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Abstract

This paper presents the modeling methodology and performance evaluation of the
resonance-enhanced dual-buoy WEC (Wave Energy Converter) by HEM (hydrodynamic &
electro-magnetic) fully-coupled-dynamics time-domain-simulation program. The numerical
results are systematically compared with the authors’ 1/6-scale experiment. With a direct-drive
linear generator, the WEC consists of dual floating cylinders and a moon-pool between the
cylinders, which can utilize three resonance phenomena from moon-pool dynamics as well as
heave motions of inner and outer buoys. The contact and friction between the two buoys observed
in the experiment are also properly modeled in the time-domain simulation by the Coulomb-
friction model. Moon-pool resonance peaks significantly exaggerated in linear potential theory are
empirically adjusted through comparisons with measured values. A systematic comparative study

between the simulations and experiments with and without PTO (power-take-off) is conducted,
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and the relative heave displacements/velocities and power outputs are well matched. Then,
parametric studies are carried out with the simulation program to determine optimum generator

parameters. The performance with various wave conditions is also assessed.

Keywords: Wave Energy Converter; Hydrodynamic-Electro-Magnetic Coupling; Experiment vs
Simulation; Linear generator; Dual-cylinder dynamics; Heave resonance; Moon-pool resonance;

Optimum energy extraction; Time-domain fully-coupled simulation.

1. Introduction

For sustainable development of a community with minimal environmental problems such
as global warming [1, 2], clean renewable energy needs to be continuously developed to be a
competitive resource. In particular, ocean wave energy has a gigantic global power potential of 1-
10 TW [3, 4]. Wave energy can be an important energy source especially for various offshore
operations and isolated islands. In this regard, various types of wave energy converters (WECs)
have been devised to convert such clean renewable energy into electrical energy. The WEC can
often be categorized into three types; terminator, attenuator, and point absorber [5]. Among them,
the point-absorber type has popularly been adopted with the convenience of design and installation
compared to multi-connected terminator or attenuator types. Also, the performance of point
absorber can be less sensitive to wave direction when tuning for resonance [6].

The use of resonance motion is regarded as a critical aspect of optimal energy extraction
as a point absorber under given wave conditions. While many point absorbers utilize resonance
motion to amplify power output, most existing concepts use single-frequency resonance using the

adjustment of system mass [7] and stiffness [8]. Several authors also suggested multiple-mass
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systems with LEG (linear electric generator) to take advantage of multi-resonances [9-11]. As an
example, to amplify the power production at multiple natural frequencies, a coaxial two-cylinder
system was studied in the frequency domain [12]. In their concept, two natural frequencies of the
floating cylinders were employed, and no annular moon-pool was considered, assuming zero gap
between the two cylinders while independently moving.

Although reliable simulation is essential for the assessment of dual-body WECs, the
simulation capacity of previous studies was often limited by less rigorous multi-body
hydrodynamic analyses and the use of linear damping or constant PTO (Power-Take-OfY) in the
frequency-domain calculation [7, 9, 13-17] and time-domain simulations [11, 18, 19]. In regard to
the annular gap and its moon-pool resonance, Mavrakos [20] used ideal-fluid-based numerical or
analytical methods. However, when considering moon-pool and multi-body resonances, the ideal-
fluid methods substantially overestimate the resonance peaks. Therefore, it is recommended to
correlate the simulation to experimental data, as suggested in the previous studies of rectangular
or cylindrical moon-pools [21, 22]. In the present study, the exaggerated peaks of moon-pool
resonances are empirically adjusted based on the experimental results. Also, we developed a
hydrodynamics/electro-magnetics fully-coupled simulation program in the time domain. Both
hydrodynamic and electro-magnetic fields are simultaneously solved at each time step to best
estimate the PTO performance without introducing any representative constant PTO damping
parameter, as frequently used in the previous studies.

