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ABSTRACT

We present the development and application of small buoy
systems for wave energy harvesting (free-floating or slackly
moored), to produce about 1 KW per unit at full scale. These
systems are targeted for powering distributed marine surveillance
and instrumentation networks, and should be simple in concept,
easily deployable, storm resilient, and low maintenance. Our
work involved design, experiments (both laboratory and field
testing), and numerical simulations in redistic irregular wave
climates, of two new types of buoy systems equipped with an
embedded Linear Electric Generator (LEG; made of a permanent
magnet, suspended to a spring, oscillating within a (two-phase)
coil), whose armature motion is excited essentially by the buoy’s
wave-induced heave, with some effects of roll. The first design
(DC2 buoy) has a spherical float, to which a cylindrical canister
isrigidly attached, which houses the LEG. A rod, attached to the
LEG magnetic armature, exits through the bottom of the canister
and connects to a large submerged resistance platform (which
also serves as ballast). The differential motion between the float
and platform heave drives the LEG oscillations. By contrast, the
second design (DC3) is a self-contained (water tight) resonating
multiple-spar buoy (or Sarspar), in which a longer central spar
houses the LEG and is surrounded by shallower, satellite spars,
providing both form stability and a reduced overall average draft
(necessary to achieve a proper heave resonance period). The LEG,
which has a large ballast simply attached to its bottom, oscillates
as a result of buoy heave through coupled resonance. Hence,
LEG oscillations are maximized by matching starspar heave
and LEG natural periods, and both of these to the targeted sea
state peak spectral period. For spar buoys, the former is simply
controlled by buoy draft. Scale model experiments are performed
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to calibrate numerical model parameters (essentially viscous drag
coefficients), and select buoy characteristics to maximize energy
production.

KEYWORDS : Wave energy systems; heaving buoy; linear
electric generator; floating body dynamic; Boundary Integral
Equations; linear waves; laboratory and field experiments.

INTRODUCTION

Since 2006, as part of projects funded by ONR (SBIRs and
STTRy), and the State of Rhode Island (STAC Alliance), the Uni-
versity of Rhode Island (URI) and Electro Standards L aboratories
Inc. (ESL) have teamed up to work on the design, numerical simu-
lation, and scale model and field testing of small buoy systems for
omni-directional wave energy harvesting (free-floating or slackly
moored). The targeted application for these systems is not large
energy production for single units (except perhaps in a buoy farm
configuration), but instead the development of simple, easily de-
ployable, and storm resilient systems, to provide arenewable wave
power source of (O(1) kW for distributed marine surveillance and
instrumentation systems (e.g., autonomous target recognition in-
struments, persistence and ubiquitoussensor systems, tracking and
identification of maritime vessels, and miniature underwater sen-
sor networks). The targeted full scale sea state in thiswork is the
20 year average for Rl shelf waters (south of Block Island), which
providesa modest J = 3.2 KW/m of wave crest, for a significant
wave height H, = 1.2 m and peak spectral period 7, = 4.5 s(with
J ~ pg? H*T, /(64x) according to linear wave theory; Dean and
Dalrymple, 1984; Previsic et a., 2004).

Several buoy design alternatives were evaluated, through a
combination of theoretical analyses and numerical simulationsfor
periodic or irregular waves. This led to selecting two buoy de-
signs (referred to as DC2 and DC3; Figs. 1, 2) and optimizing
their parameters. Based on these analyses, 1:10 scale models of



both designs were built and tested in URI’'s wavetank (Figs. 3,
4), and numerical models were calibrated based on experimental
results and used to design ruggedized mini-prototypes of each de-
sign, a alarger 1:4 scale. These were field tested in Narragansett
Bay, Rl under properly scaled wave climates (e.g., Fig. 2c).
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Fig. 1: Wave energy buoy DC2: (a,b) Solidworks drawings; (c)
partial assembly of 1/4 scale mini-prototype.

(b) ©

Fig. 2: Wave energy buoy DC3: (a) Solidworks drawings; (b)
static testing of 1/4 scale mini-prototype partial assembly; (c)
ocean testing of the latter.

In both systems, wave mechanical energy induces buoy mo-
tion, which then produce electricity by way of the coupled oscil-
lations of a Linear Electric Generator (LEG) located in a central
spar buoy/canister (Figs. 1,2). The LEG is simply made of a per-
manent magnet, suspended to a spring, oscillating within a (two-
phase) coil (e.g., the coil, magnetic armature and springsvisibleon
Fig. 1c). In al cases, the main mode of wave energy harvesting is
heave motion, with secondary roll oscillations.

