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Abstract — Wave Energy Converters (WECs) are optimized for specific environmental conditions in the design
process, but many studies are ongoing to develop control strategies that can adapt to changing conditions to
increase power generation efficiency. In this paper, a proposed control strategy and algorithm are improve the
WEC of an asymmetric shape that performs pitch motion, by changing the physical characteristics of the ballast
weight (B/W) in response to incident waves. 25 models were selected by combining five different positions and
weights for installed B/W in the WEC. Based on the extracted power of the models in the frequency domain, the
position and weight of the target B/W that could improve performance is determined under given incident wave
conditions. To minimize the power consumption during B/W control, the B/W control environment is expressed as
a shortest path problem and the Floyd-Warshall algorithm is applied. A position and weight of the B/W with the
largest power generation are determined by comparing the expected extracted power minus the power consumed
for B/W control according to the incident wave frequency. The improvement of WEC was confirmed through the
comparison of extracted power before and after the application of the control strategy.

Keywords: Wave energy converters(32 27 74]), Salter’s duck(¥£E] H), Pitch motion(F %5 L), Ballast
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A&7 gk e A o] Tl wat 2lA =] of]
§F A9} o] 3] o] XL glom thekst Al A] F
vich 9| ghge] ojgt gdeluiA]E 7 e9d0] 9lal H ol
YA g 7 aL ek o] slvk. A4 ghgdelu =)ol o
B toket G515 Bt =% (Gunn and Stock-Williams[2012])°]]
w2 H Al EAsks v AE 2.1 TWE 45 1L o]
T 4.6%) =k 100GW2] U & ez 2 58 4 Q)
o} olefgh A S o R {5, ul=, ofrlol 5 AlAl M|
A g gz ef digh Atel A-g-skE Kegskar ot

A sl M o] st EatA Ao]a EH WE) F okt
F7F lem AdA] #lj9ef| whet shegzzio] thE] wiite] 4
e g 9 AlojE Fall W a&S ol el
o W2 A7t Ak 53] gme] Fule} shE bR <]
AT B 331 o] 88l I ass ol WAe] Al
o thgt A7} Wol ax|oj k=] 1 A2 el o]t ¢
2} Ao} (Budal and Falnes[1980]), ¥ AF&-3F 914 Ao
(Hoskin and Nichols[1987]), 5.2 & #|°](Model-Predictive
Control, MPC)2] Z]-(Hals er al.[2011]) 5°] AT}

A= 2 B2 o)) whet 215753 (Oscillating water
column, OWC), 7}& %28 (Moving body type), 2 3}3 (Wave
overtopping) 2 -7 g 3tk & =iolX= I F 2ole
F-HA19 252 o] &3 7NsEAY v - Salter[1974]
7} Aljket Mg A = Ao g At o] vk g o
ZE|CISIWEC 2B Ak} zlergake] &adw) 7 i) eke]
o] v o= o]Fofxl Flo] 5Aolrt. F-{A2] o] 28]
2} Aol 3F] Salter’s Ducke]2} E2]w 2F 90%] 77k ¢y
A F5 ZAES 7 F e Ao® A H th(Swift-Hook et
al[1975]). &= WEC ZE el oisll 533 (Salter et al.[1975];
Jeffrey et al.[1976])2} ©] &34 (Evans[1976]; Count[1978]; Mynett
et al[1979])s <A77t XaE o] ghom Htole thekst AA ¥
ol thsk WEC 28 2] 435 W3} A5 (Poguluri and Bae[2018])2}
A2 98 (Computational fluid dynamics, CFD)& &3t WEC
2E 9 XA A (Poguluri er al.[2019]), A& 750l thek A
T-(Kim et al.[2019]) & TFFst A7} 23] 8= 1 Qi)
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HA ] Ae 538 7 ES Jazit. sARE AA| s 34
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A& v ETHA BRSPS S BoE 7|gE 4 gl
th A% 548 7] SeiM AlaEle] B, 1R e A

S WA 7= o] Qo) el Ay} A 1
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B/W)E Azlslal Wslshe sl 9] B/W Aol & Fall s
5 ol ATE WA AA| AALAA Q) o] F Ee]F <l
B/W AlofA| 28] 1 7hsAd 2 ATrollA] e shA] gkgkom
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%27} H =5 A A S A E(Full-scale)s 7] X 2 (Reference
mode)Z 43k o] oo tfst B/WS] 9|2} FAIE H3AA
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HHEAE Alo] duEEe A
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o] &3l AXFS +F 3+9](Extracted power)S B §ALato
nht P S d A0 R 7|dlEE H3E ¥ (Target model)ys
A7}, B/W Alofoll anl=e dE & 4] S8 B/W Al
o] AAFS AR TAE RHst F ZRo|=-eF daEE
(Floyd-Warshall algorithmy& 2]-8-3{t}. o] 23 ¥4 &3l 173
sbef| tisl 7| B2 ] @ 2l AeS 7 5 %S B/W
29} FAIE Alojeh= YRAE Alo] Ldag]ES Al vl
wo g Aol dag]Fe] g GRls] flsl 28 A 7w Bl
2§ & 53 R0 3% 39 E vludct

