parts, and minimizing the number of moving parts and
gene- ration. The good performance of the trispar, pasityl complexity of the structure and system. Budal and Falnegg},9
in terms of “Capture Width Ratio”, is confirmed by prelimigar French (1979), and _F_rench and Brace\_/vell (1995), have cdadiu
. . . A .. that the most promising and economical form of these types of
numerical simulations in irregular waves. Future work will
. . . . systems are those that can be tuned to the frequency of treswav
test the trispar in irregular waves and explore dynamicrigni  precent in the ocean and hence take advantage of the intrease
strategies (e.g., latching) of the SSLG, in order to furthwarove amplitude of motion at the natural heave frequency of theesys
power generation. Given the low power applications that are targeted, therdesi

Our goal is to develop a system to produce low amounts ol
power (O(1) kW) for marine surveillance instrumentation (e.g.,
autonomous target recognition instruments, persistemdeibiq-
uitous sensor systems, tracking and identification of mnagives-
'sels, and miniature underwater sensor networks), baseajtare
ing renewable wave energy. To do so, we design and optimize i
new type of freely floating, slackly moored buoy, housing hog&
Stroke Linear Generator” (SSLG), made of spring, magned, an
coil components. The response to periodic and irregularewav
forcing, of the double oscillator constituting the buoyt&Ssys-
tem, is analyzed using both state-of-the-art numericaletsoahd
scale model testing in a laboratory wave tank.
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to have the physical size of the system limited so that it can b
routinely deployed and retrieved from either a surface eless
even helicopter, and to keep the construction and maintenan
costs as low as possible, a simple spar buoy design (botlesing
and multiple-spars) was pursued.

Fig. 1: (a) Spar buoy model SB3 in twave tarik € 0.09 m,d =

1 m), forced byA = 1.5 cm and7T" = 1.5 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 dynamicee., response of the SSLG
resulting from the movements of the buoy (motion of magnlet re
ative to the coils); and (iiigenerator 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 oveest
formance. As an example, the movement of the armature wil
result in a change of the weight distribution and hence imthex
buoys movement. Similarly the electro-magnetic force fitim
armature-stator system will alter the mechanical respofisee
generator. In the present study, the focus has been restiict

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 Scientific and Imaging, LLC (TSI), in which a new type of
friction reductionferrofluidis used, as a fluid cushion between the

one fixed frequency. Systems can be tuned to improve their r
sponse by fixed, slow, and fast tuning. Fixed tuning refeps op-
erties of the device (size, shape, and mass), that are iskidin
the basic design and hence not readily changed once the uoy
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 batiastrol.
Fast tuning actively controls system dynamics on time scafe
variations of individual waves or wave groups. The latterihg

is typically very difficult to implement because device dwer-
istics must be changed quickly enough to alter its respokise,

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 it
atively correct it over a number of wave periods (e.g., Bilaad
Clement, 2006). In this initial work, we only explore fixaghing

of the system.

THE ANALYTICAL AND NUMERICAL MODELS
Dynamic of the heaving spar buoy

We consider a rigid spar buoy of cylindical shape, with draft
d, external diameteD, and lengttt (Fig. 1a), floating in water of
specific masg and deptth. The submerged extremity of the buoy
is streamlined to reduce friction drag generated duringionot
but this slight change of geometry is neglected in the follhgwv
idealized analysis. For slender spar buoys, the heaveahdter
quency can be predicted by the simplified equation, = /g/d
(Berteaux, 1994). Using the numerical model detailed belosv
verified that this equation is accurate yd < 0.1.

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

(M + ass(c0)) +/0 K(t—7)y(r)dr
+bly—w|(y—w)+ cazy = Fa(t) [+K:2] (1)

where the upper dots denote time derivativids= pY is the buoy
mass (withv = S,d, the buoy displacement)zs(co) the instan-

moving magnet and the coil. Hence, magnet damping due to fric {@neous heave added mass (i.e., for a very large frequency),

tion becomes negligible as compared to mechanical dampiag d
to electro-magnetic interactions between the magnet anddih

1

b= pS, Cu (2)

Power production can be maximized by tuning the response

of subsystems (i) and (ii) to wave forcing. The goal is to stle

is the viscous damping coefficient, witty; the drag coefficient

parameters so that the mechanical responses of the buoyi@nd t andS, = mD?/4 the horizontal buoy cross-sections = pgS,

SSLG are near resonance for the most prevalent wave comslitio
Ideally, in accordance with typical ocean wave energy spetiie

system should have broadband response so that it optimeaaes w
energy capture over a range of wave frequencies, and noagust
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is the buoyancy restoring term, is the wave vertical particle ve-
locity (defined later), ands(¢) is the heave wave excitation force.
The bracketed term in the right-hand-side is a feedbackloayp
force due to the spring/magnet oscillator motion, whichl \é
discussed later.



