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Abstract 1 

This paper presents the modeling methodology and performance evaluation of the 2 

resonance-enhanced dual-buoy WEC (Wave Energy Converter) by HEM (hydrodynamic & 3 

electro-magnetic) fully-coupled-dynamics time-domain-simulation program. The numerical 4 

results are systematically compared with the authors’ 1/6-scale experiment. With a direct-drive 5 

linear generator, the WEC consists of dual floating cylinders and a moon-pool between the 6 

cylinders, which can utilize three resonance phenomena from moon-pool dynamics as well as 7 

heave motions of inner and outer buoys. The contact and friction between the two buoys observed 8 

in the experiment are also properly modeled in the time-domain simulation by the Coulomb-9 

friction model. Moon-pool resonance peaks significantly exaggerated in linear potential theory are 10 

empirically adjusted through comparisons with measured values. A systematic comparative study 11 

between the simulations and experiments with and without PTO (power-take-off) is conducted, 12 



  

and the relative heave displacements/velocities and power outputs are well matched. Then, 13 

parametric studies are carried out with the simulation program to determine optimum generator 14 

parameters. The performance with various wave conditions is also assessed.   15 

 16 

Keywords: Wave Energy Converter; Hydrodynamic-Electro-Magnetic Coupling; Experiment vs 17 

Simulation; Linear generator; Dual-cylinder dynamics; Heave resonance; Moon-pool resonance; 18 

Optimum energy extraction; Time-domain fully-coupled simulation. 19 

 20 

1. Introduction 21 

 For sustainable development of a community with minimal environmental problems such 22 

as global warming [1, 2], clean renewable energy needs to be continuously developed to be a 23 

competitive resource. In particular, ocean wave energy has a gigantic global power potential of 1-24 

10 TW [3, 4]. Wave energy can be an important energy source especially for various offshore 25 

operations and isolated islands. In this regard, various types of wave energy converters (WECs) 26 

have been devised to convert such clean renewable energy into electrical energy. The WEC can 27 

often be categorized into three types; terminator, attenuator, and point absorber [5]. Among them, 28 

the point-absorber type has popularly been adopted with the convenience of design and installation 29 

compared to multi-connected terminator or attenuator types. Also, the performance of point 30 

absorber can be less sensitive to wave direction when tuning for resonance [6].  31 

The use of resonance motion is regarded as a critical aspect of optimal energy extraction 32 

as a point absorber under given wave conditions. While many point absorbers utilize resonance 33 

motion to amplify power output, most existing concepts use single-frequency resonance using the 34 

adjustment of system mass [7] and stiffness [8]. Several authors also suggested multiple-mass 35 



  

systems with LEG (linear electric generator) to take advantage of multi-resonances [9-11]. As an 36 

example, to amplify the power production at multiple natural frequencies, a coaxial two-cylinder 37 

system was studied in the frequency domain [12]. In their concept, two natural frequencies of the 38 

floating cylinders were employed, and no annular moon-pool was considered, assuming zero gap 39 

between the two cylinders while independently moving.  40 

Although reliable simulation is essential for the assessment of dual-body WECs, the 41 

simulation capacity of previous studies was often limited by less rigorous multi-body 42 

hydrodynamic analyses and the use of linear damping or constant PTO (Power-Take-Off) in the 43 

frequency-domain calculation [7, 9, 13-17] and time-domain simulations [11, 18, 19]. In regard to 44 

the annular gap and its moon-pool resonance, Mavrakos [20] used ideal-fluid-based numerical or 45 

analytical methods. However, when considering moon-pool and multi-body resonances, the ideal-46 

fluid methods substantially overestimate the resonance peaks. Therefore, it is recommended to 47 

correlate the simulation to experimental data, as suggested in the previous studies of rectangular 48 

or cylindrical moon-pools [21, 22]. In the present study, the exaggerated peaks of moon-pool 49 

resonances are empirically adjusted based on the experimental results. Also, we developed a 50 

hydrodynamics/electro-magnetics fully-coupled simulation program in the time domain. Both 51 

hydrodynamic and electro-magnetic fields are simultaneously solved at each time step to best 52 

estimate the PTO performance without introducing any representative constant PTO damping 53 

parameter, as frequently used in the previous studies. 54 

In this paper, a resonance-enhanced dual-cylinder (outer buoy and inner buoy) WEC with 55 

annular moon-pool is devised, and both time-domain simulations and scaled physical experiments 56 

are conducted. In [23], authors focused on the design of the WEC and the details of scaled 57 

experiments including frequency-domain linear-potential computation. In this study, we 58 



