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(57) Abstract: Systems are described for obtaining energy, especially electrical energy, from sea waves. An elongated elastic tube 
(12) floats at the sea surface (20) (or at a shallow depth under it) and extends at least partially parallel to the direction of wave 
propagation (D), The tube bends as a wave passes by and such lube bending stretches and relaxes SSM (synthetic stretchable ma­
terial) (44, 60, 62) which generates electricity when its amount of stretching changes. Electricity from power takeoffs in the tube 
are electronically added.
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WAVE ENERGY CONVERTER

BACKGROUND OF THE INVENTION

Sea wave energy is concentrated at the sea surface, from which it decays

5 exponentially with depth. For deepwater waves, the decay ion energy is such that at 

a depth equal to half the wavelength (the bottom of the wave energy zone) the 

remaining wave energy is no more than 5% of energy at the surface. Systems are 

being developed for extracting energy from sea waves, especially in the form of 

electricity.

10 There have been recent developments of SSM (synthetic stretchable material)

such as EAP (electro active polymers, e.g. PVDF or polyvinyl chloride, electrets, etc.) 

which generates electricity when stretched or when the amount of stretching changes. 

Such SSM material is described in US patents 6,768,246 by Pelrine and 6,812,624 by 

Pel, and in US patent publication 200110029401 by Ishido. The generation of

15 electrical energy from sea waves using a simple and efficient system would be of 

value.

A reference herein to a patent document or other matter which is given as prior 

art is not to be taken as an admission that that document or matter was known or that 

the information it contains was part of the common general knowledge as at the

20 priority date of any of the claims.

SUMMARY OF THE INVENTION

In accordance with one embodiment ofthe invention, systems are provided for 

producing electrical energy form sea waves, using SSM (synthetic stretchable

25 material) in an efficient manner.

According to one aspect of the present invention, there is provided a wave 

energy converter for generating electricity from sea waves that move along a wave 

propagation direction in a sea, where the sea has a sea surface, a sea floor and a 

wave energy zone that lies within a half wavelength of said sea waves below the sea

30 surface, comprising: an elongated tube that extends along a tube centreline and that 

is bendable to enable different sections of said tube that are spaced along said tube 

centreline to deviate in different vertical directions and in different amounts from a 

straight line, said tube having primarily horizontally spaced opposite ends and said 

tube floats in said sea; a device that includes a sheet of SSM (synthetic stretchable

«filename»
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material) material wrapped into a continuous tubular shape and forming walls of said 

tube and that also includes a pair of electrodes lying at opposite faces of said sheet, 

said device generating electricity on said electrodes when said sheet is stretched in 

different amounts, with bending of the tube producing stretching and relaxation of

5 stretching of said device, and including electric conductors coupled to said electrodes 

to carry away electricity.

According to another aspect of the present invention, there is provided a wave 

energy converter for generating electricity from sea waves that move along a wave 

propagation direction (D) in a sea, where the sea has a sea surface and a sea floor,

10 comprising: an elongated tube device that includes a tube extends along a tube 

centreline and that is bendable to deviate in different vertical directions and in 

different amounts from a straight line, said tube having primarily horizontally spaced 

opposite ends, said tube device includes a sheet of SSM (synthetic stretchable 

material) material forming a tube and a pair of electrodes at opposite faces of said

15 sheet, said tube device generating electricity in said electrodes, when the tube is 

stretched in different amounts, and including at least one electric conductor coupled 

to said electrodes; said tube is positively buoyant, and including a pair of mooring 

lines extending from underwater locations in largely upward directions to said tube 

opposite ends and holding said tube below a quiescent sea surface level.

20 In one embodiment, a bendable tube, especially one that is of elastomeric

material, lies at the sea surface, wherein the tube floats at the sea surface. The tube 

is elongated and extends at least partially parallel to the direction of wave 

propagation. The waves produce a bulge in the elastic tube, with the bulge 

propaganda along the length of the tube. Bands of SSM material extend around the

25 centreline of the tube and are stretched and relaxed as the bulge passes by the 

bands, to generate electricity.

The waves also bend the tube. Several SSM power take off systems (PTOs) 

for converting waves into mechanical and/or electrical energy are spaced along the 

length of the tube. Sheets of SSM material extend parallel to the centreline of the

30 tube between PTOs, with the SSM sheets lying at the top and bottom of the tube.