2 T DD SE| B4

2.1 917 Ddio] EM

£ A gido] == 71 2Ae] B/W HRI8H FAIE 71 BIW
2 Aolgom 1o st A} A YL ol Fig. 13} Table 10]] LFE}
Wk WEC EE]9] 311547 FAE Ol A4S 8|3 A (Beak
line), B3 “delollA 747} v]= 8] AFSIZE ¥ A ZH(Beak
angle, 0), B'W2] 91x17} 7N 5= 21418 715541 (Guide line) o=
ge1gct. WA WEC 2 9] A%F 54 wgAz17] f8) 715
B/W2| FAIE 7|50 2 F7HE40%, £20%)F o™, 715 B/WS]
YRS P3LR o] 7124 (417 m) & BS Pl, P57, P3&ke] =
VL p2, P4 A 2|3iTt.

Beak
line

Fig. 1. Schematic sketch of the WEC rotor.
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Table 1. Properties of reference WEC rotor model

Unit Value
Depth of axis (d) m 1.6
Beak angle (0) deg 60
Diameter of hole (D) m 3.0
Radius of the stern (R) m 2.0
Width m 5.0
Mass kg 36,399.04
Center of gravity (X, y, z) m (-0.528, 0.018, 0.586)
Moment of inertia (Pitch) kg-m? 133,239.64
Pitch natural period (Undamped) sec 5.0154

(a) weight = 0%
Fig. 2. Static equilibrium position depending on the B/W.

Table 2. Design properties of each model

oA ol s7HAC] f)A9F FAI 23 FEl 2570] Bl
< AAT). B/W2] $1x|9} FAl] we) md Adale] g w A
2k F4lo] DebA] 7] wjio] WEC 2EQ A2 3 Aree] v
Zb Zbzy Geinh, o2 So] B/WSIXE 3ol D7 F
AE AEAZE W g2 FE Al vla 7R Fig. 29 o)
Epte.

o]l whgt =24 %‘é‘% xér’/loP%iE}.

(b) weight = + 40% (c) weight = - 40%

Case No. B/'W B{W Total Mass Beak Center of Gravity Moment' of Inertia
Weight Position (B/W weight) Angle (x,,2) (pitch)
Unit kg deg m kg-m?
0 P1 o8 (0.135, 0,020, 0.843) 159,161.32
| P2 79 (-0.186, 0.020, 0.727) 133,202.76
2 -40% P3 (333”975661"7222) 74 (-0.278, 0.020, 0.591) 115,757.55
3 P4 71 (:0.332, 0.020, 0.457) 106,825.68
4 P5 69 (:0.366, 0.020, 0.325) 106,407.16
5 Pl 114 (0.417,0.019, 0.887) 182,518.21
6 P2 69 (-0.357,0.019, 0.768) 147,818.33
7 20% P3 (355”20785%133) 67 (:0.402,0.019, 0.601) 124,498 59
8 P4 65 (-0.436,0.019, 0.432) 112,559.00
9 P5 64 (:0.455,0.019, 0.269) 111,999.54
10 P1 59 (:0.544,0.018, 0.952) 205,875.00
11 P2 60 (:0.528,0.018, 0.774) 162,433.90
12 0% P3 (366’33994?52“; 60 (-0.528,0.018, 0.586) 133,239.64
13 P4 60 (-0.528,0.018, 0.399) 118,292.32
14 P5 60 (-0.528,0.018, 0.211) 117,591.93
5 P1 5 (:0.786, 0.018, 0.914) 22923197
16 P2 52 (-0.690, 0.018, 0.751) 177,049.47
17 +20% P3 (377”971137.;1955) 54 (-0.641, 0.018, 0.558) 141,980.69
18 P4 55 (:0.612,0.018, 0.353) 124,025.64
19 P5 56 (-0.591,0.018, 0.146) 123,184.31
20 P1 41 (:0.966, 0.017, 0.880) 252,588.86
21 P2 46 (-0.826, 0.017, 0.723) 191,665.04
2 +40% P3 (399,’203326:'3855) 49 (-0.746,0.017, 0.524) 150,721.73
23 P4 51 (-0.683, 0.017, 0.307) 129,758.96
2 P5 53 (-0.642,0.017, 0.087) 128,776.70
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FuR QoA WEC ZE19] 5% 2 (Pitch motion)oll Tt &
B 48 vREA 0 Fash 4 (18 LohJoumnee
and Massie[2001]).

