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Abstract

A mathematical model is presented for a slack-moored wave-energy converter (WEC),
consisting of a semi-submerged heaving buoy moving relative to a submerged plate. For the
WEC investigated the diameter of the cylindrical buoy is 3.3 m and the cylinder ends are,
at equilibrium, 3.1 m below mean water level and 2.0 m above. The plate has diameter
8.0 m, is 0.2 m thick and is submerged 10 m. The geometry is chosen so that the heave
excitation forces on the two bodies are approximately equal in magnitude, but in opposite
direction, for wave periods we want to absorb energy from. A high-pressure hydraulic
machinery is proposed for energy production and motion control. A valve in the machinery
can be actively controlled, and it is used to obtain largest possible power production, and
to limit the excursion of the buoy, in order to protect the hydraulic machinery. In addition,
an end-stop device is provided as a safety measure, in case the control fails to limit the
excursion.

A procedure is developed for control of the device in both sinusoidal and irregular
waves. This procedure determines the opening instant of the controllable valve so that, in
small waves the extrema of the relative velocity between the bodies coincide with the
extrema of the excitation force, while in larger waves the opening instant is delayed to
constrain the excursion. The control procedure is also used to keep the plate in the desired
mean position, since the submerged body has no hydrostatic stiffness.

Results are presented for calculations with sinusoidal waves, and irregular waves
based on a Pierson-Moskowitz spectrum. In sinusoidal waves the energy production is
largest for waves with period 4 s and 5 s. The control procedure is not totally successful,
since the mean position of the piston is usually negative for long wave periods, and the full
length of the available piston stroke is not utilised. In irregular waves the power production
has an approximately linear increase with the significant wave height. The control procedure
is not able to constrain the excursion sufficiently, so the end-stop device is engaged too
often. The excursion of the piston does also here usually have a negative mean value, which
means that the available piston stoke is not fully utilised. By further development of the
control procedure it should be possible to solve these problems, and at the same time
increase the power production.

On the basis of a scatter table, for a wave climate where the average incident wave
power per unit width is approximately 37 kW/m, the year-average power production is
estimated to be approximately 4.9 kW. However, the size of the device is relatively small
for the wave climate investigated. Further, a duration curve is presented, which shows the
percentage of the year the mean power production is above a certain level.
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List of symbols

The most frequently used symbols are presented in the following list. SI units are included
in brackets. The derivative of a variable with respect to time is denoted by a dot above the
variable.

AD [m2] Cross sectional area of the plate perpendicular to the z-axis
Ao [m2] Orifice area of valves
Ap [m2] Net area of hydraulic piston
Aw [m2] Water plane area of buoy (Aw = πDb

2/4)
B- [kg/m] Constant for damping term of the end-stop force
B+ [kg/m] Constant for damping term of the end-stop force
CD Drag coefficient of the plate
Db [m] Diameter of buoy
Dp [m] Diameter of plate
fb [kg/s3] Excitation force kernel of the buoy
fp [kg/s3] Excitation force kernel of the plate
Fc [N] Force from the end-stop device
Fdrag [N] Non-linear drag force on plate
Fe,b [N] Excitation force on buoy
Fe,p [N] Excitation force on plate
Ff,b [N] Linear friction force on buoy
Ff,p [N] Linear friction force on plate
Fm [N] Net buoyancy force on buoy submerged to equilibrium position
Fr,b [N] Radiation force on buoy
Fr,p [N] Radiation force on plate
Fu [N] Force from hydraulic system on buoy (and plate)
Fw,b [N] Total wave force on the buoy,Fw,b = Fe,b+ Fr,b

Fw,p [N] Total wave force on the plate,Fw,p = Fe,p+ Fr,p

g [m/s2] Acceleration of gravity
h [m] Water depth
H [m] Wave height
Hs [m] Significant wave height
Iint [Ns] Integral of excitation force used in control strategy
Imax [Ns] Variable parameter used in control strategy
Imin [Ns] Variable parameter used in control strategy
k [m-1] Angular repetency (wave number)
k- [N/m] Constant for spring term of the end-stop force
k+ [N/m] Constant for spring term of the end-stop force
k11 [kg/s2] Integration kernel for the radiation force on the buoy due to the

motion of the buoy
k12 = k21 [kg/s2] Integration kernel for the radiation force on the buoy due to the

motion of the plate, and for the radiation force on the plate due to
the motion of the buoy

k22 [kg/s2] Integration kernel for the radiation force on the plate due to the
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motion of the plate
mr,11(∞) [kg] Added mass of the buoy at infinite frequency
mr,12(∞) [kg] Added mass of the buoy due to the motion of the plate, at infinite

frequency
mr,21(∞) [kg] Added mass of the plate due to the motion of the buoy, at infinite

frequency
mr,22(∞) [kg] Added mass of the plate at infinite frequency
mb [kg] Mass of buoy
mp [kg] Mass of plate
p [Pa] Pressure
pmax [Pa] Maximum pressure in cylinder
pmin [Pa] Minimum pressure in cylinder
pA [Pa] Pressure in gas accumulatorA
pB [Pa] Pressure in gas accumulatorB, high pressure accumulator
pC [Pa] Pressure in gas accumulatorC, low pressure accumulator
pD [Pa] Pressure in gas accumulatorD, equal to cylinder pressure
P [W] Power
Pdrag [W] Mean power dissipated due to the non-linear drag force
Pl [W] Mean power lost in the hydraulic machinery (valves)
Pu [W] Mean power produced by the hydraulic machinery
Q [m3/s] Flow rate or flow per unit time
Qm [m3/s] Mean flow through hydraulic motor
Qmax [m3/s] Maximum flow through hydraulic motor
Rf,b [kg/s] Friction resistance of buoy
Rf,p [kg/s] Friction resistance of plate
R11 [kg/s] Radiation resistance of the buoy due to the motion of the buoy
R12 [kg/s] Radiation resistance of the buoy due to the motion of the plate
R21 [kg/s] Radiation resistance of the plate due to the motion of the buoy
R22 [kg/s] Radiation resistance of the plate due to the motion of the plate
sb [m] Heave excursion of buoy, from equilibrium
smax [m] Maximum excursion of piston relative to cylinder (plate relative to

buoy), in positive direction from equilibrium
smin [m] Maximum excursion of piston relative to cylinder (plate relative to

buoy), in negative direction from equilibrium
sp [m] Heave excursion of plate, from equilibrium
s- [m] Design limit for excursion of the piston, in negative direction.

Excursion at which the end-stop device is engaged.
s+ [m] Design limit for excursion of the piston, in positive direction.

Excursion at which the end-stop device is engaged.
Sb [N/m] Hydrostatic stiffness of buoy (Sb = ρgAw)
t [s] Time
T [s] Wave period
T0 [s] Natural period of buoy
Tpred [s] Prediction time for excitation force
Tz [s] Zero-upcross period
ub [m/s] Heave velocity of buoy, equal tȯsb
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up [m/s] Heave velocity of plate, equal tȯsp

V [m3] Volume
Vb [m3] Submerged volume of buoy in equilibrium position
VA [m3] Gas volume of accumulatorA
VB [m3] Gas volume of accumulatorB, high pressure accumulator
VC [m3] Gas volume of accumulatorC, low pressure accumulator
VD [m3] Gas volume of accumulatorD
γ Ratio of the specific heat capacities
η [m] Wave elevation
µ Discharge coefficient of orifice
ρ [kg/m3] Density of water
ρo [kg/m3] Density of oil
ω [rad/s] Angular frequency

IV
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1 Introduction

One of the main problems with the heaving-buoy wave-energy converter (WEC) is to
establish a reference against which the conversion mechanism can work. The most obvious
reference is a strut connected to the ocean floor, a fixed reference. This will, however, be
a relatively expensive construction, with a long strut exposed to large bending moments, a
universal joint and an anchor. Further, some kind of compensation mechanism must be
included in the design if the tidal range is large, and this design is necessarily restricted to
relatively shallow water. An alternative to this is to use a submerged body as a reference,
and apply a conversion mechanism which utilise the relative motion between the two
bodies. The WEC can then be slack-moored, and the mooring is used to keep the WEC in
the desired horizontal position. A proposal has been put forward, where the bodies are
designed in such a way that the vertical wave excitation force on the floating body is
compensated by the excitation force on the submerged body, for wave periods we want to
absorb energy from.1 That is, the heave excitation forces are approximately equal in
magnitude, but in opposite direction. In the largest waves, with relatively long period, both
bodies follow the waves, and the WEC is exposed to lower loads than a tight-moored
device. This kind of reference might in the long run turn out to be the most practical and
economical solution. The present work with a slack-moored device is an extension of
previous work with tight-moored devices,2 and is an attempt of determining a practical
design for the geometry and the power take-off system.

For WECs of this design it is essential that means are provided for optimum control
of the oscillatory motion, in order to achieve maximum power conversion. So far, optimum
control has mainly been considered with sinusoidal waves,3,4,5,6,7,8,9 but also irregular
waves have been considered.9,10,11,12,13 The purpose of the control is then to obtain
optimum phase and optimum amplitude of the oscillation in order to maximise the
converted power. Linear theory will, in general, give simple frequency-domain expressions
for the optimum condition. However, it is inherent with the design of a WEC that there is
an upper bound on the oscillation amplitude. Moreover, the energy-converting device has
a limited power capacity. The optimum conditions will then depend on whether or not the
oscillation amplitude is constrained. When the equation of motion becomes non-linear, as
it does when the amplitude is constrained, the frequency-domain description becomes less
suitable, and the optimisation must be carried out in the time domain, for instance by
optimum control theory.9,14,15,16,17,18It is then more difficult to give simple expressions
for the optimum conditions. Moreover, when the incident wave is very large, we might want
to control the WEC so that the power is within the capacity of the machinery, and so that
the loads on the WEC are as small as possible. An additional complication in the present
work is that a two-body problem is being studied, while most problems studied previously
have been for a single body.