More specifically, in the buoy system referred to as DC2 (Fig.
1), a spherica float, to which a cylindrical canister isrigidly at-
tached, oscillates on the surface and forces the motion of a LEG,
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which is housed and suspended within a cylindrical (spar buoy)
canister. A rod, attached to the LEG magnetic armature, exits
through the bottom of the canister and connects to a large sub-
merged resistance platform (which also serves as ballast), by way
of a universal joint. The differential motion between the phase
shifted float and platform motions drives the LEG oscillations.

(b)

Fig. 3: 1:10 scale model of DC2 wave energy buoy in wavetank
testing: (a) View from above the water; (¢) Underwater view taken
with mini-ROV.

Fig. 4: 1:10 scale model of DC3 wave energy buoy in wavetank
testing: (a) View of model on dry land; (b/c) Model tested at reso-
nance peak/maximum submergence in periodic waves.

By contrast, the system referred to as DC3 (Fig. 2) is a self-
contained (water tight) resonating (e.g., Budal and Falnes, 1975)
multiple-spar buoy (or Starspar), in which the longer central spar
is surrounded by shallower, satellite spars, providing both form
stability and areduced overall average draft of the system (neces-
sary to achieve a proper heave resonance period). InDC3, the LEG
is housed and suspended within the longer central spar, and has a
massive ballast simply suspended to the bottom of its magnetic ar-
mature. Here, the LEG oscillations are forced by the entire buoy
heave motion, through coupled resonance. Hence, to maximize



the buoy and L EG oscillations, both the starspar average draft and
the LEG spring stiffness are selected for the systems heave reso-
nance period to be near that of both the LEG and the targeted sea
state peak spectral period (French, 1979).

In the following, we present an overview of the development
and validation of analytical/numerical models of coupled buoy
heave-(roll) and LEG mechanical motions, with some consider-
ations for generator electro-magnetic circuits. Additionally, we
present sel ected results of experimental calibration/validationsand
mini-prototype field testing, for some of the designs. Note that
earlier work on a multiple spar design, precursor of DC3, was
reported by Grilli et al. (2007) (this work aso includes a short
literature review and background on point-absorber types of wave
energy buoy systems; see also Previsic et a., 2004), and work on
the LEG and its specific circuit for optimizing electricity produc-
tion and storing was presented by Bastien et al. (2009).

Three mgjor, linked sub-systems, are considered in each buoy
design, the: (i) floating buoy dynamics under wave action (i.e.,
heave, roll,...); (ii) LEG dynamics resulting from buoy motions
(i.e,, magnetic armature motion relative to the coils); and (iii)
LEG €lectric dynamics (i.e., LEG €electrical power output given
the armature-coil dynamics). In the most general case, feedback
between sub-systems must be considered to optimize the buoy
system’s overall performance. As an example, the movement of
the armature will result in a change of the weight distribution
and hence impact buoy motion. Similarly the electro-magnetic
force from the armature-coil system will ater the mechanica re-
sponse of the generator (afirst-order effect to be considered, since
the work of this force directly translates into electric energy pro-
duction). In this paper, the focus has been restricted to the buoy
and mechanical LEG dynamics portions of the problem (i.e., sub-
systems (i) and (ii)), and the electric system (iii) is Ssmply repre-
sented as a two-phase resistive circuit. More advanced consider-
ations and details of our proposed €electric circuit/system can be
found in Bastien et a. (2009).

In the laboratory testing part of thiswork, the 1:10 scale buoy
models were a so equipped with small LEGs, with two-phase (es-
sentially) resistive circuits, that matched the idealized representa-
tionused here, whileinthefield testing of the 1:4 mini-prototypes,
larger LEGs with complete circuit boards were used, which were
developed and built by ESL onthe basis of their proprietary “ quan-
tum loading” algorithm. As an illustration, Fig. 5 shows electric
parameters measured in dry testing, on the DC2 1:4 scale system
shown in Fig. 1, as a function of time, in response to an initia
armature displacement z, ~ 6.3 cm, with the LEG circuits being
either unloaded (n) or loaded (/) using a5 Ohm resistor : rectified
voltage V;, ;, current ¢;, and power 7. The method of rectification
uses atwo-phaserectifier bridge, which combines both phasesinto
oneoutput (i.e., onecircuit load), but the net effect on the mechan-
ical system is not too different than having simple separate and
isolated resistors on each phase. In thistest, the bottom platform
was released at ¢t = 0 s, after which its motion decayed over 5
subsequent oscillations, as a result of the LEG electro-mechanical
force and/or mechanical friction; while a voltage is generated, no
current circulates when the circuits are unloaded and hence no
electro-mechanical damping force occurs, yielding larger ampli-
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tude oscillations. For the (loaded) data shown in Fig. 5, a maxi-
mum of about 2 W of power was generated during the maximum
platform oscillation of 6 cm amplitude. Maximum power genera-
tion occurs, as expected, whenever the armature velocity is maxi-
mum, i.e., at about z, = 0. Finally, the mechanical systemisseen
to freely oscillate at its constant natural period, whether loaded or
unloaded, which is measured at 7, = 1.083 s (thiswill be further
discussed later).
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Fig. 5: Electric parameters (voltage I/, current ¢, power P) mes-
sured on the DC2 1:4 scale system, shown in Fig. 1, as afunction
of time, in response to initial armature displacement z,. The two-
phase circuits were either unloaded (subscript ») or loaded (sub-
script /) using a5 Ohm resistor.

