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Abstract

:

A crucial part of wave energy converters (WECs) is the power take-off (PTO) mechanism, and PTO sizing has been shown to have a considerable impact on the levelized cost of energy (LCOE). However, as a dominating type of PTO system in WECs, previous research pertinent to PTO sizing did not take modeling and optimization of the linear permanent magnet (PM) generator into consideration. To fill this gap, this paper provides an insight into how PTO sizing affects the performance of linear permanent magnet (PM) generators, and further the techno-economic performance of WECs. To thoroughly reveal the power production of the WEC, both hydrodynamic modeling and generator modeling are incorporated. In addition, three different methods for sizing the linear generator are applied and compared. The effect of the selection of the sizing method on the techno-economic performance of the WEC is identified. Furthermore, to realistically reflect the relevance of PTO sizing, wave resources from three European sea sites are considered in the techno-economic analysis. The dependence of PTO sizing on wave resources is demonstrated.
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1. Introduction


Ocean waves contain substantial energy, which can be exploited as an important supplementary of clean energy next to wind and solar energy. Wave energy has been investigated over decades as a renewable energy resource [1,2,3]. Over 200 different types of wave energy converters (WECs) have been reported, but they are still far away from large-scale commercialization [4,5,6]. This mainly results from the fact that WECs correspond to a higher value of the levelized cost of energy (LCOE) than other technologies of renewable energy [4,7]. Therefore, it is significant to bring the LCOE down for the further development of WECs.



In the operation of WECs, wave energy is first absorbed as a form of mechanical energy by the interaction between the buoy and incoming waves [8]. The absorbed mechanical energy is then converted into usable electricity by a power take-off (PTO) system. As a core component, the PTO capacity is highly influential to the techno-economic performance of WECs. According to recent scientific research, reducing the PTO capacity to an appropriate level helps to lower the LCOE of WECs [9,10,11]. On the one hand, the PTO capacity is directly related to the cost. As stated in [12], PTO systems normally account for over 20% of total capital expenditure (CAPEX), and oversized PTO systems are therefore not economically favorable. On the other hand, the PTO capacity indicates the physical constraints, such as force, peak power and displacement limit. In order to comply with them, the PTO parameters are usually required to be adapted, which consequently confines the mechanical energy absorption of WECs. A collective sizing method considering both buoy and PTO sizing has been proposed to improve the techno-economic performance of WECs [9]. It has been applied to a point absorber WEC in three different wave sites, leading to the conclusion that suitably sizing WECs could reduce the LCOE. More specifically, downsizing the PTO capacity is rather effective. For instance, it has the potential to decrease the LCOE by over 30% in particular circumstances. However, some assumptions in the reference [9] need to be further studied when evaluating the power performance of WECs with differently sized PTO capacities. The influence of PTO sizing could play a role at two conversion stages in the power extraction. Firstly, the PTO capacity is highly related to the physical limits, which determines the maximum absorbed power. Secondly, the PTO sizing inevitably brings changes to its design, which might make a difference to the conversion efficiency from the absorbed power to the electrical power. The second aspect was not taken into account in previous papers [9,10,11] discussing the PTO downsizing, in which the PTO size on the power conversion efficiency was neglected. Hence, a better understanding of the effect of the sizing on PTO conversion efficiencies is expected to improve the size optimization methods of WECs.



Among various types of PTO systems in WECs, linear generators have received significant attention because of their high efficiencies and low maintenance demands [2,13]. However, the effect of sizing on the performance of linear generators of WECs is rarely discussed in literature even though downsizing the PTO capacity has shown the potential to reduce the LCOE. A preliminary work of this study has been reported in [1], in which the sizing of the generator was roughly performed without optimizing the main geometric parameters. In addition, the variation of the wave resource was not taken into account even though it is of significance to the size determination of WECs [14]. To address these issues, the present paper is thus extended to further demonstrate how the sizing affects the techno-economic performance of WECs equipped with linear permanent magnet (PM) generators as the PTO system.



This paper begins with a literature review of the application of the linear generator in wave energy conversion. Then, the WEC concept is described, and the specification of the linear PM generator reference is given. Next, the method to calculate the power performance of the WEC is presented, in which both hydrodynamic modeling and electrical modeling are considered. The main design parameters of the generator are resized to minimize the LCOE for a realistic sea site. For comparison, three different sizing methods of the electrical machines are applied to determine the optimal PTO capacity. The influence of sizing methods on the resized generator performance, the AEP and the LCOE of the WEC are analyzed. Moreover, the dependence of the generator efficiency and PTO size determination on the characteristics of wave resources is discussed. Finally, conclusions are drawn.




2. Review of the Application of Linear Generator in Wave Energy Conversion


The commonly used PTO systems in WECs are divided into five types by their operating principles, and they are briefly introduced below.



	
Hydraulic PTO: In hydraulic PTO, the motion of a buoy drives the hydraulic piston to increase the pressure of the working medium. Then, the pressure of the medium is raised sufficiently high in an accumulator to rotate the hydraulic motor. The hydraulic PTO is robust and able to provide large forces at low frequencies, which highly matches the dynamic characteristics of WECs. Hydraulic PTO systems were widely used in WECs, such as Pelamis and Edinburgh Duck [15,16,17]. However, hydraulic PTO systems contain plenty of moving parts, which results in their complex structure. So, regular system maintenance and inspection are normally required, which is time-consuming and costly [2]. In addition, the conversion efficiencies of hydraulic PTO systems are relatively low [18].