In this paper, a resonance-enhanced dual-cylinder (outer buoy and inner buoy) WEC with
annular moon-pool is devised, and both time-domain simulations and scaled physical experiments
are conducted. In [23], authors focused on the design of the WEC and the details of scaled

experiments including frequency-domain linear-potential computation. In this study, we
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developed fully-coupled time-domain simulations including generator dynamics and nonlinear
behaviors so that better and direct time-history comparison can be possible. The simulation and
experimental results are then systematically compared with the LEG on and off. The comparison
shows good agreements, especially after including contact and friction between the two buoys in
the simulation modeled as in the experiment. The direct time-series comparisons between the
simulation and experiment in random waves were possible by using the experimentally generated
wave time series in the simulation. As a PTO system, a direct-drive LEG was employed [9, 24]. It
is illustrated that the dual-cylinder WEC can effectively extract wave energy from a wide range of
wave frequencies by employing three different resonance phenomena: those of moon-pool, inner
cylinder, and outer cylinder. Using the computer simulation program, performance evaluation is
conducted with varying LEG parameters so that higher power can be generated in the given wave

condition.

2. Resonance-Enhanced Dual-Buoy WEC and Experimental Setup

The resonance-enhanced dual-cylinder WEC consists of two vertical circular cylinders
aligned along an identical axis with different diameter, a hollow moon-pool between the two
cylinders, and coil and permanent magnet equipped at inner and outer cylinders, respectively. The
schematic view and specifications are presented in Fig. 1 and Table 1 [23]. It is designed to place
three different natural frequencies of the inner and outer cylinders’ heave motions and moon-pool’s
surface elevation within the range of a given wave spectrum so as to amplify the power production
using all the three resonance phenomena. That amplification concept was proven by experiments
at a scale ratio of 1:5.95. The experiment was conducted in a wave tank of 110 m length, 8 m

width, and 3.5 m depth, as shown in Fig. 2.
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At the design stage, the system dimensions were determined by using approximate analytic

forms of the three natural frequencies suggested by Fukuda [25] as:

o = Lo (1)

| g
., = |——— 2
" \d,+0.41/4, @)

where p represents the density of water, g is gravity acceleration, A4 is the waterplane area of a
ith cylinder, m;, and m; are mass and added mass of the ith cylinder, and 4, denotes the

waterplane area of the moon-pool. The three natural frequencies of the inner and outer cylinders
and moon-pool were set at 3.41 and 3.84 (with added mass of inner and outer cylinders = 0.21 kg
and 2.06 kg) and 3.09 rad/sec, respectively [23]. Note that those added masses include
hydrodynamic interactions between the two buoys and moon-pool. The same eigenvalues can also
be obtained from the corresponding modal analysis of coupled equation of motion. The eigenvalue
3.41 is for the eigenmode of dominant inner buoy motion and negligible outer buoy motion, and
3.84 is for the second eigenmode of negligible inner buoy motion and dominant outer buoy motion.
As listed in

Table 2, the experiments include a series of tests with a set of regular waves and one random

waves.

There are essential aspects to model the dual-buoy WEC in the time-domain simulation.
The model dimensions were used in the time-domain simulation for direct comparison. In the
experiments, 4 slack soft springs (stiffness=1.03 N/m) were used to prevent horizontal mean drift
motion. These soft springs have a negligible influence on the entire dynamics of two cylinders and
corresponding power outputs. In this regard, it was not considered in the time-domain simulations.

Moreover, the vertical guide shafts can additionally impose friction force at the contact.
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107 Fig. 1. Schematic views of two-body WEC system: entire shape (a) and linear generator (b) [23].

108

109  Table 1. Dimension of two-body WEC system.

¢ .
Radius Draft Height Center of gravity Mass
Item (mm) (mm) (mm) (from MWL) (ke)
(mm) :
Internal buoy 60 (ar) 835 (di) 1090 -465 9.40
95 (a2) 1000 (d2)
External buoy 135 (a3) 168 (d3) 1500 -500 32.6
160 (a4)

110
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(a)

Fig. 2. Experimental setup in wave tank (a) and WEC model (b) [23].
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Table 2 Regular and irregular wave conditions for experiments.

Regular wave

Case | Frequency | Amplitude Wave Case | Frequency | Amplitude | Wave
number | (rad/sec) (m) steepness | number | (rad/sec) (m) steepness
1 2.5 0.049 0.01 9 3.5 0.025 0.01
2 2.8 0.039 0.01 10 3.6 0.024 0.01
3 2.9 0.037 0.01 11 3.7 0.023 0.01
4 3.0 0.034 0.01 12 3.8 0.021 0.01
5 3.1 0.032 0.01 13 3.9 0.020 0.01
6 3.2 0.030 0.01 14 4.0 0.019 0.01
7 33 0.028 0.01 15 4.1 0.018 0.01
8 34 0.027 0.01 16 4.2 0.017 0.01
Irregular wave (JONSWAP spectrum)
Peak Significant
Case
number frequency yvave Gamma
(rad/sec) | height (m)
1 0.074 2.167 33
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3. Coupled Time-Domain Simulation for Resonance-Enhanced Dual-Buoy WEC

