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Abstract

This study presents the effects of parameters
variations on the recovered energy for a floating wave
energy converter (WEC) device. The articulated multi body
floating WEC under consideration consists of two cylinders
connected by a flat plate. The connections between the parts
of the WEC allow the rotational movements of cylinders
and the plate. The aim of this paper is to investigate the
coupled effect of the length of the plate with the amplitude
and period of the wave on the recovered energy by the
floating WEC. The results show that the value of the
optimum length for the plate is related to the sea wave
condition, and more particularly to the amplitude and
wavelength of the oscillations of the free surface.
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1. Introduction

In recent decades, many wave energy converters
technologies have been designed. Reviews of these
technologies can be found in the references [1-2]. Among
the many existing types of devices, the floating ones are of
particular interest since they do not require costly and
complex fixing systems for their exploitation. High
performance floating energy recovery devices such as
Wavebob [3], SEAREV [4] and AquaBuoy [5] systems are
constantly improved by addressing basic factors such as
power recovery systems (PTO), shapes used, and other
parameters.

In the present paper, parameters sizing for a floating
wave energy converter (WEC) device is studied. The
considered floating WEC, a multi-body articulated system,
consists of two cylinders connected with a flat plate. The
connections between the parts of the WEC allow the
rotational movements of cylinders and the plate and the
entire system may perform translational movements. This
study focuses on the case of two-dimensional movements
of the WEC due to the action of waves that propagate
perpendicular to the axis of the cylinders. The pressure and
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the viscous forces acting on the immerged surfaces of the
cylinders are modeled by the Morison force equation [6], to
which are added Archimedes and gravity forces.

The Newton laws written for the multi-body
articulated system, whose movements have five degrees of
freedom, result in a system of five nonlinear second-order
differential equations governing the motion of the WEC
which is solved numerically by a fourth order Runge-Kutta
method [7]. The results show the effects of the length of the
relating plate on the efficiency of the wave energy
converter and illustrate that varying this parameter has a
significant effect on the energy recovery.

2. Mathematical Formulation

Let wus consider the non-inertial reference
frame R(O,%,¥,Z), where O is an arbitrary point taken at
the moving free surface of the fluid and y is the upward
vertical. The considered WEC consists of two cylinders, of
centers O, and O,, and radius R, and R, respectively,
connected by a flat plate of center G and length L.

Bottom

Fig. 1. Schema of the floating WEC

Taking into account the connections between parts of
the system as shown in figure 1, and since only plane
movements of the WEC are considered, we introduce five
degrees of freedom for the mechanical system which are the
heave (y,), the surge (x;) and the pitch (a;) for cylinder 1,
the pitch (a,) for cylinder 2 and the angle () for the plate.
Here x,, y, are the Cartesian coordinate of O, in the frame
R(0,%,9,2), a; (resp. ay) is the angle between ¥ and x;
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(resp. x3) where x; (i = 1, 2) is the axis of the relative frame
of reference R;(0;,x,,y, Z) attached to cylinder i and « is
the angle between ¥ and the plate O, B.

In the non-inertial frame R(O,%,¥,Z) , Newton's
second law of motion applied to each part of the system
separately [cylinder 1, cylinder 2, plate] is expressed for
cylinder i (i = 1 for cylinder 1 and i = 2 for cylinder 2) as
follows :

[D;] = [tpi] + [l + [tail + [t00i] + [Tri] — [Tei] 1)

where [D;] is the dynamic torsor, [rm-] represents the gravity
force torsor, [t,;] is the Morison force torsor representing
the inertia forces and viscous forces exerted by the fluid on
the system, [t4;] is the Archimedes thrust torsor, [7,,;]
represents the reactions torsor at connection between the
cylinder i and the plate, [tg;] is the forces torsor for the
power take off system of the WEC and [z,;] is the inertia
force torsor related to the non-inertial character of the
considered reference frame.

For the plate, the Newton's second law of motion is written
as:

[2p0] =

where [D,] is the dynamic torsor, [t,,] represents the

[Dp] = [TLGl] - [TLGZ] — [en] 2

gravity force torsor, [TLGI] represents the reactions torsor at
the point G between the cylinder 1 and the plate, [z, |
represents the reactions torsor at the point G between the
cylinder 2 and the plate, and [z,,] is the inertia force torsor
related to the non-inertial character of the considered
reference frame.

By inserting the expressions of the torsors in Egs. (1)
and (2), and after rearrangement, one obtains the following
system of five coupled differential equations for the five
degrees of freedom x;, y;, @, a; and a, :

Mi, —m'Lsinad —m'Lcos a @? + myR, cos a, d, —

m,R, sin a, d% *+ Fnix + Fnox = Farix — Farax =0 (3)

Mj, + m'Lcosad@ —m'Lsinad® + Mg +
MyR, sin a, i, + MR, €OS Ay @5 + Fipyy + Fray —

Far1y = Farzy + MApw? cos(wt) = 0 4)
m'' sina ¥, —m' cos ay, + m'""'La& — m,R, sin(a —
az) &, + myR; cos(a — az)d; — (Farix — Farax) Sina +
(Far1y = Faray) cosa —m" cosa g = 0 (5)
. 2 : .

