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Abstract

:

A linear electrical generator can be used on wave energy converter for converting the kinetic energy of a floating structure to the electricity. A wave farm consists of multiple wave energy converters which equipped in a sea area. In the present paper, a numerical model is proposed considering not only the interference effect in the multiple floating structures, but also the controlling force of each linear electrical generator. In particular, the copper losses in the electrical generator is taken into account, when the electrical power is computed. In a case study, the heaving motions and electrical powers of the multiple wave energy converters are estimated in the straight arrangement and triangle arrangement. In addition, the average electrical power is analyzed in different distances of the floating structures. The aim of this paper is to clear the relationship between the interference effect and electric powers from wave energy converters. This will be useful for deciding the arrangement of multiple wave energy converters.
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1. Introduction


Converting wave energy to electricity from ocean waves is one of the greatest attractions in ocean engineering. Till date, many different concepts have been proposed with the goal to convert the kinetic and potential energy of ocean waves [1,2]. Some significant types are given as follows: oscillating water column (OWC), over-topping device, hinged multi-module converter, point absorber etc. OWC is proposed based on the principle of wave induced air pressurization. Rezanejad, K. et al. [3] investigated the hydrodynamic performance of an OWC wave energy device using boundary integral equation method (BIEM) simulation and small scale model experiment. Viviano A. [4] discussed the scale effects of OWC by a small scale and a similar large scale device. Additionally, the feasibility study for a green touristic infrastructure by the installation of an OWC system in the port of Giardini Naxos [5]. An over-topping device captures sea water of incident waves in a reservoir above the sea level, then releases the water back to sea through turbines. An example of such a device is the Wave Dragon [6]. A hinged multi-module converter is made up of connected sections which flex and bend as waves pass, this motion is used to generate electricity. The effect of structural flexibility on the maximum wave energy conversion by two interconnected floaters is investigated [7]. A point absorber is a device that heave up and down on the surface of the water. Because of their small size, wave direction is not important for these devices [1]. A point absorber includes three technical parts: floater system which catches the wave energy, power take-off system and electrical energy generation system [8].



Floater system moves up and down on the water surface converting the wave energy into kinetic energy. Nagulan S. [8] provided the information on front end energy conversion of point absorber type wave energy converters. They indicated that the front end energy converter is the only responsible stage to capture as maximum energy as possible from the incoming wave and the natural frequency of the device should match with the wave frequency. Power take-off system converts the kinetic energy into electrical energy, and various control methods have been proposed. Method include resistive loading control (RL) [9], approximate complex-conjugate control (ACC) [10], model-predictive control (MPC) [11] and approximate complex-conjugate control considering generator copper losses (ACL) et al. Jorgen H. [12] and Dan-EI M.A. [13] compared some of these control methods performance by simulation. The experiment study of PTO systems was carried out by T. Taniguchi [14]. In his research, the motion of floating structure and electrical powers by different control systems have been investigated. Electrical energy system can be divided into linear generation, rotary generation and electro active polymer. Most of the PTO systems produce mechanical rotation but a few of them produce linear motion to energize linear generators [8]. Apart from these active control methods, nonlinear power capture mechanism such as bistable mechanism [15], tristable mechanism [16], snap through PTO system [17], negative stiffness [18] has also been researched as a hot spot in the recent years. These nonlinear power capture mechanism will assist the efficiency of the energy converter.



On the other hand, a wave farm includes multiple wave energy converters in a certain configuration. By using multiple wave energy converters, the wave conditions of them are varied because of the interference effect. The interaction phenomena is that the scattering waves from a floating body induces to the others. So, the interaction of waves effects to both in diffraction and radiation problem of the floating body. This means that the interference affects the performance of the effect generated electricity by the multiple WECs. In addition, the amount of the degree of the effect is changed by wave period and an arrangement of WECs. Several numerical methods have been proposed to analyze the response of arrays of wave energy converters to the incident wave climate and the resulting modification of wave conditions, particularly down-wave of such arrays [19]. Reviews of available modelling approaches and their applications are discussed in [20,21]. B. Borgarino [22] assessed the influence of distances between generic point-absorber WECs, and cleared that the electrical power increased in some distance compare to single one because of interference effects. His models include 9–25 cylinders arranged in squares, all of them have the same PTO characteristics. The experimental arrangement and the obtained database are presented by Vasiliki S. et al. [23]. They focus on the wave height in the arrangement.



