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ABSTRACT this paper is to describe the process for one particular concept

This paper synthesizes the performance evaluation of acombining wind and wave powers.
hybrid ocean wave energy converter. The case of interestThe first section of this paper will focus on the system
represents a singular approach to combine a 5SMW wind turbine description, starting with a brief presentation of the mechanical
with floating oscillating wave surge converters (OWSCs). The parameters of this platform. The comprehensive set of
first section describes the comprehensive set of equations ofequations required to build the Wave to Wire (W2W) model is
motion in both frequency and time domain. The mathematical then detailed. The methodology relies on numerical modeling
and hydrodynamic assumptions are highlighted together with and has already been proven in [4].
the numerical model. The second part starts with the assessmenn the second part, the initial performance of the platform is
of the initial performance of this device, carried out on in-house assessed based on frequency domain simulations. A brief set of
simulation codes. The first stage of numerical validation is numerical tests have been carried out in order to validate the
based on the linear transfer functions (RAOSs) results. The different models, in both frequency and time domain. Finally,
analysis of these RAOs also exposes interesting mechanicalthe power matrix is displayed together with the mean annual
properties of this particular device. Eventually, the annual power absorption at five different representative wave sites
average absorbed power figures are extracted from the poweralong the European coasts.
matrices calculated for a few different sites.

Keywords -Wave energy converter, floating wind turbine,
combined energy platform.
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INTRODUCTION zg\x -
The MARINA Platform project is a European initiative :
created to bring expertise from offshore wind industries il \
together with ocean energy specialists, in order to reduce costs /_,J-—-"’ “%K

for deep water offshore platforms. Additional information is
available on the project website [1]. One of the major goals is

to create a pragmatic approach to evaluate different hybrid

platforms designed by a consortium of experts. Basic cost

evaluations were carried out among the partners to select a few

promising concepts. One of the methods chosen to establish a

ranking for the different types of devices was based on the

capture width classification proposed in [2]. However, more : : il
detailed analyses are required in order to compare the Figure 1: The combined platform considered.
performance of the few selected best candidates. The aim of




1- SYSTEM DESCRIPTION

The platform considered in this study is a combined wind
and wave energy device. It is composed of a semicircular base ~ Platform

Property Notation Value Unit

on which stands a 5MW horizontal axis wind turbine. On the Radius R 50 m
wave facing side of the platform, 20 wave energy converters  Height H 15 m
(WECs) of the surging type are attached. The relative motion  Draft D 10 m
between the platform and the WECSs is used to produce energy. Breadth B 10 m

The sea clam device [3] was mentioned during the creation  Displacement v 39000 t
process. Wetted surface S, 6500 m’
Significant Surface Stot 11710 m’
\ Waterplane area Swp 3900 m?
S __‘__:r____ K x - position of CoG Xep 21.2 m
) o z - position of CoG Zep -2.5 m

Z?Siznzmal axis wind Moment of inertia along y-axis lyyp 11600000 t.m’
2 WEC

L Number of panels N 20 -
X Width w 8 m
Wetted surface So 120 m?

Mass m; 36 t
100m z - position of CoG Z6i -2.5 m

1 Moment of inertia along y axis lyyi 2600 t.m’
Wind Turbine

Surge Wave Energy Rotor diameter drotor 126 m

Converters Total mass Muwr 697 t

Rotor mass Miotor 110 t

v 1to P Nacelle mass Miacelle 240 t

Tlom‘t T Tower mass Miower 347 t
- Nacelle height Zy 100 m
i< > z - position of CoG Zwr 64 m

50m

Figure 2: Dimension of the Platform. Table 1: Dimensions and mechanical parameters of thgstem.

