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ABSTRACT
Ocean wave energy is a renewable energy source with a large potential to contribute to the world’s electricity production. The work presented in this article is intended to calculate and analyze a dual-buoy 5kW wave energy converter. This device consists of two-body point absorber, one floating body and one semi-submerged body, which moves inside a tube. A linear permanent magnet generator that is a direct-driven conversion mechanism connects two bodies. In this article, a simple modeling approach for the linear permanent magnet generator is presented and its structure is described.

KEY WORDS: Wave-energy converter; heaving-buoy; dual-buoy; linear generator.

1. INTRODUCTION

Today, the focus on generating electricity from marine renewable sources is an important area of research. There are many wave energy devices investigated, tested and deployed in the oceans. 

There is a large number of concepts for wave energy conversion (Salter, 1974; Duckers, 2004; Previsic, 2004), WECs are generally categorized by location (Shoreline devices, Nearshore devices, Offshore devices), by types (Attenuator device, Terminator device, Point absorber) and by modes of operation (The submerged pressure differential device, An oscillating wave surge converter, An Oscillating water column (OWC), An overtopping device).

It is useful to note that wave energy occurs in the movements of water near the surface of the sea (Callaghan, 2006). Up to 95 per cent of the energy in a wave is located between the water surface and one-quarter of a wavelength below it (Duckers 2004).

One of the major challenges of WECs is concerned with how to drive generators. During early wave power research, the possibility of using electrical linear generators was investigated (Baker, 2003; Thorburn, 2004; Boldea, 1997). A linear generator offers the possibility of directly converting mechanical energy into electrical energy. 

The basic concept of a linear generator is to have a translator on which magnets (or windings) are mounted with alternating polarity directly coupled to a heaving buoy, with the stator containing windings (or magnets), mounted in a relatively stationary structure (Baker, 2001; Johannes, 2002; Eriksson, 2007; Jawad, 2010). As the heaving buoy oscillates, an electric current will be induced in the coils.

In this article, we will present a simple modeling of the linear permanent magnet generator and the structure of the direct driven wave-energy converter with a three-phase linear permanent magnet generator (LPM). The coil is winding on a frame to translate in space between two magnet bars. For 5kW generator, we will design 30 sectors on the piston. The conductor in the coils can wind thread around all sectors on the piston.

2. GOVERNING EQUATIONS
For analyzing, the mathematic model of the device which include the governing equations of generator, bodies’ motion is obtained. Based on this model the relative between wave parameters, physical dimensions, the electric and magnetic behavior can be set and studied.

The governing equations in electromagnetic are Maxwell’s equations:
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Where E is the electric field; D is the electric flux density; H is the magnetic field; B is the magnetic flux density; J is current and ( is charge density. In addition to Maxwell’s equation material properties is needed, these can be formulated by the following constitutive equations:
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Where µ is the permeability and ( is the conductivity, both are a scalar constant.

In this model the electric system, generator and load, is translated into a two point-absorbed system and the equations of motion for the two bodies (Figure 1) can be expressed as follows:
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Where subscripts b and d are used to indicate for buoy and disk respectively; sb and sd are the vertical displacement from equilibrium for the buoy and the disk; mb is the mass of the buoy and the translator (body 1) and md is the mass of the disk and the magnet (body 2). Sb=(gAw,b is the hydrostatic stiffness, Aw,b being the water plane area of the buoy, Fw,b(t) is the wave  force. Ff,b(t) is the friction force, Fm(t) is the net buoyancy of the buoy, Fc(t) is the force from the end-stop device, Fdrag(t) is drag force. The electromagnetic force Fu(t) is a consequence of the damping from the electrical system and has an influence on the WEC’s ability to absorb energy. The expressions of the forces are given by (Håvard, 1996; Dang, 2003):


[image: image16.wmf],,,

()()()

wbebrb

FtFtFt

=+


(9)


[image: image18.wmf],

()()()

ebb

Fttft

h

=*


(10)


[image: image20.wmf],,11

()()()()

rbfbbb

Ftmutktut

=+*

&

 
(11)


[image: image21.wmf],,

()()(()())

fbfbbd

FtRtutut

=--


(12)

[image: image23.wmf]()()

mbb

FtgVm

r

=-


(13)

[image: image25.wmf],,

0.5|()|()

dragbTwbbb

FCAstst

r

=-

&&


(14)

In which ((t) is the elevation of wave surface, fb(t) is the excitation force kernel of the buoy, k11(t) is the integration kernel for the radiation force on the buoy due to the motion of the buoy, mr,b is the added mass of the buoy, Rf,b (=Rf,d) is friction coefficient. The expressions of forces acting on the disk are the same manner which sub-index d.
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Figure 1: Schematic of force excitation system.

