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Abstract

:

Small-scale, portable generation of electricity from ocean waves provides a versatile solution to power the ocean sensors network, in addition to the traditional large-scale wave energy conversion facilities. However, one issue of small-scale wave energy convertor (WEC) is the low capturable power density, challenging the design of the efficient power take-off (PTO) system. To tackle this challenge, in this paper, an electrohydraulic PTO system with compressed energy storage was proposed to boost output power of a portable WEC. Lumped-parameter kinematics and dynamics of the four-bar mechanism, the fluid dynamics of the digital fluid power circuit, and the mechanical and volumetric power losses were modeled and experimentally validated. Initial test results of the 0.64 m2 footprint prototype showed that the inclusion of storage improved the averaged electric power output over 40 times compared to the traditional architecture, and the proposed device can deliver up to 122 W at peaks.
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1. Introduction


Oceans on earth are enormous bodies with rich renewable resources. As interests in ocean sensing continue to grow, e.g., building an ocean sensing array composed of smart surface or subsea beacons, etc., provisions of electrical power for the distributed sensors’ network becomes a necessity. Adjacent to several oceans, China has a long coastline and is abundant in wave energy reserves, whose mean power is estimated to be over 12 gigawatts; even in the less wave energy dense regions, such as Liaoning Province in the far north, the annual mean wave height is still around 0.4 m [1]. Electricity generation from the heaving motion of the waves is clean and sustainable, and a viable solution to long-term maritime operations [2]. One kind of device that achieves the function is a wave energy convertor (WEC). A typical WEC includes a buoy that draws in the power from the motion of the oscillating wave, and a power take-off (PTO) system that converts it into electrical power [2,3]. Thus, the performance depends on both the buoy hydrodynamics and the energy conversion processes. As a result, in the design of efficient WECs, the two major approaches are either through the optimization of the fluid-structure interaction between the wave and the buoy, or through the PTO design. The former often employs tools such as computational fluid dynamics (CFD) or experiments, and the goals are to improve the efficiency of the buoy responding to the wave motion [4,5,6,7]. The latter usually focuses on improving the PTO’s architectural features, such as the traditional single or multiple-step conversion types [8,9,10,11,12,13,14,15,16,17,18]. Single step conversion usually requires a linear electric generator, the advantage of which, is that the direct conversion eliminates the inter-step losses of a multiple-step conversion system [8]. However, due to the uncertainty of wave conditions during a short period in a region, contrasting with the stable year-round mean wave power, it is difficult to maintain consistent performance. To generate electricity more stably, multiple-step conversion WECs are developed. In such systems, most PTOs would employ a rotary electric generator, driven mechanically [9,10,11], pneumatically [12], or hydraulically [13,14]. Though the overall efficiency could be offset by the increased number of energy conversion steps, the architecture could utilize more complicated energy conversion schemes, such as multiple connected bodies to resonate to a particular band of wave frequencies [11,15], or the accumulators in hydraulic or pneumatic PTOs to absorb excessive pressure fluctuations for more consistent power output [13]. For this reason, traditional large-scale wave energy conversion facilities are often of multistage design [16,17,18]. However, since centralized wave energy conversion facilities are usually permanently deployed near shore [16,17] or require certain mooring equipment [18], the traditional large-scale WECs lack the ability of redeployment. Additionally, mitigating line losses could be a challenging engineering task for the long transmission distances (in the magnitude of several hundred kilometers) between the sensors and power hub. In contrast, distributed power generation by small-scale WECs could offer more flexibility through onsite power generation with tunable transmission losses [19]. Nonetheless, a major drawback of small-scale WECs is the low power output (only a few Watts), which is an intrinsic limitation, since the capacity of the wave power absorbable by the WEC is directly governed by the projected area of the buoy on the ocean surface [20].