Themain aim of thiswork was to maximize power production
by tuning the response of sub-systems (i) and (ii) to wave forcing.
The goal isto select parameters so that the mechanical responses
of the buoy and the LEG are maximized for the most prevalent
wave conditions. Ideally, in accordance with typical ocean wave
energy spectra, the buoy systems should have broadband response
such as to optimize wave energy capture over arange of wave fre-
guencies, and not just at or near one fixed frequency. While the
non-resonating DC2 exhibits a reasonably large band response,
DC3 istuned to resonate at and near a specific wave period. Such
resonant systems, however, could be further tuned to improve their
response through fixed, slow, or fast tuning. Fixed tuning refers
to non-changeable properties of the device (i.e., size, shape, and
mass). Slow tuning refersto changesin theresponse ontime scales
of minutes to hours and typically is focused on changing the sys-
tems buoyancy and hence its mass and effective stiffness. This
can be achieved for instance by active ballast control. Fast tuning
actively controls system dynamics on the time scales of variation
of individual waves or wave groups. The latter tuning is typically
very difficult to implement because device characteristics must be
changed quickly enough to ater its response. Also, for typical ir-
regular sea states, one cannot exactly predict waves that are about
to reach the system (and thus dynamically tuneit for such waves),
and hence one can only make a forecast and iteratively correct it
over anumber of wave periods (e.g., Babarit and Clément, 2006).
In the present work, we only explored fixed tuning of each type of
systems.

THE ANALYTICAL AND NUMERICAL MODELS

LEG Mechanical Design and Dynamics

The motion of the LEG spring-magnet, expressed by the ax-



ial displacement z,(¢) (in the canister direction «) of the mag-
netic armature relative to the coil/stator (which is attached to the
buoy) from its initial static equilibrium, is classically described
by a 2nd-order Ordinary Differential Equation (ODE). For an ar-
mature of mass M, (including half of the spring mass and bal-
last), suspended to a spring of stiffness K, this equation has iner-
tia, damping proportional to armature speed, and spring restoring
terms in the left-hand-side, and is forced in the right hand side by
the inertia force induced by the buoy acceleration z, in the direc-
tion o (upper dots are time derivatives; see details later). Addi-
tionally, for DC2, an excitation force AF', = F, (t) — £}, caused
by the platform motionisincluded (also detailed later), where £,
denotes the platform weight underwater projected in direction a.
We have,

My zg+pza + Ky 2 = AF, — My 2z, 2
with ¢ = py + py the LEG damping coefficient, combining an
electromagnetic resistance coefficient 1, and friction coefficient
. Instatic equilibrium, the LEG spring has an initial extension,

Mgg + FPO Ty g(MP - Pva) (2)
K

) FpO:
COS

lsO =
assuming a spring preconstraint 7, (where, for DC3 £y, = 0), a
platform mass M, = p,V,, withp,, and p, the water and platform
density, respectively, and V,, the platform volume.

Solving Eq. (1), with z, = z, = 0 attimet¢ = 0, for a
harmonic forcing with acceleration of amplitudea, A (to simplify
the algebra) and frequency w in the right-hand-side, and assuming
dry testing in the vertical direction « = 0 in the case of DC2 (Fig.
1,i.e, F, = My(g9—24); Fpo = M,g), wefind the LEG Response
Amplitude Operator (RAO) R = |z4|/A as,

RZGO{{Ks_W2(M9+Mp)}2+w2/i2} ©)
For this simple harmonic oscillator, maximum response R4 =
a,/(w p) occurs at the system’s natural frequency,

K
(M, + M) lso + TO/A

Hence, the longer the spring initial extension, the lower the LEG
natural frequency. For the LEG used in the 1:4 scale DC2 pro-
totype, for instance (Fig. 1), we have by design: T, = 156.48
N and K, = 3787.13 N/m (both measured through a static load-
ing experiment for the system of 6 springs used in the model),
M, = 12.75 kg (for armature, rod and various plates/hardware
mass), and l;, = 0.222 m. Eq. (2) yields o = 873.07 N and,
assuming an average sea water density p, = 1,025 kg/m?3 and
a platform made of stedl plates (with actual density measured at
pp = T7,897.08 kg/m?), avolumeV, = 0.01295 m*® and mass
M, = 102.27 kg (the model platform is made of a 1 m diame-
ter, 1.27 cm thick plate of 78.77 kg, with a second smaller plate
attached under it, of 23.50 kg; Fig. 1c).

