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WAVE ENERGY CONVERTOR

The invention relates to a wave energy convertor for extracting energy from ocean
waves, and a method of extracting energy from ocean waves. The extracted energy may for
example be used to generate electrical power.

Energy is transported by ocean waves. In the pursuit of energy sources having a low
carbon footprint, there has been much work in the conversion of the energy of ocean waves
into useful forms of energy, such as electricity. One field of such work is focused on so-
called point absorbers. Point absorbers are effectively individual buoys floating on the
surface of the ocean which undergo displacements due to incident ocean waves. This
displacement can be used to convert wave energy into useful forms of energy. An example
of such a point absorber is given in WO 99/22137.

Further, it is known in the field of wave energy conversion to use pre-tensioned
buoys. Pre-tensioning of a buoy (e.g. by in some way forcing it to submerge to a depth
greater than its natural floating depth) has the effect of providing a negative mass to the
oscillating system, and hence effectively reducing the inertia of the buoy, and increasing its
response to incident waves.

Viewed from a first aspect, the present invention provides a wave energy convertor
for extracting energy from ocean waves comprising: a buoy arranged to oscillate relative to a
reference point about an equilibrium position; and a negative spring device connected
between the buoy and the reference point, wherein the negative spring device is for applying
a positive force in the direction of displacement when the buoy moves away from the
equilibrium position.

By using a negative spring it is possible to increase the range of movement of the
buoy because the negative spring effect will counter the hydrostatic stiffness of the buoy and
the buoy's natural resistance to oscillation, for example due to the balance between
buoyancy and gravity. With the use of a negative spring a buoy may be made to have an
apparent stiffness that is very low for a given range of movement, which means that it can be
designed to oscillate with a larger amplitude of movement than prior art buoys when excited
by wave motions over larger range of frequencies than would affect prior art buoys (i.e. the
bandwidth of wave frequency that will prompt resonant oscillation of the buoy is increased).
The result of this is that a buoy with a negative spring as described above can be more
easily and more effectively used as a source for energy conversion over a greater range of
wave frequencies. It has been found that the use of a negative spring can provide an
increase of at least 100% in delivered energy for a heaving buoy system. Thatis to say, in
an experimental comparison of a heaving buoy with a negative spring and a standard

heaving buoy (with no negative spring) then the average power output is at least doubled
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compared to the standard system. A greater range of movement for the buoy can also
simplify coupling the buoy to other devices for energy conversion, for example to mechanical
or electro-mechanical devices. The present invention may be used for pre-tensioned buoy,
or for a non-pre-tensioned buoy. However, using a pre-tensioned buoy may further increase
the response of the buoy to incident waves.

The incident ocean waves relevant for wave energy conversion typically have wave
periods Iin the range from 4 s to 14 s, and have wave heights typically of up to 5 m, and In
some extreme conditions of up to 10 m or more.

The equilibrium position of the buoy is a position at which there is no restoring
force/acceleration experienced by the buoy when oscillating. This is typically the position
that the buoy would be at relative to the reference point when there is no wave energy
present, I.e. when at rest, and without any effects that may arise from the negative spring
device. The buoy may be floating on the surface of the ocean, or may be semi-submerged,
or submerged.

The reference point is a point about which the buoy oscillates. The negative spring
device is coupled between the buoy and the reference point in that when the buoy moves
relative to the reference point then the spring device releases or stores energy. The
reference point may be a fixed point. The reference point may be fixed relative to the sea
bed, or relative to a structure, for example a structure that undergoes significantly less
motion than the buoy. Such a structure may be a pier or a large floating/submerged/semi-
submerged structure (i.e. a structure significantly larger than the floating buoy). The
structure should not significantly oscillate due to incident wave energy at the same frequency
as the buoy such that buoy can oscillate due to incident wave energy relative to the
structure. When the fixed point is joined to the sea bed then it can be considered as an
absolutely fixed point.

The oscillation may be a linear motion oscillation, or a rotational oscillation, or a
combination of the two. The overall motion may be superposition of several translatory
and/or oscillatory motions. Similarly, the spring device may include spring elements that
release or store energy when there is a linear and/or oscillatory motion. For example, a
helical spring, volute spring or gas piston spring can be compressed by linear motion and
store energy that is release when they expand. A spiral torsion spring or torsion bar will
deform and store energy when subject to a rotational motion.

