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(57) ABSTRACT

A wave energy conversion apparatus comprises:-a mechani-
cal element arranged in operation to move repeatedly in a
cycle in response to wave motion, wherein the speed of the
mechanical element varies between a maximum and a mini-
mum during each cycle; power extraction means arranged to
extract energy from the movement of the mechanical ele-
ment; and movement assistance means arranged to assist the
movement, in response to the wave motion, of the mechanical
element, during at least one part of the cycle during which the
speed of movement of the mechanical element is substantially
equal to the minimum for that cycle, wherein the power
extraction means comprises a fluid pressurisation system that
is arranged so that in operation fluid in the fluid pressurisation
system is pressurised in response to movement of the
mechanical element, the fluid pressurisation system com-
prises a one-way valve for transferring pressurised fluid from
the fluid pressurisation system and the movement assistance
means is located upstream of the one-way valve.
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WAVE ENERGY CONVERSION APPARATUS
AND METHOD

FIELD OF THE INVENTION

[0001] The present invention relates to a wave energy con-
version apparatus and method.

BACKGROUND TO THE INVENTION

[0002] Concerns about global warming and environmental
pollution caused by the use of fossil fuels in energy genera-
tion has resulted in a move towards so-called ‘green’ energy
sources, or renewable energy sources such as tidal movement,
wave power and wind power.

[0003] Ithas long been recognised that the waves in the sea
and other bodies of water provide a vast and substantially
untapped quantity of energy and many inventions have been
made with the goal of achieving the aim of extracting power
from the sea. However, the extraction of energy from wave
power presents technical difficulties due in particular to the
oscillating nature of the waves and to the significant varia-
tions in prevailing wave conditions over time.

[0004] There are numerous examples of wave power cap-
ture systems. Such systems include mechanical devices that
are moved by operation of the waves, and power conversion
systems that convert the resulting mechanical energy into
electrical energy.

[0005] A previous patent application, W0O2006/100436,
filed in the name of the present applicants, disclosed a wave
power capture system comprising a wave energy conversion
device for use in relatively shallow water, which addressed
some of'the problems associated with previously known wave
power capture systems.

[0006] The wave energy conversion device of WO2006/
100436 comprises a flap portion biased to the vertical in use
and formed and arranged to oscillate backwards and forwards
about the vertical in response to wave motion acting on faces
of' the flap portion. The flap portion is coupled to a hydraulic
circuit via a positive displacement pump such that oscillation
of'the flap portion causes the flow of fluid through the hydrau-
lic circuit, which drives operation of a variable displacement
hydraulic motor.

[0007] In order to maximize the extraction of power using
wave energy conversion devices it has been recognised that
tuning of properties of the devices to the wave conditions can
be important, so that such properties are optimised for the
amplitude and frequency of waves that are experienced by the
devices.

[0008] Generally speaking larger waves require higher
resistive torque to be provided by a device than smaller waves
to abstract the most energy. In real seas devices experience a
spectrum of wave periods and amplitudes, and in order to
obtain the maximum energy abstraction the oscillator torque
would in theory have to be continuously tuned to the current
wave, which would require advance knowledge of the size of
the wave and a power takeoff system which could adjust
immediately to the size of the wave. In practice, perfect con-
tinuous tuning and immediate adjustment is not possible but
various practical arrangements have been suggested to pro-
vide tuning of the properties of wave energy conversion
devices to wave conditions.

[0009] For example, it has been suggested to use an oil
hydraulic power take-off system downstream from a wave
energy conversion device, that allows for rapid control of the
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system pressure (for example using a swash plate motor)
which in turn affects the resistive torque provided by the wave
energy conversion device. The pressure could be adjusted
continuously in dependence, for example, on an oil flow rate
through the system. However, there are significant disadvan-
tages to using oil hydraulic systems in the under-sea environ-
ment, for example the level of maintenance required and the
possibility of pollution. Furthermore such an arrangement is
relatively complex.

[0010] Inanothercontrol system, described in U.S. Pat. No.
6,476,511 both damping and spring forces are applied to a
wave energy conversion device. In this example, the wave
energy conversion device is an articulated structure, and dif-
ferent sets of rams are used to apply either damping or spring
forces via an oil hydraulic system. Different rams are selec-
tively enabled and disabled to tune the system to a prevailing
wave environment. That system is complex, again requires
the use of oil hydraulics, and is specific to the articulated
structure.

[0011] In other control systems, latch arrangements are
used to stop motion of a wave energy conversion device at
different points in a cycle, in order to match the motion of a
wave energy conversion device more closely to a prevailing
wave climate.

[0012] Some known systems are arranged to smooth the
power take-off from a wave power system by an electrical
generator, for example by control over resistive torque pro-
vided by the electrical generator or by use of fluid accumu-
lators to smooth pressure variations provided to a turbine
associated with the generator. Such systems usually comprise
a single wave power device connected to a single turbine
and/or generator. However, it is becoming increasingly desir-
able to use wave power for large scale power generation, and
thus systems that can be used to provide improved efficiency
of'energy extraction whilst also facilitating large-scale power
take-off are desirable.

