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Abstract. This study presents a method for parameters optimization for a floating wave energy
converter (WEC) device. 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 of the plate and the entire system
perform translational movements. This study focuses on the case of two-dimensional
movements of the WEC due to the action of waves which propagate perpendicular to the axis
of the cylinders. The pressure and the viscous forces acting on the wetted surfaces of the
cylinders are modeled by the Morison force equation [10], 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 which is solved numerically by a fourth order Runge-Kutta method [11]. The
results show the effects of various parameters as the radius of the cylinders, the length of the
relating plate, the coefficients of the power take off device, and the wave characteristics on
the efficiency of the wave energy converter. To optimize these parameters values, we use a
genetic algorithm method [7] for determination of optimal values. The first test of the method
is an optimization of the power recovery coefficients for fixed values of geometric WEC
parameters and of the wave characteristics. Thereafter, the genetic algorithm method is used
to optimize various WEC parameters.
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1 INTRODUCTION

Many wave energy recovery technologies have been developed in recent decades. A
review of these technologies can be found in the refs. [1-3]. Among the various existing
devices, the floating devices are of particular interest insofar as they do not require costly and
complex fixing systems for their exploitation. High performance floating energy recovery
devices such as PELAMIS [4], or SEAREV [5] systems are undergoing extensive work and
are continually being improved by addressing key factors such as power recovery systems
(PTO), shapes used, and other parameters.

The optimization of all the characteristic parameters of these systems is of great interest for
their future development. Banos et al. [6] presents a review of numerical optimization
methods used in the field of renewable energies. Genetic algorithms are tools which are
promising for the optimization of floating energy converters insofar as they make it possible
to envisage, at least at the theoretical level, an overall optimization of the device by acting on
both the shapes and the characteristic parameters of the system in terms of magnitude and this
in relation to the waves to which the converter is exposed.

This approach was adopted by Babarit et al. [7] who used the genetic algorithm to optimize
the shape and mechanical parameters of the SEAREV device in order to maximize the annual
production of energy at a given site. Similarly, McCabe et al. [8] studied the optimization of
the shape of a wave energy collector to improve energy extraction using genetic algorithms.
Recently, Zhang et al. [9] studied a multi-pendulum energy converter. The final structural
parameters of the pendulum were obtained using a genetic algorithm based on the results of
the numerical simulation of the pendulum structure.

This study presents a method for parameters optimization for a floating wave energy
converter (WEC) device. 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 of the plate and the entire system
perform translational movements. This study focuses on the case of two-dimensional
movements of the WEC due to the action of waves which propagate perpendicular to the axis
of the cylinders.

The pressure and the viscous forces acting on the wetted surfaces of the cylinders are
modelled by the Morison force equation [10], 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 [11]. The results show the effects of various parameters as the radius of
the cylinders, the length of the relating plate, the coefficients of the power take off device, and
the wave characteristics on the efficiency of the wave energy converter. To optimize these
parameters values, we use a genetic algorithm method for determination of optimal values.
The first test of the method is an optimization of the power recovery coefficients for fixed
values of geometric WEC parameters and of the wave characteristics. Thereafter, the genetic
algorithm method is used to optimize various WEC parameters.
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2 MATHEMATICAL MODELING

In a Non-inertial reference frame R (0, X, y, Z), where O is an arbitrary point taken at the
moving free surface of the fluid and y is the upward vertical, we consider the plane motion of
an articulated multi-body system used as wave energy converter (WEC) and oscillating under
the action of sea waves. The 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. 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 («;) for cylinder 1,
the pitch (a;) for cylinder 2 and the angle («) for the plate. Here x;, y; are the cartesian
coordinate of Oy in the frame R(0, X, ¥, Z), a1 ( resp. ay) is the angle between X and x; (resp.

X,) where x, (i=1,2) is the axis of the relative frame of reference R;(0;,x,,y,,Z) attached to
cylinder i and a. is the angle between X and the plate O;B.