Now, for dry testing, Eq. (4) yieldsw, = 5.74r/sand T, =
1.095 s, which is consistent with the Fig. 5 measurements. [Note,

4
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because of the absence of water, theinitial spring extension to use
in the second Eq. (4) isdlightly longer, at !, = 0.257 m.]

Finally, the mechanical power extracted from the buoy mo-
tion is due to magnet motion and corresponds to the work per unit
time of the magnet damping force iz, i.€., P,(t) = pz, 2. The
fraction of this power used to produce electricity is p,/u (minus
additional magnetic and heat (Joul€e) 0sses).

Buoys Heave Dynamics

Based on standard linearized floating body dynamics (e.g.,
Newman, 1977), in transient waves, when roll/pitch oscillations
aresmall, the heave motion, £5(¢), of both DC2 and DC3 buoys, in
water of density p,, and depth A, isfound from the conservation of
linear momentum, based on inertia, radiative wave damping, vis-
cous damping, gravity, and buoyancy forces, which is expressed
as a 2nd-order nonlinear ODE as,

(Mp + azz(oo €3+/ /CbSi—T)&( )dr

+br33|E'5|E's+ Fos = Fs + Fy — F35  (5)
with My, = py, Vs, the buoy mass, equal to the statically displaced
water volume Vs,), ass(co) the instantaneous added mass (for
very large frequency), b33 = (1/2) pwSs Can the buoy heave
viscous damping coefficient (with C'4,, the buoy heave drag coeffi-

cient), &'y = €3 — @ (with « the wave vertical particle velocity at
the buoy equivalent draft d), Fis(t) = pug{Vs(és(t)) — Voo } the
heave buoyancy restoring force (equal to ¢33 €3 With ess = py .S,
and S, the total buoy horizontal cross-section for the starspar
DC3 buoy), F3(t) the wave heave excitation force, and F,(t) =

1zq + K, z4, the LEG reaction force on the buoy, function of
the armature oscillator motion. The last term F5(¢) isachangein
heave excitation and/or viscous damping due to the buoy roll/pitch
oscillations, detailed later.

Assuming that the sea-state is made of the superposition of
N linear periodic waves of amplitude A,, and frequency w,,, with
energy density represented by the frequency spectrum S(w) (e.g.,
JONSWAP; JS), the incident wave elevation and vertical particle
velocity at the equivalent draft, can be expressed as,

=5 Apcos (@at + ) ;" = kytanhkoh  (6)
g

n=1

sinh k, (h — d)

smb o S (wnt 4 )

N
n=1
where A, = /25(w,)Aw (with Aw a small frequency inter-
val), ¢, € [0,2n] is a specified set of random phases, and the
second Eq. (6) isthe linear dispersion relationship expressing the
wavenumber k,, for each wave component. Accordingly, the total
wave heave excitation force reads,
N
FS(t) = pwd Z AnTSn cos (wnt + ¢3n + 1/%)

n=1

®)



where {r3, (w,), ¢3n(w,)} are the module and phase, respec-
tively, of the heave exciting force caused on the buoy by a wave
of unit amplitude and frequency w,, (including diffraction effects
induced by the buoy).

Heave Memory Term The integral in Eq. (5) isamemory term
(e.g., Babarit et a., 2006) expressing radiative wave damping, in
which the heave impulse response function, K3(¢), can be calcu-
lated as a function of the buoy frequency response by either of the
inverse Fourier transforms,

Ks(t) 2 /Ooo(agg(w) — a33(00))w sin wt dw

(o]
/ b33(w) cos wt dw
0

Tr .

2

™

©)

as a function of azs(w) and bs3(w), the buoy frequency depen-
dent heave added mass and wave radiative damping coefficients,
respectively. The memory term is expressed as a time convolution
in Eq. (5), whichis both costly and difficult to accurately evaluate
at each time, in the numerical solution of Eq. (5). This diffi-
culty can be overcome by representing K3 by way of the Prony
method, which transforms the convolution into a system of addi-
tional ODEs for the Prony coefficient (e.g., Babarit and Clement,
2006) as,

NP
Zﬁgp exp (Sapt)

p=1

N, .
ZﬁSpISp(&%a t)

p=1

Kps (t)

erw@_rmgﬂdr

Igp:Sg;pIgp —|—€3 ) pzl,...,Np (10)
where (s, Ssp) are N, complex coefficients (typically 4 for the
relatively simple geometries of DC2 and DC3), which are found

through Prony’s “curve fitting” .