	
Hydro PTO: The hydro PTO mainly refers to the hydro turbine. Hydro turbines transfer the fluid flow to electricity. This type of PTO systems is commonly employed in overtopping devices, such as WaveDragon [19].



	
Pneumatic PTO: The pneumatic turbine generally refers to the air turbine, which is driven by the oscillating air pressure. This technology is usually utilized in oscillating water column converters [20].



	
Mechanical PTO: In the mechanical PTO system, a gearbox is used to convert the linear movement of the buoy of WECs to rotary motion for fitting conventional rotary generators. The oscillation of the buoy of WECs is of low speed due to the characteristics of ocean waves. For improving efficiency, another important function of the gearbox is to increase the speed of motion. In [21], a point absorber equipped with a bidirectional gearbox and rotary generator was introduced. More recently, WECs with mechanical PTO mechanism have been further investigated by numerical modeling [22] and small-scale testing [23].



	
Direct-drive linear generator: The linear generator could be used as the direct-drive PTO system in the oscillating body WECs, and they are usually used in point absorber wave energy converters, such as AWS [24]. In direct-drive linear generators, intermediate transmission interfaces, such as gearbox and hydraulic motors, are not necessary. Instead, the oscillating buoy is directly coupled with the translator of the linear generator. The linear generators are commonly associated with higher efficiencies compared with other PTO systems. This is because there are less transmission losses resulting from a reduced number of energy conversion steps [2,24]. In addition, the reduced number of components in the PTO system increases the reliability of the whole WEC system [25].






The linear generator has been thought of as an appealing solution for wave energy technologies among all types of PTO systems because of the mentioned advantages. Hence, this paper concentrates on the WECs with a linear generator. Linear generators have been investigated and developed for application in WECs over years. For various WEC prototypes that have been successfully tested in the real oceanic environment, linear generators were serving as the PTO system [26,27]. So far, three full-scale WEC technologies equipped with the linear generator, excluding their updated versions, have been successfully tested in real oceanic climates. The key information of their prototypes is presented in Table 1.



The Archimedes Wave Swing (AWS) was the first large-scale WEC project using the linear generator [24]. It is a fully submerged WEC device, and it produces energy relying on the pressure difference on the moving part of the device when the ocean wave passes above. The linear generator in the AWS was designed to be double-sided for avoiding the huge force of attraction between the translator and stator. The maximum peak power of the tested prototype was 2 MW, which is remarkably high in the field of wave energy conversion [27]. Uppsala university developed a floating point absorber WEC concept, and the first full-scale prototype was deployed at the Lysekil research site in Sweden in 2006. Since then, thirteen follow-up prototypes have been deployed [28]. This WEC consists of a floating buoy and a linear generator founded on the seabed. The buoy is connected to the translator of the generator through a connection line. In the generator, the translator moves vertically along the rail, and four stator packages are mounted on a pillar fixed at the foundation structure [26]. Oregon University developed a dual-body WEC in which a linear generator was incorporated, called SeaBeavI Project [29]. The ocean testing of its 10 kW prototype was performed in Yaquina Bay in 2007. This WEC includes a moored cylindrical spar and a floating buoy. The heave motion of the spar is restrained by the mooring system, but the buoy is free to move vertically relative to the spar. In this concept, the spar and buoy act as the translator and stator of the linear generator, respectively. The coils are wound on the interior surface of the spar and permanent magnets are placed on the buoy. Besides, this generator was configured as a tubular geometry [25]. These three linear generators share some common features. First, all of them are permanent-magnet (PM) synchronous machines. Second, they are all longitudinal flux machines. Since the successful tests of these three concepts, a series of extensive studies have been performed. They were mainly intended to address the negative characteristics of linear generators when serving WECs.



The application of linear generators in wave energy conversion also faces some challenges. Firstly, the dimensions of linear generators are much larger than standard electrical machines for sustaining a similar power level. This results from the low typical speed of WECs. One solution to reduce the dimension is the use of transverse flux linear machines. The advantage of the transverse flux machines is the high force density, which results from the flux concentration and decoupled magnetic and electrical circuits [30]. In [31,32,33], WECs with transverse flux linear generators were investigated, in which a lower cost of permanent magnets and higher force/power density were indicated. However, their fabrication is much more complex than the longitudinal flux machines, and their leakage paths also lead to low power factors [30]. As a consequence, they have not been as of much interest as the longitudinal flux machines in the field of WECs. Another possible solution is to increase the movement speed of WECs. For example, a speed amplified linear generator was proposed for a WEC concept in [34], and the relative speed between the stator and translator was therefore increased. The second challenge is that the conversion efficiency of linear generators in WECs is still limited compared to other applications of direct-drive systems. This is because the induced voltage is decreased by the low speed and then a large current is required to produce the generator force. In this case, the resistive losses on the conductors are high. In [35,36,37], superconducting linear generators were studied to improve it. The results showed that superconducting generators could clearly contribute to the high efficiency and force density. This is because they are associated with less resistivity and a stronger magnetic field compared to conventional machines. However, the difficulty and high expense of making the cryogenic temperature in an oceanic environment are still hurdles in practice.