<u

R(O,%,7,Z) : Reference frame linked on point O taken arbitrarily at the
free surface of the fluid

Ry (01,%1,¥1,271) : Reference frame associated to cylindre 1 on point 0,

R, (02,%3,¥3,2;) - Reference frame associated to cylindre 2 on point 0,

Figure 1: Schema of the floating system

In the non-inertial frame R(O, X,y, Z), Newton's 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 7 = 2 for cylinder 2) as follows :

[D;] = [tpi] + [tani] + [Tail + [tr0i] + [tai] — [Tei] (D

Where [D;] is the dynamic torsor, [Tpi] represents the gravity force torsor, [Ty;] is the
Morison force torsor representing the inertia forces and viscous forces exerted by the fluid on
the system, [74;] 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 [t,;] is the inertia force torsor related to the non-inertial character of
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the considered reference frame. Since all the torsors are expressed at point O;, then the terms
of equation (1) are given by:

zlxl \ 0 Fmix Farix
(l):YL i /_mig Fmiy Fariy
D1l=1 o | [Tpi] = | 0 | [tmi] = | 0 | [tai] = | 0 [
| o | 0 0 0
i) O\ \o) g
it al 0 0 0
2
Fiy 0 / 0 )
Fiy / % \ mi.jt;’
[rol =| P | [z 0 fral =] 0
l
M; o 0
0 —Bi(d; — a) 0

Were m; is the mass of the cylinder i, ¥; and ¥; are the two accelerations along Ox and Oy
axis respectively, d; is the angular acceleration of the cylinder i, g represent acceleration of
gravity, Fp;, and Fp,;,, are given by Morison equation [10], Fg,y and F ., are the two forces of

Archimedes along the axis Ox and Oy respectively, defined by —p,V;;g, where V; is the
immersed volume, F;, and F;, the reaction forces at the point 0; and B along the axis Ox and
0y respectively, L;and M; the reactions momentum at the point 0; and B along the axis Ox
and Oy respectively, B; is the damping coefficients related to the power take off devices, &; is

the angular velocity of the cylinder i and « is angular velocity of the plate, n represent the
distance between the assumed flat bottom and the free surface.

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

[Dp] = [pr] = [t161] = [T162] — [Tep] 2
mb%b 0 _le _FZx 0 .
() ) () () e
|

0

Where D1 =| 0 |[ml=| § |lral=| ) el =] 2 | [Fl= 0
0

Kmlez, ) 0 Mg, Mg, 0

7 & 0 0 0 0

with 1 represent the distance between the assumed flat bottom and the free surface, m,, is the
mass of the plate, #; and j; are the two accelerations along Ox and Oy axis respectively, & is
the angular acceleration of the plate, Fy,and Fy, the connection forces at the point G relative to
0, along the axis Ox and Oy respectively, Lg; and My the reaction moment at the point G
relative to 0, along the axis Ox and Oy respectively, F,, and F,, the reaction forces at the
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point G relative to B along the axis Ox and Oy respectively, Ls, and M, the reaction moment
at the point G relative to B along the axis Ox and Oy respectively.

By inserting the expressions of the torsors in equations (1) and (2), and after a rearrangement,
we obtain the following system of five coupled differential equations for the five degrees of
freedom x, y1, o, o and ay:

M%;, —m'Lsinad —m'Lcos a &® + myR, cos a, &, — myR, sinay @3 + Fy x + Foyx 3)
_Farlx - Farzx =0

My, + m'Lcos ad —m'Lsina d® + myR, sina, i, + myR, cos ay a3 + Fy .y + Fy,y 4)
—Fariy = Far,y + Mg =0
m'' sina ¥, —m' cosaj, + m'""'Lad — myR, sin(a — a,) &, + myR, cos(a — ay)d, ()

—(Faryx = Faryx) sina + (Fyy — Fa,y) cosa —m' cosa g = 0

(6)

2
g4 S Y — @) =0
(451 mlR% py(a; — a)

myR, cos a, ¥, + MmyR, sina, ; — myR,L sin(a — ay) & — myR,L cos(a — a;) d? (7

3
+Em2R§d’2 + B2(d; — &) — Ry €05 @y For,x — Ry sin @, Fyyyyy + MyR, sina, g = 0

Where M = m; + m, + m,, is the total mass of the WEC. Relations expressing Archimedes
and Morison forces components are given in appendix 1. The numerical resolution of the
coupled differential equations (3)-(7) is achieved by using 4th order Runge-Kutta method.

3 GENETIC ALGORITHM

In order to maximize the energy recovered by the device, the values of the characteristic
parameters of the device such as the length of the plate and the damping coefficients of the
power take off system are determined as functions of the characteristics of the waves. A
genetic algorithm based code, presented in (Figure 2), is used to optimize the system. First
test has been realized for the determination of the optimal values of the damping coefficients
by leaving fixed the values of cylinder radius and wave characteristics and a comparison
between the results obtained by genetic algorithm method and those of a direct calculation of
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optimal values are achieved. After this validation tests, the damping coefficients and other
parameters of the WEC geometry are determined in order to optimize the energy recovering.

