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Numerical study on floating wave energy converters

with a nonlinear PTO system
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S &3 PTO AJ22®19] Mass-Spring-Damperol] 3|33l AlTES F7H4o=
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Fig. 1-4 Schematic representation of a moveable body type wave energy converter

with a hydraulic power take-off system
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Fig. 2-1 Comparison of wave elevation on various wave conditions
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Table 3-1 Boundary condition for the fully nonlinear potential numerical wave tank

Boundary condition

Free-surface

op 1

_ 51 04
Dynamic B.C.: — = — 2, 90n9
5t~ 915V

Vv
¢ ot oz

ot 0z Ox ox oy oy

Buoy % =V-i
o _n, o _n, gAk coshk(z+h) cos(kx — at)
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Inflow zone 3 cosh 2k(z+ )
N, S Alow(2k) 2" cos 2(kx — at)
8 sinh” kh
Side and end wall % =0
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Fig. 3-2 Flow chart for fully nonlinear analysis using potential numerical wave tank
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Wave propagation

Fig. 4-7 Overview of diffraction problem using PNWT

Fig. 4-8 Elements of a buoy and free-surface near the buoy
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Fig. 4-18 Snapshot for radiation problem (7 =3s, =97, 4; = 0.05m)
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Wave propagation

Heave only allowed

Fig. 4-23 Overview of only heave motion allowed problem using 3D-PNWT

Fig. 4-24 Snapshot of only heave motion allowed problem using 3D-PNWT (t = 13T, T=3s)
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(R=d=1m, h=3m, A=0.1m, (a) initial displacement, (b) initial velocity)

-72 -



6 T T T T T

— WAMIT(Fre)
5| ° o Time(Lin) |
@ Time(Nonlin)
4 -
<50
N 3
2 -
1 -
0

T [sec]

Fig. 4-26 Comparison of heave RAO on various analysis methods

(R=d=1m, h=3m, A=0.05m)

Fig. 426> 4 953 AU 3D-FN-NWTE A&3te] 35 o nvxdg &
(Time(Nonlin)) ¢ &3} &5 HS THFT I A (WAMIT(Fre)) o 23 2 A& A
b g @A AR (Time(Lin)) 9F vlaskgich 53k 4 A3 AF Az 99 34
& S e H FdesA A &sielth Ay vuE 9 nlwd] A 2719 ket
Z13%0] 005 m 1 BE @A ste] Hluwsdi) oluf, Fukg F Ao Ax B A
AIZE g afA e Aatel vy AR G A e ATt A dAlEte s AT

T AUTh

o
O

ojgh o] I Aol el A B Ak EAl, AADEA} PAREA, FFHA ¥
B 2 3D-EN-PNWT®] A3tE 719 4 2 5 A9 Aot
3 A 7o e SWsdlen olf EdE PTO

so] 52 walge Aese] HPAY A% S14S sk

offt
olo
it
Md
>
ofr
tlo
)
ol

-73 -



5. PTO(Power Take-off) A|2E

PTO (Power take-off) A]Z~®l-2 o A& WEksto] AJibksts Al 2~ELS 9wt} o= 3}
g Wb Ao Tl wEl gE2A A8, 22 oy b AAd dede vE d
35

Blo] PTO A 2%2 A48T 4 UthHPAS] %9, PTO A28o2 AuAom Aeuv)
Jé N E

%

7

AFA A= Y4 Al=ES HPAS PTO Al

SHATE ok Al A, oln 1960 - W AEe] XdHo] §17

; Kim et al., 2015b). 3}AI%F, %3 PTO A]2~¥
2 MAEE 7HA vk FaE 99 s Bld el e PTO A|=H9 &
A 2 wrgetA ety wwol Faa 99 A S vtReR 3 AF ARF 49 e
of ¥]Add PTO Al&¥ls 4 RAEste] A&sto] siAs 33 2 vt (Falcao,
2007, 2008; Babarit et al., 2012; Kim et al., 2016a). & 1~ A= 3D-PNWTE 7|Hte =2 3+ A
g A7 99 A4 7IHI S HAE PTO AlAElS 4% 2dlysle] aelstglal, o

g 5a LA fASGNE 45 2 B9 FF 45 52 T

re
o
=2,
>
rlr
(L
2
=
>
o,
Jo
A
ofk
)—U
—
@)
>,
[»
jaiit)
Lo
B
td
i
o,
=2
=
:?L_“
il
oR
QL
’G