To accurately assess the performance of the resonance-enhanced dual-cylinder WEC, the
dual floating cylinders interacting with each other and a moon-pool should be modeled. In addition,
their coupling with the linear generator dynamics needs to be solved simultaneously at each time
step. The dynamics of two cylinders in random waves with the PTO turned on can be written in

the time domain as an extended form of Cummins’ equation [26-28] as follows:

(m, +Am))%, +c,x, +hyx, = [P @O+ £SO+ PO O 0. 6 j=1,...,12 (3)

where m; is the mass matrix, Am;c is the added mass matrix at the infinite frequency, k; is the

total stiffness matrix, which combines hydrostatic and gravitational restoring stiffness k: with

any external linear restoring k,f ,and x, is the displacement. Overdot represents the time derivative

of a variable. ¢, canbe used to represent linear damping mechanism such as mechanical dashpots.

£, 19, £, £7,and f" denote the first-order wave loads, convolution-integral forces related

to radiation damping, Morison-formula-based viscous damping loads, generator’s reaction forces
known as power-take-off (PTO) damping, and friction loads induced by the contact of vertical
shafts, respectively. The first 6 subscripts are 6 DoFs of the inner cylinder, and the second 6
subscripts are those of the outer cylinder.

Assuming Gaussian linear random waves, describable by the superposition of regular wave
components, Am;, £, and f,'" are obtained by Fourier Transform between impulse-response-

function-based dynamic equation in the time domain and linear-diffraction/radiation-based

dynamic equation in the frequency domain as:
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am; =Ami,<wmax>+zn,(t>m%r’”dr. )
INOE —I r (D)%, (t - 7)d. ()
(0= 2 b, (@)cos(ondo ©

%
ﬁ“’(r):Re(i/;,d,(w,.)e’“’””’“”J. (7)

where Am, (@

) » D (@), and d,(w;) are added inertia, radiation damping, and linear wave
excitation at the respective frequencies, and they can be calculated from the three-dimensional

linear diffraction/radiation of the two cylinders, and Aj, kj, W, and «; are, respectively, wave

amplitude, wavenumber, wave frequency, and random-phase angle. As the two cylinders are
modeled by two sets of panel discretization with the annular moon-pool between them, those
hydrodynamic coefficients represent their interactions with the moon-pool. As shown in Fig. 3, we
used 1636 panels for the inner cylinder and 5252 panels for the outer hollow cylinder. To maintain
numerical accuracy, the panel size of two cylinders is smaller than 2/3 of the gap distance. The
convergence with the panel numbers was checked. Taking the experiment scale, the hydrodynamic
coefficients were computed for 50 wave frequencies from 1.5 to 9.0 rad/s.

The moon-pool resonance results in the rapid change and overestimated peaks of

Am(@,,) > b;(®), and d,(®,) near the lowest (Helmholtz mode) moon-pool resonance

frequency when they are calculated from the ideal-fluid-based diffraction/radiation program. In

reality, the peaks are limited by viscous and nonlinear effects. The exaggerated peaks can be
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adjusted empirically by comparison with experimental values such that motion-response peaks
match at the respective resonance frequencies [29]. We selected such a correlation method by
taking advantage of the experimental data. Alternative CFD simulations based on the Navier-
Stokes equation also require verifications with experimental data while the computation is
substantially more complex and time-consuming. Furthermore, its coupling with the given WEC’s

PTO may not be straightforward.

!
fl
!

!
!

f

v
/
/

———
/
/

/

!
/
!

)
/

/
1l
£
1
!

Z (m)

!
1

!
!

L

/
!

e S

i 3 v
=2z M
Z il
T 01
0.0
Y {m)

Fig. 3. Panel models of the two cylinders.