In the present text it is focused on discussing the general principles on how to
approach optimum, and a design is proposed in order to implement the control in practice.
A mathematical model is presented for a WEC, consisting of a floating buoy moving
relative to a submerged plate, and the WEC is, in general, exposed to an irregular incident
wave. The buoy is interconnected to the plate by a piston-and-cylinder, exerting a force on
both bodies. The cylinder is connected to a high-pressure hydraulic system, which is used
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for energy storage and production of useful energy. The hydraulic system has some
components which can be actively controlled. This makes it possible to control the pressure
in the cylinder and thereby the relative motion of the two bodies. In the present text
oscillation in heave only is considered. It should be noted that, since the system is
axisymmetric, it is possible for this system to absorb power equal to the incident power of
a wave front of width equal to the wavelength divided by 2π, when the oscillation is
unconstrained.19

The aim of the present work is to investigate (real time) procedures which control the
motion of the WEC so that as much energy as possible is produced by the conversion
machinery, while they at the same time protect the hydraulic piston-and-cylinder by limiting
the relative excursion between the bodies. The control procedure is also used to keep the
submerged body in the desired mean position, since the submerged body has no hydrostatic
stiffness. To do this the general principles on how to obtain optimum must be addressed,
and the control strategy must be implemented through the control of the hydraulic system.
Further, the hydraulic system must be designed so that it, in a best possible way, can realise
the control strategy. These problems are investigated by time-domain simulations of the
WEC.

When optimum control is considered in irregular waves it is necessary to predict the
incident wave. This means that the control strategy is non-causal. How long time into the
future it is necessary to predict the incident wave will depend on the control strategy, and
on the size of the device. If the prediction of the incident wave is imperfect, the optimum
motion can be realised only approximately.

2 Mathematical model

2.1 The forces

We consider a WEC in the form of a heaving buoy, oscillating relative to a submerged
plate. In general, the geometry of the device and of the surrounding submerged solid
boundaries is arbitrary, and influences the problem only through the hydrodynamic
parameters of the device. The waves incident to the device are, in general, irregular. The
total wave force on the buoy can be written as

and similarly for the plate, but with sub-indexp instead ofb.

(1)Fw,b(t) Fe,b(t) Fr,b(t)

The excitation force is given by

which is a convolution product. Hereη(t) is the surface elevation due to the incident wave

(2)Fe,b(t) fb(t) η(t) ⌡
⌠
∞

∞

η(τ ) fb ( t τ )dτ

at the origin andfb(t) is the excitation force kernel of the buoy. The excitation force on the
plate can similarly be computed from the excitation force kernel for the plate,fp(t). An
example of the two excitation force kernels, for the geometry shown in figure 1, is given
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in figure 2. The radiation forces on the two bodies are given by20

wheremr,ij(∞) (i = 1,2, j = 1,2) are the elements of the added mass matrix of the WEC, at

(3)

Fr,b(t) mr,11(∞)u̇b(t) ⌡
⌠
t

∞

k11(t τ)ub(τ)dτ mr,12(∞)u̇p(t) ⌡
⌠
t

∞

k12(t τ)up(τ)dτ

mr,11(∞)u̇b(t) k11(t) ub(t) mr,12(∞)u̇p(t) k12(t) up(t)

Fr,p(t) mr,21(∞)u̇b(t) ⌡
⌠
t

∞

k21(t τ)ub(τ)dτ mr,22(∞)u̇p(t) ⌡
⌠
t

∞

k22(t τ)up(τ)dτ

mr,21(∞)u̇b(t) k21(t) ub(t) mr,22(∞)u̇p(t) k22(t) up(t)

infinite frequency,ub(t) and up(t) are the vertical velocities of the two bodies, andu̇b(t)
are the vertical accelerations andkij(t) (i = 1,2, j = 1,2) are the radiation force kernels.u̇p(t)

An example of radiation force kernels, for the geometry shown in figure 1, is given in
figure 3. Note that, in equation (3), the upper integration limits aret because the radiation
force kernels, contrary to the excitation force kernels, are causal impulse response functions,
that iskij(t) = 0 for t < 0. Further, we havek12(t) = k12(t), due to the symmetry of the radiation
resistance matrix. The integration kernels have been obtained from the frequency domain
expressions for the hydrodynamic parameters of the body, which have been computed by
a method previously described by the author, using linear hydrodynamic theory and
assuming an ideal incompressible fluid.19 The calculation is described in more detail in
Appendix A. Note that, since the kernels are computed by linear hydrodynamic theory, these
expressions are valid only for small excursions. How large the error becomes when the
excursion is large, depends on the geometry of the device and of the steepness of the
incident wave.

A linear friction loss force is also included, and we choose to write

for the buoy, and a similar expression is used for the plate. The friction resistance consists

(4)Ff,b (t) Rf,b ub(t)

of contributions from viscous friction, mechanical friction, and conversion losses in the
machinery. The friction resistances,Rf,b and Rf,p , are for simplicity assumed to be
independent of the oscillation amplitude and of the frequency.

A non-linear drag force is included on the submerged body. This is expected to be the
most important non-linear hydrodynamic force, due to the geometry of the plate. The drag
force is expressed as follows21

Where AD is the cross sectional area of the plate perpendicular to the direction of the

(5)Fdrag(t )
CD

2
ρAD up(t) up(t)

motion, andCD is the drag coefficient. The drag coefficient for plates has been investigated
by Keulegan and Carpenter.22 Note the absolute value of one of the velocity terms,
ensuring that the force is always in the opposite direction to the velocity. This expression
would have been more realistic if the velocity of the plate relative to the water particles had
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Figure 1. Sketch of the geometry of the WEC. The diameter of the buoy is 3.3 m and the
height is 5.1 m, of which 3.1 m is submerged at equilibrium. The diameter of the plate is
8 m, the thickness is 0.2 m and the submergence is 10.0 m.
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Figure 2. The non-dimensional heave excitation force kernels fn (τ) = f(t)(Db /(2g))1/2/Sb

f n(τ)

τ

versus the non-dimensional time,τ = (2g/Db )1/2t, for the geometry described in figure 1.

Figure 3. The non-dimensional heave radiation force kernels kn (τ) = k(t)/Sb versus the non-

k n(τ)

τ

dimensional time,τ = (2g/Db )1/2t, for the geometry described in figure 1. Note that all
k(t) = 0 for t < 0. The calculation was, in this case, stopped forτ ≈ 19.
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been used instead of the velocity of the plate. However, it would be almost impossible to
compute the velocity of the water particles, since the flow around the plate is very complex
in an irregular wave.

The WEC is equipped with a hydraulic machinery which produces a load forceFu(t),
which is given by the pressure difference across the piston multiplied by the net piston area.
The load force (which also includes a pretension force to balance the forceFm described
below) is working between the two bodies, and is taken to be positive when it is acting on
the buoy in the positivez-direction. Thus,Fu(t) is negative when there is a tension force in
the piston rod. The hydraulic system investigated, which is also used to produce useful
energy, is described in Appendix B and shown in figure 4.

The net buoyancy of the buoy, that is the difference between the buoyancy and the
weight of the buoy at the equilibrium position, is given by

whereVb is the submerged volume of the buoy at equilibrium andmb the mass of the body.

(6)Fm g(ρVb mb)

The net buoyancy of the submerged plate has the same magnitude, but opposite sign, so that
the total net buoyancy of the WEC is zero. This force is transferred between the bodies
through the hydraulic system. That is, in the equilibrium position the force on the buoy
from the hydraulic system is -Fm, and the force on the plate isFm.

For a real WEC the excursion has to be limited, for instance because of the finite
length of hydraulic rams. It is often necessary to include a deceleration cushion at the end
of the stroke, and this function is carried out by the end-stop device. This device dissipates
kinetic energy of the load gently, and reduces the possibility of mechanical damage to the
cylinder. The force from the end-stop device is denotedFc(t), and might include both
damping terms and spring terms. The excursion at which the end-stop is engaged, is, in the
following, termed the design limit of the excursion. A more detailed description of this
force is given in Appendix C.

2.2 The equation of motion

The equations of motion for the two bodies may now be written as follows, when the forces
described in the previous chapter are included,

wheresb andsp are the vertical distances of displacement from equilibrium for the buoy and

(7)mbs̈b(t) Sbsb(t) Fw,b(t) Ff,b(t) Fu(t) Fc(t ) Fm

mps̈p(t) Fw,p(t) Ff,p(t) Fu(t) Fc(t ) Fm Fdrag(t)

the plate,mb andmp are the masses of the bodies andSb = ρgAw is the hydrostatic stiffness
of the buoy,Aw being the water plane area. We choose to considerSb as constant, not
depending on the excursion, which is correct for a vertical cylinder. These equations can
be reorganised as follows

(8)(mb mr,11(∞) )u̇b(t) mr,12(∞)u̇p(t) g1(t)
mr,21(∞)u̇b(t) (mp mr,22(∞) )u̇p(t) g2(t)
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when the expressions for the radiation forces given in equation (3) have been used, and the
following functions have been introduced to increase the readability

By further manipulation the equations of motion can be written as the following system of

(9)g1(t) Fe,b(t) k11(t) ub(t) k12(t) up(t) Rf,bub(t) Sbsb(t) Fu(t) Fc(t) Fm

g2(t) Fe,p(t) k21(t) ub(t) k22(t) up(t) Rf,pup(t) Fu(t) Fc(t) Fm Fdrag(t)

equations

which are also called state equations. The following constants have been introduced

(10)

ṡb(t) ub(t)
u̇b(t) C11g1(t) C12g2(t)
ṡp(t) up(t)
u̇p(t) C21g1(t) C22g2(t)

(11)

C11 (mb mr,11(∞)) 1(1
mr,12(∞)mr,21(∞)

(mb mr,11(∞))(mp mr,22(∞))
) 1

C12

mr,12(∞)

(mb mr,11(∞))(mp mr,22(∞))
(1

mr,12(∞)mr,21(∞)

(mb mr,11(∞))(mp mr,22(∞))
) 1

C21

mr,21(∞)

(mb mr,11(∞))(mp mr,22(∞))
(1

mr,12(∞)mr,21(∞)

(mb mr,11(∞))(mp mr,22(∞))
) 1

C22 (mp mr,22(∞)) 1(1
mr,12(∞)mr,21(∞)

(mb mr,11(∞))(mp mr,22(∞))
) 1

3 The computer program

The main purpose of the computer program, which has been developed, is to carry out an
integration of the equations of motion (10). This is done by a fourth order Runge-Kutta
procedure23 with variable step length. The procedure advances the solution through a time
interval of predetermined length, first by one step and afterwards the interval is divided into
two time steps. The two solutions obtained for the excursion at the end of the interval are
compared, and if the difference is below a given value the solution is accepted. If the
discrepancy is too large, the number of time steps is doubled and the integration is repeated.
This procedure is repeated until the discrepancy between the two solutions with the largest
number of time steps is below the given value. The procedure then moves on to advance
the solution through the next time interval.
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Figure 4. Sketch of the hydraulic system proposed for WEC. The cylinder is connected to
the buoy and the piston is connected to the plate. The system is described in more detail
in Appendix B.