L

4ol Hestel 49 Avsle] Wi

olN

g]_oﬂq_ (5. 3;(4)

-74 -



5.1. HPAY] §43 PTO A|A¥ 4x] 2dg

v}

°}d pTO A|A~HlL 7|EAo =

B dFo] A HPAY PTO A ~¥lo = a1e3t

[e)

o

AAY, 79 BE, 247 (Generator) & -4 % o]
E

HPA

AP

Incident
wave
propagation

LPA

Fig. 5-1 Overview of a moveable body type wave energy converter

with a hydraulic PTO system
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o
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o s JeAY Eojee oE, A
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==
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Al~Ele] Jeks g (4 5.5).
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& obagel 100 AFse @ 4 gstan.

-76 -



— — Approximate coulomb damping ||
Original coulomb damping

|

-05 -04 -03 -02 -01 0 01 02 03 04 05

Buoy velocity [m/s]

Fig. 5-2 Comparison of PTO force between original coulomb damping force

and approximate coulomb damping force
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Fig. 5-3 Three-dimensional wide wave tank in RIMS

(http://www.rims.re.kr/04_support/sub04 1 2 b.asp)
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0.110

0.124

0.137

0.151

Wave period [sec]

1.0
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1.8
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Table 5-2 Specification of a hemispheric buoy and hydraulic PTO system

Item Dimension
Diameter of buoy, D [m] 12m
Draft of buoy, d [m] 0.4and 0.6 m

Weight of buoy, W [kg]

233 and 452 kg

Hydraulic cylinder diameter, D¢y [M] 0.04 m
Cylinder stroke nod diameter Dnog [M] 0.018 m
Hydraulic cylinder pressure, Ap [bar] 0~8 bar

Table 5-3 Specification of Incident wave property and

hydraulic pressure difference at each incident wave case

Wave[seecr]iod, T Wave [r;ﬁ;ght, H Wave ﬁ?}?pness, Ap (d=0.6m) [bar] | Ap (d=0.4m) [bar]
1.0 0.027 0.0175 0.018 0.003
12 0.039 0.0175 0.034 0.005
14 0.053 0.0175 0.057 0.962
16 0.067 0.0175 2.266 1.582
1.8 0.082 0.0175 2.308 1.582
2.0 0.096 0.0175 3.863 3.440
2.2 0.110 0.0175 4.567 3.974
24 0.124 0.0175 4.630 4.234
2.6 0.137 0.0175 4.829 4.891
2.8 0.151 0.0175 5.390 5.170
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Fig. 5-7 Comparison of heave RAO on various additional damping conditions with a PTO
system (d=0.6m, Ap : Hydraulic PTO pressure difference, C: additional damping,

w/: with, w/o: without, C~=3,500 Ns/m, C,=80,000 Ns?/m?)
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Fig. 5-8 Comparison of the time-averaged generated power with a PTO system

(d=0.6m, C=3,500 Ns/m, C,=80,000 Ns*/m?)
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Fig. 6-2 Time series of velocity (a) and displacement (b) of a buoy, PTO force (c),
and the instantaneous generated power (d) (T=3s, A=0.3m, Ap = 12 bar)
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Fig. 6-3 Comparison of heave RAO (a) and time-averaged generated power (b)

on various hydraulic pressure conditions under linear wave condition (A=0.1m, deep water)
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Fig. 6-5 Comparison of heave RAO (a) and time-averaged generated power (b)
on various hydrodynamic analysis methods (7/7,~1.0, H/2=1/20, deep water,

Lin: Linear analysis, PN : Partially nonlinear analysis, FN : Fully nonlinear analysis)
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Table 6-2 Comparison of heave RAO and time-averaged generated power(P,) between linear
damping type PTO system(LD) and coulomb damping type PTO system(CD)

(P;: Time-averaged generated power)

Heave RAO Difference Py [W] Difference
CD LD CD LD CD LD CD LD
Lin 1.734 1.682 0% 0% 425.6 429.4 0% 0%
PN 1.488 1.618 14% 4% 365.3 394.1 14% 8%
FN 1.452 1.612 16% 4% 362.9 399.2 15% 7%

Table 6-3 Comparison of difference of heave RAO and time-averaged generated power(Py)
between linear analysis and fully nonlinear analysis on various PTO forces considering coulomb

damping type PTO system(CD) or linear damping type PTO system(LD)