In the present study, a point absorber WEC with a linear generator which proposed by “Linear-driving type Wave Energy Converter Project” of NEDO Japan is assumed. A numerical model is proposed to calculate the electrical power, considering both the controlling force and the interference effect in multiple floating structures. Especially, the copper loss in the linear electrical generator is taken into account. In the numerical model, the Three-dimensional Singularity Distribution Method (3D-SDM) and the dynamic equation of motions with controlling force are used. At first, the diffraction and radiation wave exciting forces from itself and other floating structures are calculated by 3D-SDM respectively. In addition, then, the motions of each floating structure are computed by the dynamic simultaneous equations of motions, here, the same and different PTO characteristics of each WEC will be discussed. Finally, the electrical power is computed by an absorbed power apart from a copper loss.



In past studies [22,23,24], the controlling force of each WEC in arrangement are the same to it in single condition. Thus, the interference effect is only considered in the transformation of wave energy to the motion of floating bodies, but the conversion from the motion to electric power is not optimized. In this simulation, each WEC in arrangement could be controlled in different controlling force following its position and wave condition. The total electric power of all WECs in arrangement will be discussed as an evaluation parameter. As an example of the proposed numerical model results, the electrical powers of the single model and three models in arrangement condition will be compared. In this paper, not only do we discuss the electrical powers, but we consider the controlling force coefficients, the heaving motions and absorbed powers as well.



We can take advantage of the numerical model to estimate the heaving motion and the expected electrical power of each wave energy converter in different relative positions and different controlling force. It can be used to find the best distance and relative position between floating structures. On the other hand, it can help us decide the range of controlling force in the design of the control system. The electrical power result computed by the present numerical model is an expected value, which is a target value that can be used to estimate different controlling methods.




2. Formulation and Solution Method


2.1. Hydrodynamic Forces


Three-dimensional Singularity Distribution Method (SDM) is a general method for analysis of hydrodynamic forces on offshore structure. The methodology of the SDM was introduced by W.D.Kim [25] and Garrison [26], and it has since been successfully applied to a variety of shapes by Faltinsen et al. [27], Oortmersen [28].



All the motions of floating body are assumed to be sinusoidal in time with circular frequency  ω , and the velocity potential of the first-order incident wave progressing to x positive direction is expressed in the form


     Φ  ( x , y , z , t )  =  R e  [ ϕ  ( x , y , z )   e  − i ω t   ]     



(1)







The velocity potential which satisfies the governing equation and linearized boundary conditions, is summarized as follows:


      [ L ]    ∇ 2  ϕ = 0                for   z ≤ 0     



(2)






      [ F ]     ∂ ϕ   ∂ z   − K ϕ = 0         on   z = 0     



(3)






         [ B ]     ∂ ϕ   ∂ z   = 0                  as   z = − h     



(4)






      [ H ]         ∂  ϕ D    ∂ n   = 0         ∂ ϕ   ∂ n   =   ξ a  ˙  n                  on    S H      



(5)







Here, n is the normal vector and   ξ a   denotes the amplitude of incident wave. (2) is the Laplace equation in the fluid domain; (3) is the linear free-surface condition (  K =  ω 2  / g  ); (4) is a condition on the sea bottom and (5) is the conditions on the wetted body surface   S H  . The diffraction potential   ϕ D   in (5) is defined as the sum of the incident-wave potential   ϕ 0   plus the scattering potential   ϕ d  .



The velocity potentials which satisfy these boundary conditions can be calculated by free-surface Green function   G ( P ; Q )   as


     ϕ  ( P )  =     ∫   ∫     S H   σ  ( Q )  · G  ( P ; Q )  d s     



(6)




where   P = ( x , y , z )   is the field point,   Q (  x ′  ,  y ′  ,  z ′  )   is the source point and   σ ( Q )   is the source density on the body surface. The Green function has been well studied and various expressions are known, and the source density could been solved by the SDM.



Once the velocity potentials  ϕ  on the body surface are obtained, it is straightforward to compute the radiation and diffraction forces. The radiation force   F R   can be expressed as follows:


     F  R i , j      =  m  i , j     Z ¨  j  +  N  i , j     Z ˙  j  ,     



(7)




  m  i j    and   N  i j    is added mass and damping coefficient, which are given by


       m  i j   = − ρ R e  [  ∑  m = 1  N   ϕ  j m   ·  n  i m   ·  S m  ]    ( i , j = 1 ∼ J )       



(8)






       N  i j   = − ρ ω I m  [  ∑  m = 1  N   ϕ  j m   ·  n  i m   ·  S m  ]    ( i , j = 1 ∼ J )       



(9)







  i , j   in the   F  R i , j   ,   m  i j    and   N  i j    is defined the coefficient of i-mode which is influenced by j-mode.   n  i m    is the i-mode normal vector on m-th mesh,   S m   is the mesh area of m-th. The floating bodies at wave move in 6 modes of motion: surge, sway, heave, roll, pitch and yaw, the mode numbers (i and j) are changed from 1 to 6 respectively, if the body number is one. J denotes the 6 modes times body number. For example, i or j = 3 is the heave motion of 1st body, 7 is the surge motion of 2nd body and 9 is the heave of 2nd body.