As shown in Fig. 2b, there are two (front and rear) vertical shafts with protruded guides to
narrow the gap between the inner and outer buoys. Those guides create synchronous surge/sway
and pitch/roll motions between the two buoys while allowing relative heave motions, which was
also observed in the experiment. The guides were employed to maintain the constant gap between

the magnet and coil in the PTO system. Friction forces occur due to the protruded guides between



173 the two buoys with time-varying contact forces. The time-varying contact forces can numerically
174 be modeled by linear horizontal springs at the locations of the guides. We employed a total of 12
175 highly stiff horizontal springs at the top, middle, and bottom locations of the inner cylinder at four

176 sides along x and y axes between the two buoys, k. and £, and a highly stiff angular spring in
177 yaw, k, . The stiffness was determined to warrant the synchronous surge/sway and pitch/roll
178 motions between the two buoys, as shown below as 12 by 12 stiffness matrix, where 4 and 7,

179  represent the moment arm from the origin located at mean water level:

180
klﬁ,;l :zkx’ kll,“‘S :kahx’ kl€7 :_zkx’ 111 Z
kf,Z = Zky’ k£4 = _Z kyhy’ kfg = _Z kZElO Z
181 kf4:Zk},h§, ka_z k4ElO Zkv V2 kSES zk\f x (8)
k£7 :_kahx’ ksEn Zkr x 2 k6b:6 _Z ) kGEIZ Z
k7E,7:ka’ k7Ell Z s kéfiizzky’ kSElO Z
kllf),lo = Zkyhj9 kllill = kahiv klEz,lz = ka'
182
183 As a symmetric matrix, we applied kf , as given in Table 3. The stiffness values in

184  the table were selected to warrant the synchronous pitch/surge motions between the two buoys.
185  We further checked the higher spring stiffness than the selected values and the contact-force results
186 were not sensitive to the variation.

187

188

189

190

191



192 Table 3. External stiffness matrix for guide-shaft modeling.

cociirent | SIS | ey | SUTess | e | ST
Kk 1.8%107 ky, 5.1x10° ky, 1.8x107
ks -5.2x10° ki -5.2x10° k), -5.2x10°
ki 1.8x107 | kg 50x100 | kg 1.8x107
kf, 5.2x109 kE 5.1x10° kero 5.2x10°
ky, 1.8x107 ks, 5.2x10° ko0 5.1x10°
ky, 5.2x10° ks, 5Ax108 | A, 5.1x10°
ky -1.8%107 ke 7.5%107 kb 7.5%107
ko -5.2x10° ke -7.5%107

193

194 The friction force, £, induced by the contacts at the protruded guides of the vertical

195  shafts, can be given by Coulomb friction

196

197 /i =uNsign(z,,) and f," =—f 9)
198

199  where u is the friction coefficient, N is normal contact force, and z

rel

are heave velocity of the

200  outer cylinder relative to the inner cylinder. The opposite heave relative motion with the contact
201  results in resisting friction force to both cylinders in the heave direction. The contact forces can be
202 different at the top, middle, and bottom springs due to the relative surge and pitch motions with
203 contact. For head sea condition, NV results from all the restoring loads in the surge direction as:

204

T
Ny = ‘kljxj‘ = ‘kl,lxl +hy sxs g x|
205 , (10)
Ny = ‘k7jxj‘ = ‘k7,1x1 +hky sxs k5 5 +k7,11x11‘-




206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

To include additional energy dissipation in heave by water viscosity, viscous damping
coefficients in heave direction, c¢,;=1.6 kg/s and ¢,, =9.1 kg/s for inner and outer cylinders, were
obtained from the free-decay test in the experiment without friction. In this regard, no additional
Morison members were employed in the heave direction, i.e., f;” =0.

For power generation, the direct-driven LEG (linear electrical generator) is used. It results
in the power-take-off damping loads f,” induced by Electromotive Force (EMF), which generates
the electrical current to restore constant magnetic flux density during the relative motion between

the magnet and coil. According to Faraday’s law of induction, EMF can be expressed as [7, 10,

30]:

P (11)

where 4, (= Nc¢m) 1s flux linkage given by the number of turns N, and magnetic flux ¢, . z,, is

heave displacement of the outer cylinder (permanent magnet) relative to the inner cylinder (coil).
The induced current, i, is obtained by solving a resistor-inductor (RL) circuit, which consists of

EMF, phase-inductance ( L. ), phase-resistance ( R..), and load-resistance ( R, ) as:
. di
E=(RL+RC)~1+LCE, (12)
t

fl,P can be calculated by the Lorentz-force equation. For the inner cylinder,
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S0 =i§dIxB=-B,li and £ (t)=—f (1) (13)

where / and B, (= B, COS(7Z'/ Z'Z) with the magnitude of magnetic flux density, B, ) are total

length of coil and the magnetic flux density. Although B can be found from a finite element
analysis of the magnet flux, we obtained the value by comparing the simulation with the
experiment. Equal and opposite directional force acts on the outer cylinder following the opposite

relative motion. Consequently, the generated power output is

P, =iR, =iV, (14)

out

where V, is the output voltage.