Linearized Heave Solution for Periodic Waves As indicated
before, DC2 and DC3's frequency dependent wave coefficients
{ass, bss, r3, ¢3} are calculated using the standard Boundary El-
ement code WAMIT (Lee, 1995; Newman, 1977), in which lin-
earized free surface boundary conditions are specified. Thus, for
given buoy geometry and mass distribution, WAMIT computesre-
sults for N equally spaced periods 7, (withw,, = 27/7,,), ina
specified interval (Tynin, Tinag )-

For periodic incident waves of amplitude A and frequency w,
similar to Eq. (5), linearized (complex) equations governing buoy
motion for each of 6 degrees of freedom can be expressed using
these coefficients (e.g., Newman, 1977) as (assuming tensor nota-
tion’ssummation convention),

{ — W (Mot + ami) + i (bt + b ) + le}Cl = Arg e’V

with &; thecomplex buoy amplitudeindirection!. Inthisequation,

+ m1 denotesthelinearized friction coefficient obtained by appl y-
mg the principle of “equivalent average dissipated power” over
one wave period (e.g., Berteaux, 1994). For the linearized heave
motion (! = 3) of multiply symmetric bodies (a3 = bmz = 0
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form # 3), with M = Masz = My + My + M, and V', 45 =
{8|¢s|w/(3m)}by 33, this equation yields the heave frequency de-
pendent Response Amplitude Operator (RAO) 75 = |(s|/A as,

_1
Z3 = 7”3{{633—002(1\44-&33}2-{-60 (b33+bf 33)° } (11)

This equation predicts maximum heave response Z5*%*
r3/{w (bss + bi,ygg)} when incident waves occur at the heave nat-
ural frequency,

2w

=W = —
Ty

€33
M =+ ass (w)

w =

(12)

Eg. (11) aso shows that, in the absence of viscous damping
(b 33 = 0; such asassumed in WAMIT) and for avery small value
of the linear wave damping coefficient b33 (as, e.g., for the starspar
buoy DC3), maximum heave response will be significantly over-
predicted near resonance. Hence, when solving Egs. (5) to (10)
one needs to use a properly calibrated drag coefficient C'y;, for the
buoys, which can be obtained through a comparison of model pre-
diction with laboratory measurements performed on a scale model
(e.g., Figs. 3,4).

Multiple Spar Buoys As indicated, for slender spar buoys, such
as the components of the starspar DC3, a3 is small and varies
little over any useful frequency interval around the buoy’s heave
resonance freguency, while b33 is very small, reflecting the fact
that such buoys generate little waves in heaving motion (Grilli et
al., 2007). Thus, Egs. (9) yield Kp3(t) ~ 0, and hence the mem-
ory/radiative wave damping term in Eq. (5) is negligible, particu-
larly as compared to the viscous damping term.

Additionally, the starspar ismade of N + 1 rigidly connected
vertical spar buoys of cylindrical shape, draft d;, externa diam-
eter D;, and total length ¢; (Fig. 2) i = 1,...,Ns; + 1). The
individual buoys are set sufficiently apart (typically a couple of
diameters) not to interact hydrodynamically in heave. The sub-
merged extremity of each buoy is streamlined to reduce friction
drag generated during motion (Fig. 2; this slight change of ge-
ometry is neglected in the following idealized analysis). Due to
the small added mass Eq. (12) predicts the starspar natural heave

period as,
N +1
| M S;d;
~ — z 1
2 - 271'[ with d = 71\:“ B (13
the buoy equivalent draft; we aso find S, ZN 1S5 in the

heave buoyancy restoring term css = py,9.S, W|thS = nD?/4,
each spar buoy’s cross-section. Grilli et a. (2007) numerically
verified that this equation is accurate for D; /d; < 0.1.

Buoy Roll/pitch Dynamics The buoy’sroll (or pitch, identical for
buoys with two axes of symmetry) angular motion &5 = «f(t) is
modeled, similarly to heave as,

([554-5155(00))&—}—2;\[:”1 65pf5p(d,t)+Mf,53+C55 sina = M

Iy = Ssyplsp+a ;p=1,...,N,



N
Ms(t) = puy Z Aprn cos (wnt + ¢5n + ¥y)

n=1

(14)

where I55 and az5 are the mass moment of inertia and added
inertia, respectively, the second term expresses (linear) radiative
wave damping, A 53 is the viscous damping moment resulting
from heave-roll interactions (detailed below), c55 = (M + M, +
M,) g GM, istheroll (or pitch) restoring moment (with G737 the
metacentric distance), and M5 isthe wave roll excitation moment
calculated by superposition of wave forcing, as for heave.