Using the incident wave amplitude   (  ξ a  )  , the diffraction force can be expressed as follows:


      F  D i   =  f  D i    ξ a  .     



(10)







Here, the   f  D i    defined is the diffraction force coefficient as follows:


       f  D i   = i ω ρ  ∑  m = 1  N   (  ϕ  0 m   +  ϕ  d m   )   n  i m    S m       



(11)







As a result, the coefficient of added mass, damping coefficient and diffraction force coefficient are established by the velocity potentials which are computed by SDM and can be applied to calculate the radiation and diffraction force.




2.2. Hydrodynamic Model of Multiple Floating Bodies


It is assumed that there are N floating bodies in array condition. All floating bodies can only move in the heaving motion (i  = 3 , 9 · · · 3 + ( N − 1 ) × 6  ) in Equations (7) and (10), the other degrees of freedom ideally restricting. Denoting the mass matrix and heaving acceleration of the n-th body with   M n   and    Z ¨  n  , and using (7) and (10) for the radiation and diffraction forces on the n-th body, the dynamic equation which describes the n-th floating body motion with a single degree of freedom in the time domain, oscillating in heave is:


   M n    Z ¨  n   ( t )  =  F  D n    ( t )  +  ∑   n ′  = 1  N   F  R  n  n ′      ( t )  +  F  S n    ( t )  +  F  g n    ( t )   



(12)







The aim of this article is to estimate the expected electrical power of wave energy converters. Therefore, the model in the frequency domain  ω  is used. Thus, Equation (12) results are adjusted applying the Fourier Transform as below:


      M n    Z ¨  n   ( ω )  =  F  D n    ( ω )  +  ∑   n ′  = 1  N   F  R  n  n ′      ( ω )  +  F  S n    ( ω )  +  F  g n    ( ω )      



(13)




where    F  D n    ( ω )    is the wave diffraction force which is the sum of pressure forces on n-th body surface due to incident and diffracted waves. It can be written as follows:


   F  D n   = − i ω ρ     ∫   ∫     S  H n     (  ϕ 0  +  ϕ d  )   n  ( 3 , n )   d S  ξ a   



(14)







   F  R n  n ′     ( ω )    is the wave radiation force of n-th body in the heaving motion due to the radiated wave when the   n ′  -th body moves, and can be obtained as follows:


      F  R n  n ′    = − i ω ρ     ∫   ∫     S  H n     ϕ  ( 3 ,  n ′  )    n  ( 3 , n )   d S   Z ˙   n ′       



(15)







Here,   ξ a   is the amplitude of incident wave;    Z ˙   n ′    means the speed of   n ′  -th body and   S  H n    is the mesh number of n-th body. Assuming the inviscid and incompressible flow, the velocity potential  ϕ  is introduced.   ϕ  ( 3 ,  n ′  )    means the heaving radiation velocity potential in   n ′  -th body;   ϕ 0   is the incident-wave potential and   ϕ d   is the scattering potential from n-th body. The velocity potentials are calculated by the Three-dimensional Singularity Distribution Method (3D-SDM) in the study. The normal vector n is defined as positive when directing into the fluid from the body surface,   n  ( 3 , n )    denotes the normal vector of n-th body in heave direction.



  F  S n    is the restoring force, which is written as:


      F  S n   = − ρ g  A  w n    Z n      



(16)




where,   A  w n    and   Z n   is the water-plane area and heaving motion of n-th body; g is the gravitational acceleration.



  F  g n    is the controlling force provided by the linear generator, which can be derived as


      F  g n   =  C  g n     Z ˙  n  +  K  g n    Z n      



(17)







Here,   C  g n    and   K  g n    are the coefficients for heaving velocity    Z ˙  n   and heaving motion   Z n   respectively, which could be produced by linear wave energy converter.