By assuming harmonic translator displacement x(t)=cos(2(ft((), with f=1/7, (=(, based on the above equations of motion for two bodies, we can see the relative movement between the floating body and semi-submerged body on the Figure 2.
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Figure 2:  Displacement of BUOY and DISK with the function of harmonic wave: 
x(t)=cos(2(ft((), with f=1/7, (=(.
In a power system, the generator is usually represented by the equivalent circuit model (Figure 3). The generator can be replaced by resistances, inductances and voltage sources. In this model, ei is the internal EMF (electromotive force) of the generator, Ri is the resistance in the armature winding and L is the synchronous inductance. The terminal voltage, VL, for the circuit can be written under any load condition. In this paper, the simplest load studied to connect the generator is a purely resistive load, Re.
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Figure 3: Equivalent circuit of a generator

The terminal voltage, VL, over the load, Re, can according to KVL be expressed as:
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The expression of the current, i(t), is derived from Ohm’s law:
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The terminal voltage can be rewritten as:
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By assuming harmonic translator displacement, we have the function of piston displacement as follows:
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The distribution of the magnetic flux field (along Y axis in Figure 4) induced by permanent magnet bar is represented by [15]:
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From Faraday’s law, the electromotive force ei(t) induced by one coil may be written as:
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Where, N is number of conductors in one coil, l is the length of conductor, ( is the magnetic wavelength.
The output power from the generator is calculated by: 
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Electromagnetic (Lorentz) force acting on piston by one coil, Fu(t) is:
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In the above formulas y is the coordinate in Y axis along the piston, 
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 is the peak magnetic flux in the X direction induced by permanent magnet (Figure 4), VL is the voltage on load.
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Figure 4: To the left, coils and magnets; to the right the magnetic circuit in generator
3. GENERATOR DESIGN AND SIMULATION
In this section we design and calculate parameters for the 5kW LPM generator (induced voltage, current, power) by analyzing a detail converter model (Figure 3). We assume that wave motion would have harmonic movement with a constant amplitude A=5m and wave period of T=5s. 

Figure 5 shows the basic structure of the wave energy converter, which consists of a buoy (floating body), a LPM generator (semi-submerged body), a steel tube, and a drag plate.

The structure of the LPM generator is illustrated in Figure 6-7. The stator composes of 60 iron frames and 124 magnets on each frame. The rotor is made from copper conducting coils. In this case, the coil linearly moves relative to the magnets. The LPM generator parameters are given in the Table 1.
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	Figure 5: Structure of the Wave Energy Converter (LPM Generator)


Table 1: LPM Generator Design Parameters

	Generator Characteristic
	Value

	Machine Size
	

	Machine Diameter
	0.792m

	Machine Length
	6m

	Active Length
	0.972m

	Rotor Parameters (coils)
	

	Number of Armature Turn
	81

	Wire Cross-Section Area rd
	6 ( 10-4 (m2)

	Number of Turn Coil of Wires 
	650(rounds)

	Size of Armature 
	0.0203(0.25(0.016(m)

	Wire Resistance (
	1.72(10-8 ((m)

	Number of phase
	3

	Stator Parameters (Magnets)
	

	Magnet Remanence
	0.7(T)

	Number of magnets on cross section
	60

	Magnet dimension
	50(25(10mm2

	Number of permanent magnet
	7440
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Figure 6: Structure of the LPM Generator
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Figure 7: Cross-Section of the LPM Generator

Based on the simple model in the previous section, we obtained following results. In Figure 8-9, the value of terminal voltage VL and the current i, which has a harmonic shape, varies in amplitude and frequency during a wave cycle. The motion of a wave energy device results in a sinusoidal velocity variation, which has a pronounced effect on the induced emf in electrical generator. The results show that the voltage and current have a linear relation and its maximum amplitude corresponds to the maximum value of translator velocity.
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Figure 8: Terminal voltage VL  of the generator over resistive load Re
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Figure 9: Current i of the generator

Figure 10-11 shows the output power obtained from the generator on one phase and the electromagnetic force (Lorentz force) put on the generator during operation. The average value of output power of one phase would be 3286W. The plots are calculated with Re=14(. Thus, the average value of the generator power is about 5kW.  
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Figure 10: Instantaneous generator power
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Figure 11: The electromagnetic force (Lorentz force) put on the generator during operation

4. CONCLUSION
The concept of wave energy has been outlined and some different type of device of WEC technology presented. A schema of dual-buoy point absorber for wave-energy converter using linear permanent magnet is described. The device proposed uses relative motion between the floating component (surface buoy, submerged mass and connection between both) and a submerged component to extract wave energy.

A structure of coreless LPM generator is designed. The advantage of this model is the absence of steel core in coils means no cogging force is induced. For analyzing the effectiveness and ability of the generator a numerical simulation is developed. This study’s results have also been used for analyzing different design options in order to improve the quality of buoy-type direct-driven wave energy conversion at VNU.
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