[0013] There is an ongoing need for improved or at least
alternative apparatus and methods for generating electrical
energy from waves. In particular there is on ongoing need for
robust, practical apparatus that provides for improved effi-
ciency of power extraction and that enable wave energy con-
version devices to operate effectively in variable wave con-
ditions.

SUMMARY OF THE INVENTION

[0014] Inafirst aspect of the invention there is provided an
energy conversion apparatus comprising:-a mechanical ele-
ment arranged in operation to move repeatedly in a cycle in
response to wave motion, wherein the speed of the mechani-
cal element varies between a maximum and a minimum dur-
ing each cycle; power extraction means arranged to extract
energy from the movement of the mechanical element; and
movement assistance means arranged to assist the movement,
in response to the wave motion, of the mechanical element
during at least one part of the cycle during which the speed of
movement of the mechanical element is substantially equal to
the minimum for that cycle. The power extraction means may
comprise a fluid pressurisation system that is arranged so that
in operation fluid in the fluid pressurisation system is pres-
surised in response to movement of the mechanical element,
the fluid pressurisation system may comprise a one-way valve
for transferring pressurised fluid from the fluid pressurisation
system and the movement assistance means may be located
upstream of the one-way valve.
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[0015] The atleast one part of the cycle may comprise a part
of the cycle when the mechanical element is substantially
stationary.

[0016] Little orno power may be extracted from those parts
of the cycle when the mechanical element is substantially
stationary. By providing assistance in moving the mechanical
element when the speed of movement of the mechanical
element is substantially equal to the minimum (for example,
when the mechanical element is stationary) the speed of
movement of the mechanical element can be moved away
from its minimum more rapidly than otherwise would be the
case, thereby increasing the power extraction during each
cycle. By providing the movement assistance means
upstream of the one-way valve of the fluid pressurisation
system, the movement assistance can be provided without
adversely affecting operation of downstream power take-off
components. Furthermore, by providing the movement assis-
tance means upstream of the one-way valve, operation of the
energy conversion apparatus can be assisted, without affect-
ing operation of other energy conversion apparatus that may,
for example, be connected together downstream to a common
power take-off system.

[0017] The atleast one part of the cycle may be a part of the
cycle when the speed of movement of the mechanical element
is less than a threshold speed.

[0018] The power extraction means may be configured to
extract power from work performed by the mechanical ele-
ment against a resistance to motion. The mechanical element
may comprise a single component or multiple components.

[0019] The apparatus may further comprise a fluid conduit
downstream of the one way valve(s) for transferring pres-
surised fluid to an electrical power generation system. The
electrical power generation system may comprise a turbine
and an associated electrical generator. The one-way valve(s)
may be located off-shore and the electrical power generation
system is located on-shore.

[0020] The movement assistance means may comprise
energy storage means arranged to store energy from the
motion of the mechanical element during a further part of
each oscillation cycle and to release the stored energy to the
mechanical element during said at least one part of the cycle
during which the speed of movement of the mechanical ele-
ment is substantially equal to the minimum for that cycle.

[0021] By providing such energy storage means, a particu-
larly simple and efficient means of assisting the motion of the
mechanical element during the at least one part of the cycle
when the mechanical element is substantially stationary may
be provided. By providing for such energy storage means, the
apparatus may not need to expend additional energy in pro-
viding the assistance. No additional energy source may be
required.

[0022] The energy storage means may apply both damping
and spring forces to the mechanical element, with damping
and spring forces being applied at different parts of the cycle.
By applying damping or spring forces with the same means
(for example, the same energy storage device) a particularly
simple design may be provided for the apparatus.

[0023] At least one property of the energy storage means
may be selected in dependence on the expected wave condi-
tions. Thus, the apparatus may be tuned to prevailing or
otherwise expected wave conditions to maximise power
extraction. The at least one property may be the capacity of
the energy storage means.
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[0024] The fluid pressurisation system may comprise at
least two one-way valves. A first of the one-way valves may
be arranged to transfer, in operation, pressurised fluid from
the fluid pressurisation system and a second of the one-way
valves may be arranged to transfer, in operation, fluid into the
fluid pressurisation system. The first and second one-way
valves may be arranged to operate so that the first one-way
valve is open when the second one-way valve is closed, and to
that the first one-way valve is closed when the second one-
way valve is open. The energy storage means may be located
between the first one-way valve and the second one-way
valve.

[0025] The energy storage means may comprise at least one
fluid accumulator device for accumulating fluid from and
releasing fluid to the fluid pressurisation system.

[0026] The use of a fluid accumulator device as the energy
storage means can provide for a particularly robust and
simple way of reducing the resistance during the at least one
part of the cycle as desired. Fluid accumulator devices are
generally easy to install, are generally reliable and may have
few if any moving parts. The fluid accumulator device may be
arranged so that the apparatus may function, and wave energy
may be extracted, even if the fluid accumulator device is
non-operational. That can be particularly useful as in practice
the wave energy conversion device may be installed in a
remote location, the fluid accumulator devices may be located
off-shore, and maintenance may be difficult.

[0027] The fluid pressurisation system may comprise a pis-
ton and cylinder coupled to the mechanical element, and the
piston may be arranged to move in the cylinder in response to
movement of the mechanical element thereby to pressurise
fluid in the cylinder. The fluid pressurisation system may
further comprise a fluid transfer conduit connecting the cyl-
inder to at least one one-way-valve for transferring pres-
surised fluid from the cylinder, and the or each fluid accumu-
lator device may be in communication with the fluid transfer
conduit. The or each fluid accumulator device may be directly
or indirectly connected to the fluid transfer conduit.