Using Euler’s formula in complex number, heaving velocity    Z n  ˙   and heaving acceleration    Z n  ¨   can be expressed as heaving motion


      Z n  =  z n    e ˙   − i ω t       



(18)






       Z n  ˙  = − i ω  z n  ·  e  − i ω t   = − i ω  Z n      



(19)






       Z n  ¨  = −  ω 2   z n  ·  e  − i ω t   = −  ω 2   Z n      



(20)







As a result, the heaving motion   Z n   of floating structures may be calculated by the dynamic equations of motions which are written as:


          −  ω 2   M 1  +  f  R 3 , 3   + ρ g  A  w , 1   −  (  K  g , 1   − i ω  C  g , 1   )      f  R 3 , 9     …    f  R 3 , 3 + ( N − 1 ) * 6 )        f  R 9 , 3      −  ω 2   M 2  +  f  R 9 , 9   + ρ g  A  w , 2   −  (  K  g , 2   − i ω  C  g , 2   )     …    f  R 6 , 3 + ( N − 1 ) * 6       ⋮   ⋮   ⋱   ⋮      f  R 3 + ( N − 1 ) * 6 , 3      f  R 3 + ( N − 1 ) * 6 , 9     …    −  ω 2   M N  +  f  R 3 + ( N − 1 ) * 6 , 3 + ( N − 1 ) * 6   + ρ g  A  w , N   −  (  K  g , N   − i ω  C  g , N   )             ·       Z 1       Z 2      ⋮      Z N       =       −  f  D 3   ·  ξ a        −  f  D 9   ·  ξ a       ⋮      −  f  D 3 + ( N − 1 ) * 6   ·  ξ a            



(21)




where   f  R  n  n ′      and   f  D n    denote as


      f  D n   =     ∫   ∫     S  H n     (  ϕ 0  +  ϕ d  )   n  ( 3 , n )   d S     



(22)






      f  R  n  n ′     =     ∫   ∫     S  H n     (  ϕ  ( 3 ,  n ′  )   )   n  ( 3 , n )   d S     



(23)








2.3. Electric Power


The mechanism of the wave energy converter in this paper is based on the linear electrical generator system in which the floating body heaves up and down on the water surface and the dynamic energy is converted to electrical energy. There are two parts needed to consider in the energy conversion. One part is the absorbed power from the heave motion of the floating body, which is determined as:


      P n  =  F  g n   ×   Z n  ˙      



(24)







The other part is the copper loss in the electrical generator, which can be written as follows:


      P  C n   = R ×   (  F  g n   /  K t  )  2      



(25)







The copper loss is generated by heat produced in the linear electrical generator and decided by controlling force (  F g  ), R and   K t  . R and   K t   are winding resistance and force constant of linear electrical generator, which decide the performance of the linear electrical generator. In present study, we the assume that R is 0.6 Ω and   K t   is 90 N/A for the model scale, which are the parameters of the linear electrical generator(GLM24-M-2530) made in THK CO., LTD. For the actual scale, R and   K t   assume 0.3 Ω and 900 N/A as reasonable values.



The electrical power is denoted   P n ′   given below:


      P  n  ′  =  P n  −  P  C n       



(26)







Then, the absorbed power (  P n  ) and the copper loss (  P  C n   ) can be integrated in the wave period T,


       P n  ˜  =  1 T   ∫ 0 T   P n  d t =  1 T   ∫ 0 T   (  C  g n     Z ˙  n  +  K  g n    Z n  )    Z ˙  n  d t =  1 2   ω 2   C  g n    Z n 2      



(27)






       P  C n   ˜  =  1 T   ∫ 0 T   P  C n   d t =  1 T   R  K  t  2    ∫ 0 T    (  C  g n     Z ˙  n  +  K  g n    Z n  )  2  d t =  1 2   R  K t 2    Z n 2   (  ω 2   C   g n   2  +  K   g n   2  )      



(28)






       P  n  ′  ˜  =   P n  ˜  −   P  C n   ˜  =  1 2   ω 2   C  g n    Z n 2  −  1 2   R  K t 2    Z n 2   (  ω 2   C   g n   2  +  K   g n   2  )      



(29)




which is an expected value within one wave period, and it is named Expected Electrical Power of n-th body. This expected value do not consider a specific kind of control strategy, because most classical control strategies can be expressed by controlling force coefficients   C g   and   K g  , such as the resistive loading control giving without   K g  , the resonance control including   C g   and   K g  , and approximate complex-conjugate control (ACL control) considering the generator copper losses.



Furthermore, in order to discuss the relationship between interference effect and the electrical power, the average electrical power (   P  a v e   ˜  ) of multiple floating bodies are computed as


       P  a v e   ˜  =    ∑  n = 1  N    P  n  ′  ˜   N      



(30)









3. Wave Energy Converter


3.1. Linear-Driving Type Wave Energy Converter


This study is a part of NEDO project which is named “Linear-driving type Wave Energy Converter”. A point absorber device is proposed in the project as Figure 1. It generally consists of two separate parts: a spar part which is attached or moored to the seafloor, and a float part which oscillates with the waves. A linear generator is installed in the spar part and the resultant relative motion between two parts is used to generate electricity via a PTO system.




3.2. Simulation Model


The image picture and mesh picture of the WEC model is shown in Figure 2. Table 1 shows the principal particulars of the WEC model. The model scale is assumed 1/7 in the simulation in order to support the experiment.