For DC2, the wave excitation moment in roll is zero on the
spherical float. However, when the buoy is moored below the float
to prevent drifting, there issignificant roll (as, e.g., seen inlabora-
tory experiments)as a result of thefloat’'s sway (i.e., 2) oscillations
and the non-uniform mass distribution in the buoy (the massive
platformislocated at the bottom). Rather than modeling the com-
plicated geometry of DC2 in WAMIT, we instead estimated roll
parameters used in Eq. (14) based on buoy sway motion ¢ as,

— ——2
a=¢&/0R v ass(o0) >~ ay(o0) OR

Ny Np

. —_— .
Zﬂ5pf5p(a,t) >~ OR COSOJZﬁlpflp(a,t)
r=1 r=1

Ly = Siply+a ;p=1,....N,

M¢ss =~ bpis OR’ |a'| &' cosa
Ms ~ (Fi— Fgsin Q)ﬁcosa (15)

where o/ = o — uy/ OR (With u, the wave particle velocity at
buoy draft, calculated with an equation similar to (7)), b 11 =
(1/2) puS, Cys the buoy sway viscous damping coefficient, OR
denotes the distance between the center of the buoy water plane
O on the surface and the center of rotation R, and the Prony co-
efficients are calculated using the float’s sway impulse response
function, K51 (¢), similar to Egs. (9) and (10). For DC2, in view
of the larger viscous drag of the spherical float, as compared to the
spar canister, we assume F3; ~ 0 in the buoy Eq. (5). Finaly, in
Eg. (1), as aresult of the buoy’s heave, sway and roll, the LEG
motion is excited by the acceleration,
. . 2
2 = & sina—l—fgcosa—i—d %W
Mg

(16)

wherethelast term isan additional excitation of the LEG resulting
form the centrifugal acceleration caused by the buoy roll motion.

For the DC3 starspar, we simply calculate the full WAMIT
coefficientsfor roll {ass, bs5, 75, ¢5 }, from which we calculate the
roll excitation M5 using Eq. (14) and the radiative damping term,
as expressed in the same eguation, by applying the Prony method
to the roll impulse response function K ,5(t) calculated similarly
to Egs. (9) and (10) for heave.

Platform dynamicsfor DC2 buoy Although, in DC2's buoy, the
platformis connected to the LEG rod through a universal (U) joint
(Fig. 1c), inthemodeling, it istreated as a separate rigid body with
vertical (heave) motion z,, relative to the buoy heave motion &3,
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fromitsinitial static equilibrium location. The U-joint is assumed
to have a large but finite stiffness K, and, hence, assuming the
buoy canister is angled by «, the force acting on the rod, parallel
toitis,

{(Mp — puw¥p)g + Ku(zqcosa — zp)} @

F, =
P COsS &

Assuming a balance between inertia, gravity, and viscousdrag

forces, but no direct wave excitation due to the deep submergence,

the platform equation of motion reads,
M)} zp + bpp |25 7'y + Kuzp = {Kuza+

2 ..
Mpﬁd Jeosa— M &3 (18)
where M, = M, +M,,, the platform virtual mass, includesa con-
stant added mass M,, = (1/3)p,, D3 (for athin circular plate),
bep = (1/2) puwSp Cgp the platform heave viscous damping coef-
ficient, with Cy, = 8/(K C,)'/? the platform drag coefficient for
athincircular plate (K C), = 2w A, /D, isthe platform Keulegan

Carpenter number), with =/, = &5 + 2, — w, (where the latter is
the wave vertical particle velocity at the mean platform depth £,
from Eq. (7)). A centrifugal excitation force isincluded in the
right hand side, as a function of roll velocity and distance from
the platform to the rotation center RP. Now, for the 1:4 scale
DC2 buoy, in view of the platform added mass M,, = 333.33
kg, the resonance period of the LEG/platform system in the water
becomes, from Eq. (4), 7; = 2.13 s, whichis close to the targeted
wave period at thisscale (7, = 2.25 s based on Froude scaling).

Solution WAMIT isfirst run for the selected buoy geometries and
mass distribution, to calculate the heave, sway, and roll frequency
domain coefficients. The LEG dynamics and buoy heave/roll cou-
pled equations are then solved in the time domain on the basis of
genera data and these coefficients. After being transformed into
two 1st-order ODEs by change of variables, the nonlinear 2nd-
order ODEs (1), (5) and (14), together with 2V, “Prony” coupled
ODEs of the type (10), (14), and (15), for { = 3, 5 or 1 respec-
tively, depending onthe case, are timeintegrated by aRunge-Kutta
method; for DC2, assuming NV, = 4, thisrepresents a system of 22
coupled ODEs. Initia conditions are simply set by assuming all
variablesto be zero for ¢ = 0. Computations are usually pursued
up to at least ¢ = 150 7,,, for the given wave energy spectrum. |f
the buoy is subjected to periodic waves only, the same equations
are solved from an initial state of rest, assuming N = 1, until the
transient buoy motion reaches a periodic state.