The convolution integrals for the excitation forces (2) and the radiation forces (3) are
evaluated by a trapezoidal approximation, where the time step equals the length of the
predetermined intervals with which the equation of motion is advanced, and the values are
determined in both ends of each interval. This is done to reduce the computing time and the
requirement for storage of previous values of the solution. Interpolation by splines is used
to obtain values inside the intervals. Further, the integrations are truncated in order to
reduce the computing time. From figure 2 and 3 we see that this is an assumption which
is easy to justify, since the integration kernels tend fast to zero as .t →∞

The surface elevation of the incident wave is read from a file with a certain sampling
time, and spline interpolation is used to determine the wave elevation between the samples,
if necessary.

The pressure in the cylinder, and thereby the force from the piston-and-cylinder on
the buoy, is determined as follows. A gas accumulator (labelledD) is connected directly to
the cylinder, as shown if figure 4, and the pressure in this accumulator is assumed to be the
same as in the cylinder. The flow between the accumulators, and thereby the oil volume and
pressure in the accumulators, are determined by the flow through the valves and by the
motion of the piston. The system of pipes connecting the accumulators is assumed to be of
minor importance. The equations used to relate the pressures, volumes and flows are
described in Appendix B.

For each time step in the solution of the equation of motion, a procedure, that perhaps
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can best be termed as a Euler-algorithm, is used to advance the solution for the hydraulic
system, using several shorter time steps. The flow through each of the valves is determined
at the beginning of each time step, and assumed to be constant during the time step, not
taking into account the pressure change during this time interval. However, in some cases
analytical solutions are used within the procedure. From the flow through the valves and
the motion of the piston, the gas volumes and pressures of the accumulators are determined
at the end of the time step. The number of time steps used by the procedure has a minimum
value, and the number is increased if, during one particular time step, the pressure change
in the cylinder is above a given value. This is done to reduce the computing time, and at
the same time get an acceptable accuracy for the solution.

4 Summary of results

Calculations have been carried out for the WEC shown in figure 1, with the hydraulic
system described in Appendix B and shown in figure 4. The diameter of the cylindrical
buoy is 3.3 m and the cylinder ends are, at equilibrium, 3.1 m below mean water level and
2.0 m above. The plate has diameter 8.0 m, is 0.2 m thick and is submerged 10 m. The shape
of the buoy and plate is chosen for mathematical convenience, and a real WEC should not
have sharp edges. The mass of the buoy is 9.7·103 kg. This means that the force from the
hydraulic system, acting on the buoy, in the equilibrium position, is 173 kN downwards, and
the net buoyancy force is 173 kN upwards. The mass of the plate is 28·103 kg, giving a net
buoyancy force which is 173 kN downwards. In the equilibrium position this force is
balanced by the force from the hydraulic system. During operation there should always be
tension in the piston rod. The friction resistances are set toRf,b = Rf,p = 200 Ns/m, and the
drag coefficient on the plate is chosen to beCD = 10. This corresponds to approximately
10% of the maximum radiation resistance of the two bodies. The excitation force kernels
and the radiation force kernels for this geometry are given in figure 2 and 3, for water depth
h = 25 m. It has further been assumed that the elements of the added mass matrix at infinite
frequency are approximatelymr,11(∞) = 8.7·103 kg, mr,12(∞) = mr,21(∞) = -8·103 kg and
mr,22(∞) = 190·103 kg. The frequency-domain hydrodynamic parameters of the device have
been computed by a method previously described by the author,19 and a more detailed
description of the calculation is given in Appendix A. The hydraulic cylinder is envisaged
to be 5.0 m long, 2.5 m in each direction from the equilibrium position of the piston.
However, the length of the cylinder does not enter into the mathematical model, and the
calculation results are not incorrect if the excursion exceeds 2.5 m. The piston has a stroke
of 2 m in each direction, from the equilibrium position, before the end-stop device comes
into operation. This is the design limit of the excursion. The maximum time step used for
the integration of the equation of motion is 0.04 s, and the integration kernels are assumed
to be zero for s (corresponding to non-dimensional timeτ = 19 in figure 2 and 3).t > 8.0
A summary of values of constants and initial values of variables used in the calculations,
is given in table 1 and table 2.
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Constants

Ao 0.0079 m2 mr,22(∞) 190000 kg

Ap 0.0173 m2 Rf,b 200 kg/s

B- = B+ 9200 kg/m Rf,p 200 kg/s

CD 10 Sb 86.4 kN/m

Db 3.3 m s+ 2.0 m

Dp 8.0 m s- -2.0 m

Fm 173 kN T0 2.2 s

g 9.81 m/s2 Tpred 4.4 s

h 25 m Vb 26.5 m3

k- = k+ 50 kN/m γ 1.4

mb 9700 kg µ 0.611

mp 28000 kg ρ 1030 kg/m3

mr,11(∞) 8700 kg ρo 850 kg/m3

mr,12(∞) -8000 kg

Table 1. Values of constants used in the calculations, for both systems.

pA 10 MPa VA 0.30 m3

pB 13 MPa VB 0.52 m3

pC 7 MPa VC 0.092 m3

pD 10 MPa VD 0.0005 m3

Table 2.Initial values of variables used in the calculations.

4.1 Regular waves

Calculations have been carried out for a number of combinations of wave period and wave
height, with sinusoidal incident waves. To avoid problems with transient motions when
starting the calculation, the wave height is gradually increased from zero to the desired
value, and then held at this value for the rest of the wave series. Further, the calculation is
not stopped before a steady periodic solution has been obtained for five to ten periods.

In order to test the numerical procedure, calculations were performed for a system
where an analytical solution could be obtained. In this case the hydraulic system was
replaced by a linear spring force and linear damping force, and the non-linear drag force
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was not included. The numerical and the analytical solutions were found to be in good
agreement.

Calculations have been carried out for sinusoidal waves to determine how the buoy
should be controlled to obtain maximum power production when the excursion is limited
to ±2.0 m. That is, the end-stop device should not come into operation. It would then be
desirable to determine the optimum opening instant of the controllable valve, for each wave
height and period. However, the submerged body does not have a hydrostatic stiffness, so
there is no hydrostatic force which returns it to the desired equilibrium position. This makes
the analysis more complex than for a tight-moored device, where the buoy is pulled back
to the equilibrium position by the hydrostatic force. This means that in addition to
determining the optimum opening instant for the controllable valve, it is necessary to
actively control the position of the submerged body, so that it does not move too far in
either direction. Carrying out this process for each combination of wave height and period
would be very time consuming, and in the present calculations the same control procedure
has been used to determine the opening instant for all wave heights and periods. This
control procedure is described in Appendix D. The control procedure used here has the
excitation force as input, and contains some design-specific parameters, which have been
determined by running the program several times, for different sea states. The parameters
were changed to maximise the power production, and at the same time keep the excursion
within the design limits and the mean position of the submerged body as close as possible
to the equilibrium position.

Table 3 and figure 5 show the mean power production,Pu, neglecting energy losses
in the hydraulic motor. We observe that the power production is largest for waves with
period 4 s and 5 s. For the longest wave periods the motion of the plate follows the motion
of the buoy, and the pressure necessary to open the check valves in the hydraulic system
is established only in short intervals. This results in a relatively low energy production. The
energy production is also relatively low for the shortest wave period. In this case the plate
moves very little, but the intervals where the controllable valve is closed are short, and this
is when energy can be absorbed. These intervals are short because the natural period of the
buoy is approximately 2.5 s, which is only slightly shorter than the period of the wave.

Table 4 shows the mean power lost in the hydraulic system,Pl . The losses in the
hydraulic system is, in this model, associated with the turbulent flow through the valves.
When the controllable valve is opened, there is usually a pressure difference across it, and
some oil will flow through the valve to equalise the pressure. The associated energy loss
seems to be much larger than the loss associated with the flow after the pressures have
become almost equal, and there is a more continuous flow through the valve. This latter part
of the loss is present for all valves, and will depend on the diameters of the valves, which
in this case have been 0.1 m for all the valves. The diameter of the operable valve is most
significant, since the flow through this valve is much larger than the flow through the other
valves. If the diameter of this valve is reduced, the damping loss of the motion increases,
and the excursion of the buoy is reduced. From the results in table 4 we observe that the
power loss is largest for the short wave periods, and for wave periods 5 s and longer this
loss is not very significant. These results indicate that the diameter of the valves used in the
present calculation is large enough, and that the diameter of the check valves could probably
be reduced.
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Figure 5. Mean power production in sinusoidal waves, as function of the wave height, for
different wave periods.

T [s]
H [m]

0.5 1.0 1.5 2 2.5 3.0

3 0.9 3.3 6.7 10.2 14.8 11.4

4 2.2 6.7 12.9 21.5 30.3 39.2

5 2.4 7.3 13.3 22.0 29.7 36.2

6 1.6 5.6 11.1 15.5 19.0 23.1

7 0.5 3.6 8.1 11.7 15.1 18.9

8 0.1 2.0 5.5 9.0 12.3 15.7

9 0.0 0.9 3.8 7.0 9.8 14.0

Table 3.Mean power production in sinusoidal waves, Pu [kW].