To improve the limited output power of a small-scale WEC, this paper explores the feasibility of a new electrohydraulic PTO design with energy storage to achieve greater power output. An illustration of the proposed WEC is shown in Figure 1. The first stage features a hinged twin-board design: An inverted four-bar double slider mechanism connects the two hinged boards, which captures the heaving motion of the wave to drive a single cylinder hydraulic piston pump. The second stage utilizes digital fluid power control. First, the taken-off wave kinetic energy is converted into stored compressed energy in a bladder-type accumulator; then a digital on-off valve controls the release of the energy storage of the accumulator to generate electricity through a hydraulic motor coupled to a rotary electric generator. The choice of the proposed electrohydraulic PTO system with energy storage capability enables, in particular, a more compact system [21].



The goal of this paper is to model and validate the key dynamics of the proposed electrohydraulic PTO system, and study the effects of accumulator pre-charged pressure on system performance. The paper is organized as follows. In Section 2, the design of the proposed WEC is demonstrated, and the lumped dynamic models of the mechanism, the fluid power system, and the mechanical and volumetric losses are established. In Section 3, a numerical solution to the dynamics of the digital hydraulic circuit is proposed. In Section 4, an experimental testbed and test procedures of the proposed WEC are demonstrated. In Section 5, the derived PTO models are validated, and effects of key design parameters are discussed.




2. Mathematical Models


2.1. Dynamics of the Linkage Wave Follower


The proposed hinged twin-board WEC is assumed to react to the heaving motion of the wave, resulting in an oscillating angle between the two boards about the hinge. A four-bar double-slider mechanism is used to convert the wave activated rocking motion of the input link (i.e., torque and angular velocity) into the motion of the piston pump (i.e., force and linear velocity), visualized in Figure 2.



Assuming all mechanical components are rigid bodies, the motion of the piston can be simply derived from the vector equality in a complex coordinate system as follows:


     r 3   ⇀  =  h ⇀  −    r 2   ⇀   



(1)




where      r 3   ⇀  =  r 3   e  i  θ 3      is the vector defining piston displacement,   h ⇀   is the constant horizontal vector pointing from the revolute joint to the piston axis, and      r 2   ⇀  =  r 2   e  i  θ 2      is the rocker link vector, rotated and retracted from      r  20    ⇀   , the vector denoting the maximum liftable position of the rocker link.



The velocity and acceleration characteristics of the wave absorber linkage can be found through temporal derivation of the vector loop equation. Since the distance and orientation of the relative position between the rocker pivot and piston axis are constant; i.e.,   d  h ⇀  / d t = 0  . Thus, the velocity vector loop is found by


       r 3   ⇀   ˙  = −      r 2   ⇀   ˙  = −    r 2   ˙   e  i  θ 2    −  r 2   ω 2   e  i  θ 2    i  



(2)







By performing one more derivation with respect to time, the acceleration relationship is obtained


       r 3   ⇀   ¨  = −    r 2   ¨   e  i  θ 2    − 2    r 2   ˙   ω 2   e  i  θ 2    i +  r 2   α 2   e  i  θ 2    i +  r 2   ω 2 2   e  i  θ 2     



(3)







The buoy (Link 2) of the mechanism is activated by the heaving motion of the wave, resulting in relative revolute motion (     θ 2   ˙   ) about the pivot joint  o :


     θ 2   ˙  =   ∠    r 2 ′   ⇀   ˙   



(4)




where the definition of the angle is   ∠    r 2 ′   ⇀  = im  (   r 2 ′   )  / re  (   r 2 ′   )   .



Similarly, the angular acceleration of the buoy is      θ 2   ¨  =   ∠    r 2 ′   ⇀   ¨   .



The dynamics of the mechanism is solved by constructing the free body diagrams and analyzing all the forces and moments in every link, as in Figure 3. Applying d’Alembert’s principle [22] and balancing forces on the horizontal and vertical axes and torques on links 2 and 3, the matrix defining the dynamics of the mechanism can be obtained as:


   [       m 2   a  2 x              m 2   a  2 y              I 3   α 3             m 3   a  3 x              m 3   a  3 y   +  F  13 y          I 2   α 2  +  m 2   a 2   r 4                       ]  =  [      − 1    0   1   0   0   0     0    − 1    0   1   0   0     0   0    −  l 2     0    −  l 1     0     0   0    − 1    0    − 1    0     0   0   0    − 1    0   0     0   0     l 3  sin  θ 2       l 3  cos  θ 2     0    − 1      ]   [       F  12 x              F  12 y              F  23 x              F  23 y              F  13 x          T w                       ]   