The negative spring device may be a spring device that is capable of producing a
force in a direction of displacement of the buoy when the buoy is displaced from its
equilibrium position. The negative spring device may provide no force in a direction of
oscillatory motion of the buoy when the buoy is in its equilibrium position. The magnitude of

the force provided by the negative spring device in the direction of displacement of the buoy
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may change as the buoy moves away from its equilibrium position. This change in force
may be due to the geometry of the system. This change in force may begin to act when the
buoy is displaced from its equilibrium position. The force produced by the negative spring
device may act to push the buoy along the direction of displacement of oscillation. By
carefully designing the negative spring device it becomes possible to match the forces from
the spring with other forces in the system, for example forces due to the buoyancy and
gravity of the buoy. In one example arrangement the negative spring may provide a force
that initially increases with displacement when the buoy moves away from the equilibrium
position.

The negative spring device may provide such a force by being in a state of
compression when the buoy is at its equilibrium position and by being allowed to expand
when the buoy Is displaced from the equilibrium position. The negative spring may be in a
state of maximum compression when the buoy is at its equilibrium position, for example for a
linear spring the distance between the reference point and the point at which the negative
spring connects to the buoy may be at a minimum when the buoy is in its equilibrium
position. The negative spring device may act by pushing the buoy relative to the fixed point
as the buoy is displaced from its equilibrium position.

The negative spring device may be configured to provide a negative stiffness that
acts against the hydrostatic stiffness of the buoy. The negative spring device may produce a
total stiffness around the equilibrium point that is less than the hydrostatic stiffness (without
the negative spring). The hydrostatic stiffness may typically be reduced by a factor of about
5, or more, depending on other properties of the buoy system. The hydrostatic stiffness may
be reduced by a factor of 10 or more. The stiffness may be reduced in this way for a given
range of movement around the equilibrium point. For a linear motion oscillator, the stiffness
may be substantially reduced for displacements of around £ 1 to 5 m. The stiffness may be
reduced through the available stroke of the buoy. For a rotary oscillator, the stiffness may
typically be substantially reduced for displacements of around £ 0.1 to 0.5 rad. For
displacements not around the equilibrium point, the stiffness of the system may be allowed
to increase.

The reduction in stiffness around the equilibrium point leads to a greatly reduced
overall restoring force being present. The reduction in stiffness leads to an increased
bandwidth of the oscillating buoy, which leads to greater amplitudes of oscillation of the buoy
for a greater range of incident waves frequencies. This increases the efficiency of the wave
energy convertor since it allows more wave energy to be converted over a wider range of
wave frequency.

The hydrostatic stiffness S is the coefficient (or constant) of proportionality between

the restoring force experienced by the buoy and the displacement of the buoy from its
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equilibrium point. It is a concept relevant only to the oscillation of a semi-submerged system
with considerable heave motion and any system rotating about an axis close to the mean

ocean surface level. Hydrostatic stiffness is an analogue of the spring constant k in a

standard mass/spring mechanical oscillator. For a linear motion oscillator, the hydrostatic

stiffness S is approximately related to the restoring force by the relationship S = g where F IS

the restoring force and z is the displacement from equilibrium. For a rotary oscillator, the

hydrostatic stiffness is approximately related to the restoring force by the relationship S = %,

where 7 Is the restoring torque and @ is the angular displacement from equilibrium. Thus,
reducing the hydrostatic stiffness may be thought of similarly to reducing the restoring force
or torque (from now jointly referred to as “restoring force”) experienced by the buoy. As the
buoy Is displaced from its equilibrium position, the total force from the negative spring device
may decrease. At a certain displacement, the total force from the negative spring device
(and hence the component of the force in the direction of displacement of the buoy) may be
zero. This displacement is referred to herein as the threshold displacement. At
displacements larger than the threshold displacement, the negative spring device may
provide a force in a direction opposite to the direction of displacement of the buoy from its
equilibrium position. In such a case, the negative spring device acts as a positive spring
after a certain displacement.

Such positive spring capabilities can help to avoid or reduce the reliance upon the
use of end-stops. End-stops are typically required to limit the maximum displacement of the
buoy away from its equilibrium point. The conversion from a negative to a positive spring
may act as an end stop, meaning that additional end stop components are not required.
Alternatively the positive spring effect can mean that a weaker end stop can be used. The
positive spring capabillity can therefore reduce the number of components present in the
system and reduce wear in the system, as the buoy is no longer required to strike an end-
stop to limit its displacement, or strikes the end-stop with less force.

The total force provided by the spring device may initially increase as displacement
iIncreases then it may decrease before becoming positive at the threshold displacement.
The component of the force from the spring device In the direction opposite to the direction
of displacement of the buoy may further be increased due to the geometry of the system,
and since, beyond the threshold displacement, the total force produced by the negative
spring device may increase as it is extended.