A 3D picture of the system is shown in Figure 1, whereas
Figure 2 is a side view highlighting the main dimensions of the 1.2 - PTO and Control
platform. Its radius is 50m, the draft is 10m. The power rating A linear Power Take Off (PTO) scenario was modeled,;
of each WEC is expected to be 250kW. As a result, the total with a damping coefficient denoted»ro and a spring
rated power of the wave energy part of the platform is 5SMW, coefficientKpro. Only positive values foKpro were considered,
and the rated power of the device is 10MW. Contribution from because this configuration can be achieved with physical
wind and wave to the total energy production of the platform springs.
would be balanced. For this specific design, each WEC is Damping and conversion of the mechanical energy could be
excited one after the other when the wave travels along theachieved using hydraulic cylinders or linear generators. The
machine. Then, the primary power production is expected to bechoice should be made based on considerations of cost,
smoother than with point absorbers or barrier type wave energymaintenance, availability, etc. which is out of the scope of this
converters. Therefore, the need for energy storage could bestudy.
reduced.

1.3 — Site and wave resource

1.1 - Dimensions and mechanical parameters In order to estimate the annual energy absorption, 5 sites

Dimensions of the platform are shown in Figure 2, along located on the Atlantic coast of Europe were selected. With
with the location of the origin of the coordinate system (marked mean annual wave resources varying from 15 to 80kW/m, they
by O). A more comprehensive list of mechanical properties is are thought to be representative. As an example, the wave
displayed in Table 1. The WT design was based on the NREL scatter diagram for the French site Yeu is displayed below, in
5MW wind turbine model. Its mechanical characteristics where percentage of occurrences.
taken from [6].



4 u + rcosq; 0
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E I ; w + (ry — Rcosa;)6,

_%D 25 The acceleration and the dynamic moment of the WECs can be

= | deduced from Eq.(4).

= 2

=

g | 15 2.3 — Forces

g | 1 2.3.1 Wave excitation and radiation force

< | 05 The system is fully defined with 21 bodies, which are
| assumed to be independent. According to the linear potential
3 5 7 9 11 13 15 17 0 flow theory, the generalized wave excitation and radiation

Peak Period [s] forces (for the flap) can be written: ’

Figure 3: Yeu Scatter diagram, in percentage of ocgrences.

. . N N
The annual power input is 26kW/m. Foxi(Go) + Fraqi(Go) = Fexi— z CMyX; — z CA; X; ®)
2- EQUATION OF MOTION j=0 j=0
2.1 — Assumptions and notations In whichX; are expressed &.

Waves are assumed to be monodirectional and propagating-€t'S consider nowX =(x, z 6, n - m)", the actual
in thex direction. LetG, be the gravity center of the platform, ~motion vector of the complete platform.

x, and z, being its surge and heave motions. Bgtbe the The numbering of flaps is directly relatgd to the degrees of
pitch angle of the whole system. The variableill refer to the freedom number (DoF). Indeed, the first three DoFs are
relative excursion of the WEC numbeand G, is its gravity allocated to _the platform motlorx(_)( zy 6,) whereas the first
center. The angular location of each flap will be notect flap on the side of the platform will be callgganel 4”. Then,

a flap on the front of the platform, facing the waves, is referred
as“panel 13”.

platform. Its vertical position is taken in the same horizontal ysing Eq.(1) and reminding that tie are expressed &%, one
plane as the gravity center of the platform. In a first approach

[—g ; g]. C will refer to the center of the circular part of the

the origin of the fixed Cartesian frame, O, is set equal to C at can show.
rest. Rcosa; — 1y
0
It is assumed that all motions are of small amplitude. Thus, the X, = ( 0 \J,Tix ©)
second order effects are neglected. For convenience, a \ g /
generalised motion vectat;;-,y, Was introduced for each 0
body. It is expressed at, and has 6 rows: surgg swayy;, With
heavez;, roll ¢;, pitche; and yawy;
1 00 cosqy
2.2 — Kinematics 8 (1) 8 o
. . . T, = (7
The absolute position &, is a function ofy;: 8 8 (1) 8
0 0 0 0

0G, = 0Gy + GoC +CG, (€N
. After defining the assembled matrix= (T, --- T,)", one can
X0\°  /—Tpc056,\° (R + 1)cosa;cosh, show:
0G, = <0) + ( 0 ) + (R + 7)sina; 2

