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Figure 2

(57) Abstract: The present invention relates to a
damper for damping the reactionary motion of a
wave energy conversion device (1) to wave motion,
comprising a damping energy absorber (7) having a
reversible non-linear stress-strain response, arranged to
damp the reactionary motion of the WEC. According to
a first aspect, there is provided a damping structure (2)
for a wave energy conversion device (1). The structure
comprises a fixed member (S), and a damping member
(7) having a reversible non-linear stress-strain response.
The damping member (7) is connectable between the
fixed member (6) and a moveable member or float (3)
of a wave energy conversion device (1). The invention
also relates to a wave energy conversion device (1).
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Damper and damping structure for a wave energy conversion device

KField of the Invention
The present invention relates to devices for wave energy conversion and, in particular,

to a damper and a damping structure for a wave energy conversion device.

Background to the Invention

Increasing concerns regarding traditional energy sources have prompted investigation of
alternative, renewable sources of energy. Wave energy 1s a renewable energy source
and countries with extensive coastlines and strong prevailing winds could produce

considerable quantities of electricity from wave power.

Wave energy refers to the energy of ocean surface waves and the capture of that energy
for the purpose of electricity generation. In general, the larger the wave, the more
energy 1t contains, and therefore, the more energy that can be obtained from it.
Specifically, the amount of energy which may be obtained from waves 1s determined by

wave height, wave speed, wavelength, and water density.

Several types of devices may be used to capture wave energy. All of these devices work
on a similar principle. The wave force acts on a moveable absorbing member, which
reacts against a fixed point. The fixed point may be a land or sea-bed based structure, or
another moveable, but force-resisting, structure. The wave force results in oscillatory
motion of the absorbing member and the product of wave force and corresponding

motion represents the converted energy.

There are several disadvantages associated with known energy absorbing devices.
Extreme waves (1.e. exceptionally large waves with respect to the current wave state, or
rapidly changing waves) can occur during otherwise benign wave states. Such large
waves can cause an excessive force to be exerted on the linkage or coupling between the
moveable member and the fixed point. This can result in breakage of the coupling,
particularly i devices with no natural damping, such as linear energy converters.

Accordingly, these devices have poor survivability, even in normal wave conditions.
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A further disadvantage associated with known wave energy converters 1S poor
etficiency of energy capture. Typical devices are capable of capturing wave energy
only over a relatively narrow range of wave frequencies and energy states. While more
advanced devices can tune their response to enable them to optimise energy capture
from any given wave state, such slow tuning usually only delivers a good response to
the average power spectrum of that wave state. Few devices can respond rapidly

enough to the individual frequencies within a single sea state.

An object of the invention 1s to provide a damping structure for a wave energy
conversion (WEC) device that automatically counteracts or dampens any extreme wave
forces. Another object of the invention 1s to provide a damping structure for a WEC
device having improved efficiency of energy capture. A further object of the invention
1S to provide a damping structure for a WEC device that allows additional energy
capture over a wide range of wave frequencies. A further object of the invention 1s to
provide a damping structure for a WEC that allows the WEC to maintain an optimum

alignment to the wave.

Summary of the Invention

The present mvention relates to a damper for damping the reactionary motion of a wave
energy conversion device to wave motion, comprising a damping energy absorber

having a reversible non-linear stress-strain response, arranged to damp the reactionary

motion of the WEC.

According to a first aspect, the present invention relates to a damping structure for a
wave energy conversion device, comprising a first member, and a damping member
having a reversible non-linear stress-strain response, wherein the damping member 1S
connectable to the first member and to a second member or float of a wave energy

conversion device.

In one embodiment, the present invention relates to a damping structure for a wave
energy conversion device, comprising a fixed member, and a damping member having a

reversible non-linear stress-stram response, wherein the damping member 1s
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connectable to the fixed member and to a moveable member or float of a wave energy

conversion device.

The term “fixed member”™ as used herein does not require that the member 1s necessarily
tethered or fixed to the sea-bed or other stationary pomt, but rather that 1t 1s fixed
relative to the moveable member of the WEC device. For example, the member may
have sufficient inherent inertia to prevent substantial movement thercof by wave
motion. In contrast, the moveable member or float of the WEC moves in an oscillatory
manner in response to wave motion of the ocean. The fixed member should be
sufficiently resistant to wave motion such that wave motion causes relative movement
between the fixed member and the moveable member of the WEC. The fixed member
may comprise any structure capable of providing sufficient mnertia. Such inertia may,
for example, be provided by a raft-like structure of interconnected WEC devices.
Alternatively, the mertia may be provided by a single rigid floating superstructure,
acting as the fixed member for a plurality of WEC devices in a wave farm, the
superstructure having a length much greater than the wavelength of the waves to obtain

sutficient mnertia.

In some embodiments, the first member and the second member exhibit different
frequency responses to wave motion, causing relative motion therebetween when waves
ar¢ incident upon them. In these embodiments, both the first and second members may

be moveable members of the WEC device.

Preferably, the damping energy absorber or damping member 1s passive. The term
“passive’ as used herein idicates that the stress-stramn response of the damping member
1s a function of the material or materials comprised therein or their design, shape or
configuration, rather than being a mechanical construct requiring some additional input

such as air or hydraulic pressure.

