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ABSTRACT

As the global environment problems have been continuously at issue at
recent years, the development of renewable energy which is
environmental —friendly and sustainable has also come into the spotlight
as new energy resources get replaced the fossil fuel. The ocean energy,
one of the renewable energy resources, holds the huge energy source,
and particular researches on that have been carried out especially in
Europe since 1970.

In this paper, the motion characteristics between a circular buoy of
point absorber type and a power take—off (PTO) system are closely
examined considering a coupled effect. A PTO system which produces
the electric energy from buoy kinetic energy is equipped in the buoy
and uses a linear generator consisted of the permanent magnet, spring
and coil. The electric energy is produced by the relative motion
between the coil fixed at the buoy and the permanent magnet linked to
springs. To maximize relative motion, the double resonance concept is
introduced.

The buoy simulation is fulfilled in the frequency and time domain. In
the frequency domain analysis, the hydrodynamic coefficients and
the wave exciting force are calculated using the matched eigenfunction
expansion method. Also, the buoy and relative motion displacement RAO
are calculated in several changes of the PTO damping coefficient
assuming harmonic motion. As a result, it is verified that the motion
characteristics of the buoy are changed due to the coupled effect of the
PTO system.

On the other hand, buoy motion characteristics are analyzed at the

regular and irregular waves in the time domain analysis. Consequently,

i



the same motion amplification rate like the frequency domain is
depicted for the regular wave analysis. In the irregular wave analysis,
the buoy energy spectrum is confirmed approximately about four times
larger than the incident wave spectrum.

Later, these results would be used to analyze the motion
characteristics and be the fundmental data for the buoy’s design such
that the designated structure could have the higher efficiency for the

given waves.
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Table 2.1 Specification of the buoy

Properties Buoy (a) Buoy (b)
Height [m] 1.141 1.141
Diameter [m] 0.270 0.27
Mass [kgl 51.177 52.76
Draft [m] 0.900 0.9
X 0.0 0.0
Center of Gravity v 0.0 0.0
[m] 7
—0.5081 —0.5081
(from WL)
Lk 6.6491 6.6491
Moment of inertia
) iy 6.6491 6.6491
[kg-m*]
1,, 0.4846 0.4846
Natural frequency Heave 3.207 3.15
[rad/sec] Pitch 2.012 1.87

Table 2.2 Specification of the linear electrical generator

Properties Values

Permanent magnet mass (top) 3.01

Moving mass (bottom) 2.42
Spring coefficient (top) 30 [N/ml]
Spring coefficient (medium) 180 [N/m]
Spring coefficient (bottom) 650 [N/m]
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A7) A7 EAEHA =, o] Fo] &%l dFE vXEE PTO 9 $¥2>
2 (2.9) sk o] vebd &= 9t

F,==ayz~(by+b,)z (2.6)
F, = —CyuZ (2.7)
Fo. =4F; (2.8)
Fppo ==M,j (2.9)
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o, A e A 4 21D 2ol 2T ¢ Utk
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(M, +ay)2+ (b, +by)i+cyz=F, - M,y (2.10)

M,i+C(r—2)+K(y—-2)=0 (2.11)

o714 = PTO #AAFE Uehd™, K(=K +K,)= A" ol A

(2.11) el —-M, 75 e+ y—z=x2 34, 24 Q1D EFE 4 (2.12)
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Fig. 2.10 Heave motion phase of a buoy considering the margent effect
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7M4EEAY 9 399 MY (Response frequency range) &

AAZY (Rated output) <

+9.807m/ s> ©1t}. 7}

K

)

B Fol FATA Al 2

ol9] A+ 0.234m ©|t.

Table 3.1 Specification of the buoy and generator

DC to 40Hz ©]
0.5mvV /v, 87 &% (Rated capacity) <
EAE AERAre] Ax) ddFo] AHQEA A
= FERAA UF Hdel] Hojgk S A Ak gy A Aol
N A8kl t (Fig. 3.2(c) #=x

T AEEA A

Properties Value [unit] Properties Value [unit]
Spring coef.
Diameter 0.27 [ml] 0 [N/ml]
(top)
Spring coef.
Length 1.141 [ml] 180 [N/m]
(medium)
Spring coef.
Draft 0.905 [m] 650 [N/ml]
(low)
Center of gravity Heave natural
0.732 [m] 3.2 [rad/sec]
(from top) frequency
Pitch natural
Buoy mass 36.7 lkel 2.01 [rad/sec]
frequency
Generator mass 13.9 [kgl