APPLICATIONS

As indicated, we performed laboratory experiments on 1:10
scale models of the DC2 and DC3 buoys (in periodic or irregu-
lar waves;, Fig. 3 and 4), in URI’'s 30 m long, 3.6 m wide and
1.8 m deep wavetank, in order to: (i) both verify and quantify
the expected model behavior in terms of buoy dynamicsin waves,
LEG moation, and electric power production; (ii) calibrate friction
drag coefficientss Cy;, and Cy;, for the numerical models detailed
above to closely simulate experimental results. Following this



experimental/numerical approach, the calibrated numerical model
were used to design ruggedized 1:4 scale mini-prototypes of both
design, which were (or will be) field tested (Figs. 1 and 2). Ac-
cordingto Froude scaling, for the targeted field conditions, the tar-
geted sea state parameters are H, = 0.12, 0.3 mand 7, = 1.42,
2.25s, for 1:10 and 1:4 scales, respectively.

In laboratory experiments, a computer-controlled wavemaker
is used to generate waves and capacitance gages are used to mea-
sure surface elevation near the buoys. A mildly sloping beach,
|located over the last 20 m of the tank, causes incident wave break-
ing and reduces wave reflection in the tank to a very small level.
The buoy models are placed in the deeper water region in front of
the slope and prevented from drifting by either a long horizontal
mooring line (DC2) or a fixed plastic ring (DC3). In field test-
ing, which took place in nearby Narragansett Bay, RI (in which
the targeted sea state is usually observed for episodes of NE wind
blowing at 9-10 m/s, for 4-5 hrs or so0), the mini-prototypes were
free-drifting and a waverider buoy was deployed near the buoysto
measure sea state. In both laboratory and field testing, three-axis
(WIFI) accelerometers were mounted within the buoy models. For
DC2, two of these measured both float and platform motion and,
for DC3, three of those measured the central spar and two satellite
spar motions. Additionally, voltage and other electric parameters
are recorded during tests for the 2 phases of the LEG, and for the
prototype, Hall effect sensors record the motion of the magnetic
armature.

Due to lack of space, in this paper, we only report in detail
on laboratory experiments and modeling of the DC2 buoy.
Preliminary work on the multiple-spar concept was presented in
Grilli et a. (2007) and details of experiments and modeling of the
DC3 starspar buoy can be found in Grilli et a. (2010).

Laboratory Testing and Modeling of DC2 Scale M odel

The 1:10 DC2 scale model (Fig. 3) wastested in the wavetank
for a series of periodic and irregular sea states. This model has
a spherical float of diameter D, = 0.305 m, draft d, = 0.150
m and mass M, = 2.067 kg, including the 0.883 kg mass of
the LEG canister (including half spring and LEG stator mass) of
length A, = 0.451 m and diameter D, = 0.051 m, a platform
of diameter D, = 0.4 m, thicknesst, = 0.0145 m and mass
M, = 1.917 kg (Volume V,,o = 1.822210~% m?®). Unlikein the
1:4 prototype, in this scale model, a spherical ballast is suspended
below the platform, with volume V,, = 1.377610~2 m® and
mass M, = 7.708 kg. Thisyields for the platform plus ballast,
atotal volume V, = Vo + Voo = 3.1998107% m* and mass
M, = Myo + My, = 9.625 kg. Hence, the 2nd Eq. (2) yields
Fpo = 64.39 N. A small LEG was fabricated at scale, for which
M, = 0.144 kg, for the armature, rod, and half spring mass.
The LEG spring stiffness was measured at K; = 1107.96 N/m
and initial tensionat Ty = 11.78 N. In this small model, stiction
caused by the seal at the bottom of the canister, was found to be
relatively larger than in the 1:4 scale prototype, and measured at
So = 5.4 N; this value must be subtracted from F,;. Based on
this data, and using the fresh water density p,, = 1,000 kg/m? in
the wavetank, the 1st Eq. (2) yields the initia spring extension
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lso = 0.0427 m in the water. [For dry testing in the air, this
extension would increase to I, = 0.071, with Eq. (4) yielding
a resonance period 7, = 0.59 s] The platform added mass is
M,, = 21.33 kg, hence, adding the latter to the platform mass in
the water, we find with Eqg. (4), the LEG resonance period in the
water 7, = 1.00 s.
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Fig. 6 : Measurements for DC2 1:10 scale model (Fig. 3)
experiments in periodic waves, with 7 = 0.042 mand T = 1.38
s. (top) wave gage elevation n; (middle) roll angle « calculated
from float horizontal acceleration; (bottom) vertical float (blue,
as.) and platform (red, a,,.) acceleration.
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Fig. 7: Same case as Flg. 6. Voltage generated on each of the
LEG two phases (loaded witha Ry, = 10 Ohm resistor) .
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Fig. 8: Same case as Figs. 6.,7 Total electric power dissipated
(Pewot); electric power dissipated on external resistors (Pe.y:).
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Figures 6-8 show experimental results obtained in periodic
waves of mean height H = 0.042 m and period T 1.38
s, in water depth » = 1.35 m. For periodic waves in deep
water (here L,/h = 2.2), the incident average wave power is
J ~ pg”H" T/ (32r) = 2.33 W/m, which yields a buoy captured
energy JD, = 0.71 W. Fig. 6 (top) shows that wave elevation
measured near the buoy was reasonably sinusoidal and periodic.
The induced float and platform vertical accelerations (bottom) are
out of phase with the wave elevation, and with each other. While
the platform acceleration is fairly monochromatic, the float ac-
celeration has repeatable higher frequency oscillations, centered
around a mean periodic oscillation (see details later). The buoy
roll oscillations (middl€) are seen to be closely periodic, but more
sawtooth-like (likely due to the restoring force from the horizontal
anchor line) and in opposition of phase with the wave elevation.
Roll oscillations are between +20 deg., using OR = 0.326 when
processing the horizontal acceleration (Eq. (15)), in order for it to
match observations. In view of periodicity, roll is simply obtained