The integral in Eq. (1) represents a memory term (e.g.,
Babarit et al., 2006), in whicl(¢), the heave impulse response
function, can be calculated as a function of the buoy frequen
response by either of the inverse Fourier transforms (Le@5),

K@) = %[) (as33(w) — agz(00)) coswt dw
K@it = %/00 b33(w) sin wt dw (3)

as a function ofass(w) and bs3(w), the frequency dependent
heave added mass and wave radiative damping terms, resgbgcti
Assuming superposition of linear periodic waves, for any
given sea-state represented by a wave energy density smectr
S(w) (e.g., Pierson-Moskowitz (PM) or JONSWAP (JS)), the time
dependent free surface elevation can be expressed as,

N
n(t) = Z Ay, cos (wpt + ¥n,)

n=1

(4)

where, for a specified set of random phasgegs € [0, 27, the
amplitude A,, of each harmonic wave component of frequency
w, can be obtained by inverse Fourier transform of the spectrum
Accordingly, the wave heave excitation force can be catedlas,

N
FS(t) = P9 Z 11n7Q3n CcOs ("-’nt + ¢3n + 1f—//n)

n=1

(5)

where, for each oV wave componentsys, (wn), ¢3,(w,)) are
the module and phase, respectively of the heave excitinge for
caused on the buoy by a periodic wave of unit amplitude and fre
guencyw, (including diffraction effects).

The frequency dependent coefficief¥iss, bss, rs, ¢3), in the
above equations, are calculated using the standard Bouhttar
ement code WAMIT (Lee, 1995; Newman, 1977), in which lin-
ear free surface boundary conditions are assumed. Spégifica
once specified the buoy geometry and mass distribution, azemp
tations are performed with WAMIT, foiv equally spaced periods
T, (with w, = 2x/T,), in the specified intervall iy, Timaz)-
WAMIT’s procedure F2T can also providé(t), by calculating
the integrals in Eq. (3), if required.

As we shall see, for slender spar buoys withid < 0.1, ass
is small and varies very little over any useful frequencyeiaal
including the buoy heave resonance frequengy, while b33 is
very small, reflecting the fact that such buoys generate ity
waves in heaving motion. Thus, Eqgs. (3) yield$t) ~ 0, and
hence the memory term in Eg. (1) is negligible, particulady
compared to the viscous damping term. Accordingly, the ODE
governing the transient heaving motion of a slender spay ban
be simplified to,

M9+ basp ¥+ by — w|(y— w) + cazy = F3 [+K,z](6)

with M43 = M + assp, (assp, basp) the heave added mass and
radiative damping at the dominant frequency of the sea,st&te
spectively (typically, the peak spectral frequengy), and Fs3(t)
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given by Eq. (5). [Note, the second term is kept in Eq. (6) teha
the same damping outside of the resonant frequency bandewh:
viscous damping vanishes, as in the linear periodic caseleidt
below.] For linear periodic waves, we also have,

N

E Apwn,

n=1

sinh k,, (h — d)
sinh k, h

sin (wpt + ¥p) @)

w(t)

with the wavenumbek,, given, for each wave component, by the
linear dispersion relationship,

w? = gk, tanh (k,h) (8)
which simplifies tok,, ~ w? /g for deep water wavesefh > ).
Eqgs. (5) to (8) are implemented as a MATLAB program that di-
rectly reads WAMIT outputs. After being transformed intoya-s
tem of two 1st-order ODEs by change of variables, the noaline
2nd-order ODE (6) is time integrated by a Runge-Kutta method
using a standard MATLAB function. Initial conditions arergily
settoy = y = 0 fort = 0. Computations are usually pursued
up to at least = 1507, with 7, = 27 /w, the peak spectral
period. If the buoy is subjected to periodic waves only, traes
WAMIT-MATLAB (WM) model is applied, from an initial state
of rest, assumingv = 1, until the transient buoy motion reaches
a periodic state.

