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Abstract

In this article we present numerical studies of waves interacting with a cylindrical point absorber that is directly driving
a seabed based linear generator. For waves useful for power conversion, the wave/point absorber interaction can be mod-
elled, using potential theory assuming an inviscid irrotational incompressible fluid. The generator is modelled as a viscous
damper. This paper pays special attention to the case when the converter is in resonance with the wave. The power capture
capability of the system has been studied both for a harmonic wave and for real ocean waves.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Wave power devices are traditionally using conventional high speed rotating generators for energy conver-
sion. This requires a system that converts the slow linear/rotation motion of the wave energy absorber to a
high speed rotating motion. Hydraulic systems or turbines are used for this purpose. Such a solution gives
a complex system with many moving parts. An alternative to the hydraulic systems are direct drive energy
converters [1] with a linear generator. Although linear generators are fairly new for wave energy applications
[2], the first electric linear motor was patented more than 100 years ago in the USA [3]. The advantage with
these generators is the reduction in complexity and fewer movable parts, which in turn leads to less mainte-
nance [4]. The drawback is a more complicated transmission to grid, since the voltage will vary in both
frequency and amplitude.

In this paper we consider a concept for electric energy extraction from water waves based on a linear gen-
erator located at the sea floor [5,6]. The alternator of the generator is connected by a rope to a buoy, located
on the sea surface. The alternator is also connected by a spring to the mooring system (see Fig. 1). The hydro-
dynamical action of water waves force the buoy and thereby the alternator to move with a vertical motion.
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Fig. 1. Schematic figure of the converter.

The moving alternator, which is equipped with permanent magnets, induces currents in the stator windings
according to Faraday’s law of induction. In this way a substantial part of the energy in the waves can be con-
verted into electric energy. In this article we present a study of the hydrodynamical interaction of harmonic
and realistic waves with the buoy-generator system, using linear potential theory.

In order to calculate the excitation force and hydrodynamic parameters for the partially submerged buoy
we assume, for simplicity, the buoy to be a cylinder moving in heave. For this purpose we make use of ana-
lytical expressions derived by Bhatta and Rahman [7]. These expressions are derived using variable separation
and eigenfunction expansion of the velocity potential in cylindrical coordinates. Similar methodology has been
used before in various ways by Miles and Gilbert [8], Garret [9], Yeung [10], Sabuncu and Calisal [11] and
others.

This paper is intended to give an estimate of different parameters, such as buoy radius spring constant and
generator damping coefficient in order to obtain high power capture ratio. In particular we are interested to
investigate the influence of resonance on the power extraction capacity of the whole system. The converter has
been simulated in a harmonic wave and in two wave climates: one measured and one with a JONSWAP
spectrum [12,13].

2. Modelling
2.1. Equation of motion

As the point absorber we consider a circular cylinder with radius @, with the axis oriented in the vertical (z)
direction. The cylinder is partially submerged, with draft d, in water of finite depth /. A surface wave is inci-
dent on the cylinder and the wave-buoy interaction gives rise to forces acting on the cylinder and to a scattered
wave. The incident wave can be of arbitrary shape but is assumed to be plane parallel.

A rigid floating body has six degrees of freedom. We will restrict the discussion to vertical (heave) motion
only. This is reasonable since our interest lies in modelling wave power converters with a point absorber teth-
ered directly above a generator located at the seafloor. By assuming that the length of the tether is much larger
than the buoy motion (in any direction) only the heave motion will appreciably affect the alternator motion
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and the power extraction. Furthermore, in the linear theory the different force contributions are decoupled
and can be considered separately.

The vertical acceleration, Z, of buoy and alternator from their equilibrium positions is related to the forces
acting on the bodies by

mz = Fmech +Fgen +Fcy17 (1)

where m is the total mass of buoy and alternator, F,c, is mechanical force (i.e. gravity), Fae, is the counter-
acting generator force, and Fy are hydrodynamic forces acting on the cylinder. The tether connecting the
point absorber and alternator is modelled as a rigid bar. This is reasonable assuming the constant downward
forces acting on the alternator, such as the gravity and static spring force, are large enough to keep the tether
stretched.