  

developed fully-coupled time-domain simulations including generator dynamics and nonlinear 59 

behaviors so that better and direct time-history comparison can be possible. The simulation and 60 

experimental results are then systematically compared with the LEG on and off. The comparison 61 

shows good agreements, especially after including contact and friction between the two buoys in 62 

the simulation modeled as in the experiment. The direct time-series comparisons between the 63 

simulation and experiment in random waves were possible by using the experimentally generated 64 

wave time series in the simulation. As a PTO system, a direct-drive LEG was employed [9, 24]. It 65 

is illustrated that the dual-cylinder WEC can effectively extract wave energy from a wide range of 66 

wave frequencies by employing three different resonance phenomena: those of moon-pool, inner 67 

cylinder, and outer cylinder. Using the computer simulation program, performance evaluation is 68 

conducted with varying LEG parameters so that higher power can be generated in the given wave 69 

condition. 70 

 71 

2. Resonance-Enhanced Dual-Buoy WEC and Experimental Setup 72 

The resonance-enhanced dual-cylinder WEC consists of two vertical circular cylinders 73 

aligned along an identical axis with different diameter, a hollow moon-pool between the two 74 

cylinders, and coil and permanent magnet equipped at inner and outer cylinders, respectively. The 75 

schematic view and specifications are presented in Fig. 1 and Table 1 [23]. It is designed to place 76 

three different natural frequencies of the inner and outer cylinders’ heave motions and moon-pool’s 77 

surface elevation within the range of a given wave spectrum so as to amplify the power production 78 

using all the three resonance phenomena. That amplification concept was proven by experiments 79 

at a scale ratio of 1:5.95. The experiment was conducted in a wave tank of 110 m length, 8 m 80 

width, and 3.5 m depth, as shown in Fig. 2.  81 



  

 At the design stage, the system dimensions were determined by using approximate analytic 82 

forms of the three natural frequencies suggested by Fukuda [25] as: 83 
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 87 

where   represents the density of water, g  is gravity acceleration, iA  is the waterplane area of a 88 

i th cylinder, im  and a
im  are mass and added mass of the i th cylinder, and fA  denotes the 89 

waterplane area of the moon-pool. The three natural frequencies of the inner and outer cylinders 90 
and moon-pool were set at 3.41 and 3.84 (with added mass of inner and outer cylinders = 0.21 kg 91 
and 2.06 kg) and 3.09 rad/sec, respectively [23]. Note that those added masses include 92 
hydrodynamic interactions between the two buoys and moon-pool. The same eigenvalues can also 93 
be obtained from the corresponding modal analysis of coupled equation of motion. The eigenvalue 94 
3.41 is for the eigenmode of dominant inner buoy motion and negligible outer buoy motion, and 95 
3.84 is for the second eigenmode of negligible inner buoy motion and dominant outer buoy motion. 96 
As listed in 97 
Table 2, the experiments include a series of tests with a set of regular waves and one random 98 

waves.  99 

There are essential aspects to model the dual-buoy WEC in the time-domain simulation. 100 

The model dimensions were used in the time-domain simulation for direct comparison. In the 101 

experiments, 4 slack soft springs (stiffness=1.03 N/m) were used to prevent horizontal mean drift 102 

motion. These soft springs have a negligible influence on the entire dynamics of two cylinders and 103 

corresponding power outputs. In this regard, it was not considered in the time-domain simulations. 104 

Moreover, the vertical guide shafts can additionally impose friction force at the contact.   105 

  106 



  

 
 

(a) (b) 

Fig. 1. Schematic views of two-body WEC system: entire shape (a) and linear generator (b) [23]. 107 

 108 

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

Item 
Radius 
(mm) 

Draft 
(mm) 

Height 
(mm) 

Center of gravity 
(from MWL) 

(mm) 

Mass 
(kg) 

Internal buoy 60 (a1) 835 (d1) 1090 -465 9.40 

External buoy 
95 (a2) 1000 (d2) 

1500 -500 32.6 135 (a3) 
168 (d3) 

160 (a4) 
 110 



  

  

(a)  (b) 

Fig. 2. Experimental setup in wave tank (a) and WEC model (b) [23]. 111 

  112 

Table 2 Regular and irregular wave conditions for experiments. 113 

Regular wave 
Case 

number 
Frequency 
(rad/sec) 

Amplitude 
(m) 

Wave 
steepness 

Case 
number 

Frequency 
(rad/sec) 

Amplitude 
(m) 

Wave 
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 3.3 0.028 0.01 15 4.1 0.018 0.01 
8 3.4 0.027 0.01 16 4.2 0.017 0.01 