In the periodic case, linearized equations governing ttog bu
motion for 6 degrees of freedom (dof) can be expressed in com
plex form (e.g., Newman, 1977); for the heave dof, we have,

{—wg(ﬂf —+ agq) =+ Zwbgg =+ 633}53 = 1'17‘3 C“/)3 (9)

with M = Mas, i = /—1, a wave of amplitudel and frequency

w, and¢s the complex amplitude of he buoy heave motion. A
frequency dependent Response Amplitude Operator (RAO) cal
be defined for each dof; for heavB8; = |£3|/A. Solving Eq. (9)
yields, for a spar buoy in simple heaving motion,

73 = rg(w){{633 — W (M + azz(w))}? + w? bgg}_i(lO)

Maximum heave responsé’*® = rs/(w bsz) occurs if,

C33

=wWHg (11)

w =

With azg3 <« M for a slender spar buoy, Eq. (11) yields
wg ~ who, the heave natural frequency defined above. In the
absence of viscous damping and with a very small valuésgr

it can be shown that the maximum heave response predictec
near the resonance frequency using Eq. (10) (such as done il
WAMIT), is overestimated by a factor of 10-20 in most cases, a
compared to laboratory measurements. When solving Egs. (6)
to (8), and properly calibrating the drag coeffici€rnt, however,
predictions of the WM model agree very well with measurerment
even near the natural resonance frequency.



Dynamic of the spring-magnet oscillator of Egs. (1) and (6) (the bracketed term). This force is quitals
for typical spring constants used in the SSLG, as compar#utkto
Similar to the spar buoy, a 2nd-order linear ODE is derived to other forces in the equation. However, its effect on the by
describe the motion of the spring-magnet system, denote¢kby namics may become significant for large amplitude motiors ne
that is at the core of the SSLG. Assuming a magnet suspendedesonance, as we shall see in the application section below.

by a single spring, this equation has mass, linear dampind;, a Finally, one can calculate the mechanical power extracte
spring restoring terms in the left-hand-side, and is foricethe from the magnet motion, corresponding to the magnet dampir
right hand side by the inertia force induced on the springimea force s in Eq. (12), asP,(t) = puz?. Coefficienty, which here
system by the buoy heaving motion, is a specified parameter, should in fact be derived fromethé
force generated between the coil, built around the generato
Myz+pz+ Kyz= My 12) the magnet, due to their electro-magnetic interactions, fasic-

] ) ] o tion of the magnet strength and coil circuit characterssti€his
with M, the spring-magnet masg,the damping coefficient and  gjectro-magnetic part was not modeled in this work and, & th

K, the spring stiffness. If the magnet is suspended in betwee”applications, the damping coefficient is simply adjustedrider

two springs of stifnessel; andK'», we simply have(, = K + to yield P, values in agreement with those measured in wavetan
K. If, at static equilibrium of the SSLG, the springs haveialit  tests of the generator. We further defjne= 1/ M,w, and use the
lengthsl; and!; from their non-deformed state, we have, non-dimensional coefficient’ in applications.
Mg = Ksly — Kily (13) APPLICATIONS

when spring 2 is located above spring 1. If only spring 2 isdyuse Laboratory experiments and numerical simulations are per
we findl;, = M,g/K, for the initial (static) extension of the  formed to design a spar buoy-based system, equipped with
spring. SSLG, to capture renewable wave energy. The prototype sy:

Solving Eq. (12), withz = 0 = 2z = Q att = 0, for a tem performance is to be optimized for shelf wave conditioas
harmonic forcing of amplitudé/, a, A and frequency on the ~ 7p = 4.5s. For asingle spar buoy, assumifigy = 7;,, this leads
right-hand-side, we find the spring-magnet RARC= || /A as, to a prototype draft off = 5 m and, to satisfy the slender spar

buoy requirement, a buoy exterior diamefer< 0.5 m. Scale
-1 model experiments were performed in the wavetank of the Uni-
R= ]Wsao{{]\"s — WM} + w? ,uz} (14) versity of Rhode Island, Department of Ocean Engineerifgi3
long, 1.8 m deep and 3.6 m wide), which is equipped with a flap
wavemaker operating in the periods rafges [0.5,2.5] s. Peri-
odic waves, with amplitudel € [0.015,0.06] m were generated
in water of deptth = 1.3 m. Based on linear theory, this created

. 7 deep water waves fdf' < 1.3 s and intermediate water depth
w = ]\/[s = 4 IE = Wy

As for the buoy, we find that maximum respon&&**® =
Mja,/(w p) occurs at the natural frequency of the system,

(15) waves forl.3 < T'< 3 s.