In an embodiment of the mvention, the damping energy absorber or the damping
member has a composite (1.e. combined or cumulative or hybrid) reversible non-linear
stress-strain response. The composite response may be provided by a plurality of

clements within the damping member, so that the damping member has a complex non-
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linear stress-strain response within 1ts normal operating range. Thus, the damping
member may comprise a plurality of materials, each of which has a specific stress-strain
response (and desirably each has a different response). The stress-strain response of the
resultant damping member 1s thus a composite of the responses of the individual
materials or the cumulative stress-strain response of the combined elements. This
allows more complex stress-strain profiles to be achieved than can be provided by a
single element or material. In one embodiment, the damping member could vary in
thickness along its length. The stress-strain response of the damping member would
therefore also vary along the length of the damping member. The stress-strain response
of the resultant damping member is thus a composite of the responses of the different
thickness portions. Similarly, the damping member could comprise a plurality of
components of different lengths, materials or thicknesses. In all such cases, the overall
stress-strain response of the damping member 1s a composite of the individual responses

of the component parts.

The damping member 1s connectable to the fixed member and to the moveable member

of the WEC device. The connection may be direct or indirect.

A material or member having a non-linear stress-strain response 1s on¢e in which the
counterforce exerted by the material or member 1s non-linearly related to the force
applied thereto and to the rate of application of such force. In the present invention,
movement of the moveable member 1n response to wave motion exerts a force on the
damping member. The counterforce exerted on the moveable member by the damping
member 1S non-linearly related to the applied force and the rate of application of that
force. The damping member of the present mmvention exhibits a reversible non-linear
stress-strain response. For example, the damping member may be capable of
undergoing a reversible change of shape in response to an applied force. Desirably it

exhibits a plurality of non-linear stress-stram responses within its operating range.

Preferably, the damping member exerts a low (or zero) counterforce until the applied
force or rate of applied force exceeds a threshold, above which the counter force exerted
increases sharply as the applied force increases. An example of such a response 1s

shown 1n Figure 1. The threshold value 1s selected such that the counter force increases
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sharply when the applied force reaches a level at which damage to the WEC would
otherwise be likely to occur. Figure 22 shows a number of composite or cumulative
non-linear stress-stram responses for damping members having a plurality of elements.
As shown 1n the figure, more complex stress-stram profiles may be achieved than 1s
possible with a single material or element. As shown, the composite stress-stram profile
may have a number of points of non-linearity, such that the damping member provides a
sharp mcrease in counterforce at several thresholds or levels of applied force, with a

substantially linear response between those points.

According to an aspect of the present invention, the stress-stram response of the
damping member may be tailored to each individual WEC device and the predicted
conditions 1in which the device may be used, rather than a single generic design being
used. The response 1s tailored by careful selection of the design and composition of the
damping member, for example, by selection of a combination of materials comprised 1n
the damping member, or the shape and configuration of the damping member, to

achieve the desired response characteristics.

The term “tailored” as used herein indicates that the material or materials used are 1n a
form or configuration that allows the stress-strain response to meet a specific desired
performance profile. Thus, the material or materials must be designed and modified to
meet the desired or required curve. Such tailoring 1s required for each device to

optimise 1ts performance for the expected wave states 1t will be subjected to.

According to an aspect of the present invention, the design and/or composition of the
damping member can allow the response of the WEC device to be tailored to the size of
the forces applied to the device and/or to the rate of change of the applied forces. The
damping member may comprise a plurality of components, cach of which reacts to

different ranges of applied forces and/or rates of applied force.

According to an aspect of the invention, a plurality of damping members may be
provided, wherein each damping member 1s arranged to damp the movement of the
device substantially along one axis only. Each damping member may have an

individual stress-strain response. As discussed above, each damping member may have
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a composite stress-stramn profile (including two or more distinct stress-stram responses).
The alignment and/or design of each damping member may allow the damper or
damping structure to provide different stress-strain responses along different axes.
Thus, the stress-strain response of the damping structure 1n each direction may be
tailored to the expected conditions. The damping structure can thus be tailored to have
different responses to at least one of, and desirably all of heave (vertical), pitch
(rotational) and surge (lateral) forces. Both compressive and tensile damping members
can be provided as indeed can a combination of compressive and tensile damping

members.

In one embodiment, a damping member, arranged to damp surge (lateral) forces, is used
to limit the maximum lateral response of the device. The damping member 1s
appropriately positioned or aligned so that its damping effect is applied, as far as
possible, to surge forces only. A further damping member, arranged to damp heave
(vertical) forces (between components of the WEC device), may be used to limit the
maximum vertical extension of the device. Similarly, this damping member 15
positioned or aligned so that its damping effect 1s applied to heave forces only.
Independent control over the separate forces acting on the device allows the overall
response of the damping structure to be more accurately tailored to the conditions in

order to protect the device.

The present invention provides several advantages over known WEC devices. The
nature of the damping structure provides enhanced structural stability and resilience

which prevents breakage of the WEC device by extreme waves.

The structure also provides more efficient energy capture. Ocean waves are never
single frequency and always comprise higher frequency components 1n addition to the
main frequency component. The main frequency component changes with sea state and
some devices can adjust their response to tune to this frequency, but few WEC devices
are capable of reacting quickly enough to capture the energy from higher frequency
wave components within a single sea state. The damping member 1s capable of reacting
to the higher frequency components of the waves, thereby allowing the WEC device to

capture energy from the higher frequency components of the waves. The damping
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member may thus act as an energy storage device, which temporarily stores energy
captured from the waves so that 1t can be fed back into a power take off system
associated with the WEC device. Further energy capture enhancement arises from the
additional sea states that can be accessed due to enhanced structural stability and

resilience.

The present invention also provides an additional advantage over current WEC devices.
The damping member (or members) desirably applies counter forces having both lateral
and vertical components and thus automatically acts to straighten the moveable
member, thus maintaining an optimal alignment to the waves when 1n use, that is,
generally perpendicular to the direction of travel of the waves. This reduces the risk of
damage to the coupling system of the WEC device caused by stress from angular

differences between the moveable and fixed members of the WEC device.