Zo 1psinb, —(R + 1)cosa;sing,

Fex,i(GO) + Frad,i(GO) = Fex,i - CM;TX — CA,TX (8)
N With
Its velocity is:
' ' . CM; = 3,CMyT; -
u 4 1y0ysin6y — (R + r;)cosa;6,sinb, + r,cosa;cosb, CA; =Y;CA;T;
Vo(G) = rsing; 3
w + 10,c0s6, — (R + 17)cosa;0,cos6, + r,cosa;sinb, 2.3.2 Hydrostatic force:

Based on the small angle approximation: * WECs

The hydrostatic force is calculated for each flagependently.
The coordinateg,v) will refer to a point M of wetted surface



of the flapi, whenr; = 0. This surface shall be noted as Finally, one can write the generalized hydrostatic force acting
S;0-One can show that the coordinates of M in the reference on each flap
frame of the platform are:

FH,i(GO) = FHo,i(Go) — Ky X (15
—15 + (R + 1y)cosa; — &sing; b )
GoM = (R + 1y)sina; + écosq; (10 With
v+d; cosa; \°
sina; \l
N . 0
With d; = GoB, - Z , B; being the buoyancy center of the flam Fro:(Go) = pgdiSo| _ g sina, (16)
the reference frame and after linearization: d;cosa;
—T1Sina;
=715 + (R + rp)cosa; — Esina; + (v + d;)6, 0
GoM = (R + ry)sina; + écosa; (1) Ky, 0 ( R ) 0 17
—(—=7y + Rcosa; — ésina;)0 +v + d; cosa To = RCOS@)COSa;
0 sing; (ry — Reosa;)sina; 0
. . . 0 0 —di(;osa’i 1
Eventually, the submergence of the point M is given by =-P95%| 0 —dssina;  dj(Rcosa; — 2ry)sina; - Rsina,
0 dcosa; d;(ry — Rcosa;)cosa; -+ (ry — Reosa;)
z =2y — (—1ry + Rcosa; — ésina;))0, + v + d; 12 0 —rosina; (d;? =72 + roReosa;)sina; - 0

By definition the hydrostatic force is the integral of the pressure
term (pgz) on the wetted surface, it has the orientation of the
normal 7 = (cosa; sina; — Bycosa;)™°. Here, one must be e Platform

careful about the actual volume displaced by the flap.#f0, The hydrostatic force applying on the platform is estimated in a
the flap has a volume equal $gyr;, which creates a vertical  go00ng stagadccording to linear theory, one can show that the
contribution in the hydrostatic force. Therefore, the actual total gffect of the Archimedes force over the closed wetted surface

surface Where? the hydrostatic force applies can be expressed ag |, s, reduces to a constant plus a restoring force proportional
S;= Sip U S;o" as described in Figure 4. to the displacement:

O 0
I 3 \
V > FH,Pi(GO) =pg 0 — KpX (18)
r— 1 1
1 I Sio —(p =)V
1 1 0
1 ___1I
Sio' With V the displaced volume of the platform, angdthe x
coordinate of the buoyancy center in the platform coordinate
system.
Figure 4: Sketch of the hydrostatic forces applying o a flap. 0 0 0 0 0
( 0 0 0 0 0
H . — 0 KP,H33 KP,H35 0 0
Therefore, the pressure has to be integrated also for a point PXr=| o 0 0 0 19
located ors; " by its coordinatér,x). After integration of each \0 Kppss Kpuss O 0
component, the total force can be obtained: (U (U 0
cosap cosan © The hydrostatic contribution from the surfagewas removed
Fu, = pgd;S, (sinai) + pgzoS, (sina,v) in order to obtain the force on the platform alone. From
0 0 Eq.(13) one can show:
(ro — Rcosa;)cosa; 0 0\° 13
+pg60So | (ry — Rcosay)sina; | + pgS, (S) 3, d;Sycosa; 0
—dicosai t —ZidiSOSina'i
14
And the moment force &,is given by: Fyp(Go) = pg ¥ d;2Sosina; —KypX (0
—(rg — 1)V =Y, d;*Sycosa;
My, (Go) (14 =¥, 19d;Socosa;
Rr;sina; — d;*sina; — zyd;sina; + 0,d;(—2r, + Rcosa;)sina; 0 )
=| (rp — Reosa))r; + d;*cosa; + zyd;cosa; + 0,d;(r, — Rcosa;) cosa; With
—rpd;sina; — 1yzpsina; + (—roz +d?+ rORcosai)Bosinai