(5)




where    F  13 y     is an input, calculated from the piston cylinder pressure (which will be discussed in Section 3) multiplied by the piston area,  I s are the rotary moments of inertia, for which subscript denotes the link number, and  l s are the normal distances of force about the revolution center. By applying matrix inversion to Equation (5), the reaction forces,      [   F  12 x      F  12 y      F  23 x      F  23 y      F  13 x      T w   ]    − 1    , can be resolved. The properties of the mechanism can be found in Table 1.




2.2. Dynamics of the Electrohydraulic PTO System


The pressure dynamics of the fluid power circuit are modeled based on the definition of the fluid bulk modulus (   β e   ), the orifice flow equation (   q  i , o    ), the leakage due to valve clearance (   q l   ), and check value dynamics (   q c   ), shown below:


   p ˙  = −    β e   V   (   V ˙  +  q  i , o   +  q l  +  q c   )   



(6)




where  V  is the volume of the fluid within a given control surface; i.e., the total volume of oil in the accumulator plus the volume in the manifold and hoses; the latter two are neglected as the accumulator volume dominates, and the effective bulk modulus (   β e   ) of oil with entrained air can be modeled using the two-phase (air-oil) polytropic model [23,24].



The constitutive relationships between pressure and flow can be modeled traditionally using lumped parameter models, e.g., the discharge flow equation, so that the rate of volumetric flow is modeled to be proportional to the square root of pressure differential across the valve orifice, the valve open area, the density of fluid, and the parallel plates’ leakage, etc. [24,25]. Alternatively, the aforementioned   V ˙  ,    q  i , o    ,    q l   , and    q c    models can be constructed in a Simulink block diagram, as shown in Figure 4. Then, the dynamic pressure in Equation (6) can be solved.



In the simulation, a double acting hydraulic cylinder block with only one port used acts as the hydraulic cylinder, while the piston displacement information either comes from user-defined input or the measured data (details on setting up the experimental work are shown in the next section). Two ball-type check valve blocks are used to ensure the flow direction of the single cylinder piston pump is checked. A rotary inertia-damper-friction combination is used to mimic the dynamic performance of the electrical generator. A two-position-two-way (2/2-way) digital on-off valve is used to control the release of the compressed energy from the accumulator, following the external valve command signal (   u v   ):


   u v  =  {     1    i f    p a  ≥  p  s e t   o n        0    i f    p a  ≤  p  s e t   o f f          



(7)




where    p  s e t   o n     and    p  s e t   o f f     are the two set pressure values to command the on-off valve to whether isolate or release the accumulator to the hydraulic motor. The simulation parameters can be found in Table 2.




2.3. Energy Storage and Power Output


Based on the proposed two-stage design, the output electric power of the PTO system can be expressed as


     W E   ˙  =  η G   (   ω  r o t o r    )   (     W P   ˙   (   ω  w a v e    )  −    W F   ˙   (   ω  w a v e    )  −    W H   ˙   ( p )   )   



(8)




where    η G    is the generator efficiency, which is an intrinsic property of the generator, determined by the rotor rotational frequency; and    ω  w a v e     is the frequency of the wave. In this work, it is the frequency of the piston cylinder input.      W P   ˙    and      W F   ˙    represent the piston input and the mechanism friction power respectively; each is a function of the wave frequency.      W H   ˙    is the leakage loss at a given hydraulic circuit pressure. Obviously, for a higher electrical power output, one can increase      W P   ˙   , while keeping      W F   ˙    and      W H   ˙    low.