«filename»
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Bending of the tube to follow the curves of the waves, repeatedly increase end 

decrease stretching of the SSM sheets and thereby cause the SSM sheets to 

generate electricity,

A multiplicity of tubes with SSM material lie in a wave energy-extraction farm. 

The tubes are connected together by short electrical cables and the tubes are 

moored tot he sea bed. The outputs of the multiple tubes are delivered to an 

electronic circuit that produces power with a voltage that varies only moderately,

in another system, elastic tubes are moored to lie at the level of sea wave 

troughs to lie under the sea waves most of the time, The increased water pressure 

under the crest of a wave, compresses a corresponding location of the tube, while 

leaving uncompressed those tube locations that lie under the trough of the wave. 

The variation of tube cross section, is used to stretch and relax sheets of SSM 
material.

The novel features of the invention are set forth with particularity in the 

appended claims. The invention wilt be best understood from the following 

description when read In conjunction with the accompanying drawings.

Fig. 1 is a side elevation view of a wave power generating system of the 

present invention, shown lying in a wave.

Fig. 2 is a sectional view of the tube of Fig. 1.

Fig. 3 is a more detailed view of a portion of the tube of Fig, 2,

Fig, 4 is an isometric view of a tube of another cross-sectional shape for use 

in the system of Fig, 1.

Fig. 5 is an isometric view of a tube farm consisting of tubes with electrical 

outputs that are interconnected.

Fig. 6 is a graph showing the output from one tube of the kind shown lo Fig,

Fig. 7 Is a simplified schematic diagram of a switching circuit.

Fig 7A is a graph shewing the output of different power takeoffs of the tube 

of Fig, 1
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Fig. 78 is a graph showing the added outputs of Fig, 7Ά,

Fig, 8 is o side view of a wave power generating system of another

embodiment of the invention, wherein the tube lies substantially completely

submerged In the sea.

§ Fig. 8 is a sections! view of the tube of Fig. 8,

Fig, 10 Is a side elevation view of an elastomeric tube with closed ends. 

Fig. 11 is a plan view of a system showing directions of a tube axis with

respect to wave direction.

io
The height of ocean waves varies, with a common calm condition resulting 

In a wave height of under one meter end a wave period of under 7 seconds. A wave 

height of 1 to 4 meters and wave period of 10 to 18 seconds is a common sea 

condition, A wave height greater than 4 meters and wave period of more than 18

19 seconds occurs in a large storm, such as one that occurs once every i o years, The 

average sea height is hallway between the creel and trough of waves.

Fig. 11 shows the direciion D of waves and the direction of an elongated 

tube 12 and its axis 28. The angle B between the tube axis and the wave 

propagation direction D Is preferably minimal (preferably B is no more than 43J); but

20 may be as great, as 80* (in opposite directions).

Fsg '1 shows a system 10 for generating electricity from aea waves which 

includes a converter 93 comprising am elongated tube 12 that has elastomeric tube 

wails and a pr-manly horizontal centerline 14 The tube is moored by a mooring line 

18 thei extends to the sea floor 18. and that allows the tube to extend at least

28 partially parallel to the direciion D of sea wave movement end to float at the sea

surface 20. As a wave 22 passes across the length of the tube, the tube develops 

a bulge 24 that fends to follow wave movement Fig, 2 shows that the tube is filled 

with wafer 2.8, the tube has open opposite ends, and the tube has walls 29 that are 

elastomeric (Yeung’s modulus of elasticity under 50.000 psi), The tube is

30 constructed fe float at the sea surface, as by air f-iied floats 34. The opposite ends

30, 32 of the tube may bo open or closed. The bulge 24 twparfos the lube cross
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section by more than 10% but generally tees than 50%. The tube walls have a 

structure such as shown in Fig, 3 which shews tube outer and inner dielectric wall 

layers 40, 42 of an elastomeric material such as rubber or polyurethane, and a 

middle layer 44 of SSM (synthetic stretchable material) material that generates

3 electricity when stretched or relaxed from a stretched state while a voltage Is

applied. A pair of electrodes 46, 45 lie on opposite faces of the middle layer. 

Applicant prefers to use BAP (electro active polymers) for the SSM material. 