13

The mean power dissipated due to the non-linear drag force,Pdrag, is shown in table
5. The energy dissipation does in general increase with the wave period. Due to the large
mass and added mass of the plate it moves more for long wave periods than for shorter
wave periods, and thus the energy dissipation increases with the wave period. Further,Pdrag

increases with the wave height for small wave heights, but for most wave periods it
decreases again for the largest wave heights. This is probably due to the control strategy
involved in the calculations. The choice of drag coefficientCD, which in this case has been
10, influences the calculation results significantly. However, it is very difficult to determine
the appropriate drag coefficient, and the literature contains little information about drag
coefficients for plates in oscillatory flow. With a smaller drag coefficient the excursion of
the plate will increase, and with a larger drag coefficient the excursion of the plate will be
reduced. In the limitsCD = 0 and the power dissipated by the drag force is zero,CD →∞
and somewhere between the dissipated power has a maximum. If the system willCD →∞
behave as a tight-moored device, since the plate will not move very much.

The most extreme excursion of the piston relative to the cylinder, in positive and
negative direction (smax andsmin), over the wave cycle is shown in table 6. Since the cylinder
is connected to the buoy and the piston is connected to the plate, this corresponds to the
excursion of the plate relative to the buoy. Ideally, the excursion of the piston should not
be larger than ±2.0 m, because the end-stop device should not be engaged. The control
strategy described in Appendix D has been developed so that the energy production should
be as large as possible, while the end-stop device should not be engaged on a regular basis.
However, this control strategy is not equally efficient for all wave periods. In addition, the
buoy should not become totally submerged, because the calculation results are then not
expected to be correct. For the shortest wave period the excursion exceeds the design limit
for wave height 1.5 m and larger. However, these wave conditions are not very likely to
occur, so nothing has been done to improve the control procedure for these wave conditions.
For longer wave periods the mean position of the piston (and plate) tends to be negative,
and the excursion is significantly below the design limit. These are wave conditions where
the opening instant of the controllable valve has been delayed relatively much relative to
the optimum unconstrained opening instant. A better control procedure should be able to
keep the plate closer to the desired mean position, and it should be possible to increase the
energy absorption by increasing the excursion.

The mean flow through the hydraulic motor is shown in table 7, and maximum and
minimum cylinder pressure over the wave cycle is shown in table 8. We note that the flow
through the motor and the pressures in the cylinder are within the limits described in
Appendix B. If the initial pressure difference between the accumulators had been chosen
to be larger, the forces working between the two bodies would have been larger, in order
to achieve larger energy production. This would result in larger excursion for the plate, and
more power dissipated by the non-linear drag force. It will probably be necessary to know
the wave climate at the location of the WEC to determine the best possible dimensions for
the hydraulic system.
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T [s]
H [m]

0.5 1.0 1.5 2 2.5 3.0

3 0.3 0.7 1.4 2.3 3.7 1.7

4 0.2 0.4 0.7 1.1 1.7 2.0

5 0.1 0.3 0.5 0.8 0.8 1.0

6 0.1 0.2 0.3 0.3 0.3 0.3

7 0.1 0.1 0.2 0.0 0.1 0.1

8 0.0 0.1 0.1 0.1 0.1 0.1

9 0.0 0.0 0.0 0.0 0.1 0.0

Table 4.Mean power lost in the hydraulic machinery (valves) in sinusoidal waves, Pl [kW].

T [s]
H [m]

0.5 1.0 1.5 2 2.5 3.0

3 0.0 0.1 0.2 0.3 0.4 0.2

4 0.2 0.4 0.9 1.8 3.2 4.0

5 0.9 1.6 3.0 3.7 2.7 2.4

6 1.7 3.0 5.0 2.4 1.7 1.4

7 2.6 4.2 5.6 3.1 2.5 2.3

8 2.4 4.9 6.2 3.7 3.5 3.4

9 1.9 5.3 7.0 4.7 4.1 5.3

Table 5.Power dissipated by the non-linear drag force, in sinusoidal waves, Pdrag [kW].
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T [s]
H [m]

0.5 1.0 1.5 2 2.5 3.0

3 0.33
-0.94

0.48
-1.54

0.70
-2.16

1.07
-2.16

1.66
-2.18

0.75
-2.65

4 0.05
-1.20

-0.21
-2.01

0.22
-2.11

1.08
-1.94

1.84
-1.99

2.05
-2.25

5 -0.01
-1.24

-0.17
-2.05

0.73
-1.92

1.69
-1.03

0.84
-1.67

0.83
-1.73

6 0.02
-1.03

-0.28
-1.74

0.44
-1.64

-0.20
-1.68

-0.38
-1.76

-0.49
-1.78

7 0.08
-0.76

-0.20
-1.45

1.64
0.10

-0.53
-1.62

-0.68
-1.71

-0.69
-1.86

8 0.09
-0.43

-0.14
-1.03

1.56
0.26

-0.69
-1.57

-0.72
-1.59

-1.13
-1.95

9 0.02
-0.30

-0.02
-0.72

1.23
0.25

-0.45
-1.25

-1.08
-1.71

-0.83
-1.70

Table 6.Extreme excursion of the piston, in positive and negative direction (smin and smax

[m]), over the wave cycle, in sinusoidal waves.

T [s]
H [m]

0.5 1.0 1.5 2 2.5 3.0

3 0.14 0.46 0.81 1.09 1.41 1.32

4 0.33 0.86 1.39 1.98 2.45 3.12

5 0.37 0.92 1.39 1.94 2.40 2.73

6 0.25 0.75 1.22 1.58 1.83 2.09

7 0.09 0.53 0.92 1.31 1.57 1.85

8 0.01 0.31 0.69 1.09 1.37 1.63

9 0.00 0.14 0.51 0.90 1.16 1.51

Table 7.Mean flow through the hydraulic motor in sinusoidal waves, Qm [10-3 m3/s].
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T [s]
H [m]

0.5 1.0 1.5 2 2.5 3.0

3 13.2
6.9

13.5
6.3

14.0
5.5

14.3
4.8

14.8
4.1

15.0
5.2

4 13.4
6.7

14.0
6.0

14.8
5.1

15.6
4.2

16.5
3.3

17.8
4.2

5 13.4
6.7

14.2
5.9

14.9
4.7

15.6
3.7

16.3
3.4

16.9
3.1

6 13.3
6.8

13.9
6.2

14.5
5.1

15.0
4.9

15.4
4.6

15.8
4.3

7 13.1
7.1

13.6
6.6

14.1
5.1

14.7
5.3

15.1
5.0

15.5
4.6

8 13.0
7.0

13.4
6.8

13.9
5.5

14.4
5.7

14.8
5.3

15.2
4.9

9 13.0
7.0

13.2
7.0

13.6
6.0

14.2
5.9

14.5
5.6

15.0
5.1

Table 8. Maximum and minimum cylinder pressure, pmax and pmin [MPa], over the wave
cycle, in sinusoidal waves.

4.2 Irregular waves

For simulations in irregular waves a Pierson-Moskowitz (PM) spectrum24 with wind speed
as parameter is used. This spectrum is supposed to describe a fully developed sea-state. The
zero-upcross period increases linearly with the wind speed and the significant wave height
has a quadratic increase with the wind speed. Time series are generated for the wave
elevation, which are composed of 100 components of regular waves with frequencies from
0.01 to 1.0 Hz, with∆ f = 0.01 Hz. The amplitudes of the wave components are obtained
from the spectrum, and the phases are selected by random choice. The wave series repeats
itself after 100 s, due to the choice of∆ f.

The total length of the calculated time series have been 300 s, which is three times the
repeating time of the wave series. The first 200 s were not used, as this time interval was
expected to include transient motions. Separate calculations were carried out to confirm that
the last 100 s represented a periodic solution (with period 100 s). The control procedure used
in the calculations is the same as used for sinusoidal waves, and it is described in Appendix
D. Note that due to the control strategy involved, we cannot expect the solution to be
exactly, but approximately, the same in each 100 s period.
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Wind speed U [m/s]

5 6 7 8 9 10 11 12 13 14 15

Hs [m] 0.5 0.7 0.9 1.3 1.6 2.0 2.4 2.9 3.4 4.0 4.6

Tz [s] 2.7 3.3 3.8 4.3 4.9 5.3 5.9 6.4 6.9 7.4 7.9

Pu [kW] 0.4 1.4 2.5 3.8 5.3 6.6 7.7 9.2 11.2 12.7 14.9

Pl [kW] 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1

Pdrag [kW] 0.3 0.6 1.1 1.9 2.7 3.2 3.6 4.1 4.9 6.0 6.7

smax [m] 0.57 0.38 0.40 0.53 0.71 0.67 0.96 0.77 0.79 0.81 0.88

smin [m] -1.02 -1.40 -1.67 -1.90 -1.99 -2.07 -2.06 -2.29 -2.33 -2.26 -2.43

pmax [MPa] 13.1 13.4 13.7 13.9 14.2 14.5 14.7 15.0 15.2 15.6 16.1

pmin [MPa] 6.9 6.7 6.3 5.9 5.5 5.3 4.9 4.7 4.5 4.1 3.9

Qmax [10-3 m3 /s] 0.10 0.35 0.61 0.83 1.09 1.27 1.45 1.68 1.87 2.11 2.42

Qm [10-3 m3 /s] 0.06 0.23 0.37 0.54 0.71 0.84 0.93 1.07 1.25 1.37 1.52

Table 9. Results from simulations in irregular waves. The results shown are the mean
values of ten simulations for each wind speed.

The results from the calculations are summarised in table 9. Each entry in the table
is the mean value of ten calculations performed for the same wind speed, but with different
random phases. The table also includes estimates for significant wave height,Hs, and zero-
upcross period,Tz. We note that the truncation of the spectrum means thatHs is slightly
smaller andTz slightly larger than for the non-truncated PM-spectrum.

