Office de la Propriete Canadian
Intellectuelle Intellectual Property
du Canada Office

Un organisme An agency of
d'Industrie Canada Industry Canada

CA 2652273 C 2014/04/08

(11)(21) 2 652 273

(12 BREVET CANADIEN
CANADIAN PATENT
(13) C

(86) Date de depot PCT/PCT Filing Date: 200//05/16

(87) Date publication PCT/PCT Publication Date: 2008/06/26
(45) Date de delivrance/lssue Date: 2014/04/08

(85) Entree phase nationale/National Entry: 2008/11/14

(86) N° demande PCT/PCT Application No.: US 200/7/011724
(87) N° publication PCT/PCT Publication No.: 2008/0/6145
(30) Prioritée/Priority: 2006/05/16 (US60/800,696)

(51) Cl.Int./Int.Cl. FO3B 13/18 (2006.01)

(72) Inventeurs/Inventors:
BUFFARD, KEITH, GB;
DRAPER, MARK, GB:;
PULLEN, KEITH, GB;
RHODES, ROBIN, GB

(73) Propriéetaire/Owner:
OCEAN POWER TECHNOLOGIES, INC., US

(74) Agent: SMART & BIGGAR

(54) Titre : CONVERTISSEUR D'ENERGIE DES VAGUES AVEC

DE L'AIR COMPRIME (WECWAC)

(54) Title: WAVE ENERGY CONVERTER WITH AIR COMPRESSION (WECWAC)

by b
J1 &
e e Lo U

N

1m

(57) Abrege/Abstract:

A wave energy converter with air compression (WECWAC) includes a cylinder and a piston located within the cylinder dividing the
cylinder into an upper chamber and a lower chamber. The cylinder Is fixedly attached to a spar whose up/down (heave) motion Is

» . _
‘ l an a dH http:/opic.ge.ca + Ottawa/Gatineau K1A 0C9 - hmp./cipo.ge.ca o p1C

OPIC - C]

B

.

'

e
ok [ [ f
RO . e s
. M "c'-'-.n:‘-:{\: .«me . m s
.
.

A7 /7]
o~

PO 191



CA 2652273 C 2014/04/08

anen 2 652 273
(13) C

(57) Abrege(suite)/Abstract(continued):

restrained. The piston Is fixedly attached to, and driven by, a float which moves generally in phase with the waves. Under typical
wave conditions the piston functions to compress air within the upper chamber on its up stroke and within the lower chamber on its
down stroke, I. e., the system Is thus double-acting. |In still water, the spar and cylinder combination Is designed to drift down into
the body of water relative to the piston whereby the size/volume of the upper chamber Is decreased (while that of the lower
chamber Is increased). For small amplitude waves the piston continues to compress air in the upper chamber and this
asymmetrical compression continues until the waves reach a predetermine level when "double-action” Is resumed. Controlling the
position of the cylinder relative to the piston enables the WECWAC to automatically regulate its compression 'stroke’ to suit varying
wave conditions. The pressurized air from a WECWAC may be stored and/or processed to drive a turbo-generator or it may be
combined with the outputs of other WECWACSs to drive a single large and highly efficient turbo-generator.




CA 02652273 2008-11-14

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization {2
)

International Bureau

(43) International Publication Date
26 June 2008 (26.06.2008)

(51) International Patent Classification:
FO3B 13/12 (2006.01)

(21) International Application Number:

(10) International Publication Number

WO 2008/076145 A3

(74) Agent: SCHANZER, Henry, 1.; 29 Brookfall Rd., Edi-

PCT/US2007/011724

(22) International Filing Date:
(25) Filing Language:
(26) Publication Language:

(30) Priority Data:
60/800,696

16 May 2006 (16.05.2006)

16 May 2007 (16.05.2007)

(71) Applicant (for all designated States except US): OCEAN

POWER TECHNOLOGIES, INC. [US/US]; 1590 Reed

Rd., Pennington, NJ 08534 (US).

(81)
English
English
US
(84)

(72) Inventors: BUFFARD, Keith; c/0 Ocean Power Tech-

.ﬁ____
\

nologies, LTD, Gallons Hill, Warwick, Warwichire CV34
6UW (GB). DRAPER, Mark; Borrowell House, Bor-
rowell Lane, Kennworth, Warwickshire CV8IER (GB).
PULLEN, Keith; c/o0 Ocean Power Technologies, LTD,
Gallons Hill, Warwick, Warwichire CV34 6UW (GB).
RHODES, Robin; ¢/o0 Ocean Power Technologies, LTD,
Gallons Hill, Warwick, Warwichire CV34 6UW (GB). —