[0028] The fluid pressurisation system may comprise a first
one-way valve arranged to transfer fluid from the fluid pres-
surisation system in response to movement of the piston in a
first direction, a second one-way valve arranged to transfer
fluid from the fluid pressurisation system in response to
movement of the piston in a second direction, a first accumu-
lator device upstream of the first one-way valve, and a second
accumulator device upstream of the second one-way valve.
[0029] The energy storage means may comprise a spring
coupled during at least part of the cycle to the mechanical
element. The spring may be coupled directly or indirectly to
the mechanical element. The spring may be arranged so that
movement of the mechanical element produces compression
or decompression of the spring during at least part of the
cycle.

[0030] The power extraction means may comprise a piston
and cylinder coupled to the mechanical element, the piston
may be arranged to move in the cylinder in response to move-
ment of the mechanical element, and the spring may be
arranged so that it is compressed or relaxed in response to
motion of the piston in the cylinder, in operation.

[0031] The spring may be connected to a face of the piston
or to an end of the cylinder. The spring may comprise a
mechanical spring.

[0032] The apparatus may be configured to provide, in
operation, a resistance to the movement of the mechanical
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element, and the movement assistance means may be
arranged to provide the assistance to movement of the
mechanical element by reducing the resistance to movement
or by applying a force in the direction of the movement. The
resistance to movement may comprise a resistive torque, and
the movement assistance means may be arranged to reduce
the resistive torque, in operation, during said at least one part
of the cycle.

[0033] The apparatus may further comprise resistive means
that is coupleable to the mechanical element to provide a
resistance to motion of the mechanical element, and the
movement assistance means may comprise decoupling
means that is operable to decouple the mechanical element
from the resistive means during said at least one part of the
cycle. The resistive means may comprise the fluid pressuri-
sation means and/or may comprise the piston and cylinder.

[0034] Inanother independent aspect of the invention there
is provided a wave energy conversion apparatus compris-
ing:-a mechanical element arranged in operation to move
repeatedly in a cycle in response to wave motion, wherein the
speed of the mechanical element varies between a maximum
and a minimum during each cycle; a fluid pressurisation
system comprising a piston and cylinder coupled to the
mechanical element, and a one-way valve, wherein the piston
is arranged to move in the cylinder in response to movement
of the mechanical element thereby to pressurise fluid in the
cylinder, and the fluid pressurisation system further com-
prises a fluid transfer conduit connecting the cylinder to the
one-way valve for transferring pressurised fluid from the
cylinder; a fluid accumulator device in communication with
the fluid transfer conduit, arranged to store energy from the
motion of the mechanical element during a part of each oscil-
lation cycle and to release the stored energy to the mechanical
element during a further at least one part of the cycle during
which the speed of movement of the mechanical element is
substantially equal to the minimum for that cycle, thereby to
assist the movement of the mechanical element.

[0035] The apparatus may further comprise a fluid conduit
downstream of the one way valve(s) for transferring pres-
surised fluid to an electrical power generation system. The
electrical power generation system may comprise a turbine
and an associated electrical generator.

[0036] Inanother independent aspect of the invention there
is provided a wave energy conversion system comprising a
plurality of wave energy conversion apparatus, each wave
energy conversion apparatus being as claimed or described
herein, wherein the one or more one-way valves of each
apparatus are connected to a common fluid conduit for trans-
ferring pressurised fluid from the plurality of wave energy
conversion apparatus to an electrical power generation sub-
system.

[0037] In a further independent aspect of the invention
there is provided a method of converting wave energy com-
prising:-arranging a mechanical element to move repeatedly
in a cycle in response to wave motion; and extracting energy
from the movement of the mechanical element, wherein the
speed of movement of the mechanical element varies between
a maximum and a minimum during each cycle, and the
method further comprises assisting the movement of the
mechanical element during at least one part of the cycle
during which the speed of movement of the mechanical ele-
ment is substantially equal to the minimum for that cycle.
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[0038] There may also be provided an apparatus or method
substantially as described herein with reference to the accom-
panying drawings.

[0039] Any feature in one aspect of the invention may be
applied to other aspects of the invention, in any appropriate
combination. For example, apparatus features may be applied
to method features and vice versa.

DETAILED DESCRIPTION OF EMBODIMENTS

[0040] Embodiments of the invention are now described,
by way of non-limiting example, and are illustrated in the
following figures, in which:

[0041] FIG. 1 is a schematic illustration of a wave energy
conversion system for conversion of the oscillating motion of
a wave energy conversion device to electricity;

[0042] FIGS. 2 and 3 are schematic illustrations showing
part of the embodiment of FIG. 1 in more detail;

[0043] FIG. 4 is a schematic illustration of a wave energy
conversion system in a further embodiment; and

[0044] FIGS. 5to 7 are schematic illustrations of part of an
alternative embodiment.