A geometric scale oft = 1/10 was selected and a series of
which, for a single spring, only depends on the spring static cylindrical spar buoy models were initially bu_ilt and tebtevith
tension; in particular, the longer the SSLG, the lower itmrsd ~ draftd = 0.5 m, length? = 0.6 t0 0.7 m, and diameted ~ 0.04
frequency. In practice, having, = w o required, ~ d, and hav- or 0.06 m (e_.g_., Fig. 1;1). To r_educe the viscous drag coefticie
ing these frequencies matching the peak spectral wavedneyu ~ Ca and maximize heaving motion, each buoy submerged end wa
w,, while keeping the spar buoy within a reasonable size, may be €uipped with a streamlined nose cap. These initial buoy-mod
difficult, particularly considering that, due to magnet foot the €IS were constructed without a SSLG installed within theat, b
total length of the SSLG that must fit within the buoy lengtis they had an equivalent distribution of mass and, hencefitota
typically closer to2l,. For instance, foff, = 8 s (correspond- of the center of mass, as the planned prototype. Subsequeyt b
ing to a typical swell peak), we find = I, = 15.9 m, which models were built and tested with an internal SSLG (Figsh)1a,
makes the buoy prohibitively long. For typical shelf wavedi Allmodels were equipped with high precision, remotely aped,
tions in New England, however, we ha¥g ~ 4.5 s, which yields three-axis micro-accelerometers (Micro Strain 900/868z2Mb+
d =1, ~ 5 m, which may be achievable with a buoy of, say, total link wireless;+2¢ range; 25 mm x 39 mm x 7.3 mm dimensions).
length? = 7 m or so. Based on their draft, the initial buoy models had a natural/ee
frequencywpo ~ 4.43 r/s orTyo ~ 1.42 s, which corresponds
ODEs by change of variables, the system of 4 first-order ODEs o the prototype _natural frequency, when applying'a Froude
resulting from Egs. (6) and (12) is time integrated, usirgdtan- scahng ©g. Wh'te’ 1999)' B .
dard MATLAB function mentioned before, to simulataneously A first series of experiments were run that verified the near in
provide y(t) and z(t). In this coupled ODE system, due to its dependence of the heave RAQ;(w), on D, in the period range

motion, the SSLG creates a feedback reaction force ontattygb 7 = 0.5 10 2.5 s. The independence of heave characteristics to
casing, that is represented bysa = force in the right-hand-side ~ Puoy diameter was also verified by applying the numerical mod

After transforming Eq. (12) in a system of two 1st-order
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els, in both the standard WAMIT linear and the WM nonlinear,
modes (the latter after calibrating the drag coefficiemgsixper-
iments). Experiments also showed that parasitic roll t&ains
were excited forA > 0.03 m in all the buoys, in part because of
the proximity of the natural roll and heave periods for theseys.
Rolling led to increased viscous damping of the buoy hearing
tion, which greatly reduced the heave RAO near resonancé- Ve
cal fins were mounted on a buoy in order to limit roll oscilbais,
but this method met with limited success. A different system
made of multiple spar buoys, was developed to better septirat
heave and roll natural frequencies, and reduce roll osicifig;
this is detailed later.

Fig. 2: (a) Trispar buoy undergoing tests in the wave tanksa+
nant conditions (the vertical displacement of the spar Xaeeds
the amplitude of wave forcing); (b) Dry trispar.

A SSLG oscillators of mass 0.865 kg, including,
0.205 kg for the spring and magnet mass, was built by TSI, and
installed in a cylindrical casing of total length 0.99 m (Fitp).