Irregular wave (JONSWAP spectrum) 

Case 
number 

Peak 
frequency 
(rad/sec) 

Significant 
wave 

height (m) 
Gamma 

 

1 0.074 2.167 3.3 
 114 

 115 



  

3. Coupled Time-Domain Simulation for Resonance-Enhanced Dual-Buoy WEC 116 

To accurately assess the performance of the resonance-enhanced dual-cylinder WEC, the 117 

dual floating cylinders interacting with each other and a moon-pool should be modeled. In addition, 118 

their coupling with the linear generator dynamics needs to be solved simultaneously at each time 119 

step. The dynamics of two cylinders in random waves with the PTO turned on can be written in 120 

the time domain as an extended form of Cummins’ equation [26-28] as follows:  121 

 122 

 (1)( ) ( ) ( ) (t)+ (t)+ (t).  , 1,...,12T C D P F
ij ij j ij j ij j i i i i im m x c x k x f t f t f f f i j          (3) 123 

 124 

where ijm  is the mass matrix, ijm  is the added mass matrix at the infinite frequency, T
ijk  is the 125 

total stiffness matrix, which combines hydrostatic and gravitational restoring stiffness H
ijk  with 126 

any external linear restoring E
ijk , and jx  is the displacement. Overdot represents the time derivative 127 

of a variable. ijc  can be used to represent linear damping mechanism such as mechanical dashpots. 128 

(1)
if , C

if , D
if , P

if , and F
if denote the first-order wave loads, convolution-integral forces related 129 

to radiation damping, Morison-formula-based viscous damping loads, generator’s reaction forces 130 

known as power-take-off (PTO) damping, and friction loads induced by the contact of vertical 131 

shafts, respectively. The first 6 subscripts are 6 DoFs of the inner cylinder, and the second 6 132 

subscripts are those of the outer cylinder.  133 

Assuming Gaussian linear random waves, describable by the superposition of regular wave 134 

components, ijm , C
if , and (1)

if  are obtained by Fourier Transform between impulse-response-135 

function-based dynamic equation in the time domain and linear-diffraction/radiation-based 136 

dynamic equation in the frequency domain as: 137 
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 143 

where max( )ijm  , ( )ijb  , and ( )l jd   are added inertia, radiation damping, and linear wave 144 

excitation at the respective frequencies, and they can be calculated from the three-dimensional 145 

linear diffraction/radiation of the two cylinders, and jA , jk , jw , and ja  are, respectively, wave 146 

amplitude, wavenumber, wave frequency, and random-phase angle. As the two cylinders are 147 

modeled by two sets of panel discretization with the annular moon-pool between them, those 148 

hydrodynamic coefficients represent their interactions with the moon-pool. As shown in Fig. 3, we 149 

used 1636 panels for the inner cylinder and 5252 panels for the outer hollow cylinder. To maintain 150 

numerical accuracy, the panel size of two cylinders is smaller than 2/3 of the gap distance. The 151 

convergence with the panel numbers was checked. Taking the experiment scale, the hydrodynamic 152 

coefficients were computed for 50 wave frequencies from 1.5 to 9.0 rad/s.  153 

The moon-pool resonance results in the rapid change and overestimated peaks of 154 

max( )ijm  , ( )ijb  , and ( )l jd   near the lowest (Helmholtz mode) moon-pool resonance 155 

frequency when they are calculated from the ideal-fluid-based diffraction/radiation program. In 156 

reality, the peaks are limited by viscous and nonlinear effects. The exaggerated peaks can be 157 



  

adjusted empirically by comparison with experimental values such that motion-response peaks 158 

match at the respective resonance frequencies [29]. We selected such a correlation method by 159 

taking advantage of the experimental data. Alternative CFD simulations based on the Navier-160 

Stokes equation also require verifications with experimental data while the computation is 161 

substantially more complex and time-consuming. Furthermore, its coupling with the given WEC’s 162 

PTO may not be straightforward.  163 

 164 

 165 

Fig. 3. Panel models of the two cylinders. 166 

 167 

As shown in Fig. 2b, there are two (front and rear) vertical shafts with protruded guides to 168 

narrow the gap between the inner and outer buoys. Those guides create synchronous surge/sway 169 

and pitch/roll motions between the two buoys while allowing relative heave motions, which was 170 

also observed in the experiment. The guides were employed to maintain the constant gap between 171 

the magnet and coil in the PTO system. Friction forces occur due to the protruded guides between 172 