The friction work in the mechanism includes the translational and rotational pin friction in the joints:


   W F   (   ω  w a v e    )  = μ    F  32    ⇀       r 3   ⇀   ˙  +  T  f 12      θ 2   ˙   



(9)




where  μ  is the friction coefficient,      F  32    ⇀    is the force acting on the pin;    T  f 12   =   μ  |     F  12    ⇀   |   r  p i n     is the friction torque on a pin with radius of    r  p i n    ;        r 3   ⇀   ˙    and      θ 2   ˙    are solved from the kinematic relationships in Equations (2) and (4); and both      F  12    ⇀    and      F  32    ⇀    are the reaction forces solved from Equation (5).



The power of leakage loss is modelled as a simple parallel plate flow with hydrodynamic clearance:


     W H   ˙   ( p )  =  C 1   p 2  ,  



(10)




where    C 1  =     B  c 3    12 μ L     is the lumped leakage coefficient. Derivation details can be found in Appendix A.



The piston input power is directly coupled to the wave frequency, and the average input power is governed by the pressure–volume (P–V) trajectory:


     W P   ˙   (   ω  w a v e    )  =     ∫  ​  p d v  ˙   



(11)




where   d v = d    r 3   ⇀   A p   , and    A p    is the area of the piston. A special case is that when the accumulator is storing compressible energy; i.e., when the 2/2-way digital valve is deenergized, allowing the compressed fluid to first be accumulated before being released at a later time. In this case, the input work can be simply calculated by integrating the P–V trajectory under adiabatic heat capacitance ratio of  γ  (  γ = 1.4  ), assuming the gas side of the accumulator follows the ideal gas law:


     W P   ˙  =     ∫    V 0     V 1     p 0     (     V 0   ν   )   γ  d ν  ˙  =  1   (  1 − γ  )  Δ t    (   p 1   V 1  −  p 0   V 0   )   



(12)







Equation (12) shows that      W P   ˙    monotonically increases with the final pressure,    p 1   . It is, therefore, obvious to increase the final pressure for a higher amount of stored energy. That way, during the electrical generation process, releasing the compressible potential energy from the accumulator through the activation of the on-off valve at a higher pressure than in normal operating conditions can increase the overall power output, which will be validated in the experiments displayed in Section 4. Though it is a linear relationship of final pressure with respect to      W P   ˙   , it is worth mentioning that in the design of economical fluid power components, the magnitude of pressure should be limited within 30 MPa, reconciling the material strength, weight, and cost.





3. Experimental System


3.1. Testbed


The proposed electrohydraulic PTO system was designed and fabricated inhouse with a small footprint of 0.8 m by 0.8 m. The schematic and a photo of the testbed are shown in Figure 5 and Figure 6. The core components of the PTO are the inverted four-bar double slider mechanism, the electrohydraulic circuit, and the electronics that coverts the rotary motion of the hydraulic motor into direct current electric power through a generator. The heaving motion of the buoy was simulated with an input handle pushing and pulling the piston of the hydraulic cylinder. The goals of the test bed are to measure the displacement input of the rocker, the pressure of the accumulator, the torque and angular velocity of the hydraulic motor, and the electric output power of the system.



As shown in Figure 6, a manual pump is used to mimic the relative motion of the buoy to the frame of the WEC when reacting to surface wave. The displacement of the plunger is directly measured using a laser triangulation sensor (LTS). The pumped fluid travels through the valve block into the accumulator pre-charged with nitrogen gas, and the storage pressure is regulated through a 2/2-way on-off valve. A pressure transducer senses the pressure in the accumulator. When the valve energizes, the released high-pressure flow drives a gerotor hydraulic motor and a 3-phase electric generator. The generated three-phase alternating current is rectified by a full diode bridge, and the load is simulated by two load resistors,    R 1    and    R 1   , of whose resistance values are 0.1 Ω and 0.3 Ω, respectively. The accumulator pressure, the piston displacement, the angular velocity, the torque on the generator shaft, and the output voltage on the load resistors are sampled by a data acquisition system (National Instruments USB6009).