3.3. Controlling Force Coefficients   C g   and   K g   for Single Model


To make clear the controlling force coefficients (  C g   and   K g  ) effect to motion, the heaving motion of single model is calculated in wave period T from 0 s to 9.0 s. As shown in Figure 3, the resonance period of the floating structure is about 2.0 s without controlling force, and the Response Amplitude Operator (  R A O  ) reached to 3.73.



Next, we kept   K g   = 0 N/m and changed   C g  . Figure 4 shows the results of   R A O   in different   C g   for each wave period. As shown in this figure, when the   C g   in particular range, the   R A O   increase rapidly in the resonance period and the maximum value is 4.43, which is bigger than 3.73 (max   R A O   without controlling force). The resonance frequency could be changed by chose the appropriate   C g  . On the other hand, we kept   C g   = 0 Ns/m and changed   K g  . As shown in Figure 5, the   K g   can be used to change the resonance period of the floating body. By giving large   K g   acting as reducing the restoring force as shown in Equation (21), the resonance period can be changed to large period, and the   R A O   became huge. The number of   R A O   is only a theoretical calculating number, the heaving motion limitation must be decided according to the mechanical structure of wave energy converter. According to the results, it could be understood that the function of control force coefficients (  C g   and   K g  ) can change the resonance frequency and resonance period.





4. The Results of Multiple WECs in Regular Wave


The results as the solution method will be shown and discussed in this section. The objective of the present study is shown as follows:




	
How to decide the controlling force to the linear generator in arrangement.



	
The relationship between the interference effect and electric power from WECs.



	
How to decide the arrangement of multiple WECs.








We cover these 3 objects to discuss the simulating results. At first, wave period, wave amplitude and WECs arrangement condition are changed as the parameter in the regular wave. Then, basis on the results in the regular wave, the estimation in the real sea wave condition are proceed. In the study, three kinds of arrangement will be discussed. They are single arrangement, straight arrangement and triangle arrangement as shown in Figure 6a–c, respectively. In a case study, three wave energy converter models are used in the straight and triangle arrangement. The limit of the heave motion is decided 0.2 m. As show in Figure 6, the models are set in the head-wave condition. The distances of each models are changed from 1.5 to 8.0 times diameter of the model in the straight and triangle arrangement. The reason of choosing this range of the distance is; the adjacent model may not contact each other in waves and it is not too far to appear clearly the hydrodynamic interaction effect among the models. In the simulation, the wave amplitude changes from 0.01 to 0.15 m, in every 0.01 m, and the wave period is from 0.6 to 5.0 s, in every 0.1 s. The depth of the water is assumed 4.5 m.



4.1. Investigation of Controlling Force in Arrange Condition


As the proposed method, the controlling force coefficients   K g   and   C g   are changed for wave periods, and the optimal values found by searching   C g   in 0–2500 [Ns/m] and   K g   in −5000–6000 [N/m] considering the controlling force limitation. We suppose that the controlling force coefficients of each floating body can be controlled commonly and independently. Controlled commonly means the   K g   and   C g   are the same in every WEC and decided only in wave condition. On the other hand, controlled independently purports that in addition to wave condition the interference effect are also considered to decide the controlling force coefficients. To compare these two method, we discuss the relationship between the controlling force of each WECs in arrangement and interference effect.



When the total expected electrical power (   P 1 ′  +  P 2 ′  +  P 3 ′   ) became maximum, the results of    K g  ,  C g  , Z , P   and   P ′   of each floating body are exported. Figure 7 shows the results of 3 floating bodies in controlled commonly. Figure 8 shows the results in controlled independently. In addition, the results of the single body are also shown in the same figure, to compare with the variation. The wave amplitude is 0.1 m and the distances of each models are 3 times diameter (3 m) in straight arrangement.



At first, it will be easy to observe the difference of the two ways by comparing the curves of   C g   in Figure 7b and Figure 8b. It is imagined that this   C g  ’s difference will directly affect the total power generation and the interference effect cannot be ignored in the certain range. We discuss the details of the interference effect by comparing with the two ways through Figure 7 and Figure 8 as follows.



  K g   of three models in two methods are similar to the single condition, as shown in Figure 7a and Figure 8a. As the introduction in Section 3.3,   K g   is used to change the resonance period of the floating body, and it is not changed belong to interference effect. However, the   C g   of 1, 2 and 3 bodies in the straight arrangement are different to single’s condition, from 1.2 s to 4.6 s. We can understand that the interference effect in the short and long wave period is not obvious. When the   C g   controlled independently, heave motion Z of three WECs reach to the limitation, as shown in Figure 8c. On the other hand, when the   C g   controlled commonly, a part of Z cannot reach to the limitation. Because of the difference of Z, the expected electrical power (  P ′  ) of each WEC are different. As shown in Figure 7e and Figure 8e, the generated electric power under controlling independently is better than that used the controlling parameters commonly in the array. Figure 7d and Figure 8d show the absorbed power, and the copper loss could be calculated by generated electric power differenced absorbed power.