3. Description of WEC Concept


In this section, the WEC concept and the design of the reference linear PM generator are described. Figure 1 illustrates the concept of the investigated heaving point absorber, and the PTO mechanism of the concept is considered to be a linear PM generator. Figure 1 also depicts the connection scheme of the PM generator with the electrical converter and the grid. A three-phase back-to-back voltage source converter is applied here to regulate the stator current and terminal voltage because of its high efficiency [27]. The converter is connected to the output side of the linear generator. In the concept studied in the present paper, the translator of the bottom-founded machine is directly connected to the floating buoy. The radius of the spherical floater was designed to be 2.5 m, and the buoy draft is 2.5 m as well in still water. During operation, the incoming wave force excites the floater to oscillate in the heaving direction. The stroke of the point absorber is set as 4 m, and the maximum allowed velocity   u s   is 1.25 m/s. To avoid excessive motion, the generator has end stop mechanisms mounted on both the top and bottom. More details about modeling, design and the sea trial test of the reference generator can be found in [27,38].



In Figure 2a, a photo of the reference linear PM machine applied in the prototype of the AWS wave energy converter is shown. Figure 2b illustrates the cross-section of the reference linear PM generator, which indicates that it is a three-phase machine. The machine was designed to be double-sided so as to counteract the force of attraction between the translator and stator [39]. Magnets are placed on the translator segments, and coils are wound on the stator segments. Different from rotary electrical machines, the partial overlap between the translator and stator could happen to the linear generator. This phenomenon makes a part of the material of the machine unproductive during operation, which is negative to the conversion efficiency. It is known that a longer translator is able to reduce the occurrence of the partial overlap, but it could clearly increase the cost. Hence, a compromise always has to be made, and the translator was 3 m longer than the stator in the design of the reference machine.



The key design parameters of the reference linear PM generator are specified in Table 2. As the design parameters of the original reference machine were not fully disclosed, some parameters (including the air gap length, slot width, pole width, tooth width and magnet thickness) were referred to the design of a direct-drive wind turbine generator design [40]. The referred generator has a similar power rating and maximum designed force to the reference machine studied in this paper. It is considered fair since this work is focused on the effect of the generator sizing instead of its design phases.




4. Methodology


In this section, a frequency domain model is established to calculate the hydrodynamic responses of the buoy. Next, an analytical model is presented to calculate the generator performance. Furthermore, the principle and optimization for resizing the generator are explained. Finally, an economic model necessary for analyzing the techno-economic performance is built.



4.1. Hydrodynamic Modeling


Based on linear wave theory, a frequency domain model is derived for the WEC. The buoy is constrained to oscillate in the heaving direction, thus only this degree of freedom is considered in the modeling. According to Newton’s second law, the motion of the WEC as a rigid body can be described as


  m   d u ( t )   d t   =  F hs   ( t )  +  F e   ( t )  +  F pto   ( t )  +  F r   ( t )   



(1)




where m is the mass of the oscillating body,



  F hs   is the hydrostatic force,



  F e   is the wave excitation force,



  F r   is the wave radiation force,



  F pto   is the PTO force, and



 u  is the velocity of the rigid body. If the body is assumed to perform harmonic motion under regular waves and a linear PTO model is used to simulate the dynamic behaviour of the PTO system, (1) could be rewritten in the form of complex amplitudes [41] as,


    F ^  e   ( ω )  =  [  R i   ( ω )  +  R  p t o   ]   u ^  + i ω  u ^   [ m +  M r   ( ω )  ]  + i  u ^   ( −   K  p t o   ω  −   S  w l   ω  )   



(2)




where    R i   ( ω )    is the hydrodynamic damping coefficient,   R  p t o    is the PTO damping coefficient,  ω  is the wave frequency,    M r   ( ω )    is the added mass of the buoy,   u ^   is complex amplitude of the vertical velocity,   K  p t o    is the PTO stiffness coefficient and   S  w l    is the hydrostatic stiffness.



The intrinsic impedance of the heaving buoy and PTO impedance can be introduced as,


   Z i   ( ω )  =  R i   ( ω )  + i  X i   ( ω )   



(3)






   X i   ( ω )  = ω  [ m +  M r   ( ω )  ]  −   S  w l   ω   



(4)




where    Z i   ( ω )    and    X i   ( ω )    embody the intrinsic impedance and the intrinsic reactance of the buoy respectively. Similarly, the impedance of PTO    Z  p t o    ( ω )    and reactance of      p t o    ( ω )    can be given as,


   Z  p t o    ( ω )  =  R  p t o    ( ω )  + i  X  p t o    ( ω )   



(5)






   X  p t o    ( ω )  = −   K  p t o   ω   



(6)







In this work, only the passive control strategy is used, which implies that there is only PTO damping force exerted on the WEC. Thus, (2) can be rewritten as,


    F ^  e   ( ω )  =  [  Z i   ( ω )  +  R  p t o    ( ω )  ]   u ^   



(7)







The hydrodynamic characteristics of floating bodies, including    M r   ( ω )   ,    R i   ( ω )    and    F e   ( ω )   , are calculated numerically using the Boundary Element Method through the open source software Nemoh [42]. Then, by solving (7), the complex amplitude of velocity   u ^   could be obtained as,


   u ^  =    F ^  e    Z i  +  R  p t o      



(8)







In regular wave conditions, the time-averaged absorbed mechanical power can be obtained and expressed as,


   P ¯  =  1 2   R  p t o      u ^   2   



(9)







The complex amplitude of the required generator force (or PTO force) is derived as,


    F ^   g e   =  R  p t o    u ^   



(10)







The amplitude of the the required generator force can be derived by substituting (8) to (10), and it gives


     F ^   g e    ( ω )   =   R  p t o       F ^  e   ( ω )     Z i  +  R  p t o      =    R  p t o      Z i  +  R  p t o        F ^  e   ( ω )    



(11)








4.2. Generator Modeling


The performance of variously sized generators is calculated based on an analytical generator model. Validation of the model has been performed through a full-scale test [38]. As magnetic saturation only plays a very limited role in this linear generator design [43], and the effect is neglected in this study.