A natural frequencyw, = 4.49 r/s (T, = 1.4 s) was measured

in both dry benchmark tests (Fig. 1b), and wavetank experi-
ments of the generator. With this data, Eqgs. (13) and (13)lyie
l;, = 0.487mandK; = 4.13N/m. In the dry benchmark tests, the
SSLG motion was forced in both amplitude (1.5 to 6 cm) and pe-
riod (0.5 to 2 s), using a variable speed DC electric motat,its
power output was measured for one coil, using a rectifyingud
with varying resistance load. It was determined that, inrtree

of parameters tested, which simulates anticipated waveitions

in the tank, maximum power output (0.2-0.3 W for 1.5 cm ampli-
tude at resonance peridg) occurred for a 10 load, the load
that was later used in tank tests.

signed and built a so-called “trispar” buoy model, made uf of
spar buoys of diametdd = 0.089 m, draftd = 0.25 m, 0.50 m
and 1.0 m, respectively, and total mags~ 10.89 kg, mounted
on an equilateral triangle arrangement (Fig. 2). To minaitze
interference of the heave flow around each spar and keepphe s
aration length of individual spars small compared to theifay
wavelength, the separation of the spars was sét.tdhe longer
buoy in the trispar is identical to SB3 and can accommodate &
internal SSLG. Each of the three spars has a different hestve n
ral period (’zo = 1's,1.4 s, and 2 s), covering the range of wave
forcing in the tank. We will show that the trispar resonanee p
riod occurs near the average of the three buoyslat ~ 1.6 s,
which is much closer to botfi; and the targeted,. Hence, as
expected, we shall see that both the trispar heave RAO an@ SSL
power generation are greatly improved, as compared to SB3.

().[]{)(}-:' I L S S, S s e e -,‘."__:
0.005- i 1
0004
0.003-+
0.002-¢
0.001-+

0+ ——
0 0.5

Fig. 3 : WAMIT results for SB3 buoy : (—4; (- - -) 20 aks; (—
- —) 1000 bta.

J.jmrr.\/g

0.2
0.15-F
0.1-f

0.05-+

T(s)

2.1

22 23

Fig. 4 : Maximum dimensionless heave acceleration for SB3,
with A = 0.015 m: experimentsd); uncoupled WM results with
Cy; = 0.4 (- — -); coupled WM results witilCy; = 0.60 (—);
linear solution-w?A Zs, from Eq. (10) (- - -).

The power production of various energy systems can be com-
pared by calculating their Capture Width Ratio (Hagermad an

To accommodate the SSLG size, a longer and wider spar buoyBedard, 2003), defined for a widily’ of the system, aEWR=

than used before, referred to as SB3, was built with= 1.28 m,
D =0.089m,d =1m, M = 6.22kg (Fig. 1a). Due to its deeper
draft, however, SB3 is resonantat, = 3.13 /s Tyo = 2 9),
which leads to a significant mismatch with both the targetstate
andw; and, hence, a low power generation with the SSLG.

In an effort to shift the heave resonance peak to lower psriod

P./(W Py) with, for a periodic waves,

5{1 } (16)

the period-averaged power (in W/m) and group velocity, eesp
tively (¢ = w/k the phase velocity, wittk given by Eqg. (8) as

2kh
sinh2kh

1
Pw:§pgA2cg ;g =

closer toT, and broaden the spectral response of the buoy (while 5 function ofh andw) and P, the time-averaged output power

reducing spurious roll oscillations, as mentioned before) de-
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(equal toP;** /2 for a harmonic spring motion).



Details of experiments and WM simulations for SB3 and the
trispar buoys are given in the following.
RAO (a)
14—
12-]
10
8 I

T (s)

(b)
0.2
0.15+
0.1+
0.05-
() e | LG . T{b)
1.8 1.9 2 2.1 2.2 23

Fig. 5: Simulation of SB3-SSLG system response (Figs. 3, 4
case). (a) HeaveZs) and spring ) RAOs: coupled (—), un-
coupled model (- —-); linear solution (- - -) (Egs. (10) and)L

(b) Pie® for ' = 2.0 in : experiments ) (W); coupled WM
simulations (—) (W); as th€WRfor the latter (- - -).