Fig. 4 presents a schematic view, explaining the coupling between the dynamics of the two
floating bodies in random waves in Eq. (3), and the dynamics of the linear generator in Eqgs. (11)
to (14). Generator dynamics generate higher-frequency outputs compared with the floating body’s
dynamics. In that regard, 1/50 time interval (0.0002 seconds) of the floating bodies’ dynamics was

chosen for generator dynamics, which means that for every 50-time steps of computing Egs. (11)

to (14), the motions of Eq. (3) are solved with the renewed f”.
Moreover, while solving Eq. (3) for x; at n+1 time step in integral formation, f7 at nt+l

time step is obtained by Adams-Bashforth explicit scheme due to the unknown values at n+1 time

step, which is consistent with the other right-hand-side terms of Eq. (3).
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P :ﬂ P(n) _ pP(n-1)
frdr 2(3f,. £

(15)

Physically, it represents the energy consumed to generate the electrical power for the 50

steps of the generator dynamics, which is otherwise one single step of the floating bodies’

dynamics.

Fig. 4. Schematic view of coupling the generator dynamics with floating body dynamics.
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To solve Eq. (16), we used the improved Euler method. As the LEG parameters used in the
experiment, we adopted load and phase resistances of 200 and 11.74 Q, respectively, while phase
inductance is 0.0596 H. After the validation of this coupled time-domain simulation against the
experimental measurement, we conducted sensitivity studies with varying LEG parameters to find

the optimal performance of the respective PTOs for a given random sea state.

4. Results and Discussions
4.1. Comparisons of Numerical Simulations with Experimental Data

Using the three-dimensional potential-flow-based radiation/diffraction panel program, we
obtained hydrodynamic and hydrostatic coefficients of the two-body system. The interactions of
the two bodies with the moon-pool and incoming waves are presented by 12-by-12 matrices of
added inertia and radiation damping. The incident wave excitations are given for the respective 6
DoFs of each body.

Before solving the coupled dynamics of the dual buoys with PTO, we first confirmed the
numerical modeling of the employed LEG and the numerical power calculation scheme as
described in the previous section. In this regard, we inputted the measured relative heave
displacement/velocity data corresponding to the measured power output in the numerical LEG
simulation. Fig. 5 shows well-matched power outputs between the physical and numerical models
as the relative displacement and velocity are identical. Judging from the EMF formula, note that
the power output magnitude is strongly dependent on the relative velocity while the signal

tendency is related to the relative displacement.
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Fig. 5. Confirmation of numerical power calculation scheme.

Next, let us consider the hydrodynamic interactions of the dual buoys with and without the
LEG. When we want to directly compare the time series of motions and power outputs between
the physical and numerical models, it is important to use the experimental incident-wave time
series in the corresponding numerical simulation. From the time series of wave elevation measured
in the experiment, we performed Fast Fourier Transform (FFT) to obtain magnitudes and phases
of the wave components and recovered the exactly same time series and spectra of the wave

elevation in the simulation by superposing 655 regular wave components as confirmed in Fig. 6.

4
0.06 ‘ | I 6.0 %10
[ I | |——Exp =
—_ \ [ I |---smm @
E 003f----5- R Tt {1 1Y | { o e W:
5 [ I £40
o
= |
|1|,1lH'.,||lH 1” ” T, E
L L
o | & 20
§ ooaf-----F- EEEEEE :
I I I o
| | | =
-0.06 ‘ ' . 0.0
40.0 60.0 80.0 100.0 120.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Time (sec) Angular frequency (rad/sec)
(a) (b)

Fig. 6. Time series of wave elevation (b) and corresponding spectra (b).
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In the dynamics of the two floating bodies, we first confirmed whether the 5 DoFs except
for the heave are synchronized, as observed in the experiment with the applied set up, between the
two bodies when using the applied 12-by-12 stiffness matrix. Fig. 7 demonstrates that the condition
is well realized in the present numerical simulation with respect to the surge and pitch motions. It
is already explained that the synchronous surge and pitch motions are due to the narrow gap
between the two buoys by using protruded guides allowing only heave relative motions, which is

now well realized in the numerical-simulation program.
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Fig. 7. Synchronized motions between the two buoys: (a) surge motion, (b) pitch motion.