As the buoy moves beyond the threshold displacement, and the negative spring
device starts to act with a positive total force, the wave energy convertor may store energy.
This energy may be considered to be potential energy stored in the wave energy convertor,

arising from converting the kinetic energy of the buoy and/or the hydrostatic potential energy
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of the buoy. The energy may be stored in the negative spring device. The stored energy
may be later used. The energy may be stored in one or more fluid, e.g. gas or liquid,
accumulators. Pressurised fluid may be stored in the accumulator, the fluid having been
pressurised using the kinetic and/or hydrostatic energy of the buoy. The accumulator may
be in addition to the negative spring device, and may be connected to the negative spring
device. However, In the case that the negative spring device comprises a
hydraulic/pneumatic/gas spring (see below), the accumulator may form part of the negative
spring device, i.e. the accumulator may directly contribute to the spring characteristics of the
negative spring device. In this case, an additional accumulator may also be provided to
iIncrease the energy storage capacity.

The negative spring device may be connected between the buoy and the reference
point by any suitable coupling. This coupling may allow for hinged rotation of the negative
spring device relative to the buoy and the reference point during the oscillating movement of
the buoy. The coupling may be of any of the forms known in the art suitable for such a
purpose. During operation of wave energy converter, the negative spring device has a
maximum rotation about the reference point of between -90° and +90°, relative to the
position of the spring device at equilibrium. Preferably this interval is between -70° and
+70°, -50° and +50° or -30° and +30".

The negative spring device may comprise a mechanical spring. The negative spring
device may comprise a plurality of mechanical springs. The mechanical spring may be a coll
spring, a gas/pneumatic spring or a hydraulic spring. A gas/pneumatic or hydraulic spring
may be particularly effective for producing negative spring effects. The mechanical spring
may preferably comprise a hydraulic cylinder/ram and a gas accumulator. In this case,
larger pressure ranges may be handled by the negative spring device.

A gas/pneumatic or hydraulic spring may comprise a fluid cylinder.

The negative spring device may comprise controlled or passive valves. The valves
may be used to adjust and/or regulate the pressure in hydraulic/pneumatic/gas springs. |t
may therefore be possible to alter, tailor and/or optimise the operation of the negative spring
device. For instance, it may be possible to alter, tailor and/or optimise the negative spring
force/torque provided by the negative spring device; the optional threshold displacement;
and/or the optional positive spring force/torque provided by the negative spring device.

The valves may be solenoid valves, hydraulic valves, gas-driven valves or pneumatic
valves. The valves may be controlled by a controller. Measurements may be taken, or
estimates produced, of the state of the wave energy convertor and/or the state of the water
surrounding the wave energy convertor. The measurements/estimates may be of the
Instantaneous state of the wave energy convertor and/or surrounding water. For example,

the measurements/estimates could be one or more of the motion of the buoy, power take off
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dynamic variables and/or wave dynamic variables. The measurements/estimates may be
used by the controller to control the valves.

In an embodiment, the reference point may be provided on a support member fixed
relative to the sea bed or the structure, the buoy being configured to oscillate relative to the
support member, the spring device being coupled between an interior of the buoy and the
support member.

The support member may be a rigid support member (e.g. a rod or pole). The
support member may be attached to the sea bed or the structure.

The support member may be a flexible support member (e.g. a cable or flexible
tube). The support member may be kept under tension, for example, between the sea bed
and the structure.

The buoy may be configured to undergo translational/linear motion oscillation. When
the buoy Is displaced from its equilibrium position, the force from the negative spring device
may have a component in the direction of the linear displacement. The reference point may
be at an equilibrium position of the oscillating buoy.

Alternatively or additionally, the buoy may be configured to undergo rotational
oscillation. The buoy may oscillate with an angular displacement about a pivot point. The
pivot point may be external to the buoy. The buoy may be connected to the pivot point via a
connecting member. The connecting member may be rigid and may connect to the centre of
the buoy. The negative spring device may be coupled between the centre of the buoy and
the reference point. The nearer the reference point is to equilibrium position of the buoy, the
greater the tangential force provided by the spring will be. Alternatively a torsion spring
device may be used as the negative spring device. When the buoy is displaced from its
equilibrium position, the force from the negative spring device has a component in the
tangential direction of the oscillating buoy.