Next, in order to compared the electric power results in controlled by the common parameters with in controlled independently much more clearly, the rate of change   E  a v e    are calculated as follows:


      E  a v e   =     P ˜   a v e     ( C o n t r o l l e d  i n d e p e n d e n t l y )      P ˜   a v e     ( C o n t r o l l e d  c o m m o n l y )        



(31)







Figure 9 shows the   E  a v e    as different color, the vertical line shows the distance between the WECs and the horizontal one the wave periods. As shown in this figure, around the resonance period (2.0 s)   E  a v e    is bigger than “1”, it is means the average electric power of three WECs in controlled independently is bigger than in controlled commonly. However, in the short and long wave period   E  a v e    is “1”.



As a result, the   C g   of each wave energy converter needs change independently following the wave period, especially around the resonance period. In addition, the average electric power in controlled independently is 10–20% bigger than in controlled commonly. On the other hand,   K g   in two methods are similar to the single condition, and it is not changed belong to interference effect.



Therefore, the controlling force coefficients of each floating body controlled independently are used in the next calculation.




4.2. The Influence of Interference Effect to Electric Power


In preceding section, we cleared how to decide the controlling force of multiple WECs in arrangement. In this section, the electric power is focused on different wave periods, wave amplitude and distance between WECs considering the interference effect. As a case study, the expected electric power of each WECs are calculated in the single condition and in the straight arrangement (the distances of each bodies are 3 m). Here, besides the wave period, the wave amplitude is changed from 0.01 m to 0.15 m in every 0.01 m. In the calculation of changing wave amplitude, the wave forces are based on linear theory as Section 2.2, and the analysis mechanism of choosing the optimal values of   C g   and   K g   is comparison the expected electrical power on all   C g   and   K g   to find the best values within the allowable range. Therefore, the best controlling parameters are changed by not only a wave period but also an amplitude of waves.



Figure 10 shows the distribution map of single floating body in different the wave period and amplitude. X-axis shows the wave period, Y-axis shows the wave amplitude and Z-axis shows the number of electrical power. Moreover, the peak power and its happened period are also shown in the figure. It can be observed that the expected electrical power is increased following the wave amplitude, especially around the resonance period. However, there is no electricity power when the wave period is less than 1.2 s and the wave period is larger with small wave amplitude.



Figure 11 shows the power distribution map of each floating body when they are in the straight arrangement. The power distribution map and the peak power of each WECs in arrangement is different to the single condition. Therefore, the spacing between two absorbers are relatively small (for this case, L = 3D), the interference effect must be considered when the total electric power of multiple WECs in arrangement are calculated.



Next, in order to estimate the interference effect, the changing ratio of electric power are defined as follows:


      E  r a t i o   =      P ′  ˜   t o t a l   / N     P ′  ˜   s i n g l e        



(32)







When the changing ratio of electric power   E  r a t i o    greater than "1", the interference effect help the electric power increase. However, the   E  r a t i o    is a value which only use for estimating the interference effect, it does not mean that much more electric power can be obtained. Moreover, the triangle arrangement (Figure 6c) will be added to discuss.



The results of   E  r a t i o    in different non-dimensional parameter Wave-Length/Diameter ( λ /D) are show in Figure 12, Figure 13 and Figure 14. Figure 12 shows the results when the distance between WECs is 1.5D, Figure 13 is 3.0D and Figure 14 is 5.0D. For comparing the straight arrangement and triangle arrangement, the results in the same distance are shown in the same figure. We can confirm that the changing ratio of expected electrical power is increased and deceased in some area following the wave condition. In addition the increased and deceased area is changed for different distance. Therefore, the positive and negative influence of interference effect could be changed following the wave length (or period) and the distance between WECs.




4.3. Decide the Distance between WECs


To evaluate the relationship between distance and electrical power, the changing ratio of electrical power   E  r a t i o    in straight arrangement and triangle arrangement is calculated to compare with the single one. Here, the distance between the adjacent bodies is changed from 1.5 m to 8.0 m every 0.5 m, the   A m p   kept in 0.1 m.