The mechanical force acting on the system is the spring force, which is proportional to the alternator
displacement,

Freen = _kszv (2)

where k; is the spring constant and z is the vertical displacement from the equilibrium position. In reality the
spring acts as energy storage. When the buoy is lifted by a wave, some energy is converted to electricity in the
generator and some is stored in the spring, which will be converted to electricity in the downward motion.

The generator is modelled as a viscous damper; this model presumes that the alternator length is long
enough to stay inside the stator for the whole stroke. This simple model of the generator agrees well for
higher velocities, for low velocities there will be some non-linear effects. The calculation of the damping coef-
ficient for a specific generator is made using a FEM based generator simulation tool [14]. The induced force in
the generator counteracts the motion and it is therefore proportional to the velocity. The generator force is
thus:

Fgenerator = _'Vév (3)

where y is the damping coefficient. In reality, the size of y is dependent on the amount of power the generator
delivers to the grid. It is possible to adjust this when the generator is in operation using power electronics. A
generator producing 10 kW for an alternator velocity of 0.7 m/s has a damping coefficient y ~ 20 kN s/m.

The hydrodynamic forces acting on the cylinder can be derived from the two basic hydrodynamic equa-
tions: the continuity and Navier-Stokes equation. By assuming an irrational, incompressible, and ideal fluid
and linearizing, the Navier—Stokes equation is simplified to the Laplace equation:

Vi =0, 4)

where ¢ is the velocity potential in the fluid. Thus the problem can be described by linear potential theory. The
assumptions above make the wave theory valid only for reasonably small waves, which are actually usable for
power extraction. The force acting on the buoy is calculated from the velocity potential, from Bernoulli’s law
[15].

The linearity of the Laplace equation allows the velocity potential to be decomposed into two potentials,
¢ = ¢, + ¢, where ¢, is a solution to the radiation problem, and ¢, a solution to the excitation problem. The
radiation problem is calculated for an oscillating body in calm water and the excitation problem concerns the
scattering of an incident wave on a fixed body. Because the Laplace equation is separable in cylindrical coor-
dinates it is possible to find solutions to both the radiation and excitation problems by separation of variables,
i.e. the solutions can be written as

¢(r,0,2) =Y Z(z)R(r) cos(m0).

Solutions of this form can be found in [7].
The hydrodynamic force acting on the cylinder can be divided into three force contributions,

Fcyl:Fe+Fr+Fh7 (5)

where F, is the force associated with the excitation problem F; the force associated with the radiation problem
and Fj, is the buoyancy stiffness.
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The buoyancy stiffness is proportional to the vertical elevation for a cylinder and is given by,

Fy = —pgna’z, (6)
where p is the density of water, and z the elevation.

The excitation velocity potential ¢. can be decomposed into two contributions: the undisturbed incident
wave velocity potential and the diffracted wave velocity potential. The force associated with the former con-
tribution is the Froude—Krylov force. For a cylinder radius which is small compared to the wavelength, the
diffracted velocity potential can be neglected and then the excitation force equals the Froude-Krylov force.
We cannot assume that the cylinder is small, so we need to use expressions for the full excitation force F..

The solution of the radiation velocity potential is done in the same way as for the excitation velocity po-
tential. This case is somewhat simpler due to full axisymmetry. For a detailed derivation of the hydrodynamic
parameters for a cylindrical buoy, see [7].