The reference point may be at, or close to, any position along the line connecting the
equilibrium position and the pivot point, and preferably at a position between the equilibrium
position and the pivot point, further preferably at a position between the centre of the buoy
when at its equilibrium position and the pivot point. The reference point may be at a position
fixed relative to the pivot point.

The wave energy converter may comprise multiple negative spring devices. For
example, when the buoy Is configured to undergo linear motion then there may be spring
devices extending along radial directions from an axis defined by the direction of
translational movement and being spaced apart around the axis. When the buoy Is
configured to undergo rotational oscillation motion then there may be muiltiple spring devices
that, at the equilibrium point, extend along a plane that is normal to a tangent to the arc of

movement of the buoy. Thus, in each case, the multiple negative spring devices may be
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arranged to extend in different directions along a plane perpendicular to the direction of
movement at the equilibrium position. Preferably the multiple spring devices are
symmetrically arranged. Preferably all of the spring devices are connected between the
buoy and the same reference point.

When multiple gas, pneumatic or hydraulic springs are used, at least two of the
multiple spring devices may be fluidly connected to one another such that the pressure of
fluid in the respective negative spring devices remains equal. Such a fluid connection may
prevent uneven loads between the buoy and the reference point. The fluid connection may
be permanent. The fluid connection may selectively connect the at least two multiple spring
devices, e.g. by way of a valve. The fluid connection may comprise a means for selectively
connecting the at least two multiple spring devices, e.g. a valve. The fluid connection may
comprise a pipe or hose connection, and may further comprise a valve. The fluid connection
may be between the cylinders of the springs.

For a linear system the negative spring devices may be arrayed in a star formation
about the axis along the direction of movement, for example a two, three or five pointed star.
When there is a symmetrical arrangement of this type then advantageously there may be no
net force between the buoy and the support member due to the negative spring devices in
directions perpendicular to the direction of the support member. This can be achieved using
symmetrically spaced negative springs with identical characteristics. In this case, all forces
from the springs will be along the direction of movement, which may be the direction of the
support member. For example, three spring devices separated by 120° may be present, all
providing substantially equal forces between the buoy and the support member.

The support member may pass through the centre of the buoy. The support member
may be oriented in a direction of oscillation due to the buoyancy of the buoy, which may be
the direction of translational movement referenced above. This direction may be
substantially vertical.

Each negative spring device may comprise only one spring. This is the simplest
arrangement and could for example be provided by a single spring that is in compression
and perpendicular to the direction of translational movement, or to a tangent to the arc of
rotational movement, at the equilibrium position.

Alternatively, the, the one or more, or each negative spring device may comprise a
set of springs, for example a V-shaped pair of angled springs that, at the equilibrium
position, are symmetrically arranged about a perpendicular to the direction of motion at the
equilibrium position, this direction being, for example, a direction of translational motion or a
tangent to an arc of rotational movement. The springs of each negative spring device may
lie in the same plane as both the perpendicular and the direction of motion. In this case, the

set of springs may extend from a connection to the reference point (at the tip of the V) to
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respective points on an interior surface of the buoy (at the two ends of the V). The
respective points may be separated in a direction substantially aligned with the direction of
movement. During movement away from the equilibrium position the spring (or set of
springs) will provide a force with a component along the direction of movement, hence
resulting in the addition of negative stiffness. It will be understood that the angle of the
spring device away from the perpendicular will increase during the movement, meaning that
the force’'s component along the direction of movement will increase since the force
becomes more aligned with the direction of movement.

When gas, pneumatic or hydraulic springs are used, at least two springs of the set of
springs may be fluidly connected to one another such that the pressure of fluid in the
respective springs of the set of springs remains equal. Such a fluid connection may reduce
friction in the system. The fluid connection may be permanent. The fluid connection may
selectively connect the at least two springs, e.g. by way of a valve. The fluid connection may
comprise a means for selectively connecting the at least two springs, e.g. a valve. The fluid
connection may comprise a pipe or hose connection, and may further comprise a valve. The
fluid connection may be between the cylinders of the springs.

Examples of the springs used may be those manufactured by The Sheffer
Corporation of Cincinnati, Ohio, USA, Parker Hydraulics of Norwich, England, and Bosch
Rexroth of Charlotte, North Carolina, USA. For pneumatic springs, the maximum pressure
which they are designed to withstand may be up to about 100 bar, preferably up to 150 bar,
and the cylindrical bore may be between 10 cm and 100 cm. The maximum pressure the
pneumatic spring may withstand may be up to about 10 bar, preferably up to 15 bar, and
further preferably up to 20 bar, and the cylindrical bore may be between 30 cm and 100 cm.
For hydraulic springs, the maximum pressure which they are designed to withstand may be
up to 200 bar, and the cylindrical bore may be about 50 cm.