Published:
with international search report

KEY

- Float assembly

— 1.6
/ Ii %
1.11 L
|| 222 1.3
LI
il
‘eI 7
L
, :
1.2 11.9
113 == 1.5

NS

NN

XK
3

o
?
N

Figure 1 = WEC schematic

woO 2008/076145 A3 I D0 A0 00 DR A0 0 R0

son, NJ 08817 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES,
FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL, IN,
IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR,
LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW, MX,
MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO,
RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, 8Z, TZ, UG, ZM,
/W), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, 1,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, B, CFE, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: WAVE ENERGY CONVERTER WITH AIR COMPRESSION (WECWAC)

(57) Abstract: A wave energy converter with
air compression (WECWAC) includes a cylinder
and a piston located within the cylinder dividing
the cylinder into an upper chamber and a lower
chamber. The cylinder is fixedly attached to a
spar whose up/down (heave) motion is restrained.
The piston is fixedly attached to, and driven
by, a float which moves generally in phase with
the waves. Under typical wave conditions the
piston functions to compress air within the upper
chamber on its up stroke and within the lower
chamber on its down stroke, i. e., the system is
thus double-acting. In still water, the spar and
cylinder combination is designed to drift down
into the body of water relative to the piston
whereby the size/volume of the upper chamber
is decreased (while that of the lower chamber is
increased). For small amplitude waves the piston
continues to compress air in the upper chamber
and this asymmetrical compression continues
until the waves reach a predetermine level when
"double-action" is resumed. Controlling the
position of the cylinder relative to the piston
enables the WECWAC to automatically regulate
its compression ’stroke’ to suit varying wave
conditions. The pressurized air from a WECWAC
may be stored and/or processed to drive a
turbo-generator or it may be combined with the

outputs of other WECWAC:s to drive a single large and highly efficient turbo-generator.
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WAVE ENERGY CONVERTER WITH AIR COMPRESSION (WEGWAC)

BACKGROUND

This invention relates to wave energy converters (WECs) for convérting
energy contained in surface waves on bodies of water into useful energy, .., to
eventually generate electne power, and to a means for combining the outputs of

a plurality ot WECs and transmitting the combined ouiput in a practical and

efficient manner.

There are many significant challenges in harnessing ocean wave energy
effectively. Wave energy is highly variable in frequency and force. The
frequency of the waves is generally very low and the force of the waves varies
over a wide range (from low to very high), Furthermore, uniike tidal or wind
energy, fluid m.ction s not continuous in direchion, 'vﬁfith waves rising and falling
over a short time period..On the othef hand, known efficient electric generators
are typically high-speed, low-torque, uni-directional rotary devices. Tﬁerefore a
major challenge is to find apparatus that will efficiently convert wave energy into
a form that can be efficiently used, e.q., to drive an electric generator. Many
systems have been proposed. However, thefe IS NO syst.am known to us which

can satisfy the requirements of efficient energy conversion, long life and low cost.
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By way of example of what is known, US patent 3,697,764 to Stanziola
et al teaches the use of wave energy to compress air used to drive turbine generators
to generate electric power. Ancther reference, US patent 4,012,173 to Everson, Jr |
shows the use of a variable stroke compressor powered by waves. In so far as is

known, these and other prior art systems have not beéen manufactured or

- commerclalized due 10 the impracticality of buillding and operating such devices.

A significant problem with an air-compression system is the need (o
operate effectively over a wide range of wave conditions. [t is an object of this
inventio.n to provide an apparatus and method to enable an air-compressor to
automatically modify is sfl'oke s0 it can operate effectively over a wide range of wave

conditions.

SUMMARY OF THE INVENTION

| According to an aspect of the present invention, there is provided a
wave energy conve-rter.(WEC) comptising: a float intended to lie along the surface of
a body of water and designed to move generally in-phase with the waves present i

the body of water; a spar-like element intended to float in the body of water, the spar-

" like element tending to move up and down in a vertical direction in response to

passing waves, generally out of phase relative to the waves; iImpeding means
attached to the spar-like element for increasing the effective mass of the spar for
s-tabilizihg the spar, impeding, while still allowing its up/down moﬂon and causing it {o
drift down in still water: a cylinder attached to one of the spar-like element and said

float: said cylinder for enabling air to be compressed, said cylinder being generally

- enclosed with at least one inlet port for allowing atmospheric air to be drawn into the

cylinder and at least one outlet port for outputting compressed air; and a piston within
the cylinder rigidly connected to the other one of the float and spar-ike element
whereby the piston compresses air within the cylinder as a function of the movement

of the float relative to the spar-like element

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

a wave enerqgy converter (WEC) comprising: a float intended to lie along the surtace
' P
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of a body of water and designed {o move generally in-pnase with the waves present

in the body of water; a spar intended to extend vertically, generally perpendicular to

the float and the surface of the body of water, said spar extending below the surface
of the body of water and intended to mave vertically up and down generally out-ot-

phase with the waves; a power take off device (PTQ) connected between the spar

" and the float for compressing air in response to their relative maotion, the air

compressor including a cylinder and a piston for compressing the air within the
cylinder, the cylinder being attached {0 one of the float and spar and the piston being

connecied to the other one of the float and spar; and a heave plate symmetrically

connected to a submerged portion of the spar, said heave plate extending in a plane

perpendicular fo the spar, said heave plate extending transversely to the vertical

" direction of the movement of the spar for impeding the heave motion of the spar and

for regulating the stroke of the piston within the cylinder.