  

the two buoys with time-varying contact forces. The time-varying contact forces can numerically 173 

be modeled by linear horizontal springs at the locations of the guides. We employed a total of 12 174 

highly stiff horizontal springs at the top, middle, and bottom locations of the inner cylinder at four 175 

sides along x and y axes between the two buoys, xk  and yk , and a highly stiff angular spring in 176 

yaw, k . The stiffness was determined to warrant the synchronous surge/sway and pitch/roll 177 

motions between the two buoys, as shown below as 12 by 12 stiffness matrix, where xh  and yh  178 

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

 180 
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 182 

As a symmetric matrix, we applied E
ijk , as given in           Table 3. The stiffness values in 183 

the table were selected to warrant the synchronous pitch/surge motions between the two buoys. 184 

We further checked the higher spring stiffness than the selected values and the contact-force results 185 

were not sensitive to the variation. 186 

 187 

 188 

 189 

 190 

 191 



  

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

Stiffness 
coefficient 

Stiffness 
Stiffness 
coefficient 

Stiffness 
Stiffness 
coefficient 

Stiffness 

1,1
Ek  1.8×107 

4,4
Ek  5.1×106 7,7

Ek  1.8×107 

1,5
Ek  -5.2×106 4,8

Ek  -5.2×106 7,11
Ek  -5.2×106 

1,7
Ek  -1.8×107 4,10

Ek  -5.1×106 8,8
Ek  1.8×107 

1,11
Ek  5.2×106 5,5

Ek  5.1×106 8,10
Ek  5.2×106 

2,2
Ek  1.8×107 5,7

Ek  5.2×106 10,10
Ek  5.1×106 

2,4
Ek  5.2×106 5,11

Ek  -5.1×106 11,11
Ek  5.1×106 

2,8
Ek  -1.8×107 6,6

Ek  7.5×107 12,12
Ek  7.5×107 

2,10
Ek  -5.2×106 6,12

Ek  -7.5×107   

 193 

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

shafts, can be given by Coulomb friction   195 

 196 

  3 9 3sign and   F F F
relf N z f f     (9) 197 

 198 

where   is the friction coefficient, N  is normal contact force, and relz  are heave velocity of the 199 

outer cylinder relative to the inner cylinder. The opposite heave relative motion with the contact 200 

results in resisting friction force to both cylinders in the heave direction. The contact forces can be 201 

different at the top, middle, and bottom springs due to the relative surge and pitch motions with 202 

contact. For head sea condition, N  results from all the restoring loads in the surge direction as:  203 

 204 
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 206 

To include additional energy dissipation in heave by water viscosity, viscous damping 207 

coefficients in heave direction, 33c =1.6 kg/s and 99c =9.1 kg/s for inner and outer cylinders, were 208 

obtained from the free-decay test in the experiment without friction. In this regard, no additional 209 

Morison members were employed in the heave direction, i.e., 0.D
if    210 

 For power generation, the direct-driven LEG (linear electrical generator) is used. It results 211 

in the power-take-off damping loads P
if  induced by Electromotive Force (EMF), which generates 212 

the electrical current to restore constant magnetic flux density during the relative motion between 213 

the magnet and coil. According to Faraday’s law of induction, EMF can be expressed as [7, 10, 214 

30]:  215 

 216 

 fl fl flrel
rel

rel rel

d d ddz
E z

dt dt dz dz

  
      (11) 217 

 218 

where  fl c mN   is flux linkage given by the number of turns cN  and magnetic flux m . relz  is 219 

heave displacement of the outer cylinder (permanent magnet) relative to the inner cylinder (coil). 220 

The induced current, i , is obtained by solving a resistor-inductor (RL) circuit, which consists of 221 

EMF, phase-inductance ( CL ), phase-resistance ( CR ), and load-resistance ( LR ) as: 222 

 223 

   ,L C C

di
E R R i L
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      (12) 224 

 225 

 P
if  can be calculated by the Lorentz-force equation. For the inner cylinder, 226 



  