In the present invention, the buoy may have any known shape. For example, it may
be generally cylindrical or spherical in shape.

The wave energy convertor may be used as a pump or as an electrical energy
generator. When acting as a pump, the oscillating buoy may drive a hydraulic system or a
pneumatic system in order to harness energy. The hydraulic or pneumatic system may
subsequently be connected to an electrical generator. Alternatively, the oscillating buoy may
directly generate electricity via an electro-mechanical arrangement incorporating the
required magnets and circuitry as is known in the art. Such an electro-mechanical
arrangement may be a part of the buoy or the buoy may be mechanically coupled to an
external device.

In another aspect, the invention provides a method of extracting energy from ocean

waves comprising: allowing a buoy to oscillate, due to wave motion, about an equilibrium
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position relative to a reference point; and using a negative spring device, providing a positive
force between the buoy and the reference point when the buoy moves away from the
equilibrium position, the positive force being in the direction of displacement between the
buoy and the equilibrium position.

In yet another aspect the invention provides a method of extracting energy from
ocean waves comprising: allowing a buoy to oscillate, due to wave motion, about an
equilibrium position relative to a reference point; and providing a positive force between the
buoy and the reference point, the positive force being in the direction of displacement
between the buoy and the equilibrium position.

The method(s) may include providing a positive force between the buoy and the
reference point in the direction opposite to the direction of displacement between the buoy
and its equilibrium position, if the displacement is greater than a threshold.

The forces between the buoy and the reference point may be provided by a negative
spring device as described above. The method may include using an apparatus with any or
all of the features described above. The oscillation may be linear motion oscillation, or
rotational oscillation, or a combination of the two.

The negative spring device used in the method(s) may be the negative spring device
as described above in relation to the first aspect of the invention.

In a fourth aspect the invention provides a wave energy converter for use in the
previously described method, the wave energy converter comprising a buoy connected to a
reference point by a negative spring device. This wave energy converter may comprise any
or all of the features described above in connection with the first aspect of the invention.

Certain preferred embodiments will now be described by way of example only and
with reference to the accompanying drawings, in which:

Figures 1, 4 and 7 show different embodiments of a wave energy converter
according to the present invention;

Figures 2, 3, 5, 6, 8 and 9 are graphs showing various forces/torques as a function of
displacement of the wave energy converters of Figures 1, 4 and 7.

A wave energy converter is a dynamic system that absorbs energy from ocean
waves by radiating a wave that creates destructive interference with the incident waves. The
system may be characterised by its dynamic response, which has a certain bandwidth. This
means that it has a range of frequencies over which it responds well to the excitation from
incident waves. Outside this range the response is weaker, in the sense that it is not able to
significantly absorb energy from the incident wave. Typically, the response bandwidth is
narrower than the bandwidth of naturally occurring ocean waves. This is especially true for

small systems, so-called point absorbers, such as buoys.
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Together with ensuring reliability and durabillity, achieving a sufficient bandwidth for
the power absorption is a paramount challenge for the development of wave energy
converters.

Bandwidth may also be thought of in terms of the velocity response of a system to an
excitation force. The relation between excitation force and response velocity is crucial for
the absorption of wave energy. At zero phase difference between response and excitation,
the excitation power Is a maximum. For maximum absorption the velocity amplitude must be
at an optimum ratio with the incident wave amplitude. The preferred embodiments seek to
make the phase difference zero or close to zero.

Figure 1 shows an exemplary embodiment of the wave energy convertor 1 of the
present invention. The wave energy convertor 1 includes a buoy 2 that may oscillate relative
to a reference point 3 about an equilibrium position 4. The wave energy convertor further
iIncludes a negative spring device 10 connected between the buoy 2 and the reference point
3. The negative spring device 10 applies a positive force in the direction of displacement (z)
when the buoy moves away from the equilibrium position 4. In the embodiment of Figure 1,
the direction of displacement (z) is the vertical direction.

In the embodiment of Figure 1, the buoy 2 is spherical and comprises a sealed air-
filled shell 6 which is generally in the shape of a spherical shell. The shell 6 provides the
buoy 2 with buoyancy. The interior surface 7 of the shell 6 defines a hollow interior cavity 8.
The cavity 8 may also provide the buoy 2 with buoyancy. The buoy 2 may have a radius of
around 4 m, though other radii are possible.