In a preferred embodiment, the fixed member 1s a substantially rigid ring adapted for
arrangement substantially concentrically around the moveable member of the wave
energy conversion device. The ring may be any suitable shape including circular,

square, rectangular or any other polygonal shape.

The fixed member may comprise a plurality of linked segments. Alternatively, the fixed
member may comprise at least one other WEC device. Several WEC devices may be
interconnected to form a raft-like structure. The devices may be linked by a fixed
member, which may be substantially rigid. Alternatively, the devices may be linked by

a damping member.

The size and profile of the fixed member are selected to maximise the downthrust
provided by the ring. When the moveable member of the WEC device 1s at the highest
poimnt of the wave, 1t 1s desirable that the angle formed between the fixed member and
the moveable member 1s less than about 45 degrees. This maximises the vertical
component of the force applied to the moveable member while providing sufficient

horizontal counterforce to counteract lateral surge forces.
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For a single, unconnected WEC device, the fixed member 1s preferably a ring having a
relatively large diameter to ensure that there 1s significant relative movement between
the moveable member of the WEC device and the ring. For example, for a device 1n
wave conditions where the height variation of the wave 1s between 5 and 8 metres, a
suitable ring diameter 1s between 10 and 20 metres. In general, the size of the ring will
be based on the height of the waves. The size of the ring may be selected to ensure a
balance between a large vertical component of the counter force (smaller ring) to limit

heave as well as sufficient lateral force to correct surge (larger ring).

For a plurality of interconnected WEC devices, 1t 1s necessary to balance the
requirement for a small ring diameter to achieve the required angle with the requirement
for a larger ring diameter to avoid interaction between the ring and the float and to

correct heave.

Preferably, size and shape of the fixed member are selected such that 1t floats just below
the surface of the ocean. In one embodiment, the fixed member 1s a ring arranged to
float approxmmately 3 metres below the point where the moveable member of the WEC

device sits 1n the water.

The damping member may comprise a flexible material capable of reversibly deforming
in response to an applied force. The material may be a non-linear elastic material. The
damping member may comprise a resiliently deformable material that exhibits a
reversible non-linear stress-strain response. According to various embodiments of the
invention, the damping member may comprise a non-Hookean spring, a rubber material,
a viscous-clastic material or a bio-polymer. Examples of such materials include
polyurethane, Avery FT1125 and vimentin. The damping member may comprise a

dilatant material.

The damping member may comprise a material having a plurality of bundled strands
optionally interwoven. The strands may be similar to muscle fibres. The strands may
be formed from a plurality of different materials, such that the resultant composite

material has the desired reversible non-linear stress-strain characteristics.
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The damping member may comprise a sheet or membrane of material. The sheet or
membrane may be perforated. The sheet or membrane may comprise a plurality of
layers. The layers may form a mattress-type structure. Valves or electronic devices

may be provided in the sheet to allow for energy capture or sensing of wave conditions.

The damping member may comprise a composite material. The composite material may
comprise multiple layers, such as, for example, epoxy composite viscous elastic

structurecs.

The damping member may comprise an active response system operable to provide a
reversible non-linear stress-stramn response. The system may comprise a sensor for
sensing wave conditions and providing wave condition mmformation to the active
response system, whereby the performance of the active response system 1s modified in
response to the sensed conditions. In one embodiment, the active response system
comprises a microprocessor controlled tensioning system. Sensors may be provided on
the fixed member and the performance of the tensioning system modified in response to
the sensed conditions. The system may comprise a cable, for example a steel cable,
arranged on a roller. The roller may be used to alter the tension on the cable to give a
reversible non-linear stress-strain response to the sensed conditions. An advantage of
this arrangement 1s that when maintenance of the system 1s required, the tension on the
cable can be increased so that minimal movement of the elements of the WEC device 1s

permitted.

The damping member may comprise combinations of the materials set out above, as

well as other materials which exhibit the required non-linear stress-strain characteristics.

According to a second aspect, the present invention relates to a wave energy conversion
device, comprising a moveable member, a first fixed member, and a coupling provided
therebetween to convert relative movement between the moveable member and the
fixed member in response to wave motion mto energy; and further comprising a second
fixed member, and a damping member having a reversible non-linear stress-strain

response arranged between the moveable member and the second fixed member.



10

15

20

25

30

CA 02683676 2009-10-13

WO 2008/128999 PCT/EP2008/054740

10

According to a third aspect of the invention, there is provided a wave energy conversion
device, comprising a moveable member, a fixed member and a coupling provided
therebetween to convert relative movement between the moveable member and the
fixed member 1n response to wave motion into energy; wherein said coupling comprises

a damping member having a reversible non-linear stress strain response.

In one embodiment, the fixed member of the wave energy conversion device according
to the third aspect of the invention comprises a ring arranged substantially
concentrically around the moveable member. Energy, in the form of relative motion
between the moveable member and the ring (which 1s resistant to wave motion), may be

stored by the damping member and converted to electrical energy.

In another embodiment, the damping member 1s provided with a plurality of electronic
tecth. The teeth are arranged 1n two sets, such that relative movement between the
moveable member and the fixed member causes movement of one set of teeth relative to

the other set, so that electrical energy 1s generated by induction.