In the air gap, the magnets on the translator induce the magnetic flux density, and its fundamental space harmonic is calculated as,


    B ^   g m   =   l m    μ  r m    g  e f f      B  r m    4 π  sin  (   π  b p    2  τ p    )   



(12)




where   l m  ,   μ  r m    and   g  e f f    embody the magnet length in the magnetization direction, the recoil permeability of the magnets and the effective air gap, respectively.   B  r m    represents the remnant flux density of the permanent magnets. According to [38], when the translator is moving, the induced no-load phase voltage in the stator winding can be calculated as


   E p  =  2  p  l s   N s   k w  u   B ^   g m     l  a c t    L s    



(13)




where u is the floater velocity, p is the number of pole pairs,   l  a c t    is the actual length of the overlap between the stator and translator, and   k w   is the winding factor.   l  a c t    is a function of translator displacement, and it can be calculated as


      l  a c t    ( z )  =       L s  ,     f o r     | z | < 0.5 (  L t  −  L s  )          0 ,     f o r     | z | > 0.5 (  L t  +  L s  )          0.5 (  L t  +  L s  ) − | z | ,     e l s e          



(14)




where z represents the displacement of the translator (or the floater). The stator phase resistance   R t   is calculated from the machine dimensions, the number of turns in a slot and the cross-section of a slot:


   R t  =  ρ  C u     l  C u s    A  C u s    =  ρ  C u     2  N s 2   (  l s  + 2  τ p  )    p  h s   b s   k  s f i l      



(15)




where   ρ  C u    is the resistivity of copper, and   k  s f i l    is the copper fill factor of the slots. The iron losses are calculated as


   P  F e s   =  P  F e 0   (  m  F e s t     (    B ^   s t    B 0   )  2  +  m  F e s y     (    B ^   s y    B 0   )  2  )   f e   f 0    



(16)




where   P  F e 0    is the iron loss per unit mass at a frequency   f 0   and flux density   B 0  ,   m  F e s t    and   m  F e s y    are the mass of the stator teeth and the stator yoke, respectively, and   f e   is the electrical generator frequency.    B ^   s t    and    B ^   s y    embody the fundamental space harmonic of the magnetic flux density in the stator and yoke, respectively. This is a rough approximation of the iron losses, in which the iron losses are assumed to be only proportional to the frequency.



After the PTO damping coefficient is derived, the required generator force is calculated based on (10). Then, the power taken by the stator winding of the machine can be expressed as


   P  w d   =  F  g e   v −  P  F e s    



(17)







For the sake of higher system efficiency, the operating points of the generator are determined by the method demonstrated in [27]. The stator current   I s   can be represented by two orthogonal components, namely quadrature (or force making) component   I  s q    and direct (or flux making) component   I  s d   . When the stator current   I s   is below the maximum current of the converter   I  c o n m   , the direct component   I  s d    is regulated to be zero. In this case, the stator current   I s   is in phase with the induced no-load voltage   E p  , as shown in the first phasor diagram in Figure 3. Thus, the current is calculated as


   I s  =  I  s q   =   P  w d    m  E p     



(18)







When   I s   is greater than the maximum current of the converter   I  c o n m   ,   I s   is then limited to the defined maximum current. As a result, the actual force provided by the machine is decreased to lower than the required generator force. In this sense, the terminal voltage   U s   can be calculated as


   U s  =     (  E p  −  I  s q    R t  )  2  +   (  ω e   L t   I  s q   )  2     



(19)







If   U s   is about to violate the rated converter voltage   U  c o n m   , it would be limited by a direct component   I  s d    separated from the current, as illustrated in the second phasor diagram in Figure 3. In this condition, if the resulting current is still larger than the maximum converter current, the stator current and terminal voltage are limited to the maximum converter current and voltage. In these situations, the actual generator force would also be penalized.



The converter losses are dependent on three factors. The first one is the constant power dissipation, resulting from control, cooling and power supplies. The second is proportional to the current, representing the switching losses and conduction losses. The third is proportional to the current squared, which is related to conduction losses. Besides, only the losses from the generator side are considered in this model. Therefore, the converter losses can be calculated as


   P  c o n v   =   P  c o n v m   31  [  ( 1 + 20   I s   I  s m    + 10   (   I s   I  s m    )  2  ]  



(20)




where   P  c o n v m    represents the dissipated power of the converter at the rated condition. It is assumed to account for 3% of the rated power [44].   I  s m    is the maximum generator side current of the converter. In the reference linear machine, the rated power, maximum line voltage and phase current of the converter were specified as 1 MW, 1500 V and 400 A, respectively [27]. The rated power was selected based on the maximum average power of the device.




4.3. Generator Sizing


As characteristics of wave climate vary with locations, sizing of WECs could result in devices better fitting the local wave resource. In the existing literature, PTO systems are commonly sized by the same scaling ratio as the buoy, in which PTO sizing is only playing a limited role. To allow for independent sizing of the PTO system, three sizing methods, different in complexity, are applied in this paper for comparison.



	
Method 1: Scaling law



The scaling principle of electrical generators is based on the fact that the force density per unit surface area of the machine remains rather constant when its dimension changes [40]. The force density is mainly related to two factors. The first one is the magnetic flux density in the air gap, and it is limited by the effect of magnetic saturation. The second one is the linear current density of the machine, and it is limited by the maximum allowed heat dissipation. These two factors could hardly be changed with the dimension if the topology design of the machine does not vary. In this paper, the machine is resized to suit various maximum forces. The force density of resized machines remains identical to the reference machine.