A support member 5 (e.g. a rod, a pole, a cable) passes through opposing holes 9 In
the shell 6 and through the centre of the buoy 2, and is oriented generally in the direction of
the displacement (z) of the buoy 2. The reference point 3 Is fixed to the support member 5
and is positioned at the centre of the buoy 2.

The negative spring device 10 comprises a mechanical helical spring 11 and is fixed
between the reference point 3 and the interior surface 7 of the shell 6 such that, when the
buoy 2 is In its equilibrium position 4, the negative spring device 10 is perpendicular to the
support member 5 and displacement direction (z). The negative spring device 10 is Iin a
state of maximum compression when the buoy 2 is at its equilibrium position. Connections
12 and 13 allow for hinged rotation of the negative spring device 10 relative to the interior
surface 7 and the reference point 3.

Although not shown In Figure 1, the wave energy converter 1 comprises multiple
negative spring devices 10, the spring devices 10 extending between the reference point 3
and the interior surface 7 as described above, and having substantially identical mechanical
properties. The multiple negative spring devices 10 are symmetrically spaced apart around

the axis of the support member 5. Thus, the negative spring devices 10 are arrayed in a star
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formation about the axis of the support member 5, for example a two, three or five pointed
star. For example, three negative spring devices 10 separated by 120° may be present, all
providing substantially equal forces between the buoy 2 and the support member 5.

It is clear that the buoy 2 of the Figure 1 embodiment may undergo
translational/linear motion oscillation due to incident wave energy. When the buoy 2 is
displaced from its equilibrium position 4, the force from the negative spring device 10 has a
component in the direction of the linear displacement (z). Thus, when the buoy 2 moves
away from its equilibrium position, the negative spring device 10 releases its stored energy.

The magnitude of the force provided by the negative spring device 10 in the direction
of displacement (z) of the buoy 2 changes as the buoy 2 moves away from its equilibrium
position 4. This change in force is in part due to the geometry of the system, since the
component in the z-direction of the total force applied by the negative spring device 10
iIncreases relative to the component perpendicular to the z-direction as the displacement of
the buoy 2 increases away from the equilibrium position 4. Further, the force changes since
the total force produced by the negative spring device 10 changes as the length of the
negative spring device 10 is changed. Thus, this change in force begins to act when the
buoy is displaced from its equilibrium position. The force produced by the negative spring
device acts to push the buoy along the direction of displacement (z) of oscillation. In one
example arrangement the negative spring device 10 may provide a force that initially
increases with displacement when the buoy 2 moves away from the equilibrium position 4.

The negative spring device 10 provides a negative stiffness that acts against the
hydrostatic stiffness of the buoy 2, and hence reduces the hydrostatic stiffness of the
system. However, for displacements (z) not within a threshold displacement around the
equilibrium point, the stiffness of the system Is allowed to increase. This can be seen in the
example shown In Figure 2 in which the dashed line is the hydrostatic stiffness force (F(z)) of
the buoy 2 and the solid line is the force due to the negative spring device 10 (F(z)), as a
function of displacement (z) from equilibrium 4.

The resultant stiffness force of the system is shown by the solid line in Figure 3
(again the dashed line is the hydrostatic stiffness force of the buoy 2). As can be seen, there
IS a reduction in stiffness around the equilibrium point. It should be noted that the precise
values shown on the axes of Figures 2 and 3 — and Figures 5, 6, 8 and 9 — are just by way of
llustrative example. Greater or smaller displacements and forces may be encountered.
These values depend on numerous factors including the energy of incident waves and the
size of buoy.

As the buoy 2 is displaced from its equilibrium position 4 the total force from the
negative spring device decreases. At a threshold displacement (marked as z; in Figure 2),

the total force (and hence the component of the force in the direction of displacement of the
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buoy) is zero. As can be seen from Figure 2, at displacements larger than the threshold
displacement (z;), the negative spring device 10 provides a force in a direction opposite to
the direction of displacement (z) of the buoy 2 from its equilibrium position 4. Thus, the
negative spring device 10 acts as a positive spring device after a certain displacement (z),
and increases the total stiffness of the system.

With reference to Figure 2, the total force provided by the negative spring device 10
Initially increases as displacement (z) increases then it decreases before becoming a
positive spring (and hence applying a force that is opposed to the direction of displacement)
at the threshold displacement (z;). The component of the force from the spring device in the
direction opposite to the direction of displacement of the buoy may further be increased due
to the geometry of the system (for similar reasons as those discussed above) and since,
beyond the threshold displacement (z), the total force produced by the spring device may
iIncrease as it is extended. The positive spring effect at large displacements can be used as
part of an “end stop” system to limit the maximum displacement of the buoy.

