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ABSTRACT

The Oscillating Water Column (OWC) based wave energy converter has now been developed in different part of
the world. The OWC converter is a combination of pneumatic system, mechanical system and electrical system. The
overall efficiency of OWC is depended on the three systems efficiencies. Maximizing each of these system efficiency can
maximize the overall efficiency. This paper, describes a method to maximize the pneumatic system efficiency using
optimization technique based on Genetic algorithm. This method involves an extraction of maximum incident wave energy
corresponding to the wave height, determining of the best deep water length and maximizing the applied damping ratio
which can lead to an increase in the pneumatic system efficiency. The result shows that the lower the number of the wave
group, the maximum is the wave energy, that can be extracted and, optimum plane solidity and the water deep length can

increase efficiency of OWC.
Keywords: OWC, genetic algorithm, wave energy, converter.

INTRODUCTION

Harnessing energy from different renewable
energy sources is getting more attention globally in recent
years to realize better economic, environmental, and social
objectives. The main environmental concern is rising level
of CO, emission which lead to climate change in the
world. One of the potential renewable energy sources that
contain a substantial amount of energy is ocean wave [1-
3]. The waves are produced by wind action and travels
over long distance with small amount of energy losses.
The harnessed energy from ocean wave energy is
estimated in the worldwide at about 1000 TWh/year [4].

The possibility of converting wave energy into
electrical energy has inspired inventors to invent different
wave energy converters (WEC), however, WEC in general
are divided into three main groups. They are oscillating
water columns (OWC), overtopping devices and
oscillating bodies [5]. The advantage of OWC
technologies are the simplicity of constructing on the land,
less maintenance, robustness and easy to excess its
electrical part and no special wire is needed [6],this makes
it possible for it to be developed in full-scale prototypes in
different location in the world, located on the shoreline or
near shore [7-11]. The OWC is a device that converts the
incident wave movement into pneumatic energy [12], then
this pneumatic energy can be converted into mechanical
energy using turbine and lastly the mechanical energy
converted to electrical energy using a generator. Several
papers discussing the efficiency of the OWC have been
presented [1, 2, 13 and 14]. However, most of these papers
address the performance of the turbine [14-17] or the
control performance which relate the turbine and the
generator efficiency [1, 4, 13, 18 and 19] but the overall
efficiency is a combination of all conversion efficiencies.

Thus, this paper addresses the efficiency of the pneumatic
system. The study optimizes some of the parameter that
effect the pneumatic system efficiency in the conversion
of the wave energy to the pneumatic energy by proposing
a method based on genetic algorithm (evaluation
technique).

The objective of this paper is to determine the
best water depth that can maximize the incident wave
energy related to the wave height and also to determine the
best plane solidity ratio that can maximize the applied
damping, and, therefore, the pneumatic power output and
the overall efficiency.

Oscillating water column (OWC)

The OWC, shown in Figure 1 has been used to
convert the hydraulic energy of the waves into an
oscillating air flow. The upper part of the OWC chamber
consists of the turbine and the generator, linked with gear
box [1, 4, 13, 14, 18 and19]. There are a number of OWC
technologies around the world. The first commercial wave
generator in the UK is located on Islay [6].
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Figure-1. Oscillating water column (OWC).

Figure-2 shows the characteristic parameters of
the wave. The maximum elevation above the still Water
level (SWL) of the wave profile is called the wave crest
and the part with the lowest depression is called the wave
trough. The distance between the SWL and the crest or the
trough is called the amplitude of the wave and the distance
from the trough to the crest is called the wave height (H).

The distance between successive points crest to
crest or trough to trough is defined as the wavelength (L)
and the distance between SWL and the seabed is known as
the water depth (h) [13].

L

N
S

Figure-2. Characteristic parameters of the wave.

OWC incident wave power characteristics

The wave power of the incident waves of
converter, P, was computed, using Equation. (1) to
Equation. (8) as follows [20]

Pw = Eng (1)

where Cj is the group velocity; and E,, is the mean
wave energy density per unit horizontal area, which is
given for a given sea statues by Equation. (2) [20]

E:E H? 2
w=gPg 2)

Where p is the water density given by kg/m*, g
is gravitational constant (9.81 m/s2) and H is wave height
by m.