Figure 15a shows the   E  r a t i o    in straight arrangement. The relatively high electrical power performance range is shifted to the longer  λ /D, when the distance becomes longer. The electrical power performance increase more than 10–15% in some wave condition, in different wave period as the different distance. Figure 15b shows the   E  r a t i o    in triangle arrangement. The trend is same to straight arrangement. The electrical power performance increment is larger than straight arrangement reached to more than 15%. Therefore, it can be said that the triangle arrangement is better than the straight arrangement for use interference effect in this case.



For showing the relationship between distance and   E  r a t i o    clearly, we organize that the vertical line shows the Distance/Wave-Length and the horizontal shows the   E  r a t i o   , as shown in Figure 16. The   E  r a t i o    fluctuate periodically as the Distance/Wave-Length. The peak in the graph means that high average electric power could be obtained by interference effect. Using this figure, the best distance could be choice following the wave condition characteristic of sea area.





5. The Electrical Power Estimation of Multiple WECs in Real Sea


5.1. Formulation and Solution Method


We discussed multiple WECs in regular wave. However, a lot of different wave periods and amplitudes are fixed in the real sea, therefore the calculation in the irregular wave is necessary. In this section, the electric power of multiple WECs will be computed in the irregular wave and the interference effect in real sea will be discussed. To predict the response of floating body in the irregular wave, the response spectrum   S  q q    could be calculated by response in regular wave   H ( ω )   and wave spectrum   S  Q Q    as follows


      S  q q    ( ω )  = H   ( ω )  2  ·  S  Q Q    ( ω )      



(33)




which introduced in [29]. Here, the   H ( ω )   is computed by the electric power divided by significant wave height, JONSWAP (Joint North Sea Wave Observation Project) spectrum [30] are used to show wave spectrum   S  Q Q   .



To estimate the electric power in the real sea basic on the   S  q q   , the representative value of electric power is denoted  σ  given below:


     σ =    ∫  0  ∞   S  q q    ( ω )   d ω       



(34)







Then, in order to discuss the electric power in certain sea area, the electric power distribution are calculated by using the H-T joint probability distribution P (Figure 17), as   P × σ  [W]. Moreover, the summation of expected electric power in certain sea area could be calculated, which can be written as follows:


      P  W s e a   =  ∑  i = 1  I   ∑  j = 1  J   P  i j    σ  i j       



(35)







Here,   i , j   is calculating point of wave period   ( i = 1 ∼ I )   and wave height   ( j = 1 ∼ J )  , respectively. The representative value of electric power  σ  and the summation of expected electric power   P  W s e a    are used to discuss the WECs performance in the real sea area. Proposed method flow chart in real sea is presented in Figure 18.



Actual scale model which set in triangle arrangement and the distance 3.0D, is used in the real sea calculation. As an assumption sea area, the bay of Kamaishi where is located in northeast of Japan are used. The H-T joint probability distribution P of this sea area is shown in Figure 17, which is published in Web [31]. Here, the wave conditions shown by appearing frequency, so the totally frequency in the sea area is 1. The computational condition in real sea shown as Table 2.




5.2. Compute Result


Figure 19 shows the result of electrical power distribution in single condition. It can be understood that the electrical power increases following the wave period and amplitude became bigger, because there is much more energy in a large wave’s period and large amplitude. Whereas, the result of expected electric power   P  W s e a    is almost 0 when the wave condition is large wave period and large amplitude. The   P  W s e a    only can be obtained in the high appearing frequency of wave height and wave period.



Figure 20 shows the average result of 3 WECs in triangle arrangement. As the same to single condition,   P  W s e a    only can be obtained in the high appearing frequency of wave H-T. The totally average   P  W s e a    reach to 221 [kW], 7% bigger than 207 [kW] in single condition.



To compare the electric power of WEC in single condition and in arrangement condition from the viewpoint of wave period, Figure 21 shows the distribution map of them. By using the interference effect, the average electrical power in arrange condition increase from wave period 6.5 s, but decrease under 5.5 s compare with single condition. It could be said that, WECs in appropriately arranged conditions could obtain much more electrical power than single’s, and the appropriate arranged conditions must be matched to the wave condition of the installed sea area.





6. Conclusions


In general, the controlling force of WEC is optimized in single condition, and the same forces are used for each WEC in arrangement. Thus, the interference effect between the WECs is only considered in the transformation of wave energy to the motion of floating bodies, but the conversion from the motion to electric power is not optimized. In present paper, the interference effect of WECs is taken into account in motion calculation and motion-electric power conversion by appropriate arrangement for independently controlled WECs. The maximum electric power of multiple WECs is calculated and discussed in regular waves and real sea condition.



The following conclusions are obtained through the numerical consideration:




	
In arranged condition, the controlling force coefficient   C g   needs change independently for each wave energy converter following the wave period.



	
The generated electric power under independent control is better than that used the controlling parameters commonly in the array.