Referring to Figure 4, this shows a wave energy converter largely similar to that
shown in Figure 1. However, in this embodiment, each negative spring device 10 may
comprise a set of springs 14 comprising a V-shaped pair of angled springs that are
symmetrically arranged about a plane perpendicular to the direction of translational motion
(z). The set of springs 14 may extend from a connection 13 to the fixed point 3 to respective
points 12 on the interior surface 7 of the buoy 2. The respective points 12 are separated in a
direction substantially aligned with the direction of the support member 5. In this example
embodiment, gas springs are shown.

As can be seen from Figure 5, the use of the set of springs 14 allows for tailoring of
the force characteristics of the negative spring device 10. In Figure 5, the force on the buoy
in the z-direction from each spring in the set is shown by F1 and F2 (the solid lines). The
resultant force is shown by Ftot (the dashed line). The angle between the springs in each
set and the total force (sum F) produced by each spring are chosen such that the resultant
force from the negative spring device (Fz pneumatic) best reduces the hydrostatic stiffness
of the buoy (Fz sphere) around equilibrium. This is shown in Figure 6. The angle provides
another controllable factor which aids the engineer in producing the most effective stiffness
reduction.

Figure 7 shows an example embodiment of the present invention in which the buoy 2
undergoes rotational oscillation. The buoy 2 may be substantially similar to that described in
relation to the previous embodiments. However, the buoy 2 of the Figure 8 embodiment
comprises only one hole 9 to allow a connecting member 15 to connect the centre of the
buoy 2 to the an pivot point (A), and a slot (not shown) through which the negative spring

device 10 may extend. The buoy 2 oscillates with an angular displacement about the pivot
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point (A), the pivot point (A) being external to the buoy 2. The negative spring device 10
may be coupled between the centre of the buoy and the reference point 3. When the buoy 2
IS displaced from its equilibrium position, the force from the negative spring device has a
component in the tangential direction of the oscillating buoy.

The reference point 3 is located along the line which extends from the pivot point (A)
at the equilibrium angle of buoy. Further, it is located between the centre of the buoy 2 when
at its equilibrium position 4 and the pivot point (A).

The negative spring assembly 10 of the wave energy converter 1 of Figure 7 acts
similarly to the negative spring assemblies 10 of Figures 1 and 4 to reduce the hydrostatic
stiffness of the system, and hence to increase the bandwidth of the wave energy converter.
The reduction in hydrostatic stiffness can be seen in Figures 8 and 9, which show similar
effects to Figures 2 and 3. Thus, in Figure 8 the dashed line is the hydrostatic stiffness
torque of the buoy 2 (1(8)) and the solid line is the torque due to the negative spring device
10 (1(8)), as a function of angular displacement (8) from equilibrium 4. The resultant
stiffness torque (1(8)) of the system is shown by the solid line in Figure 9 (again the dashed
line is the hydrostatic stiffness torque of the buoy 2). As can be seen, there is a reduction In
stiffness around the equilibrium point.

As noted above, the effect of the negative spring Is to greatly enhance the energy
that can be delivered by the system. For a linear oscillation type buoy of the type shown in
Figure 4 an experimental comparison has been made with a standard buoy design and this
found that the increase in energy delivery was at least 100%. The experiment used a
conventional resistive loading set up to measure the energy delivery. A significant
advantage provided by the wave energy converters described herein is hence an average

power output that is at least doubled compared to known designs.
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CLAIMS:

1. A wave energy convertor for extracting energy from ocean waves comprising: a buoy
arranged to oscillate relative to a reference point about an equilibrium position; and a
negative spring device connected between the buoy and the reference point, wherein the
negative spring device is for applying a positive force in the direction of displacement when

the buoy moves away from the equilibrium position.

2. A wave energy convertor as claimed in claim 1, wherein the negative spring device Is
configured to provide no force in a direction of oscillatory motion of the buoy when the buoy

IS In its equilibrium position.

3. A wave energy convertor as claimed in claim 1 or 2, wherein the negative spring
device Is configured to provide a force that initially increases with displacement when the

buoy moves away from the equilibrium position.

4. A wave energy convertor as claimed in claim 1, 2 or 3, wherein the negative spring
device acts to counteract the hydrostatic stiffness of the buoy, when the buoy Is Iin use, such
that the total stiffness of the buoy at the equilibrium position is reduced compared to the

buoy without the negative spring.