[0045] A wave energy conversion system is illustrated in
FIG. 1. The system includes a wave energy conversion device
2, coupled by a suitable linkage and a driving rod 4 to a
hydraulic ram (piston) 6 which reciprocates in a cylinder 8
and is double acting.

[0046] The cylinder 8 forms part of a hydraulic circuit 10 to
which it is connected by an inlet/outlet port 12 at one end of
the cylinder, an inlet/outlet port 14 at the opposite end of the
cylinder 8, and an arrangement of non-return valves 16, 18,
20, 22.

[0047] An accumulator 7 is provided between the inlet/
outlet port 12 at one end of the cylinder and corresponding
non-return valves 18, 22. Similarly, an accumulator 9 is pro-
vided between the inlet/outlet port 14 at the other end of the
cylinder and corresponding non-return valves 16, 20.

[0048] The wave energy conversion device 2 comprises a
base portion 3 anchored to the bed of the sea or other body of
water and an upstanding flap portion 5, of generally rectan-
gular form, mounted for rotation about a pivot axis to the base
3. An example of a suitable wave energy conversion device 2
is described, for example, in WO 2006/100436. In the
embodiment of FIG. 1 the flap portion 5 is 18 m wide, but any
suitable width or other dimension of the flap can be used. In
operation the flap portion 5 is placed to face the direction of
wave motion, and the wave motion causes the flap portion to
oscillate about the pivot axis, which in turn drives the ram 6
back and forth in the cylinder 8.

[0049] In operation, the ram 6 is driven backwards and
forwards in the cylinder 8 by oscillation of the flap portion 5
caused by the wave motion. On each forwards stroke of the
ram, low pressure sea water from inlet pipe 17 is drawn into
the cylinder 8 through port 14 via non-return valve 16, and
high pressure sea water is pumped out of the cylinder 8
through port 12 and non-return valve 22 into the fluid conduit
24. On each backwards stroke of the ram, low pressure sea
water from inlet pipe 17 is drawn into the cylinder 8 through
port 12 via non-return valve 18, and high pressure sea water is
pumped out of the cylinder 8 through port 14 and non-return
valve 20 into the fluid conduit 24.

[0050] Theaccumulators 7,9 are charged and discharged as
the ram is driven backwards and forwards in the cylinder. The
effect of the charging and discharging of the accumulators 7,
9 is discussed in more detail below.
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[0051] The fluid conduit 24 forms part of the hydraulic
circuit 10 and connects the outlets 12, 14 of the cylinder 8 to
apair of spear valves 26 (only a single spear valve is shown for
clarity). The spear valves 26 are aligned with a Pelton wheel
28, such that in operation a water jet is forced out of the spear
valves and into Pelton wheel buckets, driving rotation of the
Pelton wheel 28. The average pressure in the fluid conduit 24
in operation can be referred to as the system pressure.
[0052] The hydraulic circuit of the system of FIG. 1 is an
open circuit, in that the sea water is not returned to the system
after it has exited the Pelton wheel, but instead is passed back
into the sea via a drainage conduit (not shown). In an alter-
native embodiment, the hydraulic circuit is a closed circuit
and the hydraulic fluid is discharged from the Pelton wheel 28
into a storage or buffer tank, from where it is returned to the
inlet pipe 17 via a return conduit. In variants of the embodi-
ment, multiple wave energy conversion devices 2, each with
a corresponding cylinder 8 and piston 6 arrangement, are
connected to the same hydraulic circuit 10, which can provide
a smoothing of pressure variations.

[0053] An accumulator 30, comprising a pressure cylinder
containing air, is connected to the fluid conduit 24 between
the non-return valves 20, 22 and the spear valves 26. The mass
of air in the accumulator 30, its pre-charge pressure (P ) and
the volume of the accumulator 30 (V) are known. As fluid is
pumped out of the cylinder 8 into the fluid conduit 24 the air
is compressed to store some of the pressure produced by the
pumping action of the ram 6. This has the effect of smoothing
variations in the pressure (P) of the fluid in the fluid conduit 24
that is delivered to the Pelton wheel 28.

[0054] The Pelton wheel 28 is connected to and drives a
flywheel 32. The flywheel stores energy from the Pelton
wheel until it is converted into electricity by an induction
generator/motor 34 which connects to the flywheel 32. The
Pelton wheel 28, the flywheel 32 and the shaft linking the
Pelton wheel 28 and the flywheel 32 together form a turbine
apparatus. The output from the induction generator 34 is
converted via an electric regenerative drive 36 suitable for
connection to an electricity grid (not shown).

[0055] A controller 38 (usually a programmable logic con-
troller) is connected to the electric regenerative drive 36 and
generator 34 and is operable to control the level of torque
applied to the flywheel 32 by the generator and thus the level
of power extracted by the generator 34 from the flywheel 32.
The controller 38 includes a computer interface via which an
operator can select and modify various parameters or control
operation of the system if desired. A flow meter 40 and a
pressure meter 42 for measuring the flow and pressure in the
fluid conduit 24 are also provided and are connected to the
controller 38, and in operation provide flow and pressure
readings to the controller 38. The controller 38 is connected to
a spear valve controller 44 which is operable to control opera-
tion of the spear valves 26, in accordance with instructions
provided by the controller 38.