 227 
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 229 

where l  and mB (=  cos /fB z   with the magnitude of magnetic flux density, fB ) are total 230 

length of coil and the magnetic flux density. Although B


 can be found from a finite element 231 

analysis of the magnet flux, we obtained the value by comparing the simulation with the 232 

experiment. Equal and opposite directional force acts on the outer cylinder following the opposite 233 

relative motion. Consequently, the generated power output is  234 

 235 

 2
out L oP i R iV    (14) 236 

 237 

where oV  is the output voltage.  238 

Fig. 4 presents a schematic view, explaining the coupling between the dynamics of the two 239 

floating bodies in random waves in Eq. (3), and the dynamics of the linear generator in Eqs. (11) 240 

to (14). Generator dynamics generate higher-frequency outputs compared with the floating body’s 241 

dynamics. In that regard, 1/50 time interval (0.0002 seconds) of the floating bodies’ dynamics was 242 

chosen for generator dynamics, which means that for every 50-time steps of computing Eqs. (11) 243 

to (14), the motions of Eq. (3) are solved with the renewed P
if .  244 

Moreover, while solving Eq. (3) for jx  at n+1 time step in integral formation, P
if  at n+1 245 

time step is obtained by Adams-Bashforth explicit scheme due to the unknown values at n+1 time 246 

step, which is consistent with the other right-hand-side terms of Eq. (3).  247 

 248 
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 250 

Physically, it represents the energy consumed to generate the electrical power for the 50 251 

steps of the generator dynamics, which is otherwise one single step of the floating bodies’ 252 

dynamics. 253 

 254 

 255 

Fig. 4. Schematic view of coupling the generator dynamics with floating body dynamics. 256 

 257 



  

To solve Eq. (16), we used the improved Euler method. As the LEG parameters used in the 258 

experiment, we adopted load and phase resistances of 200 and 11.74  , respectively, while phase 259 

inductance is 0.0596 H. After the validation of this coupled time-domain simulation against the 260 

experimental measurement, we conducted sensitivity studies with varying LEG parameters to find 261 

the optimal performance of the respective PTOs for a given random sea state.  262 

  263 

4. Results and Discussions   264 

4.1. Comparisons of Numerical Simulations with Experimental Data  265 

 Using the three-dimensional potential-flow-based radiation/diffraction panel program, we 266 

obtained hydrodynamic and hydrostatic coefficients of the two-body system. The interactions of 267 

the two bodies with the moon-pool and incoming waves are presented by 12-by-12 matrices of 268 

added inertia and radiation damping. The incident wave excitations are given for the respective 6 269 

DoFs of each body.  270 

 Before solving the coupled dynamics of the dual buoys with PTO, we first confirmed the 271 

numerical modeling of the employed LEG and the numerical power calculation scheme as 272 

described in the previous section. In this regard, we inputted the measured relative heave 273 

displacement/velocity data corresponding to the measured power output in the numerical LEG 274 

simulation. Fig. 5 shows well-matched power outputs between the physical and numerical models 275 

as the relative displacement and velocity are identical. Judging from the EMF formula, note that 276 

the power output magnitude is strongly dependent on the relative velocity while the signal 277 

tendency is related to the relative displacement.  278 

 279 



  

 280 

Fig. 5. Confirmation of numerical power calculation scheme. 281 

 282 

Next, let us consider the hydrodynamic interactions of the dual buoys with and without the 283 

LEG. When we want to directly compare the time series of motions and power outputs between 284 

the physical and numerical models, it is important to use the experimental incident-wave time 285 

series in the corresponding numerical simulation. From the time series of wave elevation measured 286 

in the experiment, we performed Fast Fourier Transform (FFT) to obtain magnitudes and phases 287 

of the wave components and recovered the exactly same time series and spectra of the wave 288 

elevation in the simulation by superposing 655 regular wave components as confirmed in Fig. 6. 289 

 290 

  

(a) (b) 

Fig. 6. Time series of wave elevation (b) and corresponding spectra (b). 291 

 292 



  

 In the dynamics of the two floating bodies, we first confirmed whether the 5 DoFs except 293 

for the heave are synchronized, as observed in the experiment with the applied set up, between the 294 

two bodies when using the applied 12-by-12 stiffness matrix. Fig. 7 demonstrates that the condition 295 

is well realized in the present numerical simulation with respect to the surge and pitch motions. It 296 

is already explained that the synchronous surge and pitch motions are due to the narrow gap 297 

between the two buoys by using protruded guides allowing only heave relative motions, which is 298 

now well realized in the numerical-simulation program. 299 

 300 

  

(a) (b) 

Fig. 7. Synchronized motions between the two buoys: (a) surge motion, (b) pitch motion. 301 

  302 

 Next, let us consider the hydrodynamic performance of the dual buoys without the linear 303 

generator. For a good comparison between the numerical and experimental results, the moon-pool 304 

and motion resonances and friction forces at the contacts need to be reasonably modeled. In the 305 

present case, the heave resonance frequency of the inner buoy is close to that of the lowest moon-306 

pool resonance. Potential theory tends to significantly exaggerate the peak amplitude and its rapid 307 

variation in the hydrodynamic coefficients near the moon-pool resonance. 308 

 To reduce the unphysical overestimation, we empirically adjusted the exaggerated peak 309 