Figure 6 shows the mean power production,Pu, as function of the significant wave
height. The energy production has an almost linear increase with the significant wave
height. It has previously been shown that for a tight-moored device with control it is
possible to obtain a very rapid increase in the energy production with the significant wave
height, for small wave heights, while for larger waves the increase is slower.25 However,
it has not been possible to obtain this rapid increase from the slack-moored device. Table
9 also includes the mean power dissipated due to the non-linear drag force, which is
approximately 50% of the power production. This loss is significantly larger than the loss
in the hydraulic machinery,Pl. The sum of the power production and the power dissipated
due to the non-linear drag force for the slack-moored device is close to the power
production of the tight-moored device for large wave heights, but significantly below for
smaller wave heights.

The absolute value of the most extreme excursion of the piston relative to the cylinder
is shown as function of the significant wave height in figure 7. Note that each entry in the
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Figure 6. Mean power produced in irregular waves, as function of significant wave height.

Figure 7. Absolute value of the most extreme excursion of the piston relative to the cylinder
in irregular waves, as function of significant wave height.
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figure is the mean value of the results from ten calculations, where the significant wave
height is the same, but the random phases are different. The most extreme excursion is
always in the negative direction. Further, for significant wave height larger than 2 m the
excursion exceeds the design limit, which is not desirable. This indicates that the control
procedure should be improved so that the excursion is more symmetric around the
equilibrium, and that it should be more efficient in constraining the excursion in the largest
waves, so that the excursion exceeds the design limit less frequently. The results also show
that the end-stop device should have been more efficient, because in several instances the
excursion of the piston exceeds the envisaged length of the cylinder. Note that this does not
make the calculation results incorrect, since the length of the hydraulic cylinder does not
enter into the mathematical model.

4.3 Year-average power production

In order to determine the year-average power production a JONSWAP-spectrum26 is
chosen as a basis for generating irregular waves. As input parameters to the spectrum are
chosen the significant wave height,Hs, and the zero-upcross period,Tz.

12,27 In addition the
peakedness of the spectrum is taken to be 3.3. Time series for the wave elevations are
generated, which are composed of 250 components of regular waves with frequencies from
0.01 to 2.5 Hz, with∆ f = 0.01 Hz. The amplitudes of the wave components are obtained
from the spectrum, and the phases are selected by random choice. The wave series repeats
itself after 100 s, due to the choice of∆ f.

The total length of the calculated time series, for each sea state, has been 300 s, which
is three times the repeating time of the wave series. For computation of the converted power
the first 200 s were not used, since we want to make sure that a stable periodic solution,
free of transients, has been obtained. The 100 s period used represents one period of a
periodic solution with period 100 s.

Calculations have been carried out for most of the sea states in a scatter diagram
(probabilities for 84 different combinations of significant wave height and zero-upcross
period) from "Haltenbanken" (64° 10.5’ N, 9° 10.0’ E) off the Norwegian coast.28 This
scatter diagram is based on observations from the years 1974 to 1978, and the average
incident wave power per unit width is approximately 37 kW/m.29 Table 10 shows the
probability for each sea state in percent, table 11 shows the mean power production for each
sea state and table 12 shows the mean power dissipated by the non-linear drag force for
each sea state. In these calculations energy losses in the hydraulic motor have been
neglected. No calculations have been performed for sea states with significant wave height
larger than 6.5 m, since the buoy might then be totally submerged during parts of the series,
and the computed results would not be correct. However, this accounts for only
approximately 1% of the observations. For these sea states the mean power production and
the power dissipated by the non-linear drag force have both been assumed to be zero.

To obtain an estimate for the year-average power production of the WEC a summation
has been carried out over all sea states of the probability of the sea state multiplied by the
mean power production in the sea state, and the results was 4.9 kW. By doing he same for
the power dissipated due to the non-linear drag force, a year-average value of 3.8 kW was
obtained.
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Hs [m]
Tz [s]

4 5 6 7 8 9 10 11 12 13

0.5
1.0 0.24 3.02 3.47 3.47 1.72 0.39 0.37 0.07
1.5 0.09 4.79 6.73 5.18 3.71 2.01 0.31 0.13 0.04
2.0 1.53 6.71 5.24 4.24 1.88 0.61 0.20 0.06
2.5 0.15 3.12 5.09 3.39 1.75 0.68 0.35 0.11
3.0 0.77 4.13 2.84 2.07 0.85 0.15
3.5 0.07 1.36 2.49 1.68 0.61 0.18 0.13
4.0 0.35 1.75 1.01 0.65 0.17
4.5 0.06 0.90 1.25 0.42 0.22 0.02 0.02
5.0 0.17 0.76 0.33 0.09
5.5 0.06 0.44 0.41 0.11
6.0 0.33 0.44 0.18 0.04
6.5 0.07 0.44 0.07 0.06

Table 10.Scatter table from "Haltenbanken" (64° 10.5’ N, 9° 10.0’ E).28 Probability of each
sea state in percent. Sea states with significant wave height larger than 6.5 m have a total
probability of 1.02%.

Hs [m]
Tz [s]

4 5 6 7 8 9 10 11 12 13

0.5 0.76 0.56 0.12 0.03 0.02 0.00 0.00 0.00 0.00

1.0 2.93 2.25 1.22 0.60 0.51 0.18 0.01 0.01 0.00

1.5 5.33 4.87 3.34 2.44 1.139 0.91 0.40 0.19 0.15

2.0 5.95 4.69 3.93 2.78 1.82 1.64 1.45 0.69

2.5 9.89 8.06 5.37 3.78 4.05 2.70 1.85 1.66

3.0 9.84 6.21 5.83 4.44 4.64 3.58

3.5 12.85 10.91 8.99 7.13 5.41 4.67 4.18

4.0 11.92 9.66 9.21 7.36 5.76

4.5 14.83 15.32 12.23 8.78 8.08 6.53 6.22

5.0 16.45 15.28 12.10 10.17

5.5 19.62 16.93 13.84 12.84

6.0 20.05 17.80 12.92 13.07

6.5 24.20 21.63 18.97 14.13

Table 11. Mean power production for each sea state, when 100% efficiency has been
assumed for the hydraulic motor. No calculations have been carried out for waves with Hs

above 6.5 m.
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Hs [m]
Tz [s]

4 5 6 7 8 9 10 11 12 13

0.5 0.62 1.00 1.14 0.95 0.85 0.57 0.47 0.35 0.23
1.0 1.23 1.99 2.61 2.60 1.89 1.73 1.76 1.54 1.26
1.5 1.64 2.41 2.13 3.63 2.47 3.44 3.86 2.96 2.55
2.0 2.75 2.21 4.02 4.75 4.07 4.05 3.58 4.01
2.5 4.13 4.53 4.03 4.10 3.91 4.22 4.38 4.22
3.0 2.82 4.08 4.95 5.04 5.36 5.57
3.5 4.29 4.34 4.59 4.28 5.19 4.97 6.14
4.0 5.17 5.54 5.75 6.74 6.62
4.5 7.52 7.37 6.26 6.38 7.92 7.18 8.30
5.0 7.01 8.15 8.56 9.21
5.5 9.62 8.14 9.59 11.74
6.0 10.81 9.66 12.07 12.55
6.5 9.88 11.31 11.13 11.60

Table 12. Power dissipated due to the non-linear drag force, for each sea state. No
calculations have been carried out for waves with Hs above 6.5 m.

Figure 8 shows a duration curve for the mean power production. This curve shows the
percentage of the year for which the mean power production is above a certain value. The
time resolution is three hours, the time period between the measurements of the sea state.
It has previously been shown that for a tight-moored device the power output is smoother
for a device with control than for a device without control.25 That is, the power output is
close to the year-average a large fraction of the year, and the full capacity of the hydraulic
machinery can be utilised most of the time. The results from the present calculation is not
as smooth as for the tight-moored device with control, but somewhat smoother than the
output from the tight-moored device without control.

Table 13 shows some additional results, for each of the sea states. The table contains
results for the mean power production, the power dissipated by the non-linear drag force,
the extreme excursion of the piston relative to the cylinder in positive and negative
direction, maximum and minimum cylinder pressure and maximum flow through the
hydraulic motor. Maybe the most interesting result is the extreme excursion of the piston.
As for the calculations carried out for the irregular waves based on the PM-spectrum, the
piston has a negative mean position for most sea states, and for large waves the excursion
exceeds the design limit, that is the end-stop device is engaged.

It should also be noted that the WEC is rather small for this wave climate, and for a
larger buoy, with a longer hydraulic cylinder, it will probably be easier to keep the
excursion within the design limit.
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Figure 8. Duration curve for the mean power production, giving the percentage of the year
the mean power production is above a certain level. The horizontal line is the year-average.

5 Conclusion

A mathematical model is presented for a slack-moored wave-energy converter, consisting
of a semi-submerged heaving buoy moving relative to a submerged plate. The geometry is
chosen so that the heave excitation forces on the two bodies are approximately equal in
magnitude, but in opposite direction, for wave periods we want to absorb energy from. A
high-pressure hydraulic machinery is proposed for energy production and motion control.
The model is based on linear hydrodynamic theory, but the forces from the end-stop device
and the hydraulic system are non-linear. In addition a non-linear drag force is included on
the plate. The buoy is, in general, exposed to an irregular incident wave, and oscillations
in heave only are considered. The numerical model has been compared to an analytical
solution for a somewhat simplified system, and good agreement is observed between the
numerical and analytical solution. However, when the buoy becomes fully submerged the
numerical model is not expected to give correct results.

A procedure has been presented for control of the device in both sinusoidal and
irregular waves. This procedure determines the opening instant of the controllable valve so
that, in small waves the extrema of the relative velocity between the bodies coincide with
the extrema of the excitation force, while in larger waves the opening instant is delayed to
constrain the excursion. The control procedure is also used to keep the plate in the desire
equilibrium position, since the submerged body has no hydrostatic stiffness.
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Table 13.Results from simulations in irregular waves. The following parameters are given;
zero-upcross period (Tz [m]), significant wave height (Hs [m]), extreme excursion of piston
in positive and negative direction (smax [m] and smin [m]), maximum and minimum cylinder
pressure (pmax [MPa] and pmin [MPa]), maximum flow through hydraulic motor (Qmax

[10-3 m3/s]), mean power production (Pu [kW]) and mean power dissipated due to the non-
linear drag force (Pdrag [kW]).