For convenience, a scale factor  λ  is introduced here as,


  λ =   S s   S o    



(21)




where   S o   and   S s   embody the geometrical lengths of the original and the scaled generator. In this method, stator, translator and stack length are sized based on an identical scale factor. However, in principle, they can be sized independently as implemented in method 2 introduced in the following text. Besides, only the stator, translator and stack lengths are considered in scaling, and other geometrical parameters of the machine are kept identical. For a fair comparison of differently sized generators, the stroke and speed limits are maintained to be the same. Then, the other parameters are scaled as follows:


  Force :        F  m a  x s     F  m a  x o     =   λ  2   



(22)






  Velocity :        u  m a  x s     u  m a  x o     = 1  



(23)






  Current :        I  c o  n s     I  c o  n o     = 1  



(24)




where subscripts “s” and “o” indicate the scaled machine and original machine.



The rating of the converter is accordingly scaled for each machine. The rated apparent power, current and terminal voltage should be selected during the rating. As the linear current density is assumed to remain identical for differently sized machines, the maximum phase current of the scaled converter is selected to be unchanged, namely   I  c o n    of 400 A. At the rated operating condition, the velocity of the buoy is   u  m a x    of 1.25 m/s, and then the resulting no-load voltage can be obtained by (13). Additionally, the no-load voltage at the rated point is assumed to be in phase with the current. As a consequence, the rated terminal voltage of the scaled converter,   U  c o  n s    , and the phase angle between the current and terminal voltage, namely  δ , can be calculated according to the first phasor diagram in Figure 3. Therefore, the rated apparent power of the scaled converter is obtained as


   S  c o n  v s    = m  I  c o n m    U  c o n  m s     



(25)







	
Method 2: Scaling with optimization



In this method, the main parameters of the machine, including the translator length, stator length and stack length are optimized during sizing for the lowest LCOE. The optimization for each designed maximum generator force is expressed as


     m i n i m i z e   f = LCOE (  L s  ,  L t  ,  l s  )       s u b j e c t  t o      2  ρ  f o r c e _  r e f     L s   l s  =  F  l i m i t   : c o n s t r a i n t  1          1.2  L s  ≤  L t  : c o n s t r a i n t  2          



(26)




where   ρ  f o r c e _ r e f    is the force density of the reference machine, and   F  l i m i t    is the designed maximum generator force. In (26), constraint 1 is associated with the force density. The force density adopted here is considered as 46   kN /  m 2   , which is calculated based on the performance identification of the AWS generator in [27]. A factor of 2 is included on the left side of the constraint 1 because the machine is double-sided. Constraint 2 indicates that the translator length is required to be larger than 1.2 times the stator length, which is used to mitigate the effect of partial overlap between stator and translator. The maximum phase current, voltage and the rated apparent power of the scaled converter are calculated based on the same way as introduced in Method 1. As the objective function is computationally expensive in this case, the surrogate algorithm is adopted. In the algorithm, the objective function is approximated by a surrogate function, and therefore the optimization speed can be significantly improved [45]. The optimization is implemented in the Matlab environment (version 2020). The tolerance of the function and the maximum iteration steps are set to   1 ×  10  − 5     and 3000, respectively, and the iteration process is terminated when any of the criteria is crossed.



	
Method 3: Scaling with assuming a constant generator efficiency



For simplification, in studies discussing the effects of the sizing of WECs, the sizing of WECs was commonly implemented in the absence of the consideration of the variation of generator efficiencies. Instead, a constant energy conversion efficiency from the absorption stage to the grid was assumed. In this method, the generator size acts simply as a PTO force constraint in the hydrodynamic modeling. This method is discussed in this paper for a comparison with the other two above methods to demonstrate the effects of this simplification on the generator size determination and the LCOE estimation. In this paper, this constant efficiency is considered to be 70%, as usually used in literature [9,46]. Moreover, as the design of the generator is not taken into account in this method, the cost could not be derived explicitly. To evaluate the techno-economic performance of WECs, the PTO related cost in this method is assumed to be the same as that estimated in method 2 for each designed maximum generator force limit.







4.4. Economic Modeling


The linear generator is resized to minimize the LCOE of WECs. To assess the LCOE of the WEC with differently sized generators, an economic model is presented in this part. The AEP of the WEC is calculated as


  AEP = A ·  ∑  x = 1   x = n    P  a b s o r b e d    ( x )  · η  ( x )  · T  ( x )   



(27)




where  η  is the generator efficiency; A is the availability of WECs to work, and it is set as 90% due to necessary operation and maintenance [47]; T represents the total hours of the occurrence of a certain sea state and x means the wave state. The sea site is considered as Yeu island situated in the oceanic territory of France, and its hours of occurrence of each wave state are shown in Appendix A. By equating the time-averaged power transport per unit length of the wavefront of the incoming waves, the irregular wave states are converted to regular wave states for the sake of simplification [9]. The LCOE of a WEC can be expressed as


  LCOE =   CAPEX +  ∑  Y = 1  N    OPEX Y    ( 1 + r )  Y      ∑  Y = 1  n    AEP Y    ( 1 + r )  Y      



(28)




in which CAPEX and OPEX represent the Capital Expenditure (CAPEX) and the Operational Expenditure (OPEX), respectively. The annual OPEX is assumed to be 8% of the CAPEX; r, N and Y embody the discount rate, the lifespan and the evaluated year. The CAPEX of a WEC can be derived as