  

behaviors at the moon-pool resonance frequency, 3.15 rad/sec, to be more reasonable, as shown in 310 

Fig.8. The similar trends can also be obtained by placing an artificial moveable lid with damping 311 

on the free-surface of the annular moon-pool [29]. The empirical adjustments can be validated by 312 

good comparisons of peaks between numerical and measured motions near the frequency.  313 

 314 

  

(a) Added mass (inner cylinder) (b) Added mass (outer cylinder) 

  
(c) Radiation damping (inner cylinder) (c) Radiation damping (outer cylinder) 

  
(e) Wave load per unit amplitude 

(inner cylinder) 
(f) Wave load per unit amplitude 

(outer cylinder) 

Fig. 8. Potential-theory-based hydrodynamic coefficients in heave with the peak empirically 315 

adjusted: added mass, radiation damping, and first-order wave load. 316 



  

  317 

 Fig. 9 shows the heave RAOs for the inner and outer buoys without power generation. 318 

When the original potential theory is used by using the frequency-domain multi-body linear 319 

diffraction/radiation program, the heave-resonance peak of the inner buoy is significantly 320 

overestimated due to the exaggerated moon-pool behavior. The lowest up-and-down pumping 321 

mode of the moon-pool fluid motions further stimulates the inner-buoy resonant motions. 322 

However, in reality, the moon-pool fluid motions are limited by viscosity and nonlinearity, which 323 

results in a smaller peak compared to the potential theory, as observed in the experiment. On the 324 

other hand, the second minor peak near 3.6 rad/s is significantly underestimated by the linear 325 

potential theory when compared to the experimental value. The heave resonance of the outer buoy 326 

is also overestimated by the potential theory but its degree is milder since outer-buoy heave 327 

resonance frequency is away from the moon-pool resonance frequency. Since the potential-theory-328 

based 3D multi-body diffraction/radiation program does not reasonably predict the heave relative 329 

motions of the dual-buoy system, we employed the present time-domain simulation program based 330 

on Eq. (3) so that it can represent the physics of the experimental set-up as close as possible, 331 

including the moderated moon-pool motions and mechanical friction forces between the two 332 

buoys. As a result, we can observe much better agreement between the simulation and 333 

experimental results. The time-domain RAO (blue solid line) was constructed by a single time-334 

domain simulation using the random wave of Fig. 6 from the square-root of the heave spectrum 335 

divided by wave spectrum. In the time-domain simulation, to include the effect of the friction force 336 

by the vertical shafts, we applied F
if  with the friction coefficient, 0.28. After F

if  is applied, the 337 

second minor peak of the inner-buoy heave near 3.6 rad/s is recovered as observed in the 338 

experiment. It is the result of frictional interaction between the inner and outer buoys. When the 339 



  

friction force is removed in the time-domain simulation program, the second minor peak 340 

disappears. Fig. 10 shows the time series of the incident wave elevation and relative heave motion. 341 

It clearly demonstrates that the relative heave motions are well amplified compared to the incident 342 

wave amplitudes.   343 

 344 

  

(a) (b) 

Fig. 9. Heave RAOs without a linear generator: (a) inner cylinder, (b) outer cylinder (Regular 345 

wave RAO (EXP) = RAO from regular wave tests; regular wave RAO (SIM) = RAO from 346 

frequency-domain potential theory; Spectral RAO (SIM) = RAO obtained from response and 347 

wave spectra in random waves by time-domain simulation). 348 

 349 

 350 

Fig. 10. Comparison between incident wave elevation and relative heave motion. 351 

 352 



  

 Since the hydrodynamic performance of the dual-buoy WEC is well validated, we next 353 

consider the case with LEG turned on, i.e., full hydrodynamic and electro-magnetic coupled 354 

dynamics of the given system. The present time-domain numerical simulation results for the 355 

random waves are compared with both regular- and irregular-wave experimental results in Fig. 11. 356 

The regular and irregular wave tests produced almost the same results, as a double-checking of the 357 

model test. Fig. 11 shows that the motion peaks of inner and outer buoys are reduced compared to 358 

Fig. 9 when the LEG is turned on. The same trend can be observed in the numerical simulations. 359 

The general trend of the physical test and time-domain simulation is well matched. The second 360 

minor peak of the inner-buoy heave near 3.5 rad/s is more pronounced with the enhanced 361 

interaction between inner and outer buoys with additional electro-magnetic force at the LEG, 362 

which is well reproduced in the present hydrodynamic and electro-magnetic coupled dynamic 363 

simulation.  364 

 365 

  