Tz Hs smax smin pmax pmin Qmax Pu Pdrag

======================================================
4.0 0.5 0.40 -0.98 13.2 6.9 0.17 0.76 0.62
5.0 0.5 0.25 -1.02 13.2 7.0 0.16 0.56 1.00
6.0 0.5 0.69 -0.82 13.1 6.7 0.05 0.12 1.14
7.0 0.5 0.42 -0.75 13.0 7.0 0.01 0.03 0.95
8.0 0.5 0.31 -0.69 13.0 7.1 0.01 0.02 0.85
9.0 0.5 0.22 -0.45 13.0 7.0 0.00 0.00 0.57

10.0 0.5 0.19 -0.50 13.0 7.8 0.00 0.00 0.47
11.0 0.5 0.13 -0.35 13.0 7.5 0.00 0.00 0.35
12.0 0.5 0.09 -0.26 12.6 8.0 0.00 0.00 0.23
4.0 1.0 0.27 -1.62 13.8 6.1 0.71 2.93 1.23
5.0 1.0 0.47 -1.73 13.6 6.2 0.52 2.25 1.99
6.0 1.0 0.45 -1.26 13.3 6.8 0.32 1.22 2.61
7.0 1.0 1.19 -0.73 13.2 6.5 0.22 0.60 2.60
8.0 1.0 0.34 -1.02 13.2 7.2 0.23 0.51 1.89
9.0 1.0 -0.29 -1.46 13.1 7.5 0.09 0.18 1.73

10.0 1.0 0.67 -0.29 13.0 6.8 0.00 0.01 1.76
11.0 1.0 0.47 -0.53 13.0 7.0 0.00 0.01 1.54
12.0 1.0 0.22 -0.37 13.0 7.0 0.00 0.00 1.26
4.0 1.5 0.45 -2.27 14.2 5.6 1.05 5.33 1.64
5.0 1.5 0.47 -1.73 14.1 5.8 0.98 4.87 2.41
6.0 1.5 0.16 -2.19 14.0 5.6 0.91 3.34 2.13
7.0 1.5 0.49 -1.55 13.6 6.3 0.58 2.44 3.63
8.0 1.5 0.02 -2.06 13.8 6.6 0.73 1.39 2.47
9.0 1.5 0.56 -1.17 13.4 6.8 0.36 0.91 3.44

10.0 1.5 0.95 -0.85 13.2 6.4 0.14 0.40 3.86
11.0 1.5 0.97 -0.49 13.1 6.4 0.09 0.19 2.96
12.0 1.5 0.69 -0.94 13.1 6.7 0.07 0.15 2.55
5.0 2.0 0.42 -2.09 14.4 5.6 1.20 5.94 2.75
6.0 2.0 0.03 -1.80 14.6 5.5 1.37 4.69 2.21
7.0 2.0 0.39 -2.01 14.0 5.9 0.92 3.93 4.02
8.0 2.0 0.48 -1.57 13.8 6.1 0.72 2.78 4.75
9.0 2.0 0.66 -1.39 13.6 5.8 0.52 1.82 4.07

10.0 2.0 0.41 -2.24 13.6 6.6 0.51 1.64 4.05
11.0 2.0 -0.44 -1.87 13.7 7.1 0.63 1.45 3.58
12.0 2.0 0.55 -0.91 13.2 6.8 0.23 0.69 4.01
5.0 2.5 0.98 -2.32 15.1 4.7 1.74 9.89 4.14
6.0 2.5 0.55 -1.70 14.6 5.1 1.41 8.06 4.53
7.0 2.5 0.31 -2.11 14.3 5.2 1.11 5.37 4.03
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8.0 2.5 0.21 -2.25 14.3 5.2 1.11 3.78 4.10
9.0 2.5 0.22 -2.10 14.2 6.3 1.06 4.05 3.91

10.0 2.5 0.10 -2.01 13.9 5.8 0.77 2.70 4.22
11.0 2.5 0.56 -1.29 13.9 6.3 0.78 1.85 4.38
12.0 2.5 0.02 -2.21 13.9 6.8 0.78 1.66 4.22
6.0 3.0 -0.01 -2.51 15.0 4.8 1.71 9.84 2.82
7.0 3.0 -0.06 -2.50 15.2 4.9 1.84 6.20 4.08
8.0 3.0 0.49 -2.11 14.4 5.3 1.24 5.83 4.95
9.0 3.0 0.26 -2.43 14.4 5.9 1.22 4.44 5.04

10.0 3.0 1.18 -1.82 14.2 5.7 1.08 4.64 5.36
11.0 3.0 0.85 -0.90 13.9 5.4 0.80 3.58 5.57
6.0 3.5 0.90 -2.04 15.2 4.5 1.86 12.85 4.29
7.0 3.5 0.47 -2.14 15.2 4.6 1.86 10.91 4.34
8.0 3.5 0.01 -2.36 14.9 4.5 1.58 8.99 4.59
9.0 3.5 -0.27 -2.18 15.0 5.6 1.71 7.13 4.28

10.0 3.5 -0.04 -2.48 14.7 6.2 1.45 5.41 5.19
11.0 3.5 0.86 -2.21 14.7 5.0 1.45 4.67 4.97
12.0 3.5 -0.11 -1.64 14.2 5.3 1.05 4.18 6.14
7.0 4.0 1.30 -2.56 16.3 4.2 2.62 11.92 5.17
8.0 4.0 0.26 -2.73 15.4 4.7 1.94 9.66 5.54
9.0 4.0 0.99 -2.45 15.4 4.5 1.93 9.21 5.75

10.0 4.0 -0.09 -2.21 15.1 5.0 1.78 7.36 6.74
11.0 4.0 0.15 -2.33 14.9 5.7 1.62 5.76 6.62
7.0 4.5 1.26 -2.43 16.9 3.4 2.94 14.83 7.53
8.0 4.5 1.55 -2.33 15.9 3.8 2.32 15.32 7.37
9.0 4.5 0.00 -2.35 15.6 4.1 2.11 12.23 6.26

10.0 4.5 0.27 -2.35 15.5 5.2 2.06 8.78 6.38
11.0 4.5 0.05 -2.63 14.7 4.7 1.45 8.08 7.92
12.0 4.5 0.89 -2.28 14.5 4.7 1.34 6.53 7.18
13.0 4.5 0.99 -2.17 14.9 5.1 1.64 6.22 8.30
8.0 5.0 1.46 -1.85 16.3 4.0 2.57 16.45 7.01
9.0 5.0 0.52 -2.46 16.3 3.9 2.60 15.28 8.15

10.0 5.0 0.51 -2.14 15.8 4.1 2.26 12.10 8.56
11.0 5.0 0.00 -2.66 15.3 4.5 1.89 10.17 9.21
8.0 5.5 1.36 -2.49 17.1 3.0 3.06 19.62 9.62
9.0 5.5 0.62 -2.30 15.9 3.9 2.33 16.93 8.14

10.0 5.5 0.61 -2.68 15.8 4.1 2.23 13.84 9.59
11.0 5.5 0.78 -2.48 15.9 3.8 2.33 12.84 11.74
9.0 6.0 1.61 -2.26 16.9 3.2 2.96 20.05 10.81

10.0 6.0 0.02 -2.42 16.7 3.9 2.83 17.80 9.66
11.0 6.0 -0.35 -2.96 15.7 4.2 2.20 12.92 12.07
12.0 6.0 1.16 -2.18 15.7 4.5 2.16 13.07 12.55
9.0 6.5 0.62 -2.57 16.9 3.7 2.99 24.20 9.88

10.0 6.5 2.16 -2.42 17.7 3.0 3.41 21.63 11.31
11.0 6.5 2.34 -2.21 17.9 3.2 3.51 18.97 11.13
12.0 6.5 0.87 -2.92 16.4 3.3 2.66 14.13 11.60
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Results are presented for calculations in sinusoidal waves and irregular waves based
on a Pierson-Moskowitz spectrum. In sinusoidal waves the energy production is largest in
waves with period 4 s and 5 s. The control procedure is not totally successful, since the
mean position of the piston is usually negative for long wave periods, and the full length
of the available piston stroke is not utilised. In irregular waves the power production has
an approximately linear increase with the significant wave height. The control procedure is
not able to constrain the excursion sufficiently, so the end-stop device is engaged too often.
The excursion of the piston does also here usually have a negative mean value, which
means that the available piston stoke is not fully utilised. By further development of the
control procedure it should be possible to solve these problems, and at the same time
increase the power production.

It has been found that one of the most important forces on the plate is the non-linear
drag force, and it is also responsible for dissipation of a relatively large fraction of the
power absorbed from the incident wave. Relatively little is known about the drag force,
especially for plates in oscillatory flow, and in the presents calculations a relatively simple
model has been used. More understanding of the drag force will be important for the
development of this kind of WEC.

On the basis of a scatter table, for a wave climate where the average incident wave
power per unit width is approximately 37 kW/m, the year-average power production is
estimated to be approximately 4.9 kW. Further, a duration curve is presented, which shows
the percentage of the year the mean power production is above a certain level. The power
production should be close to the year average a large fraction of the year, so that the power
output is smooth. The power output from the slack-moored device is not as smooth as the
power output from a tight-moored device with control, which has previously been
investigated, but more smooth than the power output from a tight-moored device without
control. It is estimated the power dissipated by the non-linear drag force on the plate has
a year average value of 3.8 kW. It should be noted that the WEC investigated is small for
the wave climate used in this calculation.