AS—1GB

EQ3700020
> —

(a) Wave guage(Servo type) (b) Accelerometer

(c) Installed accelerometer

Fig. 3.2 The acceleraometer and wave guage for the experiment
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32. 48 =7

3.2.1. 23z

BgAge AU At TEAT o A AT ZszeA &
ottt Fx9 ALY 4ol 110m, % 8m, F4 3.8m o2 Fx9 HdAH
Fig. 3.3(a) 9} #1, ZIAAEL 8 g x97] (Fig. 3.3(b) #x)7t
o] AAEloR FEE 9ty £ Bt WS Fol7] $1% FAY
A H7F AR H Y ek 2 el HUEE Sm/sec 9 oML 9lo
m, Azp F AT Foloh AFAAE ARt e APS AT

Folof HauAE FRFAZFE 242F 30m, 29m A Aol AA skl (Fig. 3.4

(@) Wave flume (b) Wedge-shaped plunger wavemakers

Fig. 3.3 Photography of the wave tank and wavemaker

buo! wave gauge
L 110m 3 /g . R
[ \ / |
wave
Z absorber I
— wave ~HE
maker
towing I
f' carriage B
) 29m I
i 30m g

Fig. 3.4 Schematic sketch of experimental set-up
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3.2.2. lo|g] FHEAAHI AFAX

dolE HSAIAHS Fig. 3.5 9 #Zo] =9l AD ®igl7], doly 5 dA§ F
FEHZ FH9Y. 9ZE ATE FEZ AATE 922 39, AD HE7) & o
20 ASE YAE AsE ASE A L AU, A& o= 100Hz ¢ A
Z7 F3}5(Sampling frequency) & Ho]EHE FHE3s9 T} dolg AZS At
(Voltage) gtz AZH™ AAdolE = dehdd™d 7HE=EA BG4
(Calibration) = &%t A%k (Gain value) & w3l Folof stoh 7FEEA B2

Qe Al W 4 AIERORHE 1&7E Fal A S AT R WA

i

s 5o 2 ig. 3.6 VFERRSATE F e BB B G
2
o 1 Astgen, 3 WA ASEAY A ghe -3, 614{ /lt o
Vo

A FhEEAY A ghe —3.508{’"” }OID}.

volt

Fig. 3.5 Data acquisition systems
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Fig. 3.6 Calibration data of the accelerometers
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« = e - | 0.234m
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Fig. 3.7 Mooring system
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h

Fig. 3.8 Arrangement of mooring system and buoy(top view)
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Table 3.2 Values of the wave crest and trough

Simbol

Z ZaZ Za3

al

a4

Displacement

[m]

0.0475 —0.0434 0.0400

—0.0385

1

k=—-1In

B

vis

2r

_ 2xpgS

@

n

heave displacement [m]

|

-0.02

-0.04 4

0.06 4

-0.08

Z,;—Z2

z

ai+2

0.08

a

z

= j =0.0233

ai+3
’

=8.3591[kg / 5]

(3.1)

0.06 -

0.04 4

0.02 -

0.00 -

time [sec]

Fig. 3.9 Time series of heave free decay test
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3.3. A9 =3

A At ZarA v 2oz FElste] sl o, el iE <

AF34 3.2rad /sec & THORE Fu+E WAL, 937
AH(=H /1, Wave steepness) = 0.008 oAl 0.002 7}A] theFst ks Zte=
15 ARt BFE s JONSWAP AFER AMgeki o, fout H,

<l

s AFFI Tel % WP o 0.01 o HEE xSt

<

(Peakedness factor) a2 3.3 & A3t} & gof] st Jrata 24L& 2
T 15708 case & Table 3.3, &&= 25 7 709 case & Table 3.4 o]
UERE. AES 9] ke FJuAIZEH ASH 43S eI

Table 3.3 Experimental conditions in regular waves (Measurement values)