3.2. Test Procedures


During the dynamic test, an operator would manually pump at nearly constant frequencies (~1 Hz) for a given number of reciprocating cycles. Synchronous real-time acquisition of spool displacement, coil, and drive current was performed. The acquisition started after the system was warmed up; i.e., the solenoid, electric circuit, and sensors were on for 10 min to avoid temperature drift. In a multiple-cycle test, the acquisition time was 100 s and the sampling frequency was 10 kHz. The equations set to calculate the experimental heaving input, the hydraulic motor output, and the electric output power, are summarized in Table 3. Additionally, a measured input piston motion (i.e., 50 pumping cycles) is shown in Figure 7. It is worth noting that the experimental input was done by manual pumping; no advanced trajectory control was implemented beyond the operator’s perception. For PTO performance under realistic wave conditions, a simulation using the experimentally validated models and wave data from ocean sensors can be found in Section 4.2.





4. Results and Discussion


4.1. Model Validation


The performance of the proposed PTO system depends upon that of the electrohydraulic circuit. Therefore, the fluid power models developed in Section 2.2 were validated first. A comparison between the measured and the simulated accumulator pressure based on Equation (6) was made when the accumulator was pre-charged to 3 MPa, 6.6 MPa, or 15 MPa, as shown in Figure 8. The simulation results match the measurement in three experimental settings. For the same number of input pump strokes as in Figure 7, the accumulator pressure reached a higher magnitude, as the pre-charged pressure increased. The pressure history between 5 s and 45 s shows a trend that almost linearly increases with time, which is due to the charging of the pressurized fluid into the accumulator by the hydraulic piston pump. The sharp corners at 52 s for the 15 MPa case, 65 s for the 6.6 MPa case, or 47 s for the 3 MPa case, indicate rapid loss of pressurized fluid in the accumulator chamber, which was due to the energizing of the digital on-off valve at those designated times to discharge. It is also noticed that the duration of the accumulator discharge decreased with the pre-charged pressure. This was also expected, as most hydraulic motors output higher shaft speeds under elevated pressure.



The output power from the hydraulic motor shaft drives the electrical generation system, higher output power indicates greater potential for electricity generation. The simulated hydraulic motor output power of 3 MPa, 6.6 MPa, or 15 MPa accumulator pre-charged pressures were validated by being compared to the experimental results, as shown in Figure 9a–c.



As shown in Figure 9a,b the simulated results estimate the output power with good precision compared to the measurements. However, in the case of Figure 9c, the deviation is over 50%. The significant deviation is due to the unmodeled nonlinearities in the combined hydraulic motor-electric generator simulation; in Figure 9a–c, all use the same damping coefficient 0.50 Nm/(rad/s), as in Table 2. By reducing the damping coefficient for Figure 9c to 0.20 Nm/(rad/s), the updated simulated results show a better match with experiments, as demonstrated in Figure 9d, which supports the assumption that the damping effect in the combined motor-generator is nonlinear with respect to the shaft rotational speed. In addition, the case where the digital on-off valve is kept energized during the entire experiment, i.e., the accumulator only acts as a pressure damper, as in [12], was also tested and validated, as in Figure 10. Compared to the case of Figure 9d, without the storage and release of compressible energy from the accumulator, the output shaft power from the hydraulic motor is strained under 60 Watts (W), where for the same input motion, the peak output power in Figure 9d can reach as high as 122 W; or by increasing the pre-charge pressure of the accumulator, the peak is found over 220 W in Figure 9a. The instantaneous output power gain from the proposed PTO system with a higher storage pressure is significant.




4.2. Power Output and Losses


The performance of the PTO balances between the power output and losses. To calculate the input piston work, and the mechanical and volumetric losses in the proposed PTO using Equations (9) through (12), the link velocity, the pin reaction forces, and the leakage coefficient need to be determined. In Figure 11, the translational velocity of Link 2,        r 2   ⇀   ˙   , is obtained by calculating Equation (2) using the trajectory in Figure 7, and the rotational angular velocity from Equation (4). With the knowledge of those parameters, and    F  13 y     using measured piston pressure, the reaction forces on the right-hand side of the Equation (5) were calculated. Then all the unknowns in Equation (9) were obtained.



By substituting the measured piston displacement and accumulator chamber pressure into Equations (9)–(12), the hydraulic motor output, the electrical generator output, the mechanical friction loss due to the relative motion between the pin and slot, and the leakage loss power can be obtained, as in Figure 12.