Kyp (21)
0 Y pgSecosa; i pgSo(ro — Reosa;)cosa; 0 0
0 ¥ pgSesine; i pgSo(ry — Reosa;)sina; 0 0
0 Kp u3s Kp u3s — Xi pgdiSocosa; 0 0
=10 —>d;sina; Yid;(Rcosa; — 2ry)sina; 0 0
0 ( Kp usz + ) ( Kp yss + ) 0 0
\ 2 pgd;Socosa; X pgdiSo(ro — Reosa;)cosa; /
0 —Yirsing; Yi(d? = re® + ryReosa;)sina; 0 0

2.3.3 Aerodynamic force:

The aerodynamic and gravity forces applying on the wind
turbine have an influence on the response of the platform. Let
Fyr be the thrust on the wind turbine. It can be assumed that it
remains oriented along the x-axis, as a first approach. It is
resulting from the sum of a static pagt;, and a dynamic part
proportional to the horizontal velocity of the nacelle. At the
nacelle N(xy,0,zy)°, the horizontal velocity iV, (N) =u+
zy6,. LetBy,; be the proportionality coefficient, then:

_ Fyro 0 u+zy6, 0
Fyr = 0 + By 0 (22
0 0
Thus
FWT,O
0
FWT(GO) = 8 — ByrX — KyrX (23
FWT,OZN/
) 0
With
Byi 0 Byizy 0 0
( 0 o0 0 0 0\
_l 0o o 0 0 0
Bur = 0 o0 0 0 0 (249
Byizy 0 Byzy? 0 0
0 o0 0 0 0
0 0 0 0 0
/ 0 0 0 0 o\l
0 0 0 0 0
Kwr=1¢9 ¢ 0 0 0 @9
0 0 (xy—r19)Fyro O 0
0 0 0 0 0
2.3.4Gravity force:
¢ WECs
On the flap, the general gravity force can be written:
0 0
[0 )
Fei(Gy) = —myg | 1 | —Kkgx (26)
G,i 0 Lg Rsinai G,i
(ro — Rcosa;)
] 0
With
00 00 0 0
/ 0000 0 o\
|0 0 0 0 0 0
Kei=10 0 0 0 m;gsina; 0 @n
00 0O —m;gcosa; 0
0 0 00 0 0

Platform

Knowing that the coordinates of gravity centgy, of the
wind turbine are(xyr,0,z,1)°, the generalized gravity force
reads:

0
0
Fop(G) =| ~Mr M9 | e x 29
(twr = 10)Myrg
0
With
00 0 0 0
00 0 0 0
_fo o 0 0 0
Ker=10 o 0 0 0 (29
0 0 —zyrMyrg O 0
00 0 0 0

2.3.5 PTO force:

According to section 1.2, the PTO force is modeled as
linear and proportional to the relative motion and velocity of
the flaps. Therefore, the PTO force applying on each flap can
be written

m = m + (=Bpro" — Kpro™)ur, (30)
In which the constart.,, aims at cancelling the static parts of
the hydrostatic forcer,, is the normal to the paniel[Hence:

0
Cpro, = ( )

This force applies at the gravity center of the flap at rest.
Therefore, at,, the generalized PTO force reads:

—pgd;Sycosa;

—pgd;Sysina; (3D
0

Fproi(Go) = Cpro;i — BproiX — KproiX (32
With
—pgd;Sycosa;
—pgd;Sysina;
0
Crroi = pgd;*Sysina; 33
—pgd;*Sycosa;
pgrod;Sysina;
0 0 0 O cosa; 0
00 0 O sina; 0
000 O 0 0
Beroi=Bero|l g o o o —d;sina; 0 o)
00 0O d;cosa; 0
0 0 0 O —T1pSina; 0
Kpro; (39
0 0 0 0 Kprocosa; 0
/0 0 0 0 KproSina; 0\
0 0 pgd;Sycosa; 0 0
(0 0 —pgGy—Rcosa)d;Sysina; 0 —Kprosina; 0
\0 0 pg(ry— Reosa;)d;Sycosa; 0 Kprodicosa; 0/
0 0 pgd;*Sysina; 0 —KproroSina; 0