Dimensionless
Wave height Wave frequency

Case Wave frequency Wave steepness
[m] [rad/sec] (0/o,)
1 0.11(0.104) 2.0(2.03) 0.6250 0.008 (0.008)
2 0.10(0.096) 2.5(2.52) 0.7813 0.010(0.010)
3 0.09(0.084) 2.6(2.59) 0.8125 0.010(0.010)
4 0.08(0.074) 2.7(2.69) 0.8438 0.010(0.009)
5 0.08(0.074) 2.8(2.80) 0.8750 0.010(0.010)
6 0.11(0.094) 2.9(2.89) 0.9063 0.015(0.014)
7 0.068(0.063) 3.0(3.00) 0.9375 0.010(0.009)
8 0.051(0.048) 3.1(3.09) 0.9688 0.008(0.007)
9 0.048(0.046) 3.2(3.20) 1.0000 0.008 (0.008)
10 0.057(0.054) 3.3(3.30) 1.0313 0.010(0.001)
11 0.08(0.075) 3.4(3.39) 1.0625 0.015(0.014)
12 0.075(0.072) 3.5(3.49) 1.0938 0.015(0.014)
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13 0.09(0.085) 3.7(3.69) 1.1563 0.020(0.019)
14 0.08(0.071) 1.61(1.61) 1.2188 0.020(0.018)
15 008(0.070) 1.57(1.57) 1.2500 0.020(0.018)

Table 3.4 Experimental condition in irregular waves

Peak period Peak frequency  Significant wave
Case [sec] [rad/sec] height [m]
1 2.6200 2.4000 0.1000
2 2.4200 2.6000 0.0900
3 2.2400 2.8000 0.0760
4 2.0900 3.0000 0.0660
5 1.9600 3.2000 0.0580
6 1.8500 3.4000 0.0520
7 1.7500 3.6000 0.0475

34. AQZEH

3.4.1. 133 Ad4d5
T e it AP Fxle] g Folo FART FHHE sty 9]t
% I Adel v wskgittk. RAO &
B2 (5.3) 1 2ol AxtdEtt o
Absab REY P EE ASE et 7SS dHolHEHE Zero—crossing
method W& AHg-sle] AAtslglon, Fol7t 25 dial] kgAe] S
= AIZEe dlolElE FESte] H e ahe ARSssith A% A Fig. 3.10

7} Table 3.5 o YERY ST
BEIZEIH(AQWA) S ol &3t Avsl Agglo] & AAFTS & F QUvk 4

o,
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Table 3.5 Heave and pitch RAO values

Case 1 2 3 4 5 6 7 8
Heave 4 1351 1.5  1.5344 1.6651 1.9957 2.4037 4.1325 5.6268
RAO

Case 9 10 11 12 13 14 15
Heave 56601  4.2557 2.9303 1.6529 0.8081 0.4292  0.3632

RAO

3.4.2. E&v AgZd3

Table 3.6 3} Table 3.7 = =1t 3ol that dArfute}l Fo] wwd¥E A2t
Foltt. Table 3.6 oA+, FHar YA} W% (MWH: Mean Wave Height) o] o &
Ht Fo] 5 EF(MBH: Mean Buoy motion Height) H]Ql Fo] && S35&
(MBH/MWH) = HojF=d AFukay Gl Folo gxlFay dqoz &
TE SEEC] AAIL A FAFIHF JoS Ay nFag Fels i

st AEe Btk oA A A3 RAO g ZoA odd
Avkel dry, Folo ufFFure 7Y 7k case 5 Q1 A5 oF 4.7 1)
S 7HF S, case 69 A caseb BT FH U & FEHEES Hol=d 1 9|
v % ~AEY AdFaert Fo] 3T vtE Q8 At F3
Yol A= aE 7HA Fo] FAUATE SUhst Ao 2 AtsE v (Fig. 3.
16, Fig 3.17 &%), AdF3F7F 7HE 22 case 1 & S%F 50| 2.65 0% 7H4
o Z=Z 55 wWlth o]g s A= Table 3.7 & W ¢ 43 & 5 A=
dl, Table 3.7 & SIAtTRe} Fo] &5 AFAERS] WA v E BoF1 UtH(§IAL
a AFEHY S dH:WSA(Wave Spectrum Area), &% AIHE

Z:MSA (Motion Spectrum Area)). ©]%1-> Table 3.6 2] 23}
T Joex & JA¥ (MSA/WSA)E Hola glom, ojefdt Au= Ho
7F 3o ® Qlste] I fso] AR wEf W2 ouAE JHA L v A

Qs 9 olth YAbstel ol 5 UA WL AAEYY] AAN S
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Fig. 3.11 Amplification ratio of amplitude and energy density area