The group velocity is given as,

C, =nC (3)
With

_ 1 <1 N 2kh ) 4
=2 T sinh(2kh) )

Where 4 is the water depth, k is the wave number
and C is the corresponding wave celerity,

c=2 5
=% (5)

Where w is the angular frequency, which is
obtained from the dispersion relationship.

w? = gk x tanh(kh) (6)

w = +/gk X tanh(kh) 7
JJ gk X tanh(kh)

- ®

P—1 H2x1(1+ 2kh )x
w=3gPI 2\" T Sinh(2kh)

It can be seen from Equation. (8) the incident
wave power is related to the water depth, thus, the best
water depth that give the maximum power should be
known in the design stage to improve the OWC converter
efficiency. Therefore, genetic algorithm is presented to
determine the best water depth corresponding to wave
height and maximum power.

Parameters influencing performance of oscillating
water column OWC

To illustrate the parameters influencing the OWC
performance a simple model that describe the OWC
behavior is given in Equation. (9) which is a well-known
equation for a damped motion of a body oscillating with
single degree of freedom because of a time varying
force[20, 21].
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Where F, is applied force at time t, m is mass of
the body, B is a damping, y is displacement and k is the
spring constant. The spring restoring constant k is given
as k = A.pg where A, is the free surface area of the
OWC, p is the density of water and g is the coefficient of
gravitational acceleration [20]. From Equation. (9) there
are two main quantity that affect the mechanical-mass
spring damping OWC model, first the mass of OW and the
frequency independent mass, secondly, the system
damping, this consist of components damping due to the
wave radiation and losses called the secondary damping,
and the turbine applied damping B, which extract the
energy from the OWC [20]. Based on Curran et al [20-22]
the applied damping B, directly affect the pneumatic
power output of OWC and therefore is important to adjust
the value of the applied damping B, in order to obtain
optimum power output of OWC.

However, there are some parameter affecting the
applied damping and therefore, the overall pneumatic
power output. Based on [20-22] the applied damping to
the OWC by the turbine is given as in Equation. (10) as
follow:

A
By = AP (10)
Ve

By assuming the incompressibility of the air and
Mach number of less than 0.5 and the conservation of the
mass flow Equation.(10) can be written as in
Equation.(11) [21].

A’

ApVy

By = AP (11)

Where AP is the total pressure drop, A and A,
are the cross-sectional areas at the water column surface
and the duct turbine respectively and V. and are the
respective air velocity.

Based on Equation. (12) [20-22], Equation. (11)
can be expressed in term of damping ratio as in Equation.

(13)
Br = P*/® (12)

Where P* is non dimensional equivalent of the
pressure and @ is non dimensional equivalent of the flow
rate

By = 4p (A—CZ> A (P—*) (13)

Where V; is rotational velocity given as V; = (‘)TDT

, D is tip diameter. In further detail Equation. (13) can be
written in Equation. (14)

*

1 P
By = ST @ D3A%(1-h?) (E> (14)

p is air density, w is rotational speed of the
turbine,Ag is the column — duct ratio and is given as

A . L
AR = i and the turbine duct is given as A, = %D-Zr( 1-

h?) where h is hub to tip ratio and is given ash = I];—H
T

and Dy is hub diameter.
From the result of the characteristics of By in

[20-22] the By can be calculated based on the number of

the rotor planes Np and each plane solidity ¢ as in
Equation. (15) [1-3].