Next, let us consider the hydrodynamic performance of the dual buoys without the linear
generator. For a good comparison between the numerical and experimental results, the moon-pool
and motion resonances and friction forces at the contacts need to be reasonably modeled. In the
present case, the heave resonance frequency of the inner buoy is close to that of the lowest moon-
pool resonance. Potential theory tends to significantly exaggerate the peak amplitude and its rapid
variation in the hydrodynamic coefficients near the moon-pool resonance.

To reduce the unphysical overestimation, we empirically adjusted the exaggerated peak



310  behaviors at the moon-pool resonance frequency, 3.15 rad/sec, to be more reasonable, as shown in
311 Fig.8. The similar trends can also be obtained by placing an artificial moveable lid with damping
312 on the free-surface of the annular moon-pool [29]. The empirical adjustments can be validated by

313 good comparisons of peaks between numerical and measured motions near the frequency.
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315 Fig. 8. Potential-theory-based hydrodynamic coefficients in heave with the peak empirically

316 adjusted: added mass, radiation damping, and first-order wave load.
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Fig. 9 shows the heave RAOs for the inner and outer buoys without power generation.
When the original potential theory is used by using the frequency-domain multi-body linear
diffraction/radiation program, the heave-resonance peak of the inner buoy is significantly
overestimated due to the exaggerated moon-pool behavior. The lowest up-and-down pumping
mode of the moon-pool fluid motions further stimulates the inner-buoy resonant motions.
However, in reality, the moon-pool fluid motions are limited by viscosity and nonlinearity, which
results in a smaller peak compared to the potential theory, as observed in the experiment. On the
other hand, the second minor peak near 3.6 rad/s is significantly underestimated by the linear
potential theory when compared to the experimental value. The heave resonance of the outer buoy
is also overestimated by the potential theory but its degree is milder since outer-buoy heave
resonance frequency is away from the moon-pool resonance frequency. Since the potential-theory-
based 3D multi-body diffraction/radiation program does not reasonably predict the heave relative
motions of the dual-buoy system, we employed the present time-domain simulation program based
on Eq. (3) so that it can represent the physics of the experimental set-up as close as possible,
including the moderated moon-pool motions and mechanical friction forces between the two
buoys. As a result, we can observe much better agreement between the simulation and
experimental results. The time-domain RAO (blue solid line) was constructed by a single time-
domain simulation using the random wave of Fig. 6 from the square-root of the heave spectrum

divided by wave spectrum. In the time-domain simulation, to include the effect of the friction force

by the vertical shafts, we applied f," with the friction coefficient, 0.28. After f," is applied, the

second minor peak of the inner-buoy heave near 3.6 rad/s is recovered as observed in the

experiment. It is the result of frictional interaction between the inner and outer buoys. When the
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friction force is removed in the time-domain simulation program, the second minor peak
disappears. Fig. 10 shows the time series of the incident wave elevation and relative heave motion.
It clearly demonstrates that the relative heave motions are well amplified compared to the incident

wave amplitudes.
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Fig. 9. Heave RAOs without a linear generator: (a) inner cylinder, (b) outer cylinder (Regular
wave RAO (EXP) = RAO from regular wave tests; regular wave RAO (SIM) = RAO from
frequency-domain potential theory; Spectral RAO (SIM) = RAO obtained from response and

wave spectra in random waves by time-domain simulation).
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Fig. 10. Comparison between incident wave elevation and relative heave motion.
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Since the hydrodynamic performance of the dual-buoy WEC is well validated, we next
consider the case with LEG turned on, i.e., full hydrodynamic and electro-magnetic coupled
dynamics of the given system. The present time-domain numerical simulation results for the
random waves are compared with both regular- and irregular-wave experimental results in Fig. 11.
The regular and irregular wave tests produced almost the same results, as a double-checking of the
model test. Fig. 11 shows that the motion peaks of inner and outer buoys are reduced compared to
Fig. 9 when the LEG is turned on. The same trend can be observed in the numerical simulations.
The general trend of the physical test and time-domain simulation is well matched. The second
minor peak of the inner-buoy heave near 3.5 rad/s is more pronounced with the enhanced
interaction between inner and outer buoys with additional electro-magnetic force at the LEG,