Briet Description of the Drawings

Several embodiments of the damping structure for a wave energy conversion device in
accordance with the invention will now be described with reference to the
accompanying drawings, wherein:

Figure 1 1s a graph showing counter force versus applied force for a material having a
reversible non-linear stress strain response;

Figure 2 1s a perspective view of a wave energy conversion device comprising a
damping structure according to an embodiment of the invention;

Figure 3 1s a top plan view of the wave energy conversion device of Figure 1; and
Figure 4 1s a side elevation view of the wave energy conversion device of Figure 1;
Figure 5 1s a schematic representation of a wave energy conversion device comprising a
damping structure according to the invention;

Figure 6a 1s a schematic representation of the forces applied to the float of the WEC
device at the peak of an extreme wave;

Figure 6b 1s a schematic representation of the forces applied to the float of the WEC

device at the peak of a normal wave;
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According to a third aspect of the invention, there is provided a wave energy
conversion device, comprising a moveable member, a fixed member and a coupling
provided therebetween to convert relative movement between the moveable member
and the fixed member in response to wave motion into energy; wherein said coupling

comprises a damping member having a reversible non-linear stress strain response.

In one embodiment, the fixed member of the wave energy conversion device
according to the third aspect of the invention comprises a ring arranged substantially
concentrically around the moveable member. Energy, in the form of relative motion
between the moveable member and the ring (which is resistant to wave motion), may

be stored by the damping member and converted to electrical energy.

In another embodiment, the damping member is provided with a plurality of electronic
teeth. The teeth are arranged in two sets, such that relative movement between the
moveable member and the fixed member causes movement of one set of teeth

relative to the other set, so that electrical energy is generated by induction.

According to one aspect of the present invention, there is provided a damper for
damping the reactionary motion of a wave energy conversion device to wave motion,
comprising: a damping energy absorber having a reversible non-linear stress-strain
response, arranged to damp the reactionary motion of the WEC; wherein the
damping energy absorber is passive and has a composite reversible non-linear
stress-strain response such that the stress-strain response of the daamping energy
absorber may be tailored to the predicted conditions in which the wave energy

conversion device is to be used.

According to another aspect of the present invention, there is provided a damping
structure for a wave energy conversion device, comprising: a first member; and a
damping member having a reversible non-linear stress-strain response; wherein the
damping member is connectable to the first member and to a second member or float

of a wave energy conversion device; and wherein the damping member is passive
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and has a composite reversible non-linear stress-strain response such that the
stress-strain response of the damping member may be tailored to the predicted

conditions in which the wave energy conversion device is to be used.

According to still another aspect of the present invention, there is provided a damping
structure for a wave energy conversion device, comprising: a fixed member; and a
damping member having a reversible non-linear stress-stréin response; wherein the
damping member is connectable to the fixed member and to a moveable member or
float of a wave energy conversion device; and wherein the damping member is
passive and has a composite reversible non-linear stress-strain response such that
the stress-strain response of the damping member may be tailored to the predicted

conditions in which the wave energy conversion device is to be used.

According to yet another aspect of the present invention, there is provided a wave
energy conversion device, COmprising: a moveable member; and a fixed member;
and a coupling provided therebetween to convert relative movement between the
moveable member and the fixed member in response to wave motion into energy;
and wherein it further comprises: a second fixed member; and a damping member
having a repeatable non-linear stress-strain response arranged between the
moveable member and the second fixed member; and wherein the damping member
IS passive and has a compdsite reversible non-linear stress-strain response such that
the stress-strain response of the damping member may be tailored to the predicted

conditions in which the wave energy conversion device is to be used.

According to a further aspect of the present invention, there is provided a wave
energy conversion device, comprising. a moveable member; and a fixed member;

and a coupling provided therebetween to convert relative movement between the
moveable member and the fixed member in response to wave motion into energy;
wherein: the coupling comprises a damping member having a reversible non-linear
stress-strain response; and the damping member is passive and has a composite

reversible non-linear stress-strain response such that the stress-strain response of
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the damping member may be tailored to the predicted conditions in which the wave

energy conversion device is to be used.

According to yet a further aspect of the present invention, there Is provided a wave
energy conversion device, comprising: a first moveable member; and a second
moveable member: and a coupling provided therebetween to convert relative
movement between the first and second moveable members in response to wave
motion into energy; wherein: the coupling comprises a damping member having a
reversible non-linear stress-strain response; and the damping member is passive and
has a composite reversible non-linear stress-strain response such fhat the stress-
strain response of the damping member may be tailored to the predicted conditions in

which the wave energy conversion device is to be used.

Brief Description of the Drawings

Several embodiments of the damping structure for a wave energy conversion device

in accordance with the invention will now be described with reference to the

accompanying drawings, wherein:

Figure 1 is a graph showing counter force versus applied force for a material having a

reversible non-linear stress strain response;

Figure 2 is a perspective view of a wave energy conversion device comprising a

- damping structure according to an embodiment of the invention;

Figure 3 is a top plan view of the wave energy conversion device of Figure 1; and

Figure 4 is a side elevation view of the wave energy conversion device of Figure 1,

Figure 5 is a schematic representation of a wave energy conversion device

comprising a damping structure according to the invention;
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Figure 6a is a schematic representation of the forces applied to the float of the WEC
device at the peak of an extreme wave; '

Figure 6b Is a schematic representation of the forces applied to the float of the WEC

device at the peak of a normal wave:
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Figure 6¢ 1s a schematic representation of the forces applied to the float of the WEC
device 1n the trough of an extreme wave;

Figure 7 1s a schematic representation of an alternative embodiment of a damping
structure according to the present invention;

Figure 8 1s a schematic representation of an array of interconnected WEC devices;
Figure 9 1s a perspective view of a WEC device comprising an alternative damping
structure according to an embodiment of the invention;