P* s
Bp = (5) = 0.525N,tan (E o) (15)

The solidly o is give as 0 = j—B
A
blade area in plain view per plane, in addition, the number

0.525 is proposed by curran et al [20] in order to consider
the scale affects due to the variation in Reynolds number
(Reynolds number (Re) is a dimensionless quantity that is
used to help predict similar flow patterns in different fluid
flow situations) [23, 24].Substituting Equation. (15) in
Equation. (14) the applied damping can be expressed as
Equation. (16) and Equation. (17)

and Ap is total

1
By = 5 P W D3A%2(1— h?)By (16)

342 2 T
By = 0.2625p w D3A%( 1 — h%)Nptan (E a) (17)

It can be seen from Equation. (16) and Equation.
(15) the applied damping is a function of number of the
design parameter which are w,Dy, Ag, h, Np and ¢

Furthermore, the pneumatic power output (air
compressons pneumatic type) of OWC is given as in
Equation. (18) [22].

w,

pneumatic — APQ = BAVAAI_€1 (18)

Where @Q is air flow, Substituting Equation. (16)
or Equation. (17) in Equation. (18) the pneumatic power
output of OWC (Wppeumatic ) can be written as in
Equation. (19) and Equation. (20)

1
aneumatic = (E'D w D%AR( 1- hz)BR) Vy (19)
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TC
Woneumatic = (0.2625p wD3AR(1 — h?)Nptan (E 0)> A (20)

In general, the overall efficiency can be given as
in Eq. (21)

N = NowcNtNe (21)

Where n,,,the efficiency of the OWC,n, is the
turbine efficiency andn, is the electrical generator
efficiency. Furthermore, the efficiency of the OWC can be
written as in equation (22)

W .
awe = (—22525) 05100 (22)
w

Therefore, the incident wave energy and the
damping ratio can affect the overall efficiency. From
Equation. (16) and Equation. (17) the pneumatic power
output of OWC is a function of the applied damping and
therefore is a  function of these following
parameters w,Dp, Ag, h , Np and o. Thus, optimum
selection of theses parameters can improve the OWC
performance, therefore, the aim of this paper is to propose
optimization method based on Genetic algorithm (GA)
optimization technique to determine the optimal plane
solidity o, that maximize the damping ratio By in
Equation. (15) and consequently maximize the OWC
pneumatic power as in Equation. (19).

Genetic algorithm optimization

There are a lot of optimization problems that are
hard to be solved in real world applications and several
mathematical optimization algorithms have been
developed and presented for optimization in general based
on conventional deterministic method such as, nonlinear
optimization methods [21], linear optimization methods
[22], or mixed integer programming [23] and
decomposition methods [24]. However, these conventional
techniques are most likely to converge to a local optimal
solution rather than the global solution for most of the
problems that have many local minima [25]. To approach
such problems, several concepts of evolutionary
algorithms (EA) [26] [27] have been introduced for
optimization in the past decades. The basic idea behind
Evolutionary algorithm comes from the principles of
biological evolution [28].

Genetic algorithms (GA) were first introduced by
John Holland in the 1970s (Holland 1975) inspired from
evolutionary biology which the species evolve via
inherited variation through mutation, recombination, or
some other process [25], [26]. GA is a combination of
modeling, searching and optimizing tool. By natural
selection, the fittest survive and reproduce, thereby
transmitting their genetic material to future populations.

The chromosomes are represented by a fixed-length bit
string in the traditional Genetic algorithm. Each a
particular feature of an individual is assumed to have a
position in the string represented it, and the value kept in
that location represents how that feature is stated in the
solution. Generally, the string is “evaluated as a collection
of structural features of a solution that have little or no
interactions”. The analogy may be drawn directly to genes
in biological organisms. Each gene represents an entity
that is structurally independent of other genes [27].

The standard genetic algorithm contains process
as follows: randomly an initial population of individuals is
generated. Each evolutionary step is called a generation,
then, the decoding of each individuals in the current
population are performed and evaluated based on some
predefined quality criteria known as the fitness, or cost
function. According to their fitness a few individuals are
selected to create a new population or the next generation.
Holland’s original fitness-proportionate selection is the
simplest method of several selection methods that
currently in use, in Holland’s selection method the
individuals are selected with a probability depend on their
relative fitness. In each new generation the best fit or good
individuals have more chance of reproducing as compared
to low-fitness individuals which are more likely to vanish
[27], [28]. The general steps of genetic algorithm are
shown in Figure-3 and more detail about Genetic
algorithm can be found in [27], [28].