  CAPEX =  C S  +  C F  +  C I  +  C  pto   +  C C   



(29)




where   C S  ,   C F  ,   C I  ,   C  pto    and   C C   are the costs of the structure, foundation and mooring, installation, PTO and grid connection, respectively.   C S  ,   C F   and   C I   are related to the structural mass of the system. They are estimated using the method introduced in [9]. As for the linear generator, the costs are predicted as


   C  pto   = 2  (  C  F e    M  F e   +  C  C u    M  C u   +  C  p m    M  p m   )   



(30)







In Equation (30), a factor of 2 is included to cover the costs of manufacturing and converter;   C  F e   ,   C  C u    and   C  p m    embody the cost of iron, copper and the permanent magnet per unit mass, and their values are referred to [48];   M  F e   ,   M  C u    and   M  p m    are the mass of iron, copper and permanent magnet, respectively. The relevant economic parameters applied in this work are listed in Table 3.



It should be acknowledged that only a simplified economic model is applied in this work. The economic parameters can be affected by a variety of factors, but the influence of economic modeling on the generator sizing of the WEC is not taken into consideration. The method used here is limited to this specific type of WEC and a single device. For instance, the economic parameters might be different for WEC farms. Because the operation and maintenance strategy could be optimized for WEC farms to better compromise the availability of the WEC and the total OPEX [50]. Then, the estimation of the OPEX has to be updated. Besides, the cost of the WEC structure and the PTO could be decreased when entering into the stage of series manufacture for WEC farms. Moreover, it can be expected that the lifespan and the operational demand of the WECs are correlated with the local wave climate [51]. For example, the frequent occurrence of harsh wave conditions has a negative influence on the lifespan of the WEC. This implies that the economic parameters could differ with the wave site where the WEC is considered to be deployed. Furthermore, a common challenge in modeling the economics of WECs results from the lack of information of the practical projects, which causes the disagreement of economic parameters in different references. Nevertheless, given the scope of this work is to identify the effect of the generator sizing on the performance, it is thought reasonable at the current stage to use this model for constructing an economic implication.





5. Results and Discussion


5.1. Generator Performance


The performance of the linear PM generator is calculated for a particular regular wave state, which is depicted in Figure 4. The concerned generator is sized by method 2 with a maximum designed generator force of 200 kN, and the resized parameters will be shown in Figure 5 and discussed in the following text. It is seen from Figure 4 that the root mean square (RMS) of the no-load voltage doesn’t present a sinusoidal curve, which results from the partial overlap between the translator and stator. A negative effect of the partial overlap can be observed as that the stator current is driven relatively higher for maintaining the required generator force. Consequently, the copper and converter losses are also increased.




5.2. Comparison of Sizing Methods


5.2.1. On the Generator Performance


The reference linear generator is resized corresponding to the designed maximum generator forces ranging from 60 kN to 280 kN. The machine parameters scaled by method 1 and method 2 are compared in Figure 5. It can be seen that all of the translator, stator and stack lengths show a trend to increase with the designed maximum generator force regardless of the sizing method. However, these two methods result in very different machine parameters. The stack lengths obtained using method 2 are clearly longer than those by method 1, but the translator and stator lengths resulting from method 2 are shorter. Noteworthy, based on method 2, the length difference between the translator and the stator is limited if compared to the cases using method 1. This indicates that the negative effect of the partial overlap is not significant for the combination of the machine and the considered wave resource. This can be interpreted as the fact the displacement of the WEC is relatively small in the wave states dominating energy production.



Figure 6 shows the efficiency maps of linear generators with the designed maximum force of 100 kN, 160 kN and 200 kN, respectively, in which regular wave states are considered. Sizing method 1 and method 2 are both applied for comparison. The efficiency at each wave state is calculated as the ratio between the electrical power and the absorbed power of the floater. It is visible in Figure 6 that larger generators generally correspond to higher efficiencies. Besides, the efficiency tends to increase with the wave height and decline with the wave period. For the generator with a designed maximum force of 100 kN, a few empty cells can be noticed at low wave periods and very high wave heights. This is because the buoy velocity tends to be high in these operating conditions. Then, the PTO damping has to be increased to lower the velocity, but the larger PTO damping values are necessarily related to the larger PTO force. Therefore, with a relatively strict designed maximum force, it is not feasible to satisfy both the defined force constraint and velocity constraint.



The overall conversion efficiencies of the generators operating in Yeu island are shown in Figure 7, which is defined as the ratio between the yearly electrical power production and the yearly energy absorbed by the buoy. First, the overall efficiency has a clear dependence on the generator size no matter which sizing method is applied. Generally, larger generators present higher conversion efficiencies. In this particular case, the overall conversion efficiencies are around 60% to 65% for the generator sized with a designed maximum force of 60 kN, while they increase to be higher than 75% for generators with a designed maximum force of 280 kN. This observation clearly reflects the inaccuracy of the assumption used in previous sizing studies [9,14,52] that the generator efficiency is not changing during PTO sizing. Secondly, even though the optimization procedure is incorporated in method 2, it does not necessarily lead to a higher efficiency. For instance, the overall efficiency of the generator scaled based on method 2 is associated with slightly lower efficiency compared to that using method 1 when the designed maximum force is larger than 250 kN. Nevertheless, the contribution of the optimization can be found in Figure 8 as method 2 gives a lower PTO cost when the designed maximum force is higher than 100 kN. For instance, the PTO cost of the generator with a designed maximum force of 280 kN is 160,000 Euros and 12,000 Euros for method 1 and 2, respectively, while their generator efficiencies are comparable.