which is well reproduced in the present hydrodynamic and electro-magnetic coupled dynamic

simulation.
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Fig. 11. Heave RAOs with a linear generator connected: (a) inner cylinder, (b) outer cylinder
(Spectral RAO (EXP) = spectral RAO obtained by FFT of heave motions induced by random

waves from the experiment).
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Figs. 12-13 show the time histories and spectra of the relative heave displacement and

velocity obtained from model test and numerical simulation with the LEG turned on. We can

observe very good agreement between them, which demonstrates that the present fully-coupled

time-domain simulation program well represents the physical WEC system.
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Fig. 12. Comparison of time histories (a) and spectra (b) of relative heave displacements.
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Fig. 13. Comparison of time histories (a) and spectra (b) of relative heave velocities.

Next, the measured and simulated time series and spectra of the power outputs are given

in Fig. 14. The agreements of the magnitudes and tendencies in time series and the corresponding

spectra are well matched, which confirms that the developed hydrodynamic and electro-magnetic



382 fully-coupled dynamics program is valid. The average power output from the time-domain
383  simulation is 0.0154 Watt, which is very close to the experimental value. The small discrepancy
384  in the time-series comparison comes from the minor differences between the measured and
385  simulated relative heave motions and velocities in Figs. 12 and 13. Since the wave power is mainly
386  proportional to the square of free-surface elevation, the first two peaks are located near the sum
387  and difference frequencies of the input wave spectrum. Statistical data corresponding to Figs. 12-
388 14 are presented in Table 4.
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390 Fig. 14. Comparison of time histories (a) and spectra (b) of power output.
391
392 Table 4. Average, standard deviation, and maximum/minimum values of relative displacement,
393 relative velocity, and power output.
Parameter
Item Relative displacement Relative velocity Power output
(m) (m/s) (W)
EXP SIM EXP SIM EXP SIM
Average value 0 0 0 0 0.015 0.015
Standard deviation 0.030 0.027 0.079 0.076 0.030 0.027
Maximum value 0.073 0.065 0.234 0.211 0.270 0.238
Minimum value -0.085 -0.075 -0.248 -0.220 0 0

394
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4.2. Optimum Performance Estimation
In the previous section, we validated the developed WEC simulation program through

comparisons with a series of experimental results. In the comparison, the load resistance ( R, ) was

fixed to be 200 Q as the value used in the experiment. However, the variation of the load resistance
can be critical to find the optimum performance. For instance, a large value of load resistance may
decrease the power output owing to reduced power input by a reduction in induced current, even
if efficiency becomes high. On the other hand, a small load resistance results in large induced
current, which also leads to a significant generator’s reaction load. The massive generator’s
reaction load can also reduce power generation. Therefore, an optimal power generation can be
optimized through the adjustment of load resistance.

Although the impedance matching method is well-known to seek maximum power
generation of a single-DOF wave energy converter of constant mass, spring, and damper with
harmonic excitation [31], it may not directly be applicable to this resonance-enhanced dual-buoy
WEC because the generation results from 12 DOFs interacting each other with random waves
involving the corresponding frequency-dependent inertia and damping coefficients. Also, the
WEC is designed to utilize three resonances in time-varying random waves, so the selection of
optimal generator parameters is not that straightforward. To generate high average power output
with variable generator parameters in a typical random wave, we performed parametric study as
follows.

The load resistances vary from 20-200 Q with the 5-Q interval while keeping the same
experimental incident-wave profile as given in Fig. 6. As presented in Fig. 15, the parametric study
shows that the optimum load resistance is 130 Q, and the average power output increases by 4.3

% compared with the initial load resistance of 200 Q. That optimum load resistance was used in
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the following simulations. The power output significantly increases with the increase of load
resistance until 100 Q. Afterward, we observed only minor variations. It is also interesting that the
load resistances for the maximal power input, proportional to EMF, and output, measured at the
load resistance, are different, which means that the load resistance generating the maximum

relative heave velocity is not necessarily the optimal value.

0.025

Average Power (Watt)

0.005

.0 100.0 150.0 200.0
Load Resistance (£2)

Fig. 15. Average power input and output at different load resistances (square box means the load

resistance at the maximum average power).