The design of the hydraulic system proposed for the present WEC is similar to the
hydraulic system used in a tight-moored WEC previously studied. For the tight-moored
device the hydraulic system worked satisfactory, and the output power increased very
rapidly with the wave height for small wave heights. It has not been possible to obtain the
same rapid increase for the present slack-moored device. It has also turned out that keeping
the submerged plate in the desired mean position is a problem, as is constraining the
excursion in large waves. Further research should be carried out to determine if a different
machinery could increase the power production, and at the same time be easier to control.
The problems encountered with the present WEC design is that the power dissipated by the
non-linear drag force is large, and we are not able to produce the same rapid increase in the
power production for small wave heights as with a tight-moored WEC. It should be
investigated if changing the geometry of the bodies could lead to increased energy
production. In the present calculations the hydrodynamic parameters for the device have
only been rough approximations, and a model should be developed to determine the
parameters for this kind of geometry.
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Appendix A. A geometry with force compensation

We consider a geometry consisting of a floating cylindrical buoy and a concentric
submerged plate. The geometry of the bodies should be chosen so that the excitation force
on the two bodies are approximately equal in magnitude, but in opposite direction, for the
wave periods we want to absorb energy from.1 A mathematical model has been developed
for computing the hydrodynamic parameters for a system of two vertical concentric
cylinders of the same radius, where one cylinder is semi-submerged while the other is
submerged.19 When the height of the submerged cylinder is small, it represents a floating
plate with sharp edges. However, the program cannot handle a geometry where the buoy
and plate have different radii. This means we have to make some approximations. We make
two calculations, one where the radius of both bodies is equal to the envisaged radius of the
buoy, and we adopt the excitation force coefficient ( ) and the radiation resistance (R11)f̂e,b

for the buoy from this calculation. In the other calculation the radius of both bodies is equal
of the envisaged radius of the plate, and we adopt the excitation force coefficient ( ) andf̂e,p

the radiation resistance (R22) for the plate from this calculation. The assumption is then that
these hydrodynamic parameters are not significantly influenced by the radius of the other
body. The off-diagonal elements of the radiation resistance matrix can be determined from
the following relation30

We also note thatR12 = R21 due to the symmetry of the radiation impedance matrix.

(12)R12 R21 R11 R22

Ordinarily the excitation forces on the two bodies should be anti-phase. However, since in
our case the two excitation force coefficients are taken from two different calculations, and
this phase relationship is not (accurately) satisfied. The phase discrepancy is in this case
approximately 5° forω = 1.0 rad/s, 45° forω = 2.0 rad/s and 115° forω = 3.0 rad/s. However,
it has not been determined what influence this inaccuracy has on the validity of the
computed results.

Figure 9 shows the amplitude of the excitation force coefficient for a buoy with
diameter 3.3 m and draft 3.1 m, and for plates with diameter 6 m and 8 m, both with
thickness 0.2 m and submergence 10 m. We observe that for the plate with diameter 6 m we
do not obtain force compensation for any frequency. For the larger plate we have reasonably
good force compensation for frequencies between 0.7 rad/s and 1.7 rad/s, corresponding to
wave periods from 4 s to 9 s. This is approximately the frequency interval for which it is
desirable to have force compensation. We note that in addition to the diameter of the plate,
the submergence of the plate will also strongly influence the excitation force. The excitation
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Figure 9. Normalised excitation force coefficients, as function of the frequency, for the buoy

f̂e

Sb

ω [rad/s]

( fe,b) and for the plate ( fe,p). The solid line is for a plate with diameter 6 m and the dotted
line is for a plate with diameter 8 m.

force coefficients presented here have been used to determine the integration kernels shown
in figure 2. Falnes has shown that for a small vertical piston, moving in surge, in a vertical
wall, the excitation force kernel becomes "more non-causal" when the submergence
increases.31 That is consistent with the present observation, that the excitation kernel for
the buoy tends faster to zero than the excitation force kernel for the plate. In addition, the
area under the curve for the excitation force kernels should be equal to the hydrostatic
stiffness for the body, which means that for the plate the area under the curve should be
zero. This explains the oscillatory behaviour on the curve forfe,p(t).

Figure 10 shows the radiation resistances for the geometry with the large plate. We
have the following reciprocity relation32 between the elements of the radiation resistances
and the excitation forces on the two bodies

where J is the wave power transport per unit wave frontage and the asterisk indicates

(13)Rij

k
8J

Fi Fj

complex conjugate. This relation explains the rough equality ofR11, R12 and R12 in the
frequency region of force compensation. However, since the excitation force coefficients in
this case have been computed by two different calculations this relation will not be exact
for the cross terms. The radiation kernels shown in figure 3 are computed from the radiation
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Figure 10.Radiation resistance as function of the frequency for a buoy with diameter 3.3 m

[kg/s]

ω [rad/s]

and a plate with diameter 8.0 m.

resistances shown in figure 10. The integration kernels have zero-crossing at approximately
the same instants. This is probably not a general property, but is due to the similarity
between the radiation resistances for a system which has approximate force compensation.

The final parameter necessary to compute the radiation forces, given in equation (3),
is the added mass matrix at infinite frequency. From the two calculations the following
values are estimatedmr,11(∞) = 8700 kg andmr,22(∞) = 190000 kg. It is then assumed that the
added mass of one body is not significantly influenced by the radius of the other body. In
this case it is no reciprocity relation which can be used to determine the cross terms
mr,12(∞) = mr,21(∞). From the two calculations, corresponding to the small and large
diameters, the following approximationsmr,12(∞) = -2000 kg andmr,12(∞) = -14000 kg are
obtained, and we choose to use the mean valuemr,12(∞) = -8000 kg.

Appendix B. The hydraulic systems

The hydraulic system discussed in the paper, as proposed by Budal,33 is shown in figure
4. The hydraulic system can be used both for a single oscillating body, moving relative to
a fixed reference, and for two oscillating bodies, where the relative motion between the
bodies is used to absorb energy. This system is based on discrete control of the motion
(latching), and not continuous control. How the system is supposed to control the motion
of the WEC, and produce useful energy, has been described earlier.33 Phase control is
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obtained by means of an operable valve which closes or opens the connection from the
cylinder to a gas accumulator (A) placed inside the hull of the buoy. Amplitude control is
achieved through two check valves (or operable valves) between the cylinder and one high
pressure gas accumulator (B) and one low pressure gas accumulator (C). We note that these
valves should be open only when the controllable valve is closed, that is, when the
connection from the cylinder to accumulatorA is closed. The pressure difference between
these accumulators is used to run a hydraulic motor, and produce useful energy.

There is a fourth gas accumulator (D), which was not included in the original
proposal, connected directly to the cylinder. This accumulator is small, and is used to
smoothen the pressure in the system, and to avoid pressure peaks. This is desirable, so that
the components of the hydraulic machinery are not subject to very rapid changes in
pressure. In the mathematical model this accumulator can also be used to simulate the
compressibility of the oil in the hydraulic cylinder. The pressure in this accumulator is
assumed to be equal to the pressure in the cylinder.

The pressure and volume of the gas accumulators are assumed to be related by the
following formula

When the process is adiabatic, we haveγ = 1.4, and when the process is isothermal,γ = 1.0.

(14)p Vγ constant

Heat transfer has not been included in the model.
The dimensions of the hydraulic system are determined as follows. The force from the

hydraulic piston-and-cylinder shall keep the two bodies in the desired equilibrium positions.
The piston shall, in this case, at equilibrium, act on the buoy with a force of 173 kN
downwards, which is determined by the mass of the body and the submerged volume at
equilibrium, and on the plate with an equal force in the opposite direction. Assuming an
equilibrium pressure of 10 MPa, it is necessary to have a net piston areaA p = 0.0173 m2. An
initial pressure of 7 MPa for the low-pressure accumulator and 13 MPa for the high-pressure
accumulator has been found to be suitable. The check valves to the low-pressure and high-
pressure accumulators will then open when the excursion of the buoy is approximately
0.6 m from the equilibrium position, the plate is in the equilibrium position and the
controllable valve is closed. During normal operation the pressure in the high-pressure
accumulator should not be allowed to drop below 13 MPa, and the pressure in the low
pressure accumulator should not rise above 7 MPa. However, this will depend on the control
procedure used for the hydraulic motor.

The maximum displacement volume of the hydraulic motor is determined by the
maximum mean flow delivered by the cylinder to the high pressure accumulator. If we
assume that the piston has a maximum stroke of 4.0 m, but only delivers oil to accumulator
B from a 1 m long part of the stroke, and assuming a wave period of 5 s, the maximum
mean flow isQ = 0.0035 m3/s. If the pressure difference across the motor during operation
is 10 MPa the maximum power is approximately 35 kW. This is a reasonable number for
a WEC of this size. Further, when the piston moves 2.0 m out from its equilibrium position
in either direction, with the controllable valve open, the check valves to accumulatorB and
C should not open. This means that the check valves will open only when the controllable
valve is closed. Assuming that the gas in accumulatorA can be described by the adiabatic
equation (14), and that the equilibrium pressure in the accumulator is 10 MPa, the gas
volume in the accumulator in the equilibrium position can be chosen to be 0.30 m3. The
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total volume of the accumulator can then for instance be chosen to be 0.40 m3.
The high pressure and low pressure accumulators should be able to store energy equal

to maximum production of approximately 30 s, which is roughly 0.1 m3. This is a
compromise between the desire to be able to smoothen the output power by being able to
store energy, and the desire to keep the accumulators as small as possible, in order to keep
the weight as low as possible. It is important to note that the combined oil volume of
accumulatorB and C should be almost constant during operation, otherwise the mean
position of the plate will move away from the equilibrium position. If the pressure in
accumulatorB is allowed to rise to approximately 18 MPa when 0.1 m3 of oil is stored in
it, the gas volume at equilibrium should be 0.52 m3, and the total volume of the accumulator
could be 0.6 m3. If the gas volume of accumulatorC at equilibrium is chosen to be
0.092 m3, the pressure drops to approximately 2.5 MPa when 0.1 m3 of oil is removed from
it. The total volume of the accumulator could then be 0.2 m3. The cylinder is envisaged to
be 5 m long, of which 0.5 m in each end is used for an end-stop device.

Regarding the choice of hydraulic motor, it has to have variable displacement volume,
high efficiency and be able to work at the desired pressure and volume flow. For this
purpose axial piston motors and wing motors seem most suitable. The motor recently
proposed by Salter might also be suitable.34 When a particular motor has been chosen, it
might be necessary to change the specifications of the hydraulic system, so that the pressure
over the motor and the liquid flow gives the best possible efficiency. In the present work,
the displacement volume has been controlled so that at any instant the high pressure
accumulator would be back to the initial state in 30 s if the displacement volume was kept
constant, and no more oil was allowed to get into the accumulator.