(Iss + ass)é + (bss+ bss NE+hssE = X M

I= A% 3/ 2ulE (Mass moment of inertia), ;= F-7F 2
2 4 U E (Added mass moment of inertia), b= A28
AR, IO PTO ZAARE, ko= A8 E-ARWIE A% (Linear
restoring moment coefficient), &= $-52 29, X 3 74A)
Sskth. A 74 (Viscous
7127} Arg

2 ul E(Wave exciting moment)E
damping)®} A4 (Radiation damping) £]2] 2]+
Sp4 ererhal 7PEke ) RAISEE TS b 4 )% 2
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oIk,

bys = b4 b )

F29} 5 AT 295

A ERIES] 7] (X)ek 28 o] AlEATE o188l A Gt
_/r:

o] 38& 4= lt}(Journee and Massie[2001]).
RAO(w) = |&
() ‘ A‘
e
2 = PTO\2 )
Il 0P U+ ass) + ksl + 0 (bss + 527
o 35 S vlasty] flal HA o ARt Bt 9k
(Optimal time-average power, P,, )& AT $59 st
gAe) HA9) A7 B HE A @) o] XA 5 A
(Dhanak and Nikolaos[2016]).
popl(w) _ % PT() 2 g‘
- Ax
Soh” X @)
rad vis PTO\2

J[*wz(lss*'ass)"'kss] + o (bss +bss +bss ")

ARRE Bt FE91 0 HARE @71 S1E H29 PTO 7‘4 Al
SH T (Response Amplitude Operator, RAOYE ©|-83l1X 7= ARk 3 3497} PTO 744 AlFell tiall Huljh (=7 bpm =0)
QA Fuke] whe 7k mele] % ks nlwEch Ak A & T 33 27 (0= 0,)S TESoF 317] wlEe] (Falnes[2002])
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Fig. 3. Variation of the pitch response.

0
1 1.5 0.5 1 1.5

¢/A [rad/m])

-

0.5 1 1.5
Wave Frequency w [rad/s]



296

bss” = b+ b ®)

2.3 $=A| ollM A}

A3 PTO 74 E3E e Rl Ar 2galr] 98] 7]
= 2o tist 14 7R A2k PTO 7 AIFE A FT). ol
Aoz G5 713I1] 1« = 0.09069F WAMIT 31418 F3ll -3
by S 2 (6)°ll T3l bl =27,628N -m s rad 'S T-3F &
bk b2 = 2] (5)0ll Tislake] Bys = 35,659-m-s-rad 'S T3
th 71% 2 tist A AFE 257 B AP o s 483t
WAMIT #1483},

2Kkss
o,

_ grad vis _
b= bSS +b55 -

- (6)

T GelM e FAEAGE 4 80 m A Xk
= 9] 0.1~1.7 rad/sE 0.02 rad/s HA 2.2 Lro] 817 Fuf
TE o E SISt diAlE Eal AEE fAEATE A
3yl tgsi 25sHE A= o YA Tl tist 7}
R2Elo] 2535 Fig. 30 WERHTE. B3t pitch RAOS] Fto] 7
F(Peak) 4 o] YA} Tk =, ZF RO 1H Tk
(Damped natural frequency)= Fig. 40l Ueldth 1-5ul4=7} a1
FIYTE {2, AFdrSE FEY o R e B/W7E 9
Pl AXEFF, FATE 7P EFF AFTol|l A peak RAOE
2= As & 4 Qo

AR T2 AlARlolM = o I BRE S71ErE -
T} SR Figs. 3~404+= Rithe] d2do] vebdtt. o=
A7) $13l Fig. 5ol B/W %] P3ellA] §7] wiste] whs A&k
W BEHEW), 771 A% B EHE (), A8 SAEHE A
ok 7 AR A BHE o Fulee] 9ed)
7} SAlOl AR 3 Tk E AR sk QAR AR o
ol HHEH (Tterative method)S §510 dld 11/ Tyl A 2]

°

3¢

=
N
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Fig. 4. Variation of the damped natural frequencies.
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Fig. 5. Comparison of mass moments of inertia, added mass moments of
inertia and linear restoring moment coefficients depending on B/W
at position P3.
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we} 3 Folh Folmi ikl |k Tl BW
A7t V8= T ezt SokeH)