(a) (b) 

Fig. 11. Heave RAOs with a linear generator connected: (a) inner cylinder, (b) outer cylinder 366 

(Spectral RAO (EXP) = spectral RAO obtained by FFT of heave motions induced by random 367 

waves from the experiment). 368 

  369 



  

 Figs. 12-13 show the time histories and spectra of the relative heave displacement and 370 

velocity obtained from model test and numerical simulation with the LEG turned on. We can 371 

observe very good agreement between them, which demonstrates that the present fully-coupled 372 

time-domain simulation program well represents the physical WEC system.  373 

 374 

  

(a) (b) 

Fig. 12. Comparison of time histories (a) and spectra (b) of relative heave displacements. 375 

 376 

  

(a) (b) 

Fig. 13. Comparison of time histories (a) and spectra (b) of relative heave velocities. 377 

 378 

 Next, the measured and simulated time series and spectra of the power outputs are given 379 

in Fig. 14. The agreements of the magnitudes and tendencies in time series and the corresponding 380 

spectra are well matched, which confirms that the developed hydrodynamic and electro-magnetic 381 



  

fully-coupled dynamics program is valid. The average power output from the time-domain 382 

simulation is 0.0154 Watt, which is very close to the experimental value. The small discrepancy 383 

in the time-series comparison comes from the minor differences between the measured and 384 

simulated relative heave motions and velocities in Figs. 12 and 13. Since the wave power is mainly 385 

proportional to the square of free-surface elevation, the first two peaks are located near the sum 386 

and difference frequencies of the input wave spectrum. Statistical data corresponding to Figs. 12-387 

14  are presented in Table 4.  388 

 389 

  

(a) (b) 

Fig. 14. Comparison of time histories (a) and spectra (b) of power output. 390 

   391 

Table 4. Average, standard deviation, and maximum/minimum values of relative displacement, 392 

relative velocity, and power output. 393 

Item 
Parameter 

Relative displacement 
(m) 

Relative velocity 
(m/s) 

Power output 
(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 



  

4.2. Optimum Performance Estimation  395 

 In the previous section, we validated the developed WEC simulation program through 396 

comparisons with a series of experimental results. In the comparison, the load resistance ( LR ) was 397 

fixed to be 200 Ω as the value used in the experiment. However, the variation of the load resistance 398 

can be critical to find the optimum performance. For instance, a large value of load resistance may 399 

decrease the power output owing to reduced power input by a reduction in induced current, even 400 

if efficiency becomes high. On the other hand, a small load resistance results in large induced 401 

current, which also leads to a significant generator’s reaction load. The massive generator’s 402 

reaction load can also reduce power generation. Therefore, an optimal power generation can be 403 

optimized through the adjustment of load resistance. 404 

Although the impedance matching method is well-known to seek maximum power 405 

generation of a single-DOF wave energy converter of constant mass, spring, and damper with 406 

harmonic excitation [31], it may not directly be applicable to this resonance-enhanced dual-buoy 407 

WEC because the generation results from 12 DOFs interacting each other with random waves 408 

involving the corresponding frequency-dependent inertia and damping coefficients. Also, the 409 

WEC is designed to utilize three resonances in time-varying random waves, so the selection of 410 

optimal generator parameters is not that straightforward. To generate high average power output 411 

with variable generator parameters in a typical random wave, we performed parametric study as 412 

follows. 413 

The load resistances vary from 20-200 Ω with the 5-Ω interval while keeping the same 414 

experimental incident-wave profile as given in Fig. 6. As presented in Fig. 15, the parametric study 415 

shows that the optimum load resistance is 130 Ω, and the average power output increases by 4.3 416 

% compared with the initial load resistance of 200 Ω. That optimum load resistance was used in 417 



  

the following simulations. The power output significantly increases with the increase of load 418 

resistance until 100 Ω. Afterward, we observed only minor variations. It is also interesting that the 419 

load resistances for the maximal power input, proportional to EMF, and output, measured at the 420 

load resistance, are different, which means that the load resistance generating the maximum 421 

relative heave velocity is not necessarily the optimal value. 422 

 423 

 424 

 425 

Fig. 15. Average power input and output at different load resistances (square box means the load 426 

resistance at the maximum average power). 427 

 428 

After the load resistance was optimized, we conducted another parametric study to 429 

optimize the magnitude of EMF. In general, larger EMF magnitude can produce higher power. 430 