In these calculations it is assumed that the flow between the gas accumulators is
determined by the valves, and that the system of pipes is of minor importance. The valves
are modelled as orifices, and the pressure drop (∆p) (difference between static upstream and
downstream pressure) and flow (Q) are related as follows

where µ is the orifice (discharge) coefficient,Ao is the orifice area andρo the density of the

(15)Q µAo 2∆p/ρo

hydraulic oil. This equation describes turbulent flow through the orifice. We consider a
circular orifice with sharp edges. If the orifice area is much smaller than the area of the
pipe, the discharge coefficient is µ = 0.611. For low temperatures and small pressure
differences, the flow through an orifice can also be laminar. However, this is not considered
here. With this model of the hydraulic system, all the losses are associated with the flow
through the valves and the linear friction force.

A summary of values of constants used in the calculations, are given in table 1, and
initial values of variables are given in table 2. Note that the check valves and the operable
valve are all assumed to have an area (Ao ) of 0.0079 m2.
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Appendix C. The end-stop device

It is sometimes necessary to include a deceleration cushion at the end of the stroke, and this
function is carried out by the end-stop device. This device dissipates kinetic energy of the
load gently, and reduces the possibility of mechanical damage to the cylinder. The force
from the end-stop device can be composed of a spring term and a damping term, where the
spring term represents storage of energy and the damping term represents dissipation of
energy. The force is taken to be positive when acting on the buoy in the positivez-direction.
We introduce the excursion and velocity of the piston relative to the cylinder, to simplify
the equations

The spring force term can be described by the following formula, when we envisage one

(16)sr(t) sp(t) sb(t)
ur(t) up(t) ub(t)

spring placed in each end of the cylinder,

wherek- andk+ give the stiffness of the springs, ands- is a negative constant ands+ is a

(17)Fspring(t)







k (sr(t) s ) when sr(t) < s
0 when s < sr(t) < s
k (sr(t) s ) when sr(t) > s

positive constant. This allows different spring stiffnesses in the two directions, and the end-
stop device can start working at different excursions in positive and negative direction. This
expression uses a linear spring (working only in one direction from its equilibrium position),
but it should also be possible to use a nonlinear spring if that is desirable.

The damping force term can be described by the following formula

This models a piston-and-cylinder part of the end-stop device, with one cylinder in each end

(18)Ffric(t)







B ur(t)ur(t) when sr(t) < s and ur(t)<0
0 when s < sr(t) < s
B ur(t)ur(t) when sr(t) > s and ur(t)>0

of the main cylinder of the WEC. When oil is forced out of these cylinders it flows through
orifices. This creates a pressure in the cylinder, and thereby a force which tends to stop the
motion of the WEC. The flow through the orifices has here been modelled to be turbulent.
A linear term could also have been included to take into account laminar flow. However,
this has not been done in the present model. It is assumed that the spring force is sufficient
to reset the damping mechanism, or otherwise that the oil can flow freely back into the
cylinder when the WEC starts moving in the opposite direction. The constantsB - andB+

are determined by the design of the end-stop piston-and-cylinder.
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Appendix D. Procedure for control in irregular waves

For operation of a WEC with a control facility, it is necessary to develop some sort of
strategy on how to absorb as much energy as possible, and at the same time protect the
machinery in large waves. In this case, this means that we need a strategy on how to
operate the controllable valve. The procedure given here has the excitation force as input,
but it could also have been based on the incident wave. The intention of this procedure is
to have coinciding extrema of excitation force and relative velocity between the bodies
when the waves are small. For larger waves the excursion is constrained by opening the
controllable valve later, which means that the velocity phase is delayed. In addition the
mean position of the submerged body should be kept close to its equilibrium position, so
that the full piston stroke can be utilised.

The following is a description of the computer code for the applied preliminary
control procedure. For each time step in the main program, a decision is made on whether
the controllable valve should be open or closed during the next time step, and the procedure
making this decision can be described as follows. When entering the procedure, the present
time of the simulation is given byt. If the valve is closed, when the procedure is entered,
it should be determined if it should remain closed or if it should be opened. It is assumed
that the excitation force has been predicted a certain interval into the future,Tpred , and this
force can be considered as the input to the procedure. In the present calculationsTpred= 4.4 s
has been used. We assume that the time interval between the opening and closing of the
valve is approximatelyT0 /2, whereT0 is the natural period of the buoy when the plate is
being held fixed. In this caseT0 = 2.2 s has been used. We create the following function

which is used to determine when the valve should be opened. This minus appears because

(19)Iint (t ) ⌡
⌠

t T0/4

t T0/4

(Fe,b(t ) Fe,p(t ) )dt

the excitation force acting on the two bodies are in opposite direction, and we want to
locate the extrema of the force acting between the bodies. To obtain coinciding value of
relative velocity between the bodies and excitation force the valve should be openedT0 /4
before the extremum ofIint(t’ ). To constrain the excursion in large waves we introduce two
variable parameters,Imin andImax, so that, if for a maximumIint(textr ) > Imax or for a minimum
Iint(textr ) < Imin, the opening of the valve is delayed.

Since the submerged body has no hydrostatic stiffness, the control procedure is also
used to keep the submerged body in the desired mean position. This is done by determining
the parametersImin and Imax at each time step, as explained in the following: If the opening
is delayed relative to a maximum (wave crest) the buoy will pull the plate upwards, and if
it is delayed relative to a minimum (wave trough) the buoy will push the plate downwards.
We introducesr,max, which is the most extreme excursion of the piston (sp(t) - sb(t)) in
positive direction since the last time the valve was closed after a time interval when the
piston was moving upwards, andsr,min, which is the most extreme excursion of the piston
in negative direction since the last time the valve was closed after a time interval when the
piston was moving downwards. Ifsr,max< 1.5 m, we chooseImax= 70000 Ns, and if
sr,max> 1.5 m Imax= (2.5 m -sr,max)·70000 Ns/m, but not below 20000 Ns. In addition the
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present excursion is taken into consideration, so that if (sp(t) - sb(t)) < 1.0 mImax is increased
by 3000 Ns, if (sp(t) - sb(t)) < 0.5 mImax is increased by 6000 Ns, and if (sp(t) - sb(t)) < 0 m Imax

is increased by 9000 Ns. Ifsr,min > -1.5 m, we chooseImin = -80000 Ns, and ifsr,min < -1.5 m,
Imin = -(2.5 m +sr,min)·80000 Ns/m, but not above -20000 Ns. In addition the present excursion
is taken into consideration, so that if (sp(t) - sb(t)) > -1.0 m Imin is reduced by 5000 Ns, if
(sp(t) - sb(t)) > -0.5 mImin is reduced by 10000 Ns, and if (sp(t) - sb(t)) > 0 m Imin is reduced by
15000 Ns. This procedure has been developed empirically by running the program for
different wave condition and changing the parameters to maximise the power production,
while at the same time trying to keep the excursion within the design limits.

The opening instant is determined as follows. The first three extrema ofIint(t’ ) are
located, starting att’ = t + T0 /4. This is done by examining the time derivative ofIint(t’ ). If
there are less than three extrema in the interval where the excitation force is known, the
remaining extrema are assumed to be after the end of the interval. If the first and third
extremum, which are in the same direction, are separated by more than a certain
predetermined time interval (in this case half the natural period of the buoy (T0 /2) has been
used) the first extremum is chosen as input to the control. If the extrema are close, it will
not be possible for the buoy to move significantly in this ("interextreme") time interval, and
either the first or third extremum is chosen as input to the control. If the first extremum is
a maximum, the extremum with highest maximum value (usually positive) is chosen, or if
the first extremum is a minimum the extremum with lowest minimum value (usually
negative) is chosen. The time of the extremum used for the control, is denotedtextr .

It should then be determined when the valve should be opened relative to the
extremum, and we will first consider a maximum. IfIint(t + T0 /4) < Imin and the derivative
of Iint is positive for t’ = t + T0 /4, the opening has been delayed relative to the previous
minimum and it is searched for the first opening instant whereIint(topen+ T0 /4) > Imin.
Otherwise, ifIint(textr ) < Imax the opening instant is set totopen= textr - T0 /4, that is we will have
coinciding extremum of velocity and excitation force, or ifIint(textr ) > Imax it is searched for
the first opening instant whereIint(topen+ T0 /4) < Imax.

If the first extremum is a minimum the following procedure is used. If
Iint(t + T0 /4) > Imax and the derivative ofIint is negative fort’ = t + T0 /4, the opening has been
delayed relative to the previous maximum and it is searched for the first opening instant
where Iint(topen+ T0 /4) < Imax. Otherwise, if Iint(textr ) > Imin the opening instant is set to
topen= textr - T0 /4, that is we will have coinciding extremum of velocity and excitation force,
or if Iint(textr ) < Imin it is searched for the first opening instant whereIint(topen+ T0 /4) > Imin.

When the opening instant,topen, has been determined, it should be determined if the
valve should be open during the next time step. Ift < topen the valve remains closed, because
it is to early to open it. Otherwise, an approximation to what the acceleration of the buoy
and plate will be, if the valve were opened, is computed. This is done by assuming that the
cylinder pressure will be equal to the pressure in accumulatorA (see figure 4), when the
valve is opened. If the piston starts moving in the desired direction, that is, downwards if
the extremum of the excitation force is a maximum and upwards if the extremum is a
minimum, the valve is opened, otherwise it remains closed.

If the valve is open when entering the procedure, it should be determined whether the
valve should remain open, or be closed. If it is less than a certain time interval since the
valve was opened, in the present case 0.2 s is used, it remains open (1). This is done so that
the piston should have time to start moving in the desired direction, and since it is not
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desirable that the valve should open and close too often. Afterwards, the valve is closed
when the velocity of the piston relative to the cylinder (up(t’ ) -ub(t’ )) changes sign, which
is also when the excursion of the piston relative to the cylinder (or plate relative to buoy)
has its extreme value. In this way the flow through the valve is approximately zero at the
instant of closing the valve.
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