In the frequency domain the relation between the excitation force (F) and the amplitude of the incoming
wave (G) is given by a transfer function fe,

Fe(w) = fe(0) G (w). (7)
Here a caret () denotes the Fourier transform of a function. The absolute value and the argument of the trans-
fer function £, for a cylinder with radius a, and draft b = 1.5 m in water of depth / = 23 m is shown in Figs. 2
and 3 respectively. Furthermore, a draft » = 1.5 m gives an unbalance between the total weight (buoy and
piston) and the buoyancy force, this will be compensated with a mooring and a concrete foundation. An
unbalance is necessary to get a pre-tension in the springs and to keep the tether stretched (see Fig. 1).

Similarly, the radiation force F, is given by a transfer function from the alternator/buoy velocity in the
frequency domain,

Fi(0) = —(R + iom,)z. (8)

Here R is the radiation resistance, and m,, is the added mass. The hydrodynamical parameters are shown in
Figs. 4 and 5. The calculations of the hydrodynamic coefficients have been verified for several specific cases
and compared with numerical calculations made by Falnes [15] as well as with results from Wu et al. [16]
and Drobyshevski [17]. The expressions contain infinite sums with fast convergence.

Taking the Fourier transform of Eq. (1) with Egs. (2), (3), and (5)—(8) inserted, gives:

(= (mq + m) +iw(y + R) + pgna® + k)2 = [.G. (9)
This expression can be written as
2= H(w)G(w), (10)
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Fig. 2. The absolute value of the exciting force for heave motion versus angular frequency o, for a vertical cylinder with different radii (a)
and with a draft » = 1.5 m in water of depth 7 =23 m.
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Fig. 3. The argument of the exciting force for heave motion versus angular frequency w, for a vertical cylinder with different radii.
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Fig. 4. Radiation resistance (R) for a circular cylinder. Same parameters as in Figs. 2 and 3.
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Fig. 5. Added mass (m,) for a circular cylinder. Same parameters as in Figs. 2 and 3.
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with

() Je

~ —wXmy +m) +io(y+ R) + pgna® + k;’

Here H is the transfer function from the wave amplitude G to the buoy elevation z. In Figs. 6 and 7 the
transfer function is plotted for different buoy radii . The transfer function contains information about the

resonance frequency, which occur when:
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Fig. 6. The amplitude, |ﬁ[ | of the transfer function H.The spring constant k, is 3 kN/m, the damping constant y is 3 kN s/m, the water
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depth is 23 m and the buoy draft 1.5 m, the total mass = 800 kg.
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Fig. 7. The phase of the transfer function H. The same parameters as in Fig. 6.



M. Eriksson et al. | International Journal of Engineering Science 43 (2005) 1377-1387 1383

Note that the argument of the transfer function is the sum of the excitation force phase shift and the systems
phase shift. This explains why the phase in Fig. 7 is not —90° when there is resonance in the system. For low
frequencies the system phase shift dominates, for higher frequencies the excitation force phase shift dominates.
This results in the argument of the transfer function for resonance appearing twice.

The buoy position can be computed in the time domain by taking the convolution of the wave amplitude G
with the impulse response function H. The impulse response function is given by inverse Fourier transform of
the transfer function H.

2= H(t) * G(t). (13)

The average of the power extracted from the wave by the converter taken over the time interval [0, ] is given
by,

pt) = % /0; y22dt. (14)
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Fig. 8. Wave spectrum for wave data collected at Islandsberg, located at the Swedish west coast. Wave data collected: 2004-05-18, 10:46—
11:06, significant wave height = 2.48 m.
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Fig. 9. A JONSWAP spectrum with peak frequency w, = 2.82 rad/s, o = 0.185, y = 3.3, g, = 0.07 and oy, = 0.09. The peak frequency is
chosen to coincide with the resonance frequency for a buoy radius ¢ =2 m.
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2.2. Waves

Two different incoming waves have been used in the simulations. The spectra are shown in Figs. § and 9.
The spectrum in Fig. 8 is real ocean data collected at the west coast of Sweden, with a sampling rate of
2.56 Hz. The spectrum in Fig. 9 is a JONSWAP [12,13] spectrum. The parameters for this spectrum have been
chosen to give a peak frequency coinciding with the resonance frequency for a system with a realistic size, in
this case a buoy radius of 2.0 m.