[0056] Inthe embodiment of FIG. 1, the wave energy con-
version device 2, the cylinder 8, the accumulators 7, 9 and the
arrangement of non-return valves 14, 16, 18, 20 are located
offshore. The other components of the system, from the flow
meter 40 downstream, are located on-shore. As the number of
offshore or sub-sea components is minimised, and the more
sensitive electronic components are located on-shore, instal-
lation and maintenance of the system is straightforward. Fur-
thermore, in normal operation (excluding shut-down, start-up
or over-ride procedures) control and sensor signals do not
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need to be transmitted between on-shore and off-shore com-
ponents, making the system robust and relatively easy to
maintain.

[0057] The efficiency of operation, and the amount of
power extracted by the system, is dependent on the prevailing
wave conditions, and characteristics of the system (for
example the system pressure, the size of the flap, and the
amplitude of movement of the flap 5) are matched to those
prevailing wave conditions. It is in the nature of the wave
power system that the power provided to the system varies
during each wave cycle. For example, little if any energy is
provided by the flap 5 to the system during those portions of
the wave cycle when the flap 5 has reached the ends of range
of motion and is stationary or almost stationary. Conversely,
the maximum amount of energy is provided by the flap 5 to
the system when the flap 5 is moving at or near its maximum
speed during the middle of each cycle.

[0058] Inthe system of FIG. 1, the accumulators 7, 9 assist
the movement of the flap during the parts of the wave cycle
when the flap 5 is substantially stationary at each end of its
range of movement, which enables the flap 5 to build up some
speed before the system begins to pump significant amounts
of water through the hydraulic circuit 10. In turn it has been
found that the output power obtained from the system is
increased. The use of the accumulators 7, 9 also reduces the
possibility of the system stalling.

[0059] Operation of the accumulators 7, 9 is illustrated in
more detail in FIGS. 2 and 3. FIG. 2 shows the relative liquid
levels 60, 62 in the accumulators 7, 9 when the flap 5, and thus
the piston 6, is at around the centre of the wave cycle and is
moving at roughly its maximum speed towards one end 64 of
the cylinder 8.

[0060] It can be seen that the motion of the piston 6 pres-
surises fluid in the cylinder 8 at the side of the piston 6 closest
to the end 64, which in turn causes the liquid level 60 and thus
the pressure in the accumulator 9 to increase, and the one way
valve 20 to open and fluid to flow from the cylinder 8 into the
hydraulic system 10 via the one way valve 20. At the same
time, the motion of the system 6 decreases the pressure of the
fluid in the cylinder 8 at the side of the piston 6 closest to the
other end 66, which in turn causes the liquid level 62 and thus
the pressure in the accumulator 7 to decrease, and the one way
valve 18 to open drawing in fluid to the cylinder 8.

[0061] When the flap 5 reaches the end of its range of
movement, the piston 6 is at or near the end 64 of the cylinder
8 and is stationary or close to being stationary. The torque on
the flap 5 from the wave motion is at that stage starting to push
the piston 6 back towards the other end 66 of the cylinder 8.
The pressure in the accumulator 9 is at that stage at or close to
its maximum, whereas the pressure in the accumulator 7 is at
or close to its minimum, and the difference in pressure
between the accumulators 7, 9 acts to provide a force on the
piston 6 towards the other end 66 of the cylinder 8, and thus
acts to reduce the resistive torque of the flap 5 to the wave
motion.

[0062] FIG. 3 shows the relative liquid levels 60, 62 in the
accumulators 7, 9 when the flap 5, and thus the piston 6, is
again at around the centre ofthe wave cycle but is now moving
at roughly its maximum speed towards the other end 66 of the
cylinder 8. It can be seen that the liquid level 60 of the
accumulator 9 has now decreased, whereas the liquid level 62
of'the accumulator 7 is increasing. The valves 16, 22 are now
open, whereas the valves 18, 20 are now closed. When the
piston 6 reaches the other end of the cylinder 8, the difference
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in pressure between the accumulators 7, 9 again acts to reduce
the resistive torque experienced by the flap 5.

[0063] It can be understood from FIGS. 2 and 3 that at the
end of each stroke of the piston 6 the energy stored in one of
the accumulators 7, 9 is used to get the piston, and thus the flap
5, moving in the opposite direction. It can also be understood
that as the pressure in one accumulator 7, 9 is reducing the
pressure in the other accumulator 7, 9 is increasing.

[0064] The size and pre charge pressure of the accumula-
tors 7, 9 is usually selected during design or manufacture of
the system in dependence on the expected, average prevailing
wave conditions in the location where the system is to be
installed. It can be understood that the size and pressure of the
accumulators are important as, at on extreme, if the accumu-
lators were too large then all of the flap movement would be
used in bringing the accumulators up to pressure and no
pumping of fluid to the hydraulic system 10 would occur.
Conversely if the accumulator were too small, they would
have little or no effect. Similarly, if the accumulator pressure
were 100 high there would be little or no movement of the flap
5 before pumping started, conversely if the accumulator pres-
sure were too low the amount of energy storage before pump-
ing starts would be reduced.