However, larger EMF magnitude induces larger generator’s reaction load, resulting in reduced 431 

power output. Therefore, there also exists the optimal magnitude of EMF, as shown in Fig. 16. In 432 

the figure, the magnitude of magnetic flux density, fB , was varied from 0.068 to 0.34 T. The 433 

optimum magnitude of magnetic flux density is found to be 0.19 T, which is about 1.1 times the 434 

initial value of 0.170 T used in the experiment. When the magnitude of magnetic flux density is 435 

higher than 0.19 T, the average power output drops due to the increased generator’s reaction load. 436 



  

The optimal magnetic flux of 0.19 T results in power output increases by 0.7 %, which implies 437 

that the experimental value of magnetic flux density was already near optimum. When the 438 

magnetic flux density is less than 0.15 T, the average power output continues to drop significantly, 439 

as shown in Fig. 16. 440 

 441 

 442 

 443 

Fig. 16. Average power input and output at different magnitudes of magnetic flux density (square 444 

box means the magnitude of the magnetic flux density at the maximum average power). 445 

 446 

Through these parametric studies with the given sea state, the optimum parameters for the 447 

generator were determined as load resistance of 130 Ω and magnetic flux density of 0.19 T. The 448 

performance of the optimum WEC design was checked for different sea states. In this regard, the 449 

time histories of wave elevation for various wave conditions were generated using various 450 

JONSWAP wave spectra. Significant wave height and enhancement parameter were fixed at 0.168 451 

m and 3.3 while peak period was varied from 1.23 to 3.08 sec as the experimental scale. The same 452 

significant wave height means the same area under the wave spectra, i.e., same wave energy. 100 453 

regular wave components were superposed with randomly perturbed central frequencies. The 454 

lower and upper cut-off frequencies of the incident wave spectra were set to be 0.7 and 2.2 times 455 

of peak frequency. Fig. 17 shows the average power outputs for the two LEG designs (original and 456 



  

optimal) and varying wave conditions. It shows that under the optimal PTO damping condition, 457 

average power outputs are 7.8 - 30.6 % larger than the original PTO damping regardless of the 458 

change in peak wave frequencies. The increase of mean power output is especially large in the 459 

range of 3.4 - 4.0 rad/s. The maximum power output occurs when the peak frequency of the wave 460 

spectrum is near the heave natural frequency of the outer buoy, as shown in Fig. 17 for both PTO 461 

damping conditions. The bandwidth of high power output is wide by intentionally separating the 462 

heave resonance frequencies of inner and outer buoys, as suggested in Cho and Kim [32]. When 463 

more rigorous multi-variable optimization is needed, we may use MMA (method of moving 464 

asymptotes) to achieve the wide bandwidth of two target modes [33].  465 

 466 

 467 

Fig. 17. Average power output under optimum and original PTO conditions. 468 

 469 

5. Conclusions 470 

The performance of the resonance-enhanced dual-buoy WEC was estimated through time-471 

domain simulations correlated to the experiments. The proposed WEC was devised to utilize three 472 

resonances; heave resonances of dual cylinders and moon-pool resonance to maximize power 473 

generation while most point absorbers took advantage of one or two heave natural frequencies. As 474 

a result, our WEC has a wider wave-frequency range of high performance.  475 



  

In the time-domain simulation, floating bodies were fully coupled with a linear generator 476 

by a full HEM interaction. Also, friction effects between the vertical shafts and buoys were 477 

properly modeled in the time-domain simulation to improve comparisons against model tests. 478 

Moon-pool resonance peaks in hydrodynamic coefficients exaggerated by the linear potential 479 

theory are empirically moderated to better compare with measured motions. A systematic 480 

comparative study between experiments and simulations was performed for a scaled model to 481 

validate the developed HEM fully-coupled time-domain simulation program with and without 482 

PTO. The simulated relative heave displacements/velocities and generated power outputs were 483 

well matched against measured values with and without the LEG. The developed program is to be 484 

much more efficient than computationally expensive CFD simulations while producing reliable 485 

results compared to experiments. Also, it is hard to find the CFD program coupled with generator 486 

dynamics.  487 

The optimum LEG parameters were determined through a series of parametric studies. At 488 

the optimized load resistance and magnetic flux density, the average power outputs were increased 489 

by 7.8 - 30.6 %. Moreover, high-quality power output was possible in the range of 3 - 4 rad/s by 490 

effectively separating the inner and outer buoy resonances. This wide bandwidth of high power 491 

output demonstrates that our system worked as purposed. Further improvement of proto-type 492 

design can be made by applying the developed time-domain-simulation program.  493 
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