On the platform, the effect of the PTO force-[§;Fpro:(Go)

2.3.6 Bearing force:

2.3.9Viscous forces:

It was decided to model the viscous damping force in the
time domain only. At the time when this paper was written, the

A bearing force can be modeled to compensate the staticviscous force was being implemented but the results were not
part of the gravity force. The bearings are considered perfectfully verified.

and the force applies ah.

0 0
0
1
Fgi(Go) = myg Rsina; — KpiX (36)
(ry — Rcosa;)
) 0
With
0 0 0 O 0 0
0 0 0O 0 0
_10 0 0 O 0 0
Kei=10 0 0 0 —m;gsina; 0 @7
00 0O m;gcosa; 0
0 0 0 O 0

As for the PTO force, the reaction force of the bearings on the
platform is—Y;Fg;(G,).

2.3.7 Mooring force:
As it was demonstrated in [10] and [11], the influence of

the mooring layout on the power capture is expected to be

small. Hence, it is modeled by a simple restoring force
proportional to the horizontal motion of the platform, with a
relatively small coefficient.

0 Ky
(o

|1 0
0
0
0

2.3.8 End-Stop forces:

The stroke of each flap is limited by end-stops. They are
modeled by strong springs which are activated only when the
flaps radial motions reach the predefined maximum excursion.
The resulting force can be written:

(39

Fuo(Go) = X =Fy—KyX

coococof™
coococoo
coococoo
cocoocococo

ocoococoo
\—.—/

Fosy = (~Kes(ri + o) (i + Tog) = Koo (i = o) H (i = o) iy, (39)
In which K, is the spring coefficient of the end stop and
21, is the maximum stroke of the flaps. In Eq.(3%)js a step
function, typically a Heaviside function.
This forces applies o&;, thus it creates a momentumagp
The generalized force applied on each flap.ig(G,) and the
reaction on the platform isy;Fs;(Go).

2.4 — Time and Frequency domain equations
2.4.1 Frequency domain:

In frequency domain (FD), the viscous forces and the end-
stops are not taken into account. By expressing Newton'’s law,
one can write ‘that the equation of motion for the system
{Platform + Wind Turbine}:

MpXp = Fopp — CMpTX — CApTX (40
_(KH,P_ZiKH,i + Kwr + Kgp + KM_ZiKPTO,i)X
_(BWT_ZiBPTO,i)X

Fyro+ Fu 0

0
pgV — (Mp + Myr)g—,mig
—ZimigRsinsai—ZipgdizSosinai
—pg(rs — 1)V + Fyrozy + (twr — 10)Mwrg _Zimig(ru — Reosa;)
— X pgrodiSosine;

At rest, with zero wind speed:

Mp = pV — MWT_Zimi (49

Fy =—Fyro (42
1

(g —10) = p_V(Zimig(rﬂ — Reosay) + (xwr — 10)Myrr) (43

The equation of motion for each flap is:

MX; = Fp; — CM;TX — CA,;TX — Bpro;X (44

—(Kui+ Kgi + Kpro)X

By assembling equationgo) and (44), and multiplying on the
left side byr”, one gets:

TT(CM + M)TX = T'F,, — TT(CAT + Bpro)X — T'KX (45
With
M, 0
M= < ; ; ) (46)
0 M,
cM
cM = ( p M”) 47
cA = (gﬁp) 49)



B — (BWT_ZiBPTo,i> 3.1 — Validation tests
PTO —

(49
3.1.1 Pitch response:

The uncoupled natural pitch period of the system
{platform+WT+WECS} is given by:

2.4.2 Time domain: Osgo = |——5
Iss + CM(wSS,O)

In the time domain (TD), end stop force forces may be
included. The equation of motion reads:

BPTU,i

K= <KH,P_ZiKH,i +Kwr + Kgp + KM_ZiKPTO,i) (50)

Kyi+Kgi + Kpro,i

With K55 and Iss the hydrostatic stiffness and inertia of the
. locked system. In fact, the pitch period can easily be calculated
TT(M + poo)TX =T"Fy, — f T"K,qaT(t — D)X (1)dt — T"BproX 51) provided that the flaps are locked. Setting the PTO parameters
_ TTKX(-)i-TTFes significantly high allows to keep the flaps in place. After a few
iterations, one gets;;, = 0.74 rad/s.
With Figure 6 shows the RAO (Response Amplitude Operator) in
pitch with high PTO forces for each flap. Two different peaks
Ho = lim CM(w) (52 can be observed. The lower frequency resonance depends on
the interaction between surge and pitch motion due to the
K,y oa(®) :Ef”"m(w)ms(wt)dt (53 mooring _forces. The second peak corresponds to the natural
mJo pitch period. A very good agreement between the formula and

_ the FD model appears.
2.5 — Implementation

The BEM code Aquaplus [7] was used to calculate the

25

hydrodynamic coefficients in the frequency domain. Figure 5 | i — ‘ ‘
displays the mesh used for the calculations. The whole system Lo Pitch test COG =-2.5m
is discretized with 1260 panels. The hydrodynamic coefficients 20 S w55 =0.74 rad/s
were calculated at the gravity center of the platfGgm 7 | | | | |
<)
3 & l l l l l
S 15 R e IR ARRRR AR
| | | | |
& A
kS | o L o ]
i I
= | | | |
S | | | |
J: | | | |
A 5 —-t------- === —- 1= === 11— ===
| | | |
| | |
| | |
| | |

1.5 2 2.5 3
w [rad/s]
Figure 6: RAO of the Marina Platform computed with the

Figure 5: Mesh used for the calculation of the hydrognamic frequency domain (FD) model.
coefficients.

Such a resonance around 8s could be seen as a stability issue

A refinement check was carried out. In other words, the because the main wave period in the Atlantic is very close to 9s.
hydrodynamic coefficients were calculated for a higher number Different positions ofG, were tested without any significant
of panels in order to verify the numerical convergence (2120 improvement of the natural period. In fact, the substantial

panels). The agreement was excellent and confirms that thewaterplane area of this design induces a large second moment
refinement is acceptable. of area, which leads to a high pitch stiffness. A change of shape,

with perhaps a hollow D-shape, would enable to reduce the
pitch natural frequency. A detailed design phase will take place

3- SIMULATION RESULTS AND ENERGY in the MARINA project at a later stage.
ASSESSMENT At the time of writing this paper, it was decided to assess the

- e performance of this device in the ideal case where the platform
When they are not explicitly specified, the parameters

. . ) . is fixed. Indeed, if the power results are not satisfying for such
which were used in all the simulations presented hereafter Were, . idealistic case, the focus should be directed to another type
provided in Table 1.

of platform.



3.1.2 FD and TD comparison: Nevertheless, Figure 7 and Figure 8 show that the
implementations of the equation of motions are correct in the
two models, at least for the first order. In addition, most of the
results presented below were obtained with the FD model,
which does not show any irregularity.

The equation of motion was solved using both FD and TD
models, and the results are displayed for two of the twenty
flaps. As it was described in 2.3danel4is located on the side
of the platform whereaganell3is facing the incoming waves.
Figure 7 and Figure 8 present the results of this comparison for
the radial motion and the power outputs of each flap. The wave 313 End stop test.
amplitude was set to 1m, the platform is fixed (see 3.1.1), and Finally, a verification of the implementation of the end-

the PTO settings wel@PTO = 5e5Ns/m; KPTO = 5e5N/m]. stops in the TD model was carried out. The motion response of
One can see that the agreement is excellent for mosteach flap was computed for a 10seconds period and 3meters
frequencies, except for a narrow range arofiddad/s. The height regular wave. The maximum excursion of each flap was

main reasons are still unclear. It could be related to a trappedlimited to 4m, which corresponds to a 8m stroke limit.

mode phenomenon. Indeed, for infinite water depth, this Figure 9 displays the results for two flaps, one on the side and
frequency corresponds to a wavelength of 50m. The radius ofthe other one from the front of the platform. The behavior
the platform being exactly 50m, it seemed realistic to relate this observed was expected.

issue with radiation trapped modes.