Electrical power generated from SSM material is delivered through electric 

conductors 65 to a power cable 64 that has a portion 56 that extends to the sea

10 floor and another portion 68 that extends along the sea floor to a power station.

Instead of using only one layer of SSM material, applicant can use a plurality

of layers 44,46 (with a pair of electrodes at opposite faces of each SSM layer). The 

plurality of layers can consist of a long layer rolled into a spiral

When the bulge 24 passes a location along the tube, the SSM layer 44 is

15 stretched, and then relaxed, and if generates an electrical current. Thus, each time

a wave passes along the length of the tube and generates a traveling bulge along 

the tube centerline, the tube-generates a current.

When a wave passes along the length of the tube 12, sections 50 of the tube 

that are spaced along the length of the tube, move up and down to follow the

26 sinusoidal curvature of the top of the wave. The tube floats at the sea surface 20

with the top of tire tube lying above the sea' surface. in a quiescent sea the sea 

surface level would be at 52 and the tube would be straight end horizontal, with the 

fop of the tube lying above the sea surface. In a sea wave, sections of the tube 

that lie above the wave trough drop down in the water under their own weight.

25 Conversely, sections of the tube lying below the wave crest move up io the water

because of their buoyancy that tendsto locate the fop of the tube section above the 

sea surface.-. All of this causes the tube to follow the wave curvature.

Fig, 2 shows sheets 60., 62 of SSfvl material that extend between PTOs 

(power takeoff systems) at 64 (Fig. 1) that are spaced along the tube. Pairs of

30 PTOs 64 support opposite ends- of a SSfvi sheet and receive electricity generated

by a sheel. The ends of the sheets he at positions spaced from the lube centerhno
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14. When the tube bends to follow the curvature of a sea wave, one of the sheets 

60,62 is stretched and the other sheet relaxes as when It experiences reduced 

stretching if it was prestretched. The sheets therefore generate current. The sheets 

60, 62 can he used in addition (or instead of) the layer 44 of SSM material that is

5 wrapped around the tube centerline and generates current when a bulge passes

along the tube,

A tube 12 that applicant designed had .a diameter clone meter and a length 

of 20 meters.

Fig. 4 shows a tube 70 that is somewhat in the-shape of a mattress, with a

10 horizontal width 72 that is a plurality of times Its height 74, Where the direction of

waves is primarily constant, the tube can bo moored by a plurality of lines, and 

where trie direction of waves changes a single line 80 can moor the tube. The tube 

bends so all portions of fhe tube extend a small distance above a wave passing 

across the tube.

16 Fig. 6 illustrates a portion of a tube farm 90 which includes a plurality of

energy converters, or converter devices 93 that each includes a tube 92 anchored 

to trie sea floor as by a separate hne 04, Trie converters all lie in the -same vicinity 

(within 100 meters, and preferably 50 meters., of an adjacent tube). If would bo 

possible to provide a separate power cable 54 to carry away electricity generated

29 by SSM material in each tube, but that would raise the cost of the installation.

Instead, applicant provides a plurality of short coupling cables 100 that each 

extends between WEC (wave energy converter) tubes and that generally dc not 

extend along the seafloor. Only one of the multiple tubes is connected to a power 

station by a cable 64 that extends along trie sea floor to that station,

25 .in trio present invention, one WEC (wave energy converter) is fitted with

several PTOs (64, fig n at destine! locations along the length (or width) of the 

body. The arrangement of the syninetic sir etchable material PTOs (power takeoffs) 

Is such shot they are activated one after the other by the incommg sea wave thereby 

creating a multiphase electrical signal Under the action of the sea wave, trie first

39 synthetic stretchable material PTO is stretched. When It has reached its maximum

stretch, it Is charged at a bias voltage fVb) shewn m Frig 6 After trie sea wave has
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moved further down to activate the next PTO, the first PTO relaxes and the voltage 

is then raised to the maximum voltage (Vmax) by conversion of elastic to electric 

potential energy. The same mechanism is reproduced for each PTO in sequence. 

When the charge is removed from a PI0, the voltage drops from Vmax to zero in

5 a known discharge duration (related to the RC constant of the circuit), 8y having

enough PTOs, It is possible to switch between successive PTOs faster than the 

discharge duration. Then, the main output voltage will fluctuate only within very tight 

and controllable bounds around Vmax.