71t Al tigt = 9k9E wlawsh] S8l A 4)E ©l
F34 AR Azt B 3% 9912 AR Fig. 63 89 9
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£ S gy alat Fueel] wet H) FE99E TRE B
o] o Ag & F urh

AR T2 9912 HlaLE f18) WAMIT iAol AR-#l Sirts}
T 8UIE 71 Sste] o7l PREOE URE - 7F Rgte]
WA At TR AR QA Fakrw et vl
o] 279 A Bt (P ek A mEe B, 5
H| W CK(Table 3). 2 AN} Fojoll ] H 29 A1ZE Bt 919] ]
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o] (Difference)® LFEFITH

Ing
IS

12

1.0

o
[++]
Angular Frequency [rad/s]
Position

0.6
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Fig. 6. Variation of the optimal extracted power.
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A= AR ol gshs o An|EE Mo o Aok B/WE ¥
SHAIZIA] o= Zlo] vpgA ek Zlo)7] wiiel Hul % 39 &
Zh= mEle] B/WE Alojeh= Zlo] ofuel B/W Alofe]l A==
AgS weste] Alojsfio sttt Lk FA) B/Weke] 9], 419
ZolE asithd 7hg & & 9 E 7 Bdo] v 5= 3l
7] whel] B/WE Aloj3 w) A= S aEst B/wW Alo] &

S

aelES AR

3.1 ¢gE A

WERAE Ao} Sae)ES w4 8S0] Fig. 79 AT &
1e)%e] kot YAkt Fukeel WA BWe] nt Be
3ol QAbst et SRR RS A oz des)
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ofof gttt 13} 344 9] A9-ell= ' A vk FEE, Eat
23} o= e AME Fal B5E AXRE 9 RS bt
Fo 7 AEd ofluX] Wi AFER] (Energy density spectrum)ol]
9] 9|21 S0k (Peak frequency)E YA Tk Q12ek= 2
o= 7Pgsiginh. dEE ikt Falr(w)k @A B/WB/W )
o wket i B/W(B/Wee)2} Alo] HEE AXket £ 25 Ao]7]
£ &3l B/W A9k SI1A1E Alojgitt. Ao 7)ol wh} §iAkuk
T 9 dAA B/IWE it daelES Wit

Step 1-1) 5X B/W Alxt

L% B/W(B/W=y= S A B/W(B/W")2} QA T30,
el AR == ik Fakeeh A B/wells 7 & g
2] (Net power)s 2h= BEl9] B/WE Hi B/W= st} BE B/
We QGat Fulol] st B B/wWS AAsk] 218l vk e
W& AR

n¥ me ZH7F A B/WeF U] 9] Case No.(0~24)% 5551
AA ng 3 gho R 1Sk mE v nelA BE ak
slgre]] gt 3 B/WE A3t nHAoll A mHAl B/W= Alo]
sh= ] ARlEe AYE ARt 98 0 me] B/W $IA1(P),
AWy E @A w5 2foluhk= A ALt

O A B/WSF miA] B/Well tigt $1%] A 2}o]:
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Table 3. Comparison of the optimal extracted power at the selected frequencies [Unit : kW]

Case w P Frequency [rad/s]

No. 0.10 0.28 0.46 0.64 0.82 1.00 1.18 1.36 1.54
0 P1 0.08 0.87 3.75 3.88 2.97 2.85 3.04 3.29 3.40
1 . P2 0.04 0.36 1.47 5.66 11.54 9.95 8.63 8.17 7.78
2 % P3 0.03 0.24 0.77 2.23 7.45 23.07 28.24 21.68 16.98
3 ' P4 0.02 0.18 0.53 1.31 3.49 11.37 34.91 44.77 32.59
4 P5 0.02 0.14 0.40 0.92 2.18 6.22 21.01 51.61 49.08
5 P1 0.22 2.26 11.24 32.35 15.18 6.91 4.35 3.37 2.85
6 . P2 0.10 0.95 3.70 13.39 26.20 16.35 11.06 9.24 8.28
7 % P3 0.05 0.39 1.24 3.34 9.90 30.15 37.57 25.90 18.85
8 ' P4 0.03 0.23 0.68 1.57 3.74 10.67 33.98 55.96 40.92
9 P5 0.02 0.16 0.45 0.99 2.15 5.43 16.81 48.67 59.56
10 P1 0.26 2.65 13.32 53.19 25.79 10.77 6.90 5.69 5.11
11 P2 0.10 0.92 3.25 10.63 36.73 39.17 19.88 13.24 10.43
12 § P3 0.05 0.42 1.30 3.25 8.57 27.01 54.94 38.64 24.72
13 P4 0.03 0.25 0.71 1.59 3.51 9.07 28.33 62.67 51.54
14 P5 0.02 0.16 0.45 0.97 2.00 4.65 13.29 40.72 65.72
15 P1 0.11 0.94 3.34 11.11 48.99 63.53 21.81 11.93 8.46
16 ° P2 0.08 0.67 2.18 5.99 18.80 61.95 46.45 23.14 14.98
17 :?l P3 0.05 0.40 1.18 2.77 6.57 18.83 56.43 58.72 34.15
18 + P4 0.03 0.24 0.69 1.48 3.06 7.14 20.54 57.20 65.13
19 P5 0.02 0.16 0.44 0.92 1.81 3.92 10.24 30.84 64.51
20 P1 0.07 0.60 1.94 5.29 16.81 74.76 57.10 21.52 12.24
21 e P2 0.06 0.52 1.61 4.02 10.67 36.81 80.17 39.19 20.95
22 °g P3 0.04 0.36 1.03 2.32 5.09 13.01 41.28 75.85 46.91
23 * P4 0.03 0.23 0.64 1.36 2.69 5.84 15.46 45.42 71.67
24 P5 0.02 0.15 0.42 0.87 1.66 3.41 8.38 24.26 57.74