From Figure 12, the performance of the proposed PTO shows that for the same input number of waves, higher accumulator pressure results in greater generated electric power. In the 3 MPa case, without active energy storage, the generator output power is only a few Watts, comparable to other WEC designs under a similar footprint [12]. However, once the pressurized flow from the pump is actively stored as in the other three cases, the output power increases significantly, especially at a higher pre-charged pressure. When the accumulator is discharged at 21 MPa in the 15 MPa case, the average electric power reaches 60.2 W (with peak power over 122 W), which is at least 46 times higher than in those without energy storage. And this supports the authors’ argument that the implementation of energy storage devices on portable WECs significantly boosts the output electric power. Another observation is that the leakage loss increases with pre-charged pressure, but the magnitude is much smaller compared to the mechanical friction; e.g., leakage power is only 0.4 W in the 15 MPa case according to Equation (10), whereas the mechanical friction is over 4.2 W by Equation (9). Additionally, the mechanical friction loss could offset the electrical output at a higher pressure or faster pin rotational frequency, according to Equation (9). Nonetheless, results show that under 15 MPa pressure, and 1 Hz, the combined leakage and mechanical friction losses constitute only 7.6% of the electrical output power.



To estimate the performance of the PTO under real ocean environment, the validated models were simulated using recorded ocean wave input from published surface elevation data in [26]. The four configurations for the power take-off were tested, the same way as for Figure 12, and the results are shown in Figure 13. The averaged electrical outputs are 0.5 W, 7.3 W, 20.2 W, and 69.1 W. The overall trend and magnitude of the simulation results match those in Figure 12. It was expected, since the selected wave data also contained 50 input cycles, the result would be similar accumulated pressure. However, the mechanical friction reduces about 20% from the experiment, due to significantly slower wave frequency of the real wave at 0.05 Hz, compared to the manual pumping experiment at 1 Hz. The leakage stays relatively constant, as it is a function of pressure. Although the simulated output power is consistent with the experiment, the simulation took about 6 to 10 times longer to charge the accumulator than that in the experiment, as the recorded wave frequency is significantly slower.



In terms of application of the proposed energy storage-and-release concept for PTOs, it can be applied to industrial or commercial electrohydraulic PTO systems for boosted output power. If the original PTO system is already based on fluid power transmission, the proposed method can be readily applied, and the benefits of an increased output power are expected by adding an on/off valve to control the release of the accumulator storage energy, as the schematic shows in Figure 5. Conveniently, the target system still operates at the original pressure rating in this case, without the need for replacing the existing components. As for the improvement, according to the results in Figure 12 and Figure 13, if the target system has a similar footprint as the one in this paper, a two to four times increase of output power is expected. To further increase the output power, one needs to dial up the magnitude of pre-charged pressure of the accumulator. Although, according to Equations (11) and (12), for the same input heaving motion, the input power grows proportionally with both the accumulator’s pre-charge pressure and the volume; neither can be set infinitely high. This is because the power of leakage loss is directly proportional to the square of the accumulator pressure, as in Equation (10), which grows much faster than the output power does. Also, practical constraints, such as the fluid pressure rating of the original system (e.g., economically, commercial fluid power systems are usually rated below 30 MPa), and the difficulty in manufacturing large fluid power components, could set additional obstacles, which all need to be removed before the proposed method can be applied at significantly elevated pressure settings. In all, the proposed method is tested to boost the output power of a WEC over 40 times compared to a traditional electrohydraulic PTO system without storage, when the pre-charged pressure of the accumulator is set over 15 MPa; even if the original system is operating on low pressure settings (i.e., below 3 MPa), the improvement of the system output is still significant. Yet, there is still room for future improvements on the understanding of the combined effects of the motor/generator rotation speed, accumulator volume, and storage pressure, with further optimization and experimental study.