[0065] An alternative embodiment is illustrated in FIG. 4,
in which a plurality of wave energy conversion systems are
connected in parallel to the fluid conduit 24 and to the power
take-off system comprising the Pelton wheel 28 and electrical
generation components 32, 34,36. Each wave energy conver-
sion system includes respective one-way valves 16, 18, 20, 22
and accumulators 7,9 located upstream of the one-way valves
16,18, 20, 22. Thus, movement assistance can be provided to
each wave power device individually whilst also providing
for a common power take-off system. Two wave power sys-
tems connected in parallel are shown in FIG. 4, but any
suitable number of systems can be connected.

[0066] Surge pressures that occur in pipework of the
hydraulic system 10 can also affect the tuning, as these influ-
ence the pressure at which the piston pumps and the pumping
pressure affects the fluid volumes in the accumulators 7, 9.
Surge pressures are particularly influential where there is
only one flap 5 and cylinder 8 arrangement, as there is then no
smoothing effect of the flow resulting from phase differences
between multiple flap and cylinder arrangements pumping
fluid through the same hydraulic circuit 10, and so relative
peak fluid velocities are larger.

[0067] For each wave climate there is an optimal accumu-
lator size and pre charge pressure. The accumulator size and
pre charge pressure are usually fixed at the design stage, and
by using historic wave climate data those parameters are
selected so that average power output is maximised.

[0068] A computer model was built using for a standard 18
m wide flap with input sea torque data for six standard sea
states. The cylinder and piston arrangements that resist the
wave torque were assumed to have equal area and were
assumed to act at a constant lever arm length. The model was
implemented using Flowmaster software, but any other suit-
able software could have been used. Each of the sea states is
referred to below using a reference Tex where x is the energy
period of the sea state (in seconds) and a length in metres that
is the average power per wavefront length (in kWatts/metre)
of the sea state.

[0069] To remove pipeline surge effects a constant pressure
source/sink was assumed at the high and low pressure hydrau-
lic connections to the wave energy conversion device. The
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hydraulic to electrical power conversion is not modeled.
Instead the total water power produced by the wave energy
conversion device was measured.

[0070] Each ofthe sea states were initially modeled without
spring accumulators 7, 9. Then by using an iterative method
of'adjusting the accumulator volume, accumulator pre-charge
pressure, and system operating pressure the water power for
sea state Te09P120 (having an energy period of 9 seconds, and
an average power per wavefront length of 20 kWm™) was
maximised. Sea state TeO9Pi20 was chosen for optimisation
as its wave power and frequency is in the middle of the range
of'sea data. The selected accumulator volume and pre-charge
pressure that provided optimisation of the water power for the
sea state Te09Pi20 was then used for all the other sea states. In
the present example, the selected size of the accumulator was
140 litres and the selected pre-charge pressure was 25 bar.
[0071] The water power obtained from each of the sea
states, with and without accumulators 7, 9 attached, are
shown in Tables 1 and 2 respectively, which also show the
optimal system pressure for those sea states, for the selected
accumulator size and pre-charge pressure. The tables also
provide the average percentage of time of each cycle for
which the calculated water power was obtained, and a
weighted average water power that is the corresponding aver-
age power obtained over the whole of the cycle. It will be
understood that the water power generally varies continu-
ously over the whole of the cycle, and the calculated water
power over a percentage of the cycle, provided in the table, is
a representative measure.

TABLE 1
Optimal Water Weighted
system % of power Average
Sea pressure bar time Kw water power
Te07Pi10 55 25 152 38.0
Te09Pi10 35 25 112.0 28.0
Te09Pi20 57 15 198.6 29.8
TellPi20 42 15 176.5 26.5
Tel1Pi40 58 10 297.9 29.8
Tel3Pi40 55 10 245.9 24.6
176.6
TABLE 2
Water Weighted
Pressure % of power Average
Sea bar time Kw Water power

TeO7Pil0 55 25 202.4 50.6
Te09Pi10 55 25 175.9 44.0
Te09Pi20 57 15 267.8 40.2
TellPi20 53 15 254.3 38.1
Tel1Pi40 58 10 370.9 37.1
Tel3Pi40 60 10 334.9 33.5

243.5

[0072] It can be seen the use of the accumulators 7, 9 to
provide assistance to the movement of the flap increases
output power by around 38%, averaged across all of the sea
states considered, in this example.

[0073] It should be noted that for some of the sea states the
optimal operating pressure is increased and the variation of
power output as a function of system pressure is reduced,
when the accumulators 7, 9 are included. It seems that the sea
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states that previously had a lower optimal operating pressure
need to have an increase in optimal operating pressure to
make better use ofthe available volume in the accumulators 7,
9. The decrease in the variation in power output as a function
of operating pressure, resulting from the use of the accumu-
lators 7, 9 can make the system easier to tune.

[0074] Itis a feature of the embodiment of FIGS. 1 to 3 that
failure of the accumulators 7, 9, for example due to loss of gas
charge, does not prevent operation, and generation of power
from, the wave energy conversion system, although the effi-
ciency of operation may be reduced. That can be particularly
useful in many practical circumstances, as the accumulators
are often difficult to access in practice.