After the load resistance was optimized, we conducted another parametric study to
optimize the magnitude of EMF. In general, larger EMF magnitude can produce higher power.
However, larger EMF magnitude induces larger generator’s reaction load, resulting in reduced
power output. Therefore, there also exists the optimal magnitude of EMF, as shown in Fig. 16. In

the figure, the magnitude of magnetic flux density, B,, was varied from 0.068 to 0.34 T. The

optimum magnitude of magnetic flux density is found to be 0.19 T, which is about 1.1 times the
initial value of 0.170 T used in the experiment. When the magnitude of magnetic flux density is

higher than 0.19 T, the average power output drops due to the increased generator’s reaction load.
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The optimal magnetic flux of 0.19 T results in power output increases by 0.7 %, which implies
that the experimental value of magnetic flux density was already near optimum. When the
magnetic flux density is less than 0.15 T, the average power output continues to drop significantly,

as shown in Fig. 16.

3
5

Average Power (Watt)

\
\
\
!
0 0.15 0.20 0.25 0.30 0.35
Magnetic Flux Density (Tesla)

Fig. 16. Average power input and output at different magnitudes of magnetic flux density (square

box means the magnitude of the magnetic flux density at the maximum average power).

Through these parametric studies with the given sea state, the optimum parameters for the
generator were determined as load resistance of 130 Q and magnetic flux density of 0.19 T. The
performance of the optimum WEC design was checked for different sea states. In this regard, the
time histories of wave elevation for various wave conditions were generated using various
JONSWAP wave spectra. Significant wave height and enhancement parameter were fixed at 0.168
m and 3.3 while peak period was varied from 1.23 to 3.08 sec as the experimental scale. The same
significant wave height means the same area under the wave spectra, i.e., same wave energy. 100
regular wave components were superposed with randomly perturbed central frequencies. The
lower and upper cut-off frequencies of the incident wave spectra were set to be 0.7 and 2.2 times

of peak frequency. Fig. 17 shows the average power outputs for the two LEG designs (original and
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optimal) and varying wave conditions. It shows that under the optimal PTO damping condition,
average power outputs are 7.8 - 30.6 % larger than the original PTO damping regardless of the
change in peak wave frequencies. The increase of mean power output is especially large in the
range of 3.4 - 4.0 rad/s. The maximum power output occurs when the peak frequency of the wave
spectrum is near the heave natural frequency of the outer buoy, as shown in Fig. 17 for both PTO
damping conditions. The bandwidth of high power output is wide by intentionally separating the
heave resonance frequencies of inner and outer buoys, as suggested in Cho and Kim [32]. When
more rigorous multi-variable optimization is needed, we may use MMA (method of moving

asymptotes) to achieve the wide bandwidth of two target modes [33].

15 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55
Peak Frequency (rad/sec)

Fig. 17. Average power output under optimum and original PTO conditions.

5. Conclusions

The performance of the resonance-enhanced dual-buoy WEC was estimated through time-
domain simulations correlated to the experiments. The proposed WEC was devised to utilize three
resonances; heave resonances of dual cylinders and moon-pool resonance to maximize power
generation while most point absorbers took advantage of one or two heave natural frequencies. As

a result, our WEC has a wider wave-frequency range of high performance.
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In the time-domain simulation, floating bodies were fully coupled with a linear generator
by a full HEM interaction. Also, friction effects between the vertical shafts and buoys were
properly modeled in the time-domain simulation to improve comparisons against model tests.
Moon-pool resonance peaks in hydrodynamic coefficients exaggerated by the linear potential
theory are empirically moderated to better compare with measured motions. A systematic
comparative study between experiments and simulations was performed for a scaled model to
validate the developed HEM fully-coupled time-domain simulation program with and without
PTO. The simulated relative heave displacements/velocities and generated power outputs were
well matched against measured values with and without the LEG. The developed program is to be
much more efficient than computationally expensive CFD simulations while producing reliable
results compared to experiments. Also, it is hard to find the CFD program coupled with generator
dynamics.

The optimum LEG parameters were determined through a series of parametric studies. At
the optimized load resistance and magnetic flux density, the average power outputs were increased
by 7.8 - 30.6 %. Moreover, high-quality power output was possible in the range of 3 - 4 rad/s by
effectively separating the inner and outer buoy resonances. This wide bandwidth of high power
output demonstrates that our system worked as purposed. Further improvement of proto-type

design can be made by applying the developed time-domain-simulation program.
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