Figure 10 1s a perspective view of a WEC device comprising a damping structure
accordmg to another embodiment of the invention;

Figure 11 1s a perspective view of a WEC device comprising a damping structure
according to a further embodiment of the invention;

Figure 12 1s a perspective view of a WEC device comprising a damping structure
accordig to another embodiment of the invention;

Figure 13 1s a perspective view of a WEC device comprising a damping structure
accordmg to a further embodiment of the invention;

Figure 14 1s a perspective view of a WEC device comprising a damping structure
accordmg to another embodiment of the invention;

Figure 15 1s a perspective view of a dual surface piercing WEC device comprising a
damping structure according to an embodiment of the invention;

Figure 16 1s a cutaway perspective view of the WEC device of Figure 15;

Figure 17 1s a cutaway perspective view of a WEC device comprising a damping
structure according to an embodiment of the invention;

Figure 18 1s a perspective view of a WEC device comprising a damping structure
according to another embodiment of the invention;

Figure 19 1s a cutaway perspective view of a WEC device comprising a damping
structure according to an embodiment of the invention;

Figure 20 1s a perspective view of a WEC device comprising a damping structure
according to an embodiment of the invention;

Figure 21 1s a perspective view of a WEC device comprising a damping structure
according to an embodiment of the invention; and

Figure 22 1s a graph showing stress versus strain for damping members having a

composite reversible non-linear stress strain response.
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Detailed Description of the Drawings
Referring to Figures 2 to 4 of the drawings, there 1s illustrated a WEC device 1 of the

point absorber type, comprising a damping structure 2 according to the present
invention. This type of WEC device absorbs energy caused by vertical movement of the
ocean surface during wave conditions, that 1s, varying height of water column at the
device location. The structure of the present invention 1s equally applicable to other

types of WEC device.

The device 1 comprises a moveable absorbing member or float 3 and a first fixed
member 4. The first fixed member 4 may be anchored or tethered to the sea-bed or may
simply be sufficiently heavy to provide an inherent mertia which prevents substantial
movement thercof 1n response to wave motion, for example, floating ballast. In use, the
first fixed member 4 1s submerged beneath the surface of the ocean. The buoyancy of
the moveable member 3 1s chosen such that 1t floats on or near the surface of the ocean.
A linkage or coupling 5 1s provided between the moveable member 3 and the fixed
member 4. The linkage 5 comprises a power take off device to convert relative motion
between the moveable member 3 and the fixed member 4 into electrical energy. The

power take off device may be, for example, a linear electric generator.

The damping structure 2 comprises a second fixed member 6 and a damping member 7.
The second fixed member 6 is a substantially rigid outer ring arranged substantially
concentrically around the float 3 of the device 1. The damping member 7 comprises a
plurality of springs 8 having a reversible non-linear or non-Hookean stress versus strain

behaviour arranged between the float 3 and the ring 6.

In use, the device 1s arranged such that the fixed member or ballast 4 1s submerged
beneath the surface of the ocean. The moveable member 3 1s arranged such that it floats
on or near the surface of the ocean. As an ocean wave 10 approaches the device 1, the
buoyancy of the moveable member causes 1t to move upwards with the surface of the
occan. The first fixed member 4 1s resistant to wave motion and therefore remains
substantially stationary. The moveable member 3 therefore moves relative to the first
fixed member 4. The power take off device converts this relative motion to electrical

energy.
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As the wave 10 passes the device 1, the moveable member 3 moves downwards relative
to the first fixed member 4. The power take off device also converts this relative motion

to electrical energy.

The movement of the moveable member 3 1n each case exerts a force on the damping
structure 2. The ring 6 1s resistant to wave motion and therefore remains substantially
stationary. When a wave 10 passes the device 1, the upward movement of the float 3
exerts an upward heave force Fyon the springs 8 of the damping member 7 as shown in
Figure 5. The forward motion of the wave also exerts a lateral surge force Fy; on the
WEC device. In response to an extreme wave, the springs 8 of the damping member 7
exert a dampening counterforce Fe on the float 3. The dampening counterforce
comprises a vertical component Fe v and a horizontal component Fc x. The vertical
component of the counterforce counteracts the upward heave force Fy, while the
horizontal component of the counterforce counteracts the lateral surge force applied by

the wave.

The dampening counterforce increases non-linearly with respect to both the applied
force and the rate of change of the applied force. For normal waves, the dampening
counterforce 1s very low as shown m Figure 6b, and the movement of the float 3 n
response to the wave 1s not substantially aftfected. However, when the force applied (or
the rate of change of the applied force) exceeds a threshold, for example, in the case of
an extreme wave, the dampening counterforce 1s much higher as shown in Figures 6a
and 6¢, thereby preventing extreme movement of the float 3. The non-linear stress
stram response of the springs & 1s selected such that the threshold 1s reached for waves
of a size and speed which would otherwise be likely to cause breakage of the device 1.
The application of an appropriate dampening counterforce thereby prevents breakage of

the linkage 5 between the float 3 and the first fixed member 4.

The damping structure 2 also provides more efficient energy capture since the damping
member 7 1S capable of reacting to the higher frequency components of incident waves,
thereby allowing the WEC device to capture energy from the higher frequency

components of the waves. The damping member 7 acts as an energy storage device,
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which temporarily stores energy captured from the waves and feeds 1t back into the

power take off system of the WEC device 1.