[0075] In a variant of the embodiment of FIGS. 1to 3, a
plurality of cylinders are provided, each connected to a
respective flap. The outputs of each cylinder are connected to
acommon set of non-return valves 14, 16, 18, 20, and a single
pair of fluid accumulators 7, 9 is provided, one accumulator 9
between non-return valves 16, 20 and the other accumulator 7
between non-return valves 18, 22 in an equivalent arrange-
ment to that shown in FIGS. 2 and 3. In other variants, any
suitable number and arrangement of accumulators or other
movement assistance devices can be provided.

[0076] An alternative embodiment is illustrated in FIGS. 5
to 7, which shows the cylinder 8 of that alternative embodi-
ment. The other components of the system are the same as
those illustrated in FIGS. 1 to 3, except that the spring accu-
mulators 7, 9 are not included in the system. Instead, the
piston 70 is connected to the driving rod 4 via a mechanical
spring 74. In the embodiment of FIG. 5, the spring 74 is an
axial spring, but any suitable type of spring can be used. The
direction of movement of the driving rod 4 is indicates in
FIGS. 5 to 7 by solid arrows 76, 78.

[0077] Inoperation, when the flap 5 starts to move it com-
presses the spring 74 until the spring load is sufficient to start
moving the piston 70, which then starts the pumping of water
to and from the cylinder 8. At the end of the flap stroke the
piston stops pumping water, and the spring 74 expands, as
illustrated in FIG. 6, and moves the piston rod 4, and thus the
flap 5 in the opposite direction, transferring the stored spring
energy into flap kinetic energy, and then back into spring
(tension) energy (as illustrated in FIG. 7) as the flap 5 moves
in the other direction. The spring energy is not wasted, instead
at the end of each flap movement the spring 74 assists in
getting the flap moving in the opposite direction before the
flap 5 starts to perform work by moving the piston. In alter-
native embodiments to that illustrated in FIGS. 5 to 7, instead
of being located between the piston 70 and the driving rod 4,
the spring is located at another point in the power chain
between the flap and the piston and cylinder arrangement, for
example between the piston rod 4 and the flap 5.

[0078] Assistance to movement of the flap can be provided
by reducing a resistance to movement of the flap as well as, or
instead of, providing a force in the direction of movement of
the flap. For example, in further embodiments, a limited
amount of free play or backlash is built into the piston’s
movement within the cylinder or the connection of the oscil-
lating flap 5 to the cylinder arrangement, so when the flap 5
changes direction no resistive torque is applied by the piston
6 and cylinder 8 until the flap 5 has rotated sufficiently to take
up the free play. The flap 5 is effectively decoupled from the
cylinder arrangement, which usually provides resistance to
motion of the flap 5, during the part of the cycle when the flap
changes direction and is taking up the free play. The free play
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assists in getting the flap moving before the load (resistive
torque in this example) is applied by the piston 6 and cylinder
8.

[0079] In another embodiment, the accumulators 7,9 are
used to provide the assistance to movement of the flap, and the
pre-charge pressure of the accumulators 7, 9 is set sufficiently
low that during the initial part of each cycle there is little or no
resistance to movement of the piston in the cylinder arising
from components downstream of that accumulator 7, 9 that is
being in the process of being charged, whilst the pressure in
the accumulator 7, 9 increases.

[0080] The embodiments described above in relation to
FIGS. 1 to 7 include a wave energy conversion device in the
form of an oscillating flap. The wave energy conversion
device is not limited to being an oscillating flap, and in other
embodiments any suitable type of wave energy conversion
device is used, for example, a buoy device or a surface fol-
lowing device. Similarly, although the embodiments
described above in relation to FIGS. 1 to 7 comprise a power
extraction system that comprises a fluid pressurisation system
in which motion of a piston in a cylinder is used to pressurise
fluid that is subsequently used to drive operation of a turbine,
any suitable type of power extraction system may be used. In
the embodiments of

[0081] FIGS. 1to 6, assistance to the movement of the flap
during parts of the cycle when the speed of movement of the
flap is at a minimum (for example, when the flap is stationary)
is provided by one or more of spring accumulators, a
mechanical spring, or by the provision of a limited amount of
free play or backlash. However, any other suitable device or
arrangement for providing assistance to the movement of the
flap or other mechanical element during parts of the cycle
when the speed of movement of the flap or other mechanical
element is at a minimum can be used in alternative embodi-
ments.

[0082] It will be understood that the present invention has
been described above purely by way of example, and modi-
fications of detail can be made within the scope of the inven-
tion.

[0083] Each feature disclosed in the description, and
(where appropriate) the claims and drawings may be provided
independently or in any appropriate combination.

1. A wave energy conversion apparatus comprising:

a mechanical element arranged in operation to move
repeatedly in a cycle in response to wave motion,
wherein the speed of the mechanical element varies
between a maximum and a minimum during each cycle;

a fluid pressurisation system arranged to extract energy
from the movement of the mechanical element; and

a movement assistance device arranged to assist the move-
ment, in response to the wave motion, of the mechanical
element, during at least one part of the cycle during
which the speed of movement of the mechanical element
is substantially equal to the minimum for that cycle,
wherein

the fluid pressurisation system is arranged so that in opera-
tion fluid in the fluid pressurisation system is pressurised
in response to movement of the mechanical element, the
fluid-pressurisation system comprises at least one one-
way valve for transferring pressurised fluid from the
fluid pressurisation system and the movement assistance
device is located upstream of the at least one one-way
valve.
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2. The apparatus Apparatus according to claim 1, further
comprising a fluid conduit downstream of the one way valve
for transferring pressurised fluid to an electrical power gen-
eration system.