Start

[ Initialize a random population at time t=0 ]

1

[ Evaluate Fitness functicn ]

v

Tearmination
Criteria 7

[ Increase the time counter ]

B!

[ Select a sub-population for offsprimg production ]

1

Reacombining the genes of selected
paranis

]

[ Perturk the mated population through mutation ]

:

[ Evaluate mnew fitness ]

-
[ Select the survivors from actual fitness ]

-

Figure-3. Genetic algorithm process [28].
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Genetic algorithm has many advantage as
compare to the traditional method such as does not require
any derivative information, deals with a large number of
variables, well suited for parallel computers and optimizes
with continuous or discrete variables, these advantage
make it popular and has been used in different
optimization problem such as in [29-30].

RESULT AND DISCUSSIONS

In this paper, three cases are studied and
presented to evaluate the performance of genetic
optimization technique and to determine the best water
deep length that can give Maximum wave power. The
study is carried out using MATLAB simulation software

Maximum wave power with 0.5 wave heights and 2 wave number
47 . . : :
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Figure-4. Evaluation of wave power for wave height
equal to 0.5 m and 2 wave number.

Wave Fower VWm

for three different Wave heights. Wave height and water
deep length affect the wave power as shown in Equation.
(8) and, therefore, genetic algorithm is applied to
determine the water deep length that can give maximum
output wave power. This problem is a single optimization
problem, the variable parameters are the wave height H
and the water deep h, fixed parameters are the water
density pgiven by kg/m3, and g, is gravitational constant
(9.81 m/sz), the boundary constraint is shoreline water
deep length. Furthermore, the GA population size that has
been used is 30 with number of generation equal to 100.
The results of the optimization for the three cases are
shown in Table-1 and Figure-4 to Figure-12.

M;;inmm wave power with 0.5 wave heights and 3 wave number
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Figure-5. Evaluation of wave power for wave height
equal to 0.5 m and 3 wave number.

Table-1. Maximum and minimum wave power for wave height equal to 0.5 m.

Number Wave Maximum Wave Water Deep Distance Minimum Wave Power Water Deep
in the Group Power W/M Related To Maximum WM Distance Related To
Power (M) Minimum Power
M)
2 46.8225 0.5871 39.4702 8.8339
3 32.2460 0.3027 23.6468 8.8085
5 19.1546 0.1410 14.1881 3.0488

Figure-4 to Figure-6 shows the convergence
curves of the maximum power for wave height equal to
0.5 m with different wave number in the group, it can be
seen from the Figure 5 that the algorithm converge faster
to the maximum power when the number of wave is equal
to three as compared to Figure 4 and Figure 6 where the
number of the wave is equal to two and five respectively.

Moreover, Table-1 shows the maximum power
and best water deep length related to the maximum power
and can be clearly seen that the maximum power is
46.8225 W obtained when the number of the wave in the
group is equal to two. Also from Table-1 can be seen that
the highest deep water length has lower incident power
irrespective to the number of the wave k.
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Maximum wave power with 0 5 wave heights and 5 wave number Maximum wawve power with 1.5 wave heights and 2 wave number
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Figure-6. Evaluation of wave power for wave height Figure 7 Evaluation of wave power for wave height
equal to 0.5 m and 5 wave number. equal to 1.5 m and 2 wave number.
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Figure 8 Evaluation of wave power for wave height Figure-9. Evaluation of wave power for wave height
equal to 1.5 m and 3 wave numbers. equal to 1.5 m and 5 wave numbers.
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Maximum wave power with2.5 wave heights and 2 wave number
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Figure-10. Evaluation of wave power for wave height.
equal to 2.5 m and 2 wave numbers.

Figure-7 to Figure-9 shows the performance of
the algorithm to determine maximum wave power and best
water deep length for wave has height equal to 1.5 m.
Figures 7 and 8 shows the convergence to the maximum
power for wave has number equal to two and three and can
be seen the algorithm converge faster in both case as
compared to Figure-9 where the wave number is equal to
five, which approximately converge in less than 10
populations. The highest achievable best fitness is
430.0738 W is obtained by wave number equal to 2 and
the corresponding water deep is 0.5212 m.