Spar Buoy SB3 with SSL G in periodic waves

Buoy SB3, equipped with the SSLG system, was tested in
the wavetank, for periodic waves of amplitudés= 0.015 to
0.06 m, and depth = 1.3 m (Fig. 1). In each case, both buoy

heave acceleration and SSLG power output were measured, to-

gether with forcing wave characteristics. To compare measu
ments with simulations, WAMIT was first run for many periods
(typically > 30), equally spaced betweeh 0.1 and 3 s.
Figure 3 shows the calculated dimensionless heave, addssl ma
ahs = ags/p, radiative dampings,; = bss/(pw), and wave forc-
ing modulery = r3/(pg). For all periodsga4, ~ 0.00018 (~ 3%

of M) while b;; < 61075, hence confirming that, for a slender
spar buoyX(t) ~ 0in Egs. (1) and (3). We also see that very
little wave forcing occurs fof” < 1 s.

tions for Ty = 2.03 s. When running the model in coupled
mode, the buoy motion is slightly amplified near resonance b
the SSLG oscillations and a good fit is obtained by using alarg
value ofC; = 0.6. This value is more consistent with earlier tests
of SB3 without the SSLG (not shown here), for which we founc
C4 = 0.65, and with the literature. [The Reynolds number baset
on buoy draft would be abowt7 x 10° near resonance, which
is in the turbulent regime. Experiments performed for buwith
smaller draft (and diameters) led to largérvalues, which is con-
sistent with the corresponding decrease in Reynolds nu(elmer
White, 1999).] Heave resonance occurs in the coupled stionka
for a slightly lowerT = 2.02 s, which is close td = 2 s.
The simulated values of maximum buoy acceleration (botlounc
pled and coupled) agree very well with the linear analytiason
from Eq. (10), outside of a narrow period ran@e= 1.95 to
2.15 s, neafl'y. This confirms that nonlinear viscous damping is
negligible for small buoy motion but is dominant near resaea

Fig. 5a shows the buoy heave RA@s) and corresponding
spring-magnet RAOR), predicted in the WM simulations, both
uncoupled and coupled, as a function of the forcing periagéc
of Fig. 4). Different values of the damping parametér= 0.5
to 4 were tested and, as expected, the SSLG response greatly (
creased withs’. Fig. 5a shows results for' = 2, which gives
a reasonable fit for the predicted maximum power output of the
SSLG in Fig. 5b, and compares these to the linear analytic sc
lution, for Z5, Eq. (10) (note, the buoy heaving motion is only
affected by that of the SSLG in the coupled simulations),téiatl
based on the predicted maximum buoy acceleration Rfdr.e.,
applying Eq. (14) witha, = %" (w)/A in the coupled WM
model). We see that the nonlinear and linear results agnee ve
well for 73, outside of the resonant period range mentioned ear:
lier and, as expected, fdt, both coupled WM and corresponding
linear results agree very well for all periods, since the GS&

a linear oscillator. The maximum magnet motion amplitude at
resonance is”™*” ~ 4.7A, or 7 cm, while the maximum heave
amplitude isy™*” = 13.5A 0r 0.2 m.

Fig. 5b shows coupled simulations of the maximum power
generated by the SSLG, as a function of the forcing period, fo
' = 2. A few maximum output powers, measured in laboratory
tests with the 10@ circuit, are also shown on the figure. We see,
the selected:’ value gives a reasonable fit of these to simulations.
Maximum predicted power at resonance is a modest 0.07 W. Fi-
nally, Fig. 5b shows th€EWR defined in Eq. (16), simulated as a
function of wave period fof¥ = D. A maximum value of 18%

is reached at resonance, but @&/Rbecomes less than 5%, out-
side of a 0.14 s wide period range fréfh= 1.96-2.1 s. Hence,

Fig. 4 compares maximum heave accelerations measured forIhe SB3-SSLG system is moderately efficient at capturingggne

SB3, as a function of wave period fot = 0.015 m, to those
simulated with the WM model, using parameter values shown in
Fig. 3. When running the model in uncoupled mode (i.e., ratgle

ing the bracketed feedback force from the SSLG onto the buoy

in Eq. (6)), a good fit is obtained between simulations and ex-
periments by setting the drag coefficient@@ = 0.4, which is
a surprisingly low value, despite the likely turbulent caimhs

from periodic waves very near its natural heave period.
Trispar Buoy with SSL G in periodic waves