aq +mﬁ1(a1_a) =0 (6)

myR, cos a, ¥, + myR, sina, ¥; — myR, L sin(a —
ay) & —myR,Lcos(a — ay) a? + %mzRgdz +

B2(dz — @) — Ry cos az Farax —
myR, sina, g =0 @)

Ry sina, Fopapy +

where m; is the mass of the cylinder i, R; and L; are
respectively the radius and the length of the cylinder i, m,, is
the mass of the plate, L is the length of the plate, %; and ;
are the two accelerations of the cylinder i along 0Ox and O_)y
axis respectlvely, X and j; are the two accelerations of the

plate along Ox and Oy axis respectively, @; is the angular
acceleration of the cylinder i, @ is the angular acceleration of
the plate and g represent gravity acceleration.

Fmix and Fy,;, are given by Morison equation respectively

and are written as @ Fpi = p.CnlVi +1peCdS~5cL-|5ci| ,

Friy = peCnlVi)yi +5 peCd S;vily;| where p, is the fluid
density, C,, is the added mass coefficient, C, is defined as
drag coefficient, S; = R;L; Arccos( ) is the wetted cross-
section area of the cylinder i. The Archimedes forces F,;,
and F,,;, along the Ox and Oy axis respectively, are defined
by —p.V;,g, where V;, is the immersed volume of cylinder i.

The coefficient ; is related to the power take off device, g;
is the angular velocity of the cylinder i and & is angular
velocity of the plate.

The following notations where introduced m’ = m; + =2,

"

m''=m; —m,, m'" =m, +%and M=m; +m, + m,
the total mass of the WEC. The expressions for Archimedes
forces components are given in Appendix A. The system of
coupled differential Egs. (3)-(7) is numerically solved by

using 4th order Runge-Kutta method.

3. Results and discussion

Figure 2 illustrates the incident wave elevation
n(t) = A, cos(wt) where A,, is the wave amplitude of the

wave, w = 27" is the pulsation of the wave, T is the wave
period, here A,, = 0,08m and T = 6s.
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Fig. 2. Wave elevation as a function of the time

In order to find the optimum value of plate length a
recovering coefficient, defined as the ratio of the recovered
energy to the wave energy [8] during a period of time
t, — ty, is introduced as follow :
Ji2 Bi(ai(—a(9)?dt
 LipegCAR(ta—t1)/2

g = U = ®)

Ewave

where L; is the cylinder length, C =%
and k is the wave number, here k = 0,11m

is the wave speed
-1
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Figure 3 represents the recovering coefficient obtained
by the floating WEC versus the length of the plate, during
60s for different waves where R, = R, = 0.0716, L, =
L, =11, A, = 0.08m, B, = 0.29298Ns/m, B, =
0.66129 Ns/m, C, = 0.61 and C,,, = 7.46.

This figure shows that the length of the plate and the
wave period have an effect on the energy recovery.
Moreover, when the length is 0,32m for T = 2s the device
recovered a maximum energy of 6,77%. However, for L
more than 0,36m, the recovered energy decreases.
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Fig. 3. The recovered coefficient as a function of the length
of the plate for different wave periods

4. Conclusion

This paper has presented a test for dimensioning
parameters for a floating wave energy converter in order to
recover maximum energy. This test is based on varying one
parameter where the others are fixed. The obtained results,
shows that the recovered energy is larger in specific values
of the length of the plate, and wave period. Furthermore, the
optimum plate length is 0.32m for T = 2s and Am=0.08m.
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Appendix A. Archimedes Force
The expression of the Archimedes force along the axis Ox is

given by:

Peglzlh2 (COS (2 (HL + Z_i)> — cos (2 (BL + Z—i))) (A1)

Farox = pengRz(y1 + Lsin(a) —
Rycos(ay)) (sin (61, +22) + sin (0., +22)) =

7”9‘9221?22 (cos (2 (9Lz + Z—Z)) — cos (2 (9L2 + Zf))) (A2)

The Archimedes force along the axis 0_3; is written as:

Far1iy = —pegLiR1y1 (sin (HL + Z—i) + sin (9L + Z_Q) +

2 ntnz | 1[ . M1
PegLiRy (HL + R + Z(sm (2 (GL + R_l)) +

sin (2 (GL + Z—i))) (A.3)
FarZy = —PengRz()ﬁ + Lsin(a) —
chos(az)) (sin (9L2 + Z—z) + sin (HLZ + Z—‘:)) +
1 ,
PegLoRy* (9Lz + % +2 (sm (2 (9Lz + Z—z)) +
sin (2 (9Lz + Z—‘Z‘))) (A4)

with:

+Lsin(a)—Rycos(ay)
0, = arcos (%), 8,, = arcos (yl - z—20),
1 2

1Ny = Ay, cos(wt — k(x; — Rysiny))
N, = Ay, cos(wt — k(x, + Rysinf;))
N3 = Ay, cos(wt — k(x; + Lcosa + R,sina, — R,siné;,))

Ny = Ay, cos(wt — k(x; + Lcosa + Rysina, + R,siné;,))
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