T
2.
5 ‘ ‘ ! Panel4 ||
Motion PanelO4 (D) || | M8a ' MlA ! A ————— Panel 13
) Motion Panel 04 (FD) | ; ‘
-g- Motion Panel 12 (TD) ’E Ii, ’IF’IT’ |
~ Motion Panel 12 (FD) ‘; I‘ l
E g\ — g T
= L =) 1 1
S ° 1- -1
B = 1 1
=] = ll lI
= /0 e e (. \\ i At Bt Sty = \ L
© T - - -1
= [ 1 1
3 VL
[
(113 e L v & - . VA A Sy Iu ] ‘ul‘.
L .
l
0 90 100
d Time [s]
) ) w [rad/s] ] Figure 9: Motion response of panels 4 and 13, with a stke limit
Figure 7: Comparison of the Panels' RAOs computed witthe FD set to 4m.

and TD models. The viscous forces are set to zero.
3.2 — Initial PTO assessment

450 ‘ ‘ ‘ ‘ ‘ The PTO settings have an influence on the flaps motion, as
2001 - L O  PowerPanel 04 (TD) | | yvell as on the power output. In order to understapd the
P | mm— Power Panel 04 (FD) influence of the PTO parameters, the equation of motion was
350~ - “=-1 A powerPanel 12 (D) |1 solved with several sets of PTO coefficients. The force is
& 300l L Power Panel 12 (FD) || assumed to be linear as described in 2.3.5, and the different
g settings are presented in Table 2.
% 250
5 200 Settings [kl?l:T/%] [k'ﬁf}h
2 150 1 100 200
A 2 100 400
100 3 100 600
50 4 500 200
5 500 400
00 0.5 1 15 2 2.5 3 : 1500000 zgg
) _ w [rad/s] _ 8 1000 400
Figure 8: Comparison of the Panels' power outputs comged with 9 1000 600

the FD and TD models. The viscous forces are set to zero. } ;
Table 2: PTO settings for the linear damper.
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Figure 10: Motion response for panel 13, and total pwer output Figure 11:Motion response for panel 13, and total powesutput
for setting 1 to 3. for setting 2, 5 and 8.

The two graphs in Figure 10 show motion and power results for 3-3 — Power Matrix and specifics
settings 1 to 3, knowing that the PTO damping is low. The main 3.3.1 Power Matrix:
outcomes are:

On the other hand, Figure 11 presents the outputs for settings 2,
5 and 8, with varyin®pro values and for a given setting of the
stiffness Kprc=400kN/n). It can be observed that:

In this section, all the frequency domain simulations were
performed in irregular waves using the JONSWAP spectrum. At
the time when the paper was written, time domain results were
not yet available. For each sea state, the PTO settidigs, (
Kpro) Were selected from a given range of values (see Table 3).
This methodology is the brute force approach of a PTO
optimization.

The total power absorbed by the platform can be as
high as 100MW per square meter of incident wave.

However, it corresponds to unrealistically large flap

excursions (up to 10m). It is likely to be damped by

non-linear viscous effect.

As expected, a change in the PTO stiffness gives the
possibility to tune the natural period of the system.