Furthermore, since the damping member 7 applies counter forces having both lateral
and vertical components, 1t thus automatically acts to straighten the moveable member
3. This prevents the WEC device 1 from resting 1n a tilted position or orientation in the
ocean, thus maintaining an optimal alignment to the waves. This reduces the risk of
damage to the coupling system 5 of the WEC device 1 caused by stress from angular

differences between the moveable member 3 and fixed members 4 of the WEC device.

Referring now to Figure 7, there 1s 1llustrated an alternative embodiment of the damping
structure of the present invention. The damping member 7 comprises an active response
system operable to provide a reversible non-linear stress-strain response. The active
response system comprises a microprocessor controlled tensioning system. The system
may comprise a cable 12, for example a steel cable, arranged on a roller or spool 11.
Sensors may be provided on the spool 11 to detect its rotation rate and position. The
roller 11 1s used to alter the tension on the cable 12 to give a reversible non-linear stress-
strain response to the sensed conditions. In alternative embodiments, the cable 12 may

comprise rigid, flexible, or non-limear materials.

As shown 1n Figure 8, several WEC devices comprising damping structures according
to the present invention may be interconnected to form a raft-like structure. The WEC
devices may be interconnected by means of fixed members, which may be rigid.

Alternatively, the WEC devices may be iterconnected by means of damping members.

Referring to Figure 9 of the drawings, there 1s 1llustrated a WEC device 91 of the point
absorber type, comprising a damping structure 92 according to the present invention.
The device 91 comprises a moveable absorbing member or float 93 and a first fixed
member 94 as described with reference to Figures 2 to 4 above. Linkage or coupling 95
1s provided between the moveable member 93 and the fixed member 94, as also
described above. The damping structure 92 comprises a second fixed member 96 and a
damping member 97. The second fixed member 96 1s a substantially rigid outer ring

arranged substantially concentrically around the float 93 of the device 91, as described
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above. The damping member 97 comprises a plurality of dampers in the form of
springs 98 having a reversible non-linear or non-Hookean stress versus strain behaviour

arranged between the float 93 and the ring 96.

The damping structure 92 of Figure 9 provides the device 91 with enhanced protection
from heave (vertical) forces. When the device 1s at rest, second fixed member 96 lies
below the float 93, so that the damping member 1s arranged at an acute angle to the float
93. Thus, the damping member can exert a much higher counter force in a vertical
direction than 1n a lateral direction, thereby providing increased protection to the device
from excessive heave forces. In a similar manner, individual dampers may be

positioned or aligned to address specific expected device relative movements.

Figure 10 shows a WEC device 101 of the point absorber type, comprising a damping
structure 102 according to the present immvention. The device 101 comprises a moveable
absorbing member or float 103, a first fixed member 104 and linkage or coupling 1035
therebetween as 1n Figure 9. The damping structure 102 comprises a second fixed
member 106 and a damping member 107. The second fixed member 106 1s a
substantially rigid outer ring arranged substantially concentrically around the float 103
of the device 101 and the damping member 107 as illustrated comprises a plurality of

dampers 108, as in Figure 9.

The damping structure 102 of Figure 10 provides the device 101 with mcreased
protection from pitch forces. The dampers 108 are arranged 1n pairs, such that one
spring of ecach pair is attached to the top of the float 103 and the other 1s attached to the
bottom of the float 103. Pitch forces cause rotation of the device around the centre of
gravity (or the waterline). Pitch forces from the waves cause the float 103 to rotate
above this point. To counteract these forces, the dampers 108 are used to apply counter
forces at a distance from the centre of rotation. The greater the distance between the
point of application of the counterforce and the centre of rotation, the lower the damping

force required to counteract pitch.

Figure 11 shows a WEC device 111 similar to that shown on Figure 9. The damping

structure 112 of Figure 11 provides the device 111 with increased protection from surge
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(lateral) forces. The dampers 118 are connected at one end 119 to the second fixed
member 116 as in previous embodiments. However, at the other end 1110, cach spring
118 1s 1n contact with the float 113, but 1s not fixedly attached thereto. A roller 1111 1s
provided at the end 1110 of the spring, so that the float 113 1s allowed to move freely in
a vertical direction (1.e. perpendicular to the spring) but the damper exerts a damping
force 1f the float moves laterally (due to surge). This arrangement allows the damping
structure to work 1n a single direction only, leaving the float free to move n other
directions. Additional dampers may then be used to control movement in the other

directions.

In alternate embodiments, the roller may be replaced with another element which allows

the spring to slide freely 1n a single direction.

Figure 12 shows a WEC device 121 which combines the features of Figures 9 and 11.
The damping structure 122 protects the device 121 from excessive heave and surge
forces. This arrangement allows the counter forces exerted by the damping structure to
be independently tuned in different directions. This allows undesired or excessive
forces 1n a particular direction to be counteracted without impacting on perpendicular
forces and with lower impact on non-perpendicular forces. In this embodiment, the

device 121 includes two additional fixed members in the form of rings 126a and 126b.

In alternate embodiments, both fixed members 126a and 126b may be combined into a
single element. Alternatively, they may be split into multiple fixed members. The

arrangement shown in Figure 12 may be adapted for use in any alignment.

Figure 13 shows a WEC device 131 1in which the damping structure 132 protects the
device from excessive surge and pitch forces. In this arrangement, the dampers 138 are
arranged 1n paitrs as in Figure 10. However, each damper 108 1s provided with a roller
1311 at one end thereof, to allow the float to move freely in a vertical direction. Thus,
the dampers 138 are used to control pitch and surge forces. In the embodiment shown,
pitch and surge are both controlled by a single set of dampers. However, the two forces
could be controlled separately by providing an mtermediate damping structure to

separate surge protection dampers and pitch protection dampers. An outer damping
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structure would have a set of dampers to protect the mmtermediate structure from surge
(as shown in Figure 11 for example), while the mtermediate damping structure would
comprise dampers to protect the float (and thus the WEC device) from pitch (as shown
in Figure 10 for example).