3. The apparatus according to claim 2, wherein the electri-
cal power generation system comprises a turbine and an asso-
ciated electrical generator.

4. The apparatus according to claim 2, wherein the one-
way valve is located off-shore and the electrical power gen-
eration system is located on-shore.

5. The apparatus according to claim 1, wherein the move-
ment assistance device comprises energy storage means
arranged to store energy from the motion of the mechanical
element during a further part of each oscillation cycle and to
release the stored energy to the mechanical element during
said at least one part of the cycle during which the speed of
movement of the mechanical element is substantially equal to
the minimum for that cycle.

6. The apparatus according to claim 5, wherein the capacity
of the energy storage means is selected in dependence on
expected wave conditions.

7. The apparatus according to claim 5, wherein the energy
storage comprises at least one fluid accumulator device for
accumulating fluid from and releasing fluid to the fluid pres-
surisation system.

8. The apparatus according to claim 1, wherein the fluid
pressurisation system comprises a piston and cylinder
coupled to the mechanical element, wherein the piston is
arranged to move in the cylinder in response to movement of
the mechanical element thereby to pressurise fluid in the
cylinder, and the fluid pressurisation system further com-
prises a fluid transfer conduit connecting the cylinder to the
one one-way-valve for transferring pressurised fluid from the
cylinder, and the or each fluid accumulator device is in com-
munication with the fluid transfer conduit.

9. The apparatus according to claim 8, wherein the fluid
pressurisation system comprises a first one-way valve
arranged to transfer fluid from the fluid pressurisation system
in response to movement of the piston in a first direction, a
second one-way valve arranged to transfer fluid from the fluid
pressurisation system in response to movement of the piston
in a second direction, a first accumulator device upstream of
the first one-way valve, and a second accumulator device
upstream of the second one-way valve.

10. The apparatus according to claim 5, wherein the energy
storage comprises a spring coupled during at least part of the
cycle to the mechanical element.

11. The apparatus according to claim 10, wherein the fluid
pressurisation system comprises a piston and cylinder
coupled to the mechanical clement, wherein the piston is
arranged to move in the cylinder in response to movement of
the mechanical element, and the spring is arranged so that it is
compressed or relaxed in response to motion of the piston in
the cylinder

12. The apparatus according to claim 11, wherein the
spring is connected to a face of the piston or to an end of the
cylinder.

13. The apparatus according to claim 10, wherein the
spring comprises a mechanical spring.

14. The apparatus according to claim 1, wherein the appa-
ratus is configured to provide, in operation, a resistance to the
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movement of the mechanical element, and the movement
assistance device is arranged to provide the assistance to
movement of the mechanical element by reducing the resis-
tance to movement or by applying a force in the direction of
the movement.

15. The apparatus according to claim 1, wherein the appa-
ratus further comprises a resistive device that is coupleable to
the mechanical element to provide a resistance to movement
of the mechanical element, and the movement assistance
device comprises a decoupling arrangement that is operable
to decouple the mechanical element from the resistive device
during said at least one part of the cycle.

16. A wave energy conversion apparatus comprising:

a mechanical element arranged in operation to move
repeatedly in a cycle in response to wave motion,
wherein the speed of the mechanical element varies
between a maximum and a minimum during each cycle;

a fluid pressurisation system comprising a piston and cyl-
inder coupled to the mechanical element, and at least one
one-way valve, wherein the piston is arranged to move in
the cylinder in response to movement of the mechanical
element thereby to pressurise fluid in the cylinder, and
the fluid pressurisation system further comprises a fluid
transfer conduit connecting the cylinder to the at least
one one-way valve for transferring pressurised fluid
from the cylinder;

a fluid accumulator device in communication with the fluid
transfer conduit, arranged to store energy from the
motion of the mechanical element during a part of each
oscillation cycle and to release the stored energy to the
mechanical element during a further at least one part of
the cycle during which the speed of movement of the
mechanical element is substantially equal to the mini-
mum for that cycle, thereby to assist the movement of the
mechanical element.

17. The apparatus according to claim 16, further compris-
ing a fluid conduit downstream of the one way valve for
transferring pressurised fluid to an electrical power genera-
tion system.

18. The apparatus according to claim 17, wherein the elec-
trical power generation system comprises a turbine and an
associated electrical generator.

19. A wave energy conversion system comprising a plural-
ity of wave energy conversion apparatus, each wave energy
conversion apparatus being in accordance with claim 1,
wherein the one or more one-way valves of each apparatus are
connected to a common fluid conduit for transferring pres-
surised fluid from the plurality of wave energy conversion
apparatus to an electrical power generation sub-system.

20. A method of converting wave energy comprising:

arranging a mechanical element to move repeatedly in a
cycle in response to wave motion; and

extracting energy from the movement of the mechanical
element, wherein the speed of movement of the
mechanical element varies between a maximum and a
minimum during each cycle, and the method further
comprises assisting the movement of the mechanical
element during at least one part of the cycle during
which the speed of movement of the mechanical element
is substantially equal to the minimum for that cycle.
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