In one embodiment, the PTOs are regularly spaced in the direction of

10 propagation of the wave (by a fraction of the wave length of interest) along the

length of a deformable WEC (wave energy converter)» In this case, the switching 

sequence is incremental starting from the first PTO located on the up~wave side of 

the WEC to the last PTO located cn the down-wave side. As a result an “electrical 

wave” of voltage Is propagating along the WEC length at the same speed as the

15 real sea wave. The same principle can ho applied even If the synthetic stretchable

material PTOs are actuated randomly by an irregular wave see state coming from 

any direction, The power electronics are used to optimize the sequence of charging 

and discharging of each PTO In order to maintain the output voltage almost 

constant.

20 If Is also possible to discharge on activated PTC) into another un-acfivated

one in order to progressively pump up the voltage. This process can be repeated 

until the voltage is sufficiently close to Vmax, This allows the WEC system fc 

generate voltages close to Vmax even when the see waves are smaller.. Fig, 7 Is 

a simplified schematic diagram of a switching circuit that includes electronically

25 controlled switches 102 such as IG8T (insulated gate bipolar transistor). Fig, 7.A

shows a graph 104 representing the outputs of different PTOs of different times, 

while graph 106 of Fig, 78 represents the summed graph 104 when their outputs 

above a given level are added. When a charge is removed from a ΡΪΟ the voltage 

drops from Vmax to Vmln during a known discharge duration By having enough

30 PTOs the output voltage fluctuates within limits as shown in graph 106,

Thus, the invention provides systems for generating electricity by absorbing
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[00027]

[00028]

adjustment mechanism 99 connected through a gear mechanism (not shown) to 

a heater actuator plate 101.

Attached to each heater actuator plate 101 and extending outward from 

the output surface 93 of the heater array support 87 and parallel to the axis 89 of 

the winding machine 71 is an infrared heater 63. Each infrared heater 63 is 

attached to a corresponding heater actuator plate 101 in such a fashion as to 

direct the heat perpendicular to and in the direction of the hollow mandrel 47. 

Each infrared heater 63 extends outward from the output surface 93 of the 

heater array support 87 a selected distance.

A pair of capstans consisting of a driving capstan 105 and a driven 

capstan 106 stand vertically with their axes (not shown) perpendicular to and on 

either side of the axis 89 of the winding machine 71. The driving capstan 105 is 

mounted onto a driving capstan gearbox 107 and the driven capstan 106 is 

mounted onto a driven capstan gearbox 109. The driving capstan gearbox 107 is 

connected at its base to a gearbox platform 113. The gearbox platform 113 is a 

rectangular plate that sits atop the machine support structure 91 in a horizontal 

plane. A capstan driving motor (not shown) is mounted underneath the gearbox 

platform 113 and has a shaft (not shown) which extends through an aperture 

(not shown) in the gearbox platform 113 and connects to the gears of the driving 

capstan gearbox 107. The driving capstan gearbox 107 is connected to the 

driven capstan gearbox 109 by a splined shaft (not shown in the first-stage, but 

identical to the splined shaft 111 of the fourth stage) thereby providing a means 

for driving the capstans 105 and 106 at the same angular speed but in opposing 

directions.

The driven capstan gearbox 109 is connected at its base to a gearbox 

sliding plate 115. The underside of the gearbox sliding plate 115 has a plurality 

of grooves that extend along its length and parallel to the length of the gearbox 

platform 113. The grooves of the gearbox sliding plate 115 receive the rails of a 

digital linear encoder 117 thereby allowing the digital linear encoders 117 to 

incrementally measure the location of the driven capstan 109 along the rails of 

the digital linear encoder 117 relative to a reference point on the digital linear

7
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resonance modes and hence achieve very high energy transfer from waves to the 

tube (spring mass system). In this embodiment waves are bouncing back on the 

WEC extremities, going back and forth the length of the tube hence creating standing 

waves.

5 Thus, applicant provides simple and reliable systems for generating electricity

from sea waves by the use of a buoyant tube with elastomeric tube walls, that is 

moored to lie at the sea surface, so the tube undergoes changes as sea waves pass 

through or over it. One tube floats with the top of the tube lying above the quiescent 

sea level so the tube bends to follow the shape of a wave passing along the length of

10 the tube. The tube also experiences a bulge that moves along the length of the tube. 