	
In a case study of three WECs, the average electric power controlled independently is 10%–20% bigger than in controlled commonly.



	
The interference effect can be used to increase the electric power. In a case study of three WECs, the electrical power performance increases more than 10%–15% in straight arrangement and it reaches to more than 15% in triangle arrangement. The triangle arrangement is better than the straight arrangement for use interference effect.



	
Distance/Wave-Length determines the performance of WECs and the performance is changed cyclically along the parameter. It should be care that the interference effect appears even the distance of adjacent WEC is far.



	
WECs in appropriate arranging conditions could obtain much more electrical power than single’s, and the appropriate arranging conditions must be match to the wave condition of the install sea area.








In the other our research it is suggested that the interference effect is increased by the number of consisted WECs. So, determining the parameters independently will be more important to the electric power maximization of huge number of WEC array. In that case, the knowledge obtained through this work will contribute much to the future work on it.
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Figure 1. The image of a point absorber wave energy converter proposed in “Linear-driving type Wave Energy Converter Project”. 
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Figure 2. Simulation model. 
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Figure 3. RAO of floating structure. 
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Figure 4. RAO of the floating structure in different Cg (Cg = −5000–5000 [Ns/m], Kg = 0 [N/m]). 
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Figure 5. RAO of the floating structure in different Kg (Cg = 0 [Ns/m], Kg = −15,000–10,000 [N/m]). 
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Figure 6. Arrangement of multiple wave energy converters. 
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Figure 7. The results of multiple WECs in regular wave (3.0D,   A m p = 0.10   [m], Use common parameters) (a:   K g  , b:   C g  , c: heave motion Z, d: the absorbed power, e: generated electric power). 
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Figure 8. The results of multiple WECs in regular wave (3.0D,   A m p = 0.10   [m], Use independent parameters) (a:   K g  , b:   C g  , c: heave motion Z, d: the absorbed power, e: generated electric power). 
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Figure 9. The rate of change of the two methods   E  a v e   . 
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Figure 10. Electric power on single condition in different wave period and amplitude. 
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Figure 11. Electric power on straight condition in different wave period and amplitude. 
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Figure 12.   E  r a t i o    in 1.5D (Left: Straight arrangement; Right: Triangle arrangement). 
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Figure 13.   E  r a t i o    in 3.0D (Left: Straight arrangement; Right: Triangle arrangement). 
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Figure 14.   E  r a t i o    in 5.0D (Left: Straight arrangement; Right: Triangle arrangement). 
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Figure 15. Eratio in different distances in Amp = 0.1 m (Left: Straight arrangement; Right: Triangle arrangement). 
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Figure 16. Eratio in as Distance/Wave-Length in Amp = 0.1 m (Left: Straight arrangement; Right: Triangle arrangement). 
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Figure 17. H-T joint probability distribution P in the bay of KAMAISHI. 
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Figure 18. Simulation flow chart in the real sea. 
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Figure 19. Single condition (Distribution map of electric power  σ  on the left, and distribution map of electric power in a sea area   P × σ   on the right.) 
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Figure 20. Arrange condition (Distribution map of electric power  σ  on the left, and distribution map of electric power in a sea area   P × σ   on the right.) 
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Figure 21. Electric power comparison in single condition and in arrange condition. 
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Table 1. Principal particulars of WEC model.
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	Main Dimensions
	Units
	Model Scale
	Actual Scale





	Diameter of float   (  D F  )  
	m
	1.00
	7.00



	Height-1 of float   (  H  F 1   )  
	m
	0.55
	3.36



	Height-2 of float   (  H  F 2   )  
	m
	0.30
	2.10



	Diameter of spar   (  D s  )  
	m
	0.40
	2.80



	Height of spar   (  H s  )  
	m
	2.70
	17.67



	Volume of float   ( V o l )  
	m   3  
	0.48
	99.58



	Water area of float   (  A w  )  
	m   2  
	0.66
	29.59
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Table 2. Computational condition in real sea.
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	Parameters
	Units
	Value





	Wave period   ( T )  
	s
	1.00–18.00 (every 0.25)



	Significant wave height   (  H  1 / 3   )  
	m
	0.25–7.75 (every 0.25)



	Significant period   (  T  1 / 3   )  
	s
	1.50–14.50 (every 1.00)



	Controlling force coefficient   C g  
	Ns/m
	0.000–500,000



	Controlling force coefficient   K g  
	N/m
	−250,000–300,000



	Deep of water   ( H )  
	m
	31.5



	Motion limit of floating part   (  Z  m a x   )  
	m
	2.00



	Winding resistance   ( R )  
	  ω  
	0.3



	Force constant   (  K t  )  
	N/A
	900











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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