5.2.2. On the Techno-Economics and the PTO Size Determination


The AEP and the LCOE of the WEC with differently sized generators are depicted in Figure 9 and Figure 10, in which three different sizing methods are applied, respectively. From Figure 9, it is visible that the method 1 and method 2 result in similar values of the AEP, but the relative discrepancy of method 3 is noticeable. For example, when the designed maximum force is 280 kN, the AEP is approximately 130 MWh for method 1 and method 2, but the AEP is calculated to be around 117 MWh by using method 3. In this sense, the relative error reaches 10%. However, unlike the trends of the AEP, these three methods result in very different values of the LCOE, as shown in Figure 10. For instance, when the designed maximum force of the generator is 280 kN, the LCOE is estimated to be around 0.45 Euros, 0.38 Euros and 0.42 Euros for the method 1, 2 and 3, respectively. In this sense, the optimization of generator parameters leads to the reduction of the LCOE of around 15% and 10% with regard to method 1 and 3. In addition, as a consequence of the optimization of the main parameters, method 2 is always related to a lower value of the LCOE compared to method 1. Furthermore, the selection of the generator sizing method is significant to the PTO size determination. In this case, the optimal PTO force limit corresponding to the lowest LCOE is 120 kN, 140 kN and 100 kN for method 1, 2 and 3, respectively. In this sense, the relative error resulting from the assumption of a constant generator efficiency on the PTO size determination is around 29%. It can be concluded that method 3, which assumes the constant generator efficiency during sizing, could lead to a notable misestimate of the AEP, LCOE and the optimal PTO size. Thus, taking the influence of sizing on the generator efficiency into consideration is strongly suggested when conducting PTO sizing. Method 2, namely scaling with the optimization of the main parameters, could better reflect the techno-economic potential of the WEC, since it presents a lower LCOE compared to method 1, which is based on the scaling law. However, it has to be acknowledged that the optimization requires higher computational efforts, while the scaling law requires negligible computational loads with a given reference machine.





5.3. Dependence of the Generator Sizing on Wave Resources


To demonstrate the dependence of the generator sizing and techno-economic performance of the WEC on different characteristics of wave resources, two more wave sites are considered as a comparison in this subsection. They are DK North Sea Point 2 (DK2) and Biscay Marine Energy Park (BIMEP), located in the oceanic territories of Denmark and Spain, respectively. Their scatter diagrams are shown in Appendix A. The mean wave power density of Yeu island, DK 2 and BIMEP are 26 kW/m, 12 kW/m and 21 kW/m, respectively. Only method 2 is applied in this subsection for PTO sizing. Figure 11a shows the optimized design parameters of the linear generator in different wave sites, and the parameters are normalized to the optimized values for Yeu island. It can be found that the wave resource makes a difference to the optimization of the design parameters.



Figure 11b shows the overall efficiencies of the differently sized linear generators in the three wave sites. It can be seen that the overall efficiency is highly related to the wave resource. The overall efficiencies in Yeu island and DK 2 are clearly higher than that in BIMEP. For instance, when the designed maximum generator force is 60 kN, the efficiencies in Yeu island and DK 2 are around 65% while it is only 45% in BIMEP. This can be explained by the fact that the wave states in BIMEP are concentrated in relatively long wave periods, which are associated with low translator velocities. Therefore, the generator efficiency is not only dependent on the generator size but also to the wave resource, and it is unrealistic to be represented by a constant value. Figure 11c depicts the LCOE of WECs in different wave sites. It is visible that the value of the LCOE clearly differs with the wave site. For instance, when the designed maximum force is 100 kN, the values of the LCOE in Yeu island, DK 2 and BIMEP are estimated to be around 0.33, 0.52 and 0.67 Euros/kWh, respectively. The reason is that the energy production of the WEC varies in different wave sites. The difference of wave resources in each site is reflected by its specific distribution of the occurrence of wave states. The distribution of the considered three wave sites are clearly different, as presented in Appendix A. However, the power absorption of a WEC is highly dependent on the wave state, since the wave period and height are crucial to the dynamics of the buoy [53,54]. In addition to the power absorption stage, the generator efficiency also presents a strong relation to the wave state because of the variation of the translator velocity and displacement, as shown in Figure 6. Therefore, it is reasonable that there appears a difference in the LCOE in the three wave sites. It also implies the importance of wave resource of deployment on the techno-economic performance of the WEC. In this case, the LCOE in Yeu island is the lowest among the three. The LCOE in DK 2 is lower than that in BIMEP while BIMEP corresponds to a higher mean wave power density. Hence, more powerful wave resources do not necessarily contribute to better techno-economic performance. Furthermore, the optimal generator size differs with wave resources. The lowest LCOE values in Yeu island, DK 2 and BIMEP correspond to the designed maximum generator force of 120 kN, 100 kN and 160 kN, respectively.