Another tube lies below the sea surface a majority of the time, and undergoes a 

change in diameter as a wave passes along the length of the tube. For these tubes, 

SSM material, which generates electricity when it undergoes a change in stretching, 

is coupled to the tube walls and is used to generate electricity.

15 Although particular embodiments of the invention have been described and

illustrated herein, it is recognized that modifications and variations may readily occur 

to those skilled in the art, and consequently, it is intended that the claims be 

interpreted to cover such modifications and equivalents.

Where the terms “comprise”, “comprises”, “comprised” or "comprising” are

20 used in this specification (including the claims) they are to be interpreted as specifying 

the presence of the stated features, integers, steps or components, but not precluding 

the presence of one or more other features, integers, steps or components, or group 

thereof.

<fitename>
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The claims defining the present invention are as follows:

1. A wave energy converter for generating electricity from sea waves that move 

along a wave propagation direction in a sea, where the sea has a sea surface, a sea

5 floor and a wave energy zone that lies within a half wavelength of said sea waves 

below the sea surface, comprising:

an elongated tube that extends along a tube centreline and that is bendable to 

enable different sections of said tube that are spaced along said tube centreline to 

deviate in different vertical directions and in different amounts from a straight line,

10 said tube having primarily horizontally spaced opposite ends and said tube floats in 

said sea;

a device that includes a sheet of SSM (synthetic stretchable material) material 

wrapped into a continuous tubular shape and forming walls of said tube and that also 

includes a pair of electrodes lying at opposite faces of said sheet, said device

15 generating electricity on said electrodes when said sheet is stretched in different 

amounts, with bending of the tube producing stretching and relaxation of stretching of 

said device, and including electric conductors coupled to said electrodes to carry 

away electricity.

20 2. The converter described in claim 1 wherein:

said tube has primarily circular cross-sections, and said sheet of SSM material

extends in a plurality of circles lying within one another, within said tube.

3. The converter described in claim 1 or 2 including:

25 a plurality of power takeoff systems spaced along the length of said tube, each

power takeoff system including one of said electric conductors;

quantity of said SSM material includes a plurality of quantities of SSM material 

that generates electricity when stretched in different amounts, spaced along the 

length of said tube with each quantity of SSM material connected to at least one of

30 said power takeoff systems; and including

means connected to said power takeoff systems for adding the outputs of said

takeoffs.

C:\po Awortf\SPEC-900933.docx
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4. The converter described in any one of claims 1 to 3 including:

a plurality of sequential placed EAP (electro active polymer) power takeoff 

systems that are so connected that the output voltage of the wave energy converter is

5 continuously close to the maximum voltage raise of each individual power takeoff 

system.

5. The connector described in any one of claims 1 to 4 including:

at least one mooring line that has a lower end connected to the sea floor and 

10 an upper end that is connected to said tube;

said mooring line and said tube are constructed to hold said tube so it lies only 

partially submerged in the sea, so that in a quiescent sea an upper end of said tube 

which lies above said centreline lies above the sea surface.

15 6. The converter described in any one of claims 1 to 5 wherein:

said tube device is of a mattress shape, with a width in a horizontal direction

that is perpendicular to said length, and a height in a vertical direction; 

said width being a plurality of times greater than said height.

20 7. A wave energy converter for generating electricity from sea waves that move

along a wave propagation direction (D) in a sea, where the sea has a sea surface and 

a sea floor, comprising:

an elongated tube device that includes a tube extends along a tube centreline 

and that is bendable to deviate in different vertical directions and in different amounts

25 from a straight line, said tube having primarily horizontally spaced opposite ends,

said tube device includes a sheet of SSM (synthetic stretchable material)

material forming a tube and a pair of electrodes at opposite faces of said sheet, said 

tube device generating electricity in said electrodes, when the tube is stretched in 

different amounts, and including at least one electric conductor coupled to said

30 electrodes;

said tube is positively buoyant, and including a pair of mooring lines extending 

from underwater locations in largely upward directions to said tube opposite ends and 

holding said tube below a quiescent sea surface level.

C:\fMftwonIlS PE C-900B33.doc*
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8. A wave energy converter substantially as herein before described with 

reference to any one of the embodiments shown in the drawings.

C3poftword\SPEC-900933.dOCx
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