Figure 14 shows a WEC device 141 comprising a damping structure 142 which protects
the device from excessive heave forces, as well as combined pitch and surge forces.
Pitch and surge forces are controlled together as in Figure 13. Pairs of vertically spaced
dampers 148a are provided. The dampers 148a are connected at one end 149 to the
fixed member 146. At the other end 1411, a roller 1410 1s provided to allow the
dampers 148a to move freely 1n a vertical direction along the float 143. Heave forces
are controlled by dampers 148b which are connected to the float 143 and to the fixed

member 146.

Figures 15 and 16 show a dual surface piercing WEC device, incorporating a damping
structure according to the present invention. The arrangement 1s similar to that shown
in Figure 14. The device 151 comprises a central float 153 and an outer member or
“donut” 154. The float 153 and the donut 154 exhibit different frequency responses to
wave motion, so that they respond differently to waves incident on the device. This
causes relative motion between the components, from which energy may be captured.
In this embodiment the damping members 158 are arranged between the float 153 and
the donut 154 to damp the relative motion therebetween. The dampers in this
embodiment control the heave, surge and pitch forces on the device as described above
with reference to Figure 14. The dampers protect the device from pitch and surge forces
which cause the float 153 and the donut 154 to collide together, and also control the

maximum heave extensions allowed between the components.

Figure 17 shows a WEC device 171 comprising a damping structure which protects the
device from excessive surge forces. The damping structure comprises a plurality of
dampers 178 so that the maximum force applied to any one damper 1s reduced. The
dampers 178 are provided at their inner ends 1710 with rollers or low-friction devices
1711 (and are not fixedly attached to the float) to allow the dampers to work

compressive mode.
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Figure 18 shows a WEC device 181 comprising a damping structure 182. The WEC
device 1s similar to that shown m Figures 15 and 16. The structure comprises a plurality
of longer dampers, which have been fitted into the narrow space between the central
float 183 and the donut 184. This arrangement 1s particularly useful where a long
damper 1s required 1n order to achieve the desired response, but where the narrow space
between the elements of the device limits the way in which the damper may be

arranged. This arrangement would normally require that the dampers be arranged 1n

pairs to avoid application of rotational forces between the floats 183 and 184.

Figure 19 shows a WEC device 191 comprising a float 193 and a seabed-attached shaft
194. The shaft 194 may be rigidly attached to the seabed, or attached by means of a
flexible jomt or cable. The float 193 may be surface piercing (1.¢. partially submerged)
or sub-surface and moves relative to the shaft when waves are incident upon the device
(or above the device). The damping structure 192 comprises a plurality of dampers 198
attached between the float and the shaft to control the relative motion therebetween. As
shown 1n the drawing, two pairs of dampers are arranged to correct pitch and surge of
the device. These dampers are connected at one end to the mside of the float 193 and
are provided with rollers at the other end, so that they can move freely in a vertical
direction relative to the shaft 194. Two further pairs of dampers are provided to correct
heave. The first pair of these dampers 1s connected between the lower end of the float
193 and the lower end of the shaft 194. When the float 193 moves upwards due to wave
motion, these dampers exert a downward damping force on the float. This pair of
dampers could alternatively be attached between the upper end of the shaft and the top
of the float. The second pair of these dampers 1s connected between the upper end of the
shaft and the lower end of the float. When the float moves downwards due to wave

motion, these dampers exert an upward damping force on the float.

Figure 20 shows a WEC device 201 comprising an upper member 203 and a lower
member 204. The upper and lower members 203 and 204 are connected by means of a
flexible tube 205. The upper and lower members move relative to one another when
waves are incident on the device 201. This squeezes and relaxes the tube, pumping

water therethrough. The pumped water 1s used to capture energy from the device. The
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damping structure 202 comprises a plurality of dampers 208 connected between the
upper and lower members 203 and 204. The dampers 208 limit the maximum extension
(and/or rate of change of extension of the device), and thereby protect the flexible tube

of the device from excessive forces.

Figure 21 shows a surface floating WEC device 211 comprising two floating members
213 and 214 which are designed to float on the water surface. The floats are allowed to
pivot relative to one another on all directions. Waves incident on the device cause each
float to pitch, heave and surge, causing relative motion between them. Dampers 218 are
provided between the floats at the pivot point to control the maximum extension and
rate of extension between the floats to be controlled. The dampers may be tensile or

compressive, or a mixture of both.

The words “comprises/comprising’” and the words “having/including” when used herein
with reference to the present mmvention are used to specity the presence of stated
features, integers, steps or components but does not preclude the presence or addition of

one or more other features, integers, steps, components or groups thereof.

It 1s appreciated that certain features of the invention, which are, for clarity, described 1n
the context of separate embodiments, may also be provided in combination in a single
embodiment. Conversely, various features of the invention which are, for brevity,
described in the context of a single embodiment, may also be provided separately or in

any suitable sub-combination.
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CLAIMS:
1. A damper for damping the reactionary motion of a wave energy

conversion device to wave motion, comprising:

a damping energy absorber having a reversible non-linear stress-strain

S response, arranged to damp the reactionary motion of the WEC;

wherein the damping energy absorber is passive and has a composite
reversible non-linear stress-strain response such that the stress-strain response of

the damping energy absorber may be tailored to the predicted conditions in which the

wave energy conversion device Is to be used.