CDh LD
Fpromax/Fz
RAO Pg RAO Pyg
0.3 27% 26% 23% 42%
0.4 19% 19% 13% 26%
0.5 16% 15% 4% 7%
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Fig. 6-8 Comparison of heave RAO (a) and time-averaged generated power (b)

on various wave steepness conditions (Deep water, Fpro,ma/F:=0.5)
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Table 6-4 Heave RAO components for each frequency

H/A T/To=0.8 T/T=1.0 T/To=1.4

Z(no) 1/20 | 1/30 | 1/40 | 1/50 | 1/20 | 1/30 | 1/40 | 1/50 | 1/20 | 1/30 | 1/40 | 1/50

Oth 0.057 | 0.040 | 0.030 | 0.024 | 0.090 | 0.082 | 0.067 | 0.055 | 0.051 | 0.037 | 0.028 | 0.023

1st 0.236 | 0.247 | 0.251 | 0.252 | 1.371 | 1.487 | 1.525 | 1.542 | 0.826 | 0.849 | 0.859 | 0.863

2nd 0.002 | 0.002 | 0.001 | 0.001 | 0.065 | 0.048 | 0.037 | 0.030 | 0.104 | 0.073 | 0.056 | 0.045

Ho
:Oé
o
)
o,
)—U
—
o
>,
[
%
BN
L
=
_S
5
Al
o
s
A
I
=
)
)
o
I
rx
ofk
5=
ot
BN
AL
T
N

-103 -




151

ZIA

051

—#—h/)\=0.5
—0- h/A\=0.4
0 h/A=0.3

1 1 1 1 1

0.8 1 1.2 1.4 1.6 1.8

T/T0

() Heave RAO

—®=—h/\=0.5
o —0- h/A=0.4|
o -0 h/A=0.3

0.8 1 1.2 1.4 1.6 1.8

T/T0

(b) Time-averaged generated power

Fig. 6-9 Comparison of heave RAO (a) and time-averaged generated power (b)
on various water depth conditions (H/2=1/30, Fproma/F;=0.5)
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® Runge-Kutta Nystrom 4th order method
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Abstract

Various types of wave energy converters have been produced according to the environmental
conditions of the installation area and the type of power generation. Among these, the heaving buoy
type point absorber (HPA) can be applied easily as a massive production farm or hybrid renewable
energy system because it has a simple shape and system. To design and analyze wave energy converters,
linear wave theory-based analysis has mainly been conducted. On the other hand, the environmental
condition for main energy conversion is a nonlinear wave condition with a high wave height. Therefore,
it is essential to consider the nonlinearity of wave and buoy motion, which cannot be considered from

a conventional analysis program based on linear analysis.

In this study, a three dimensional fully nonlinear potential numerical wave tank (3D-FN-PNWT) was
developed to estimate the hydrodynamic performance of HPA. The 3D-FN-PNWT is based on the
Mixed Eulerian-Lagrangian (MEL) method to describe a nonlinear wave. The acceleration potential
and indirect method were applied to estimate the instantaneous force acting on the buoy and its
displacement. In addition, a constant panel method was applied and the least squares gradient
reconstruction method was used to calculate accurately the spatial derivative of the velocity potential
of the buoy boundary and wave elevation. An artificial damping zone was applied for the open sea
conditions, and a new artificial damping terms were proposed for the side artificial damping zone. In
addition, the multipole expansion method was used to reduce the calculation time for the influence
matrices, and the GMRES method was applied to the matrix operation. To verify the 3D-FN-PNWT,
the wave generation and propagation problem, diffraction problem, radiation problem, and freely
floating problem were analyzed and compared with previous research results or theoretical and

experimental results.

In this study, numerical modeling of a hydraulic power take-off (PTO) system applicable to a HPA
was performed along with the development of 3D-FN-PNWT. The hydraulic PTO system was shown
in the form of an approximate coulomb damping force considering its characteristics. This was verified
by carrying out a three - dimensional wave tank experiment at the Research Institute of Medium and
Small shipbuilding (RIMS). Linear time domain analysis considering the numerical modeling of the

PTO system was carried out and the results were compared with the experimental results.

A fully coupled analysis between the buoy-wave-PTO systems was performed by applying the proven
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hydraulic PTO system numerical modeling to 3D-FN-PNWT. Linear analysis, partially nonlinear
analysis, and fully nonlinear analysis using 3D-PNWT were performed for clear evaluations, and the
buoy motion and time-averaged generated power were calculated under nonlinear wave conditions.
Based on this, the hydrodynamic performance and energy generation performance of the HPA according

to the condition of the PTO system, wave steepness, and water depth were estimated.
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