6. Conclusions


The influence of PTO sizing on the power conversion efficiency of a linear generator in a point absorber WEC is investigated in this work. The relevance of PTO sizing to the techno-economic performance of WECs is also studied. To estimate the power production of WECs with the variously sized PTO systems, hydrodynamic modeling and generator modeling are both taken into consideration. Different methods are applied for sizing the linear PM generator for various designed maximum generator forces. Based on the results, it is concluded that the sizing of the generator is important to the LCOE of WECs. The overall conversion efficiency has a notable dependence on the size of generators. Thus, assuming a constant generator efficiency causes an obvious mis-estimate on the determination of the AEP, LCOE and the PTO capacity. In particular cases, the relative errors in the estimation of the AEP and the optimal PTO capacity reach 10% and 29%. Compared with the method based on the scaling law, the scaling with implementing the optimization of main machine parameters could better reflect the techno-economic potential of WECs when conducting PTO sizing. Moreover, the overall generator efficiency and the LCOE are notably related to the wave resource. The wave resource has a clear influence on the LCOE and overall efficiencies of the linear generator. As the overall efficiency of the generator is far from being constant, it is important to take the variation of the generator performance into consideration when sizing PTO systems of WECs for different sea sites.
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Appendix A


The scatter diagrams of wave states in Yeu island, DK 2 and BIMEP are shown below.
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Figure A1. Hours of occurrence of each wave state of Yeu island [54]. 
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Figure A2. Hours of occurrence of each wave state of DK 2 [14]. 
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Figure A3. Hours of occurrence of each wave state of BIMEP [14]. 
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Figure 1. Schematic of the heaving point absorber WEC, and the connection scheme of the PM linear generator with the back-to-back converter and the grid. 
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Figure 2. The photo of the reference linear electrical machine in the pilot of the AWS WEC, and the cross-section of the linear PM generator of the AWS plant. In figure (b), a/a’, b/b’ and c/c’ are the current directions [39], and the "z" axis in the coordinate is perpendicular to the ground plane. (a) Photo of the reference machine. (b) Cross-Section of the machine. 
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Figure 3. Equivalent circuit and the phasor diagram of the linear generator. 
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Figure 4. Generator performance over a half of wave period with a displacement of 0.85 m and a wave period of 10.0 s. The considered machine is sized with a maximum designed generator force of 200 kN based on sizing method 2. (a) Position and speed of the translator. (b) Instantaneous no-load voltage induced by the translator. (c) RMS value of the no-load voltage. (d) RMS value of the stator current. (e) Input mechanical power and electrical power to the grid. (f) Electrical losses. 
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Figure 5. Scaled translator, stator and stack lengths for different designed maximum generator forces. “M1” and “M2” embody method 1 and method 2 for generator sizing. 
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Figure 6. Comparison between efficiency maps of generators scaled based on different methods. (a) Designed maximum force is 100 kN, based on method 1. (b) Designed maximum force is 100 kN, based on method 2. (c) Designed maximum force is 160 kN, based on method 1. (d) Designed maximum force is 160 kN, based on method 2. (e) Designed maximum force is 200 kN, based on method 1. (f) Designed maximum force is 200 kN, based on method 2. 
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Figure 7. Scaled translator, stator and stack lengths for different designed maximum generator forces. 






Figure 7. Scaled translator, stator and stack lengths for different designed maximum generator forces.



[image: Jmse 10 01316 g007]







[image: Jmse 10 01316 g008 550] 





Figure 8. The PTO related cost of generators scaled by different methods. 






Figure 8. The PTO related cost of generators scaled by different methods.



[image: Jmse 10 01316 g008]







[image: Jmse 10 01316 g009 550] 





Figure 9. The AEP of the WEC as a function of the designed maximum generator force. “M3” embodies the method 3 for generator sizing. 
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Figure 10. The LCOE of the WEC as a function of the designed maximum generator force. 
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Figure 11. The optimized design parameters, the overall efficiency and the LCOE of the WEC with various designed maximum forces in three different wave sites. (a) The optimized design parameters for DK 2 and BIMEP, which are normalized to the corresponding values in Yeu island. (b) The overall efficiency of the linear generator as a function of the designed maximum generator force. (c) The LCOE of the WEC as a function of the designed maximum generator force. 
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Table 1. WECs applying the linear generator tested in the oceanic environment.
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	Parameters
	AWS
	Uppsala Concept
	SeaBeavI





	Rated power
	2 MW
	10 kW
	10 kW



	WEC type
	Submerged point absorber
	Floating point absorber
	Floating point absorber



	Generator structure
	Bottom founded
	Bottom founded
	Floating



	Generator topology
	Flat and double sided
	Flat and four sided
	Tubular



	First tested time
	2004
	2006
	2007



	Testing site
	Portugal
	Sweden
	USA
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Table 2. Design parameters of the reference linear generator.






Table 2. Design parameters of the reference linear generator.





	Parameters
	Symbol
	Value





	Maximum average power
	   P  r a r e d    
	1 MW



	Maximum force
	   F  m a x    
	933 kN



	Maximum velocity
	   u  m a x    
	2.2 m/s



	Stroke
	S
	7 m



	Translator length
	   L t   
	8 m



	Stator length
	   L s   
	5 m



	Air gap length
	g
	5 mm



	Slot width
	   b s   
	15 m



	Stack length
	   l s   
	1 m



	Magnet pole width
	   b p   
	79 mm



	Tooth width
	   b t   
	19 mm



	Magnet thickness
	   l m   
	15 mm



	Number of conductors per slot
	   N s   
	6
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Table 3. Parameters in the economic modeling [14,48,49].






Table 3. Parameters in the economic modeling [14,48,49].





	Parameter
	Value
	Unit





	Iron price (  C  F e   )
	3.3
	Euros/kg



	Copper price (  C  C u   )
	15.2
	Euros/kg



	Permanent magnet price (  C  p m   )
	24.7
	Euros/kg



	Lifespan (N)
	20
	years



	Discount rate (r)
	8%
	–



	Availability of operation (A)
	0.9
	–
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