hereas, a(t) = a(t)/w?.



Fig. 7 showsthe voltage generated on both phases of the LEG
(when loaded with a Ry = 10 Ohm resistor; while the interna
resistance of each phase was Rs = 10 Ohm as well), and Fig. 8
shows the corresponding electric power dissipated on the external
resistors (Pe.:) or for the full circuit (Pe;.;). The latter reaches a
maximum of 0.2 W (or 28% of the incident captured wave power)
while the former is about half that; we further find the average
powers. Peo: = 0.0376 W (or 5.3% of incident captured wave
power) and Pe.,; = 0.0183 W; for later comparisons, the RMS
of the total dissipated power is Pe o rms = 0.074 W.
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Fig. 9: Same case as Figs. 6-8. Comparison of experimenta (€)
and numerical results for float vert. accel. (blue, as.; yellow,
ap,e) horiz. accel. (red, ap,; turquoise, as,.), platformvert. accel.
(green, a,.; purple, ay.e).
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Fig. 10: Same case as Figs. 6-9. Mechanical power extracted by
the LEG in numerical simulations.

Figures 9 and 10 show numerical simulation results for
the DC2 1:10 scale model, based on eguations detailed in the
previous section. The only calibration done in the model was to
specify, Cqp, = Cqp = 1.5 for the buoy drag and C'yp, = 2.5,
for the the platform drag, as well as adjusting the distance to
the center of rotation OR (as indicated above). Fig. 9 shows,
thereis good agreement between measured and simulated vertical
platform and horizontal float, accelerations. The lower frequency
variation is also in good agreement for the float vertical acceler-
ation. However, to satisfactorily reproduce the measured higher
frequency modulations, we had to introduce a phase shift in the
electro-mechanical forces caused by both phases of the small
custom LEG, which islikely due to imperfections in its winding
(aperfectly wound 2 phase LEG is devoid of such modulations, as
can be seen, e.g., in Fig. 5 in the smooth motion of the 1:4 scale
DC2 buoy in free oscillations). Since the exact nature of these
imperfections is unknown, the high frequency oscillations are
only approximately reproduced in the model. Fig. 10 shows the

predicted mechanical power, P, = pgz}a extracted by theLEG in
numerical simulations, which is to be compared to the measured
total dissipated electric paper Pe.y; in Fig. 8. Although there
are differences in their time series (related to differences in the
modeling of small high frequency oscillations of the float), both
vary between 0.15-0.22 W, furthermore, P, .., = 0.088 W or
19% more than Pe;q: rms, implying a (redistic) 83% efficiency
of mechanical to electric power conversion in the LEG, due to
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various magnetic losses and imperfect winding of the generator,
which both affect the value of the LEG coefficient p,,.

CONCLUSIONS

We tested and modeled two new types of wave energy buoy
designs. For DC3, viscous friction is the dominant damping
mechanism near resonance and rolling must be minimized, as
it may significantly increase such damping; this is achieved by
using satellite buoys. For DC2, the massive submerged platform
both lowers the center of mass (thus increasing roll stability)
and provides a reaction to the float motion. Finaly, the phase
difference in float-platform motion increases LEG oscillations
and power production, as compared to afixed anchor line.
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