The trispar buoy, equipped with a SSLG in its longer buoy,
was similarly tested and simulated in periodic waves. WAMIT
was first run for the trispar geometry, to calculate addedsmas
damping, and forcing parameters (Fig. 6). Fig. 6a shows the

for the heaving flow. Heave resonance occurs in these simula-trispar added mass, compared to that of SB3. We seeifhas
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shifted to lower periods for the trispar and represents eb#uof
its mass. Applying Eqg. (11) with this data yields a lower maktu
heave period for the trispar than for SBy = 1.57 s, which is
now close to botl; and7,. In Fig. 6b, the wave forcing term
is also shifted to lower periods, and is uniformly largerrttar
SB3, implying that the trispar buoy will have a better resgon
to smaller period waves near the targeted sea-state pdraod t
SB3. Notes,; = (S,/ cosh kh) S22, cosh k(h — d;), the pres-
sure force acting on the trispar buoy based on the undisdunse
cident wave (i.e., neglecting diffraction), is marked oa flgure;
we see,rs; is 15% to 2% higher than the actual forcg from
T = 110 2 s, consistent with increased diffraction effects: as
increases (i.e., towards lower wave periods). Data in Figia
used in Eq. (7), together withys = 3pgS,, b = 3 pS,Cy/2, and
d = 0.5 (corresponding to the trispar mean draft), to perform cou-
pled WM simulations of the trispar-SSLG system.
10° c.-'” (a)

0.555+ T
0550 ==
0.545
0.540
0.535
0.530

0.525+

0.025
0.02-
0.015-
0.01+

0.005—

0

0 0.5 | 1.5 2

2.5 3

Fig. 6 : WAMIT trispar parameters: (a3 (—), 3 ak3 (SB3) (- -
-); (0) 75 (=), v, (——), 1000 b5 (— - ), 375 (SB3) (- - -).

Fig. 7a shows results for the trispar maximum dimension-
less heave acceleration, far = 0.015 m. The nonlinear re-
sults agree quite well with laboratory experiments wherciépe
ing Cy = 0.4. This drag coefficient value, much smaller than for
SB3 (0.6), in fact, is a non-physical average for the 3 spaybin
the trispar. The trispar drag force in Eq. (6) is indeed defirgng
aw value corresponding to the average draft, which leads getar
relative velocitiegy—w| for the shallower draft buoy than actually
experienced and, hence, an artificially low ovel@l (although

clearly more experiments should have been performed near th

resonance peak in order to better calibi@g. As expected, max-
imum heave amplification occurs faf = Ty = 1.57 s, with
accelerationy™?** ~ (.28 ¢, corresponding to RAOs (both not
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shown)Zs = 11.3, slightly smaller than for SB3, anf# = 7.0,
much larger than for SB3 because of the proximitypandT .
As for SB3, the linear results derived from Eq. (10) for thaves
acceleration, agree very well with the nonlinear resulissioe of
a narrow resonance band, fréfin= 1.52to 1.68 s, where nonlin-
ear viscous drag becomes large.

(a)

/g
0.3
0.25-
0.2
0.15-
0.1
0.05

1.6

0.3
0.25-
0.2-
0.15-
0.1+
0.05

T (s)
1.8

1.7

1.3 1.4 1.5 1.6

Fig. 7 : Trispar-SSLG response far = 0.015 m (Fig. 2). (a)
Maximum heave acceleration: experiment} Coupled simula-
tions forCy = 0.4 (—); linear solution (- - -). (b) Maximum
power P;** generated by the SSLG: in experiment} (W); in
coupled simulations for’ = 1.5 (—) (W); as theCWR(- - -).

Fig. 7b shows the maximum output power simulated for
the buoy motion shown in Fig. 7a, using a damping coefficient
u' = 1.5. With this value, simulations agree well with most
laboratory measurements (allthough, again, more measmtsm
should be made near the resonance period in order to make
better comparison and calibrate this coefficient). The maxn
output power predicted at resonanceH$'** = 0.22 W. This
would correspond to 696 W at prototype scale for the target
sea-state, witlf, = 4.5 s and wave heighZ = 0.3 m (scaling
with o?®). For sinusoidal motion, the mean output power at
prototype scale would thus be 348 W. The figure also shows the
simulatedCWR (using W = 3D), which reaches a maximum
value of 28% at resonance, becoming less than 5% outside of ¢
0.13 s wide period range, froffi = 1.51t0 1.64 s.