10 2. A damping structure for a wave energy conversion device, comprising:

a first member: and

a damping member having a reversible non-linear stress-strain

response;

wherein the damping member is connectable to the first member and to

15 a second member or float of a wave energy conversion device; and

wherein the damping member is passive and has a composite
reversible non-linear stress-strain response such that the stress-strain response of
the damping member may be tailored to the predicted conditions in which the wave

energy conversion device Is to be used.

20 3. A damping structure for a wave energy conversion device, comprising:

a fixed member; and

a damping member having a reversible non-linear stress-strain

response;
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wherein the damping member is connectable to the fixed member and

to a moveable member or float of a wave energy conversion device; and

wherein the damping member is passive and has a composite
reversible non-linear stress-strain response such that the stress-strain response of
the damping member may be tailored to the predicted conditions in which the wave

energy conversion device is to be used.

4. A damper or damping structure as claimed in any one of claims 1-3,
wherein the damping energy absorber or damping member comprises a plurality of
elements or portions and the composite response Is a combination of the responses

of each of the plurality of elements or portions.

S. A damper or damping structure as claimed in any one of claims 1-4,
wherein the damping energy absorber or damping member comprises a plurality of

components of different lengths, materials or thicknesses.

6. A damper or damping structure as claimed in any one of claims 1-5,
wherein the damping energy absorber or damping member varies in thickness along

its length.

7. A damper or damping structure as claimed in any one of claims 1-6,

wherein the damping energy absorber or damping member exerts a low, or zero,

counterforce until the applied force or rate of applied force exceeds a threshold.

8. A damping structure as claimed in claim 3, wherein the fixed member is
a substantially rigid ring adapted for arrangement substantially concentrically around

the moveable member of the wave energy conversion device.

9. A damping structure as claimed in claim 3, wherein the fixed member

comprises a plurality of linked segments.
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10. A damping structure as claimed in claim 3, wherein the fixed member

- comprises at least one other wave energy conversion device.

11. A damping structure as claimed in claim 3, wherein the fixed member Is

connectable to a fixed member of the wave energy conversion device.

12. A damper or damping structure as claimed in any one of clairhs 1-11,
wherein the damping member.comprises a flexible material capable of reversibly

deforming in response to an applied force.

13. A damper or damping structure as claimed in claim 12, wherein the

material is a non-linear elastic maternial.

14. A damper or damping structure as claimed in any one of claims 1-13,

wherein the damping member comprises a non-Hookean spring.

15. A damper or damping structure as claimed in any one of claims 1-14,

wherein the damping member comprises a rubber or polyurethane material.

16. A damper or damping structure as claimed in any one of claims 1-19,

wherein the damping member comprises a viscous-elastic material.

17. A damper or damping structure as claimed in any one of claims 1-16,

wherein the damping member comprises a bio-polymer.

18. A damper or damping structure as claimed in any one of claims 1-17,

wherein the damping member comprises a material having a plurality of bundled

strands.

19. A damper or damping structure as claimed in claim 18, wherein the
strands are formed from a plurality of different materials, such that the resultant

composite material has the desired non-linear stress-strain characteristics.



10

15

20

CA 02683676 2014-10-03

54314-1

23

20. A damper or damping structure as claimed in any one of claims 1-19,

wherein the damping member comprises a sheet of matenal.

21. A damper or damping structure as claimed in claim 20, wherein the

sheet material comprises multiple layers.

22. A damper or damping structure as claimed in claim 20 or claim 21,

wherein the sheet is perforated.

23.' A damper or damping structure as claimed in any one of claims 1-22,

wherein the damping member comprises a composite material.

24. A damper or damping structure as claimed in claim 23, wherein the

composite material is an epoxy composite viscous elastic structure.

25. A damper or damping structure as claimed in any one of claims 1-24,

wherein the damping energy absorber or damping member comprises a rubber or

polyurethane material.

20. A damper or damping structure as claimed in any one of claims 1-29,
comprising a plurality of damping energy absorbers or damping members, wherein
each damping energy absorber or damping member is arranged to damp the

movement of the device substantially along a single axis, such that the damper or

damping structure provides different stress-strain response along different axes.
27 . A wave energy conversion device, comprising:

a moveable member; and

a fixed member; ana

a coUpIing provided therebetween to convert relative movement

between the moveable member and the fixed member in response. to wave motion

into energy; and
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wherein it further comprises:

a second fixed member: and

a damping member having a repeatable non-linear stress-strain
response arranged between the moveable member and the second fixed member;
5 and

wherein the damping member is passive and has a composite
reversible non-linear stress-strain response such that the stress-strain response of
the damping member may be tailored to the predicted conditions in which the wave

energy conversion device is to be used.
10 28. A wave energy conversion device, comprising:
a moveable member; and
a fixed member; and

a coupling provided therebetween to convert relative movement
between the moveable member and the fixed member in response to wave motion

15 into energy;
wherein:

the coupling comprises a damping member having a reversible non-

linear stress-strain response; and

the damping member is passive and has a composite reversible non-
20 linear stress-strain response such that the stress-strain response of the damping
member may be tailored to the predicted conditions in which the wave energy

conversion device is to be used.

29. A wave energy conversion device, comprising:
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a first moveable member; and

a second moveable member: and

a coupling provided therebetween to convert relative movement

between the first and second moveable members in response to wave motion into

5 energy,
wherein:

the coupling Comprises a damping member having a reversible non-

linear stress-strain response; and

the damping member is passive and has a composite reversible non-
10 linear stress-strain response such that the stress-strain response of the damping
member may be tailored to the predicted conditions in which the wave energy

conversion device is to be used.
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