Parameters of the problem:
+  Amplitude and pulsation ofthe wave
+ Length of the cylinder
* Density

v

System s of differential equations(3)-[7) with
initials conditions:

x(0) = y(0) = 2(0) = &,(0) = a;(0) = #(0)
=y(0) = a&l0) = &,(0)
= a:{ﬂj =0

[ Generate initial population ] /

N

Generate new population

»  DNum encal resolution of the system «+ |
(347) using 4th order Runge-
Kutta m ethod. Mutation

# Energy (Fitness function):
E=[g;(a—aldt

.r’|\

Selection

R — -

| 1 Mo
l Best individuals ﬂ Classification
S —

Yes

Figure 2: Genetic algorithm for parametric optimization

4 RESULTS AND DISCUSSION

Figure 3 presents the direct calculation of the energy recovered for one period, depending
to the coefficients ; and [, of the power take off devices of cylinder 1 and cylinder 2. It is
noted that recovered energy increases up to optimum values of the two coefficients of PTO
devices B; and £5,.
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Recovered energy

betal 0o beta2

Figure 3: The energy recovered depending to the PTO devices coefficients 5; and 3,.

Figure 4 presents the convergence process for the genetic algorithm (G.A) method by
plotting the best energy recovered at each generation versus the number of generations. In this
case one presents the optimization of the parameters f; and f, of the PTO device where
Ry =R, = 0.057m and L = 0.15m. It is noted that the optimal values of 8;and [, obtained
by G.A and by the direct calculation method are in close agreement (table 1). The advantage
of using genetic algorithm method is to reduce the computer calculation time (see table 1).

4.2
— EQ)
4 —
38
-
o
36
34
1 . 1 . 1 A 1 . 1
1 2 3 4 5
Generation

Figure 4: The energy recovered depending to the generation.

262



A.JABRALIL R. KHATYR AND J. KHALID NACIRI

Table 1 : Time of calculation and recovered energy on one period.

B optimum f3, optimum  Energy Time of
(@))] calculations (s)
G.A 0.121 17.1 4.17 27000
Direct calculation 0.14 17 4.15 83056

In the second test, we optimized by GA method the parameters 8, 8, and L in situation
where A, = 0.02m,w = 0.2rad/s and R; = R, = 0.057m, the results are satisfactory. It
is noted that the new value of L=0.16 obtained by G.A increase the recovered energy to the
value of 4.19J.
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APRENDIX 1
ARCHIMEDES FORCE :
M (Al-1)
gL.R 2( cos(Z(HL +R—)>
Forix = pegLiR1y1 (COS <0L + %) — cos <0L + %j)) _Pefa1 !

4 \ - cos (2 (5, g_)) )

LR m, + R (A1-2)
Far1y = fed 21 : (an 4 ZGL) + PegLiRy (sin <9L + Z,—l> + sin <9L + &» (—1 - yl)
1

1 R/ \ 4
Farax = pegLaRo(y1 + Lsin(a) — Rycos(ay)) <cos (9L2 + Z—3> — cos (9L2 + %)) (Al1-3)
2 2
PegLaRor® 1 n
- %221 cos| 2 (9L2 + R_z> —cos|2 (9L2 + R_z)
R Al-4
Farzy = PegLaR; (sin (9L2 + Z_S) + sin (9L2 + Z—4)> (TZ —vy; — Lsin(a) + chos(afz)) ( )
2 2
PegLaRy? (M4t
o Ledife (1 4 2,,)

With :

9L = arcos (Z—i), 9L2 = arcos (y1+Lsm(al;RZCUS(a2)),

n, = Ay sin(wt — k(x; — Rysing,)),

n, = Ay sin(wt — k(x; + Rysinf)),

Ny = Ay sin(wt — k(x, — R,sinb,)),

1, = Ay sin(wt — k(x, + Rysinb,)),
A,, is the amplitude of the wave of pulsation w and wave number k.

MORISON FORCE:

. 1 ..
Fnix = peCmVixi +5,09Cd5ixi|xi| (A]-S)

. 1 . e Al-6
Fmiy :peCmViyi—}_;peCdSiyilyil’ ( )

Where x; and X; are respectively the speed and the acceleration of the cylinder i along

Ox, y; and y; are respectively the speed and the acceleration of the cylinder i along Ty, Pe
represent fluid density, C,, represent added mass coefficient, C; is defined as drag
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coefficient, S; = R;L;arccos (%) is the wetted cross-section area of  cylinder
perpendicular to the direction of flow, L; is the length of the cylinder i, V; is the volume
of the body.
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