Settings Bpro [kNs/m] Kero[kN/m]
Minimum 100 100
Maximum 1000 1000

The amplitude of the motion is reduced as the PTO Table 3: Range of PTO settings.

damping increases. ~ As it was expected from linear theory, the optimal PTO

The power function also strongly depends in this coefficients are independent from the characteristic wave

parameter. WherBpro reaches very high values, the hejght. The maximum PTO damping value selected is around

motion is over-damped and the power decreases. An gookNs/m for peak periods close to 7s. As far as the stiffness

optimal has to be searched for each sea state, in ordercoefficient is concerned, it becomes smaller when the peak

to improve the power capture. period increases. It would actually tend towards negative values
if the range was not restricted to positive values (see 1.2).



x10" The main outcomes from Table 4 are:

7 4.5 e The annual power figures obtained are higher than
‘ 4 expected. Indeed, a simple capture width ratio
35 calculation (based on 100m characteristic length
‘ 5 and a typical surge WEC ratio around 41%) would
‘ suggest an annual result around 1MW for the Yeu
2.5 site. Using the semi-perimeter (157m), as the
‘ 2 characteristic length, leads to a final result around
15 1.7MW. Nevertheless, even if results are high, the
‘ order of magnitude appears to be correct.
1 S
‘ » The cost indicators such as the
1 05 Energy/Displacement or the Energy/Surface is
3 5 7 9 11 13 15 17

closer to results published in [4].
. » The very high power results of this platform can
Peak Period [s] be explained by the fact that the energy lost by
radiation is low. Indeed, the flaps can radiate wave
only from their front side, which is similar to an

| >10 ideal wave-maker more than a typical point
‘ absorber device.
* For a typical sea state (Tp=10s ; Hs=2.5m), the
‘ significant excursion of a flap is 3.5m. It seems
‘ reasonable for a 15m long panel.
‘ 3.3.2 Power smoothing:
‘ One of the initial arguments in favor of this platform was
the capacity to produce a smooth power output. Indeed,
1 knowing that each flap will absorb power with a different
| phase, the electrical power output is likely to be smoother. Such
3 5 7 9 11 13 15 17

a characteristic can significantly reduce the installation cost
Peak Period [s] with a lower power cable rating.
Figure 13: Significant motion for the optimized PTOsettings.
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Figure 12: Power matrix for the platform considered.
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A simple test was carried out with the TD model, without

Figure 12 shows the power matrix of the platform considered, viscous forces or end-stops reaction. For regular and irregular
which is independent of the geographical site. The very high waves an interesting smoothing phenomenon was observed on
values observed on the top right corner represent the powerthe total power. It was decided to show the results for an
absorbed for very rare and energetic sea states. As onlyirregular test mainly because it represents a more realistic
frequency domain results are available, the influence of the situation. Therefore, Figure 14 displays the time dependent
PTO settings on the platform motion has been analyzed basedower output for three of the twenty flaps, together with the
on the RMS value for the flaps motion (see Figure 13). total power resulting from the contribution of all flaps. The
By multiplying the power matrix with wave data statistics, one wave computed had a 10seconds peak period and a significant
can calculate the annual energy absorption for different wave height of 2.5meters. The normalized standard deviation for the
sites. The values are reported in Table 4 as well as the costotal power signal is about 0.9 whereas it is closer to 1.3 for the

indicators defined in [4]. three different panels. These statistical considerations can
confirm the trend observed on the time traces. The final power
Site Units Yeu VL EAEEE L EREE TR output will be smoother than for usual point absorbers, which
v 3.3 1 1 33 33 can represent a significant cost advantage.
Mean Power [MW] 33 2.6 1.7 4.7 10.2
Wave resource [kW/m] 26.2 214 14.8 36.8 79.1
Capture width  [%] 126 120 118 127 129
Energy / V [MWh/m®]  0.74 0.58 0.39 1.05 2.29
Energy /Sw:  [MWh/m’]  2.46 1.92 131 3.51 7.62

Table 4: MARINA Platform power criteria.
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Power [kW] Power [kW]

Power [kW]

6e5
43577777777777777777777 i

; : : platform. A second design phase will intend to improve the
device performance and to increase the overall stability. The
MARINA project will run until 2014, thus, further work will be

| |
2e5 [ - —A e Tt A vt %W TR carried out in order to confirm the conclusions presented in this

0 NIPAE f\ paper, and to clarify the uncertainties inherent to the numerical
60 70 80 90 100 110 120 130 modelling assumptions. Furthermore, the project identified the
Time [s] need for tank testing the most promising devices. Providing that
future numerical simulations do not create any show stopper,
the platform presented in this paper could be tested in a wave
basin.
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