3. Results
For an incident harmonic wave the power capture ratio increases dramatically when the natural frequency

of the converter coincides with the wave frequency (see Fig. 10). The power capture ratio is here defined as the
quotient of extracted power divided by the power incident on the cross section of the buoy.

Power capture ratio (x1 0'3)

0 5 10 15 20 25 30
y (kNs/m)

Fig. 10. Power capture ratio versus damping 7, for sinusoidal waves with different buoy radii. The wave amplitude 4 = 1.0 m, and with a
buoy draft » = 1.5 at a water depth & = 23 m, the incident wave has o = 2.82 rad/s.
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Fig. 11. Wave elevation and buoy position for an interval of wave. ks = 3 kN/m, y = 30 kN s/m, a = 1.0 m. Wave climate from Fig. 8.
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Fig. 12. Wave elevation and buoy position for an interval of wave. k; = 3 kN/m, y =4 kN s/m, a = 2.0 m. Wave climate from Fig. 9.
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Fig. 13. Power capture ratio versus damping 7y, for different buoy diameters in wave climate (8).

Fig. 11 shows the calculated response of the buoy for measured wave data. While Fig. 12 shows the re-
sponse for a wave with the JONSWAP spectrum. In the first figure where the generator damping coefficient
is high, this results in a buoy motion which has lower amplitude than the wave. In the second figure the dom-
inant wave frequency coincides with the resonance frequency of the system, giving rise to large amplitudes.
Note the phase difference between the incoming wave and buoy in the resonant case.

The calculated capture ratio for different buoy radii and generator damping factors are shown in Figs. 13
and 14 for the two respective wave climates. Note that the peak in power capture ratio is much more pro-
nounced for harmonic waves (Fig. 10) than for more realistic waves (Figs. 13 and 14). This is due to the rather
broad distribution of frequencies in ocean waves.

4. Discussion

For a harmonic wave, the capture ratio increases when the system is in resonance with the wave (see
Fig. 10). For the case with real ocean waves, i.e. with a broader spectrum, the advantage of resonance is much
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Fig. 14. Power capture ratio versus damping y, for different buoy diameters in JONSWAP spectrum (9).

less obvious as exemplified above. The same conclusion holds in all cases we have examined. This behavior has
also been observed in [18].

The natural frequency of the converter depends on the spring constant, added mass, mass, and the buoy
radius (see Eq. (12)). The dominating parameters for the resonant frequency are the added mass and the buoy
radius. It will therefore be difficult to shift the natural frequency of the system by changing the spring constant
and the mass. This makes it hard to obtain resonance in a varying wave climate. Furthermore, to obtain
resonance in a real ocean wave climate the buoy has to have a very large diameter.

When the point absorber is in resonance with the wave, the amplitude of the point absorber tends to be
large. This concept does not allow large amplitudes of the alternator stroke since too large amplitudes may
damage the generator structure.

This investigation is made with a generator modelled as a viscous damper. In a more thorough treatment the
non-linear characteristics of the generator should be included. It is also possible to adjust the power extraction
of the generator using latching or by use of power electronics. This will probably imply a different behavior of
the system, and will be studied with this investigation as a starting point.

5. Conclusions

The simulations with the generator modelled as a viscous damper show that the advantage with a system in
resonance with the waves is not so obvious for real ocean waves due to the broader wave spectrum. This study
has not focused on optimizing the power uptake, hence power capture ratios are quite low. The resonant fre-
quency of the converter can almost only be shifted by changing the buoy radius. This makes it difficult to use
resonance in the proposed concept. Furthermore, with realistic parameters of the buoy and spring the reso-
nance frequency of the converter is much higher than the peak frequency of real ocean waves. We have shown
that it will be necessary to control the generator damping in order to obtain good power capture ratio when
the wave climate changes. In the end it will be the economy of the device which decides its design.
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