According to another aspect of the present invention, there 1s provided
a combination comprising: a cylinder for compressing a gas; said cylinder having at

least one input port for entraining said gas and having at least one output port tor

and effectively dividing the cylinder into an upper chamber and a lower chamber;

means for driving the piston for alternatively compressing the gas in the upper
chamber and in the lower chamber; and means for repositioning the cylinder relative
to the piston whereby the volume of one chamber is decreased relative to that of the

other chamber and the stroke of the piston is varnied.

According to another aspect of the present ihvention, there is provided
a combination comprising: N wave energy converters (WECs) floating on a body of
water; where N is an integer equal to or greater than two (2); each WEC including a
variable stroke compressor for producing compressed air at an output porg; piping
means connected between the output port of each WEC and a collection noce 1or

combining the outputs of the N WECs at said collection node; and means 1or

~transmitting the collected pressurized air to a turbo-expander for driving an elecinge

generaior,
2a
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Some embodiments provide a wave energy converter (WEC) which

- Includes a salf-regulating vanable stroke wave air compressor,

some erﬁbodiments provide a wave energy converter with air
compression (WECWAC) which includes a novel power take off (PTO) system. The
WECWAC includes two floating bodies interconnected through a power take oft
(PTQ) system. One ffoating body 1s a large float which moves generally in phase with
the waves. The other floating body 1s a central 'spar’ located within the float. The
‘ central 'spar' is a floating body, but its up/down (heave) motion is heavily restrained,

e.g., by a large sub-surface 'heave-plate’ which limi{s the up/down

2b
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motion (heave) of the spar. The PTO converts the reaction forces between the
two bodies into useful energy. The PTO includes a cylinder to compress air
which is fixedly aftached to the spar and a piston which is rigidly connected to
and driven by the float. The piston divides the cylinder into an upper chamber
and a lower chamber, with the piston positioned between the two chambaers to
compress air drawn into the chambers. The cylinder is double-acting in that air
is compressed in the upper chamber on the i:p—stroke and in the lower chamber
on the down-stroke of float motion. Typically, as-shown in Fig. 1A, for a normally
anticipated wave condition, the cylinder can be considered to be relatively still
while the piston is driven up and down by the float to alternatively compress air in

the upper and lower chambers on its up and down'strokes.

An important aspect of some embodiments of the invention is that the piston stroke

is variable. The buoyancy of the spar is set so that in still water (L.e., low amplitude waves),
the spar drifts down and sits low in the water, with only the top part of the cylinder
above watar. The downward drift of the cylinder (as shown in Fig, 1B) causes

the sizefvolume of the upper chamber to be decreased. As waves increase in

height, the WEC begins to compress air in the upper chamber of the cylinder and

the spar begins to nse out of the water under the force generated during

compression. As waves build up, air is also compressed in the lower chamber of

the cylinder, There is thus provided a variable stroke operation which makes the
operation of tha system much more effective. Unlike previous inventions, the
proposed system is very simple in design, yetitis able to dynamica!!y adapt itself

to different wave conditions. In the event of excessive stroke, bumpstops (or air
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springs) are used to prevent direct contact between the cylinder heads and the |

piston faces.

According o some embodiments, the float is made with holiow

sections for receiviﬁg and processing compressed air.  Following comprassion in
the cylinder(s), the pressurized air is pumped into the hollow float, which
therefore doublas as an air receiver / accumulator. This large-volume receiver
acts to smooth the air from the compressor(s) before it enters the tu'rbine, thus
reducing speed variation and greatly increasing conversion efficiency. The
turbine can either be housed on the WECWAC, or off-board an a sgparate
platiorm or back on shore. In the latter conﬁgurations, air from a number of

WECWACs would be combined to drive a single large and highly efficient turbo-

generator.

Furthermore. in some embodiments, the compressed air from a plurality of individual

WEWACS is combined for transmission through a smooth pipe, for low loss power
transmission, to an electrical generator. Thus the air compression system of

each WECWAC can be networked to a singie turbine. This ‘farm’ of WECWACs

can power a large ¢entral turbo-generator. It is generally known that the
CONVersion efﬁéiancy of turbine-generators increases with size. With the air-

distribution system sized to minimize fransmissien losses, the overall sysiem

efficiency will be high. Furthermore, the system will aliow the turbine and
generator electronics to be housed on a stable platiorm or on shore. With
complexity removed from the individual buoys, the networked system wili be

easier to malntain and repair. The cost of each buoy will also be significantly
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reduced. These benefits will all combine to enable & significant reduction in

overail cost of power generation.