Table 3.6 Statistical properties of the wave and buoy motion

MWH MBH Ratio of mean
Mean wave Significant wave
(Mean Wave (Mean Buoy motion
case Period Height
Height) motion Height) amplification
(sec) (m)
(m) (m) (MBH/MWH)
1 1.9300 0.0901 0.0543 0.1383 2.5470
2 1.8728 0.0787 0.0448 0.1609 3.5915
3 1.8147 0.0688 0.0385 0.1529 3.9714
4 1.5373 0.0577 0.0288 0.1368 4.7500
5 1.7795 0.0532 0.0303 0.1461 4.8218
6 1.6810 0.0461 0.0288 0.1414 4.9097
7 1.6885 0.0378 0.0241 0.0957 3.9710
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Table 3.7 Spectral analysis of the wave and buoy motion

Ratio of spectrum area

WSA MSA
case amplification
(Wave Spectrum Area) (Motion Spectrum Area)
(MSA/WSA)
1 5.81E-04 0.0028 4.8456
2 4.46E—-04 0.0035 7.778
3 2.77TE—-04 0.0031 11.1681
4 2.04E—-04 0.0024 11.6696
5 1.63E-04 0.003 18.5285
6 1.33E-04 0.0028 20.7294
7 1.04E-04 0.0014 12.9404

HE Fig. 3.18 7HA= ASE dArkakel F-o] 2% HolHZ5H

Hp A&z 2ad daE Zo] "ehliglth case 1 58 5 9 4

Tt Fol FXFagol| I AFS o|A FEHE0] Tt

7} case HE Z HojFa glom, AAddnel FEzrad AR v

AbstAl YERU L Itk 22 case 6 FF case 7 9] AA-F-

AHE- BT AQWA AL Ay A E-0] Zoj& d3E Koli gled 9]

T & case o B3 F&Fol Frtste] A Eol of

© AoR AREY. EarF e tidt Jabakel Fo] FARE AAD dHolEH =

Fig. 3.19 %-H Fig. 3.25 ¢l 7t case HE YERLSIT.

2y Folziy =y A9 Ay, rHa daeM oY & = 3l

FAGANA Fo] FARFol AA FHEH HY oUAE A= A
82 oF 20 Hjel o]2¥ 3 JUAZHEH KU @

UuAlE g53st7] Qs o R FAFHNE o] gdte Zlo] a&dolet And
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Fig. 3.12 Comparison of wave and motion spectrum between the experiment and
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Fig. 3.13 Comparison of wave and motion spectrum between the experiment and
AQWA calculation in case 2
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Fig. 3.14 Comparison of wave and motion spectrum between the experiment and
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Fig. 3.15 Comparison of wave and motion spectrum between the experiment and

AQWA calculation in case 4
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Fig. 3.16 Comparison of wave and motion spectrum between the experiment and
AQWA calculation in case 5
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Fig. 3.17 Comparison of wave and motion spectrum between the experiment and
AQWA calculation in case 6
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Fig. 3.25 Time series of the waves and buoy motion in irregular waves (case 7)
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Table 5.1 Statistical properties of the wave and buoy motion (Coupled)

Mean Buoy Ratio of
Mean Mean Significant Wave Ratio of mean Ratio of
buoy Significant motion significant height
wave wave buoy motion  spectrum motion spectrum area
Case motion wave height spectrum motion
period height height area amplification amplification
height (SWH) area amplification
(MWP) (MWH) (SBH) (WSA) (MBH/MWH) (BSA/WSA)
(MBH) (BSA) (SBH/SWH)
1 2.17 0.06279 0.10972 0.09733 0.16759 0.00062 0.00182 1.74751 1.72189 2.92742
2 1.99 0.05406 0.10530 0.08548 0.16290 0.00050 0.00179 1.94795 1.90571 3.58816
3 1.87 0.04774 0.09393 0.07326 0.14842 0.00036 0.00146 1.96740 2.02596 4.08118
4 1.80 0.04201 0.08029 0.06256 0.12409 0.00027 0.00101 1.91149 1.98352 3.75199
5 1.68 0.03617 0.06114 0.05732 0.08575 0.00021 0.00054 1.69033 1.49595 2.59852
6 1.57 0.03244 0.03984 0.04958 0.06545 0.00016 0.00026 1.22809 1.32006 1.59720
7 1.49 0.02815 0.02941 0.04645 0.04563 0.00014 0.00013 1.04502 0.98252 0.96947
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Fig. 5.20 Time series of buoy heave motion in irregular waves (/,; = 0.09m, o, = 2.6 rad / sec)
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