5. Conclusions


The electrical output capability of a traditional small-scale WEC is limited by its physical dimensions. To increase the electricity output of small-scale, portable WECs, a hinged twin-board designed WEC, utilizing an electrohydraulic PTO system with compressed energy storage is proposed, modeled, and experimentally validated. Initial test results showed that the derived models well predict the performance of the system, and the proposed PTO system with high pre-charge accumulator pressure can improve the peak electric output by up to 122 W. The two major conclusions derived from this combined simulation and experimental study are:



(1) Energy storage concept was proposed for the fluid-power-based PTO systems in a portable WEC. Simulation and experimental measurements demonstrated output power improvements of two to over 40 times, depending on the accumulator’s pre-charged pressure.



(2) A combined kinematic-fluid power model was derived, simulated, and experimentally validated for the proposed electrohydraulic PTO system, laying the ground work for future parametric studies.



Apart from the benefits of the proposed approach, the pressure rating of the original system and regulating of high flow rate are the two major challenges. In future work, through further optimization and experimental study, the combined effects of the rotation speed, accumulator volume, storage pressure, and the constraints of manufacturability, can be better evaluated to improve the output power of the PTO.
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Appendix A. Derivation of the Power Loss on Leakage


Since the volumetric flow rate of the leakage cannot be directly measured, and usually only the system pressure can be obtained in an experimental system, the power loss on leakage based purely on the system pressure is derived as follows. Based on the lumped pressure dynamics in Equation (6), if we only consider leakage in the form of parallel plate flow (   q l  =   Δ p B  c 3    12 μ L    ) [24,25], then the leakage–pressure relationship is:


   p ˙  = −    β e   V    Δ p B  c 3    12 μ L   = −  C 0  p  



(A1)




where  μ  is the viscosity of the fluid,  L  and  B  are the length and width of the leakage path,  c  is the hydrodynamic clearance height, and   Δ p   is the pressure differential across the leakage region   Δ p = p  , if gauge pressure is used. Then one can lump all the parameters except the gauge pressure into    C 0   , arriving at a linear function of the rate of pressure change,   p ˙   about  p . Then the magnitude of    C 0    can be obtained from the slope of the pressure drop in Figure 12.



Finally, the power loss due to leakage is the multiplication of the gauge pressure and the volumetric rate flow:


     W H   ˙  =  C 1   p 2   



(A2)




where    C 1  =  V   β e     C 0   .



Based on the experimentally obtained pressure drop rate as a function of pressure, as in Figure A1, a rather linear relationship was found, confirming that the leakage is dominated by hydrodynamic clearance flow.





[image: Energies 12 03378 g0a1 550] 