Simulationsin irregular waves

Realistic sea-states can be simulated using a PM or JS spec
trum as input, and performing WM simulations, using parameet
calculated with WAMIT as detailed before. To interpreteutes
we define Root Mean Square (rms) values of parameters such a:



y, ¥, and a time-average faP,. Working at laboratory scale,
we specify a significant wave amplitude for a JS spectrumh(wit
peakedness = 3.3), corresponding to the same incideht as
for periodic waves used earlier, i.et, = 0.015+2 = 0.021 m.
For a given spectral peak peridd, fetch 7' and wind speed at
10 m, Uy are then iteratively calculated. Table 1 shows results
of simulations, up té = 150 7, of the trispar-SSLG response to
such sea-states, wittl; = 0.4 andy’ = 1.5 (calibrated earlier).
NearTy = 1.57 s, we findP, ~ 0.09 W and a goodCWR=
16%. Table 1 showsP, stays within 50% of its peak value for
1.3 < T, < 2.2 s, which is a wider period range of performance
(0.9 s) than for periodic wave forcing (0.65 s).

T, |F Uro || rms(L) | rms(y) | Py CWR
(s) | (km) | (m/s) (mis) | (W) | (%)
1.20| 0.28 | 254 || 2.22 0.77 0.026| 6.5
1.30| 042 | 219 || 2.75 0.94 0.038| 8.8
1.40| 0.58 | 195 || 3.37 1.16 0.055]| 12.2
150|081 17.2 || 4.18 1.40 0.081]| 16.2
157] 1.0 16.0 || 4.34 1.45 0.088| 16.2
160| 1.1 154 || 450 1.47 0.088| 16.2
1.70| 15 13.8 || 4.01 1.33 0.074| 12.0
180 1.9 125 || 3.86 1.26 0.067| 10.1
190 | 25 115 || 3.68 1.21 0.059| 8.7
2.00| 3.1 10.7 || 3.34 1.13 0.052| 7.1
2.10| 3.9 9.80 || 3.26 1.09 0.048| 6.2
2.20| 4.9 9.00 || 3.15 1.04 0.044| 5.3
Table 1 : Irregular wave Trispar-SSLG simulations (JSs 3.3,

Ay =0.021m,Cy=04,d=05,4" =1.5,T, =145).

CONCLUSIONS

We studied the perfomance of a trispar-SSLG system, that
we propose as a low power source for marine surveillance sys-

tems, based on renewable wave energy. The trispar-SSLeénsyst
is much more efficient at capturing energy from small ampktu
periodic waves than a single spar (SB3), although optimel pe
formance still occurs within a narrow period band near thie na
ural heave period. Unlike SB3, the trispar does not expeeen
spurious roll oscillations for larger wave amplitudes. Welfa
factor of 3.5 gain in power production by the trispa: SB3, un-
der the same small amplitude wave forcingg £ 0.015 m), for
both the measured and simulated power. ThéRfor the trispar

is more than 50% greater than for the single spar. [Note,gusin
W = /V/pin the defnition ofCWR as is being suggested in the
community, would further increase the relative perforneaoithe
trisparvs. SB3 by a factor of 2.5.] Preliminary simulations of the
trispar under irregular wave forcing also yield promisirgver
output andCWRvalues. These findings give us a strong incentive
for further pursuing the trispar design.

Let us finally recall thay:’ should not be a constant in the
model, but depend on the electro-magnetic interactionsdest
the spring-magnet system circuit and the magnet motioalf its
frequency dependent. More work is clearly needed in thizaets
Also, this study was restricted to fixed tuning strategieg w
are planning in future work, to explore slow and fast tuning,
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strategies, or more sophisticated control of the genera&sran
example, recent work by Babarit et al (2006), based on axlgin
ideas proposed by Budal and Falnes (1980), shows that hatchi
control of wave energy systems can dramatically increase tt
bandwidth of response of the system, particularly at sgbsrant
periods, and hence power production. Latching control ef th
present wave energy device would consist of locking the SSLt
magnet in position, at the instant when its velocity is zenad
releasing it after some time lag in order to put its velocig (
much as possible) in phase with wave forcing, thus maxirgizin
its velocity and power generation.
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