5. A wave energy convertor as claimed in claim 4, wherein the total stiffness of the buoy
at the equilibrium position is reduced by at least a factor of five compared to the buoy without

the negative spring.

6. A wave energy convertor as claimed in any preceding claim, wherein the negative
spring device acts to counteract the hydrostatic stiffness of the buoy, in use, in order to

thereby increase the bandwidth of resonant oscillation of the buoy.

/. A wave energy convertor as claimed in any preceding claim, wherein at displacements
larger than a threshold displacement, the negative spring device is configured to provide a
force having a component in a direction opposite to the direction of displacement of the buoy

from its equilibrium position.

8. A wave energy convertor as claimed in claim 7, wherein the negative spring device is

configured such that the component of the force in the direction opposite to the direction of
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displacement of the buoy Is increased as the displacement of the buoy beyond the threshold

displacement is increased.

9. A wave energy convertor as claimed in any preceding claim, wherein the negative

spring device comprises a mechanical spring.

10. A wave energy convertor as claimed in claim 9, wherein the mechanical spring is a

coll spring or a gas spring.

11. A wave energy convertor as claimed in any preceding claim, comprising multiple

negative spring devices.

12. A wave energy convertor as claimed in claim 11, wherein the multiple negative
spring devices extend in different directions along a plane perpendicular to the direction of

movement at the equilibrium position.

13. A wave energy convertor as claimed in claim 12, wherein the multiple negative

spring devices are symmetrically arranged.

14. A wave energy convertor as claimed in any preceding claim, wherein each/the

negative spring device comprises a set of springs.

15. A wave energy convertor as claimed in claim 14, wherein the set of springs
comprises a V-shaped pair of angled springs that, at the equilibrium position, are
symmetrically arranged about a perpendicular to the direction of motion and lie in the same

plane as the direction of motion and the perpendicular thereto.

16. A wave energy convertor as claimed in any preceding claim, wherein the reference
point is provided on a support member, the buoy being configured to oscillate relative to the

support member.

17. A wave energy convertor as claimed in claim 16, wherein the buoy Is configured to

undergo translational/linear motion oscillation.

18. A wave energy convertor as claimed in claim 17, wherein the support member

passes through the centre of the buoy.
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19. A wave energy convertor as claimed in claim 17 or 18, wherein the support member

IS oriented In the direction of linear oscillation of the buoy.

20. A wave energy convertor as claimed in claim 16, wherein the buoy is configured to
undergo rotational oscillation with an angular displacement about a pivot point external to the

buoy.

21. A wave energy convertor as claimed in any of claims 16 to 20, wherein the negative

spring device Is coupled between the centre of the buoy and the reference point.

22. A wave energy convertor as claimed in claim 20, wherein the reference point is at, or

close to, any position along the line connecting the equilibrium position and the pivot point.

23. A method of extracting energy from ocean waves comprising: allowing a buoy to
osclillate, due to wave motion, about an equilibrium position relative to a reference point; and
using a negative spring device, providing a positive force between the buoy and the
reference point when the buoy moves away from the equilibrium position, the positive force

being in the direction of displacement between the buoy and the equilibrium position.

24. A method as claimed in claim 23, comprising, when the displacement is greater than
a threshold displacement, providing a positive force between the buoy and the reference
point in the direction opposite to the direction of displacement between the buoy and its

equilibrium position.

25. A method as claimed in claim 23 or 24, wherein the negative spring device is used to
counteract the hydrostatic stiffness of the buoy such that the total stiffness of the buoy at the

equilibrium position is reduced compared to the buoy without the negative spring.

26. A method as claimed in claim 25, wherein the total stiffness of the buoy at the
equilibrium position is reduced by at least a factor of five compared to the buoy without the

negative spring.

27. A method as claimed in claim 23, 24, 25 or 20, wherein the negative spring device is
used to counteract the hydrostatic stiffness of the buoy in order to thereby increase the

bandwidth of resonant oscillation of the buoy.
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28. A method as claimed in any of claims 23 to 27, wherein the force between the buoy
and the reference point are provided by a negative spring device of a wave energy converter

as claimed in any of claims 1 to 22.

29. A wave energy converter for use in the method of any of claims 23 to 28, the wave
energy converter comprising a buoy connected to a reference point by a negative spring

device.

30. A wave energy converter, a method of extracting energy from ocean waves, or a
wave energy converter for use in said method substantially as herein described with
reference to Figures 1, 2 and 3, Figures 4, 5 and 6 or Figures /7, 8 and 9 of the

accompanying drawings.
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Figure 7
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