Figure A1. Experimental leakage measurement. Note that the linear least square fit of the experimental data showed the coefficient (C1) of the pressure drop rate with respect to the accumulator pressure is 0.0036 MPa/s per 1 MPa. Note, the regression performance value, R2, is 0.966. 
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Figure 1. An overview of the proposed wave energy converter (WEC) with an electrohydraulic power take-off (PTO) system. 1: Piston rod; 2: Hydraulic piston pump; 3: Electric circuit (battery, control, etc.); 4: Electric generator; 5: Hydraulic motor; 6: Digital on-off valve; and 7: Hydraulic accumulator. Note the wave length of the surface wave is much longer than that of the buoy, and the buoy is assumed to follow the heaving motion of the wave. 
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Figure 2. Mechanism kinematics of the proposed WEC. 
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Figure 3. Free body diagrams for the piston and rocker link of the proposed wave absorption mechanism. 
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Figure 4. Simulink block diagram for dynamic simulation of the electrohydraulic circuit. Note the electrical generator is emulated by a user-defined “generator module,” which contains a rotary inertia, a rotational damper, and friction. The motor shaft motion works as the input. The resultant angular velocity and the torque are the outputs. 
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Figure 5. Circuit diagram of the experimental system. Note: T represents the torque transducer; G is the electric generator; E is the rotary encoder; and U, V, and W are the three winding coils of the generator. 
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Figure 6. A photo of the WEC core components testbed. A: Laser displacement sensor; B: Manual single cylinder piston pump; C: Compressed nitrogen gas accumulator; D: Torque transducer; E: Gerotor motor; F: Rotary encoder; G: Three-phase 12 V electric generator; H: Three-phase full-wave bridge rectifier; I: Load resistors; J: Solenoid on-off valve; K: Oil reservoir. 
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Figure 7. Piston pump input trajectory. Note that there are 50 pumping cycles in total. 
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Figure 8. A comparison between the dynamic pressure simulation and the experiment results when the accumulator is pre-charged to 3 MPa, 6.6 MPa, and 15 MPa. Note the simulation takes piston displacement as input and output is the accumulator pressure. 
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Figure 9. Simulated and experimental results on the hydraulic output power: (a) Accumulator pre-charged to 15 MPa and released at 21 MPa; (b) accumulator pre-charged to 6.6 MPa and released at 10 MPa; (c) accumulator pre-charged to 3 MPa and released at 4 MPa; and (d) accumulator pre-charged to 3 MPa and released at 4 MPa, but with an adjusted rotational damping coefficient from 0.50 Nm/(rad/s) to 0.20 Nm/(rad/s). 
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Figure 10. Simulated and experimental results on the hydraulic output power when the accumulator is pre-charged to 3 MPa and is always connected to the motor (i.e., the digital on-off valve is kept energized the entire time during the experiment): (a) Full 50-cycle comparison, and (b) zoomed-in 4-cycle result timed from 2 s to 7 s for clarity. 
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Figure 11. Calculated rotational angular velocity (dotted line) and translational velocity (solid line) of Link 2. Note the translational velocity has been smoothed by a moving window with a width of 2001 data points. 
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Figure 12. Calculated averaged power of the proposed PTO using experimental data. Note the magnitudes of the averaged power are shown in a semi-logarithmic plot for clarity. The averaged outputs of electrical power for the four cases are 1.3 W, 5.0 W, 20.6 W, and 60.2 W. 
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Figure 13. Simulated averaged power under realistic wave input. Note the time series of surface elevations data was recorded by a wave buoy at the South West UK, on 18 March 2010, 15:00, published in [26]. The peak frequency of the wave is 0.05 Hz and the maximum amplitude is 5 m. A saturation operation was applied to the wave trajectory to limit input to piston displacement between 0 mm and 25 mm. Additionally, a total duration of 430 s of data was used so that 50 completed piston input cycles were achieved to match that of Figure 12. The averaged output electrical power of the four cases are 0.5 W, 7.3 W, 20.2 W, and 69.1 W. 
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Table 1. Mechanism parameters.
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	Symbol
	Parameter Definition
	Value
	Unit





	    m 2    
	mass of link 2
	33.6
	kg



	    m 3    
	mass of link 3
	0.2
	kg



	    I 2    
	moment of inertia of link 2
	0.14
	kgm2



	    I 3    
	moment of inertia of link 3
	0.10
	kgm2



	    |  h ⇀  |    
	length of ground link
	23
	mm



	    |     r  20    ⇀   |    
	maximum length of link 2
	34
	mm
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Table 2. Simulation parameters for the block diagram.
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	Simulation Parameters
	Value
	Unit





	Simulation duration
	100
	s



	Solver
	ODE15s
	−



	Piston area
	1 × 10−4
	m2



	Piston stroke (nominal)
	0.025
	m



	Bulk modulus
	1.4
	GPa



	Entrained air vol. fraction
	0.02
	−



	Moment of inertia of motor
	0.05
	kgm2



	Rotary damping coefficient
	0.5
	Nm/rad/s



	Crack pressure (check valve)
	7
	kPa



	Accumulator volume
	0.5
	L
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Table 3. Equations set to calculate the experimental averaged power.
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	Description
	Equation
	Unit





	Heaving input
	    1  Δ t     ∫  ​  p  A p     r 3   ˙  d t   
	W



	Hydraulic motor output
	    1  Δ t     ∫  ​   T m   ω m  d t   
	W



	Electric output
	    1  Δ t     ∫  ​   i L 2    ∑  ​   R L  d t   
	W







Note:    T m    and    ω m    are the measured torque and angular vel