Maximum wave power with 2.5 wave heights and 5 wave number
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Figure-12. Evaluation of wave power for wave height
equal to 2.5 m and 5 wave numbers.
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Figure-11. Evaluation of wave power for wave height
equal to 2.5 m and 3 wave numbers.

This study is useful for designer to achieve an
optimal incident wave power by best location of OWC
based on the water deep length with respect to wave
number in the group and height. From the last three
Figures Figure-10 to 12 maximum incident wave power is
1.2011e+03 (W) when the number of the wave is equal to
two and the optimal water deep length related to maximum
power is equal to 0.3632 m. The obtained results reveal
that when the wave height increases the incident wave
power also increase and decrease when the number of the
wave in the group increased. The algorithm converges
after 20 population of evaluation for all wave number. The
convergence area of design variable of the three wave
height has different maximum and minimum wave power
are shown in figures and tables. As can be seen from this
study the algorithms produce almost the same trend
results. Which it converge at the minimum wave power
with high water deep length for the three cases that have
three different wave heights. The searching area of
algorithm, which is inside the boundary of the shoreline
water deep that, can accelerate the algorithm convergence
rate. The optimization of damping ratio in Eq. (15) is
carried out using Genetic algorithm which can lead to
maximize the pneumatic power given by Eq. (19). The
optimization problem of the damping ratio is constrained
by the solidity value based on [20]. The solidity value
should not increase more than 0.51, because the turbine
will be more sensitive to value above this. Thus, the upper
constrain border for Solidity ¢ will be 0.51. In addition to
that, the number of the Rotor Plane N, is taken as two for
this study due to higher available pressure than a
monoplane could accommodate. To maximize the
damping ratio the basic genetic algorithm that describe in
Figure-3 is used and the result is shown in Table-2 and
Figure-13.
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Table-2. Maximum value of damping ratio.

Plane Solidity o Plane Solidity o
Number of the Maximum Related to Minimum Related to
Rotor Plane Np Damping Ratio By Maximum Damping Ratio By Minimum
Damping Ratio Damping Ratio
2 1.0356 0.4956 0.2563 0.1524

From Table-2 the maximum damping ratio is
1.0356 with optimum Plane Solidity ¢ equal to 0.4956
based on optimization method used, where the optimum
relation between P* is non dimensional equivalent of the
pressure and @ is non dimensional equivalent of the flow
rate is given as in Equation. (21)

P* = 1.03560 (21)

Maximum Damping Ratio with 2 Plane Number
.‘
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©
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Figure-13. Convergences to maximum damping ratio.

Figure-13 shows the performance of the
optimization method with different population size and
can be seen from Figure-13 that, in the beginning of the
optimization the population have fluctuation in the global
optimum which lead to say that the damping ratio
optimization problem has many local optimality, however,
in the end of the population the optimization method
converge to the maximum value of the damping ratio
which can maximize the overall OWC efficiency.

CONCLUSIONS

In this paper the performance of genetic
algorithm to optimize the water deep length to determine
the maximum incident wave power and best plane solidity
value that can give maximum damping ratio has been

investigated, by studying the incident wave power
behavior when the wave height has different value. The
maximum wave power output as a function of the water
deep and wave height is obtained using MATLAB
simulations based on the proposed optimization method.
The results shows that the number of the wave in the wave
groups influence the incident wave power and the
maximum incident power obtained is equal to 1.2011e+03
(W) when the number of the wave is equal to two, wave
height equal to 2.5 m. The optimal water deep length
related to maximum power was found to be equal to
0.3632 m. The maximum damping ratio is found to be
1.0356 with plane solidity equal to 0.4956. Selection of
the plane solidity and the water deep are important to
maximize the pneumatic power in OWC. The proposed
optimization method can help in the selection of the
optimum values and improves the performance of the
pneumatic system efficiency.
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