Max. Power 0.26 2.65 13.32 53.19 48.99 74.76 80.17 75.85 71.67
Difference 0.21 2.23 12.01 49.95 40.42 47.75 25.23 37.21 46.95
Ballast Control
Step 1-1 Step 1-2
Target B/W function Shortest path function
Input : wave frequency Input : current B/W
current B/W target B/W
Calculate all cases
hen NeiPowst s maxin | | | shorestot
every wave frequency algorithm
Step 4
External wave sensing Step 2 v Step 3 v External controller
Preqict Wavg frequency w; Find target B/W for B/wtarget Find control route Route Operate the winch and
using real-time wave »| wave frequency and from current to >
lfstiation current B/W target B/W pump along control route
A A

B/wcurrent

Fig. 7. Schematic diagram of the ballast control algorithm.
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Table 4. Specification of the winch and pump

Model Power consumption [kW]
Winch (o) 4WS26M26 7.5
Pump (B) 80CL-35 7.5
APn,m = |Pn7Pm| (7)

A B/WSE mAA B/wel thek A wHA) Hol:

AW, = |W,-W,| ®

5

B Rl
= oo [d

B/WS] $1X+= 92 (Winch), A= LEtAE = 458 ¥
(Pump). A|o1 I Th(Table 4). 1%} A ©HA| Zpolel thet A
Axrstz] sl B/we] | FA, Alojel] %)= ARt 52
3| Aol A8 7heet fIx|9) B BES gglom 71719
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Table 5. Comparison of B/W weight and position for different target
and maximum power model

Frequency Target Max. P Step difference
[rad/s] w P w P AW AP
0.1 0% P3 0% P1 0 2
0.12 0% P3 0% P1 0 2
0.14 0% P3 0% P1 0 2
0.16 0% P3 0% P1 0 2
0.18 0% P3 0% P1 0 2
0.2 0% P3 0% P1 0 2
0.22 0% P3 0% P1 0 2
0.24 0% P3 0% P1 0 2
0.26 0% P3 0% P1 0 2
0.28 0% P3 0% P1 0 2
0.3 0% P3 0% P1 0 2
0.32 0% P3 0% P1 0 2
0.34 0% P3 0% P1 0 2
0.36 0% P3 0% P1 0 2
0.38 0% P3 0% P1 0 2
0.4 0% P3 0% P1 0 2
0.42 0% P3 0% P1 0 2
0.44 0% P3 0% P1 0 2
0.46 0% P3 0% P1 0 2
0.48 0% P3 0% P1 0 2
1.12 +40% P2 +40% P1 0 1
1.2 0% P3 +40% P2 2 1
1.28 +20% P3 +40% P3 1 0
1.3 +20% P3 +40% P3 1 0
14 0% P4 +40% P3 2 1
1.42 0% P4 +40% P3 2 1
1.44 0% P4 +20% P4 1 0
1.5 +20% P4 +40% P4 1 0
1.52 +20% P4 +40% P4 1 0
1.54 0% P5 +40% P4 2 1
1.56 0% P5 +40% P4 2 1
1.58 0% P5 +40% P4 2 1
1.6 0% P5 +20% P5 1 0
1.62 0% P5 +20% P5 1 0
1.64 0% P5 +40% P5 2 0
1.66 +20% P5 +40% P5 1 0
1.68 +20% P5 +40% P5 1 0
1.7 +20% P5 +40% P5 1 0
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