BRIEF DESCRIPTION OF THE DRAWINGS

“ In the accompanying drawings like refarence characters denote like

components; and

Fig. 1 ts a highly simplified cross-sectional diagrém of a wave energy converter
with air compression (WECWACG) embodying the invention;

Figs. 1A and 1B are schematic diagrams llustrating the operation of the WEC of
Fig. 1 for different wave conditions;

Fig. 2 is a simplified pneumatic diagram of the system; and

Figures 3 4 and 5 are schematic diagrams illustrating various systems making

use of embodiments of the present invention.

DETAILED DESCR!PTION.OF THE INVENTION
Referring to Fig. 1, there is shown a highly simplified diagram of a
WECWAC embodying the invention. The WECWAC includes a float 1.1 and a
central spar 1 1 0. Mounted above the central spar 1.10 i é cylinder body 1.0
and attached to the bottom of the central spar 1.10 s a heave plate 1.7. The
float 1.1 defines a first floating body which is designed to move in phase with the
waves. The float can be any shape, In a preferred embodiment, the float is

toroidal with a central opening shaped to aliow it t0 move up and down relative 10



CA 02652273 2008-11-14
WO 2008/0761435 PCT/US2007/011724

the centrally located spar. The spar 1.10 with the cylinder 1.5 and the heave plate
1.7 defines a second floating body which is generally designed to move out of
phase with the waves. The first and second floating bodies thus tend to move
out of phase relative to each other. Each floating body is able to move
independently of the other, with only air pressure and friction linking the two.

The float 1.1 is connected via a bridge 1.4 to a piston rod 1.3 which is
connected to piston 1.2. The bridge 1.4 and piston rod 1.3 provide a fixed rigid
connection which ensures that the piston 1.2 moves with the float 1.1. The piston
1.2 effectively divides the cylinder 1.5 into two chambers (upper chamber 1.8
and lower chamber 1.9) within which air compression can take place on the up
stroke and down stroke of the piston. In the arrangement shown in Fig. 1, air is
' compressed in chamber 1.8 and in chamber 1.9; i.e., both above and below the
main piston 1.2. Thus the compressor is said to be ‘double-acting’.

Air is drawn into chamber 1.8 via inlet piping 1.11 and upper inlet valves
1.12. Similarly, air is drawn into chamber 1.9 via inlet piping 1.11 and lower inlet
valves 1.13. In Fig. 1, compressed exhaust air passes through exhaust valves
(not shown) in hollow piston 1.2, and then through the hollow piston rod 1.3 and
single exhaust pipe 1.6. Evidently, alternate piping arrangements may be used
to collect the compressed air. In Fig. 1, compressed air is stored inside the
hollow float 1.1, but it could instead be supplied to holding tanks located in other
suitable locations.

The heaveplate 1.7 is located well below the surface where it is not

strongly affected by waves. When the heave plate moves through still water, it
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creates a ot of drag and entrains a large mass of water. This allows it to oppose

the large forces generated by air compression in the main cylinder 1.5,

Pipework and valvi.ng:

Fig. 2 is a diagram of the pneumatic system shown in Fig.1. Air enters from the
atmosphere.2.1 and pésses through a water separator 2.2.  Air is then ducted
info the upper and lower chamber of a cylinder {(2.4a & 2.4b) through one»wéy
valves (2.3a & 2.3b). The piston is driven directly by the float and it' compresses
the air in both the upper and lower chambers. It is therefore said to be double-
acting. Once comprassed, air then enters the hollow piston through exhaust
valves (2.6a & 2.8b in Fig. 2). Exhaust valves are built into the upper and lower
face of the piston. Valves are one-way (non-return) valves similar to those
norr_nally used in reciprocating compressors, and may be' of the plﬁte or poppet

‘ type, The detailed design of the piston and correct sizing of the exhaust valves
are hoth ir;nportant in order to minimize pumping losses, The compressed air then travels up
through the hollow piston rod 2.6, which, in one embodiment may comprise an NB stainless tube,

whose diémeter may be 4 mches, and into different sections of the holiow float (2.7, 2.8 & 2.9). The float

can be divided into separate sections as required, depending on the manufactunng method used.

In the configuration shown in Fig. 2, a turbine 2.10 is housed inside ane of
the float sections, where it is protected from the elements. Air passes info the
turbine (2.10) and expands into a turbine tank (2.11). After passing through a

lightly-loaded non-return valve, air is then expslied back to atmosphere (2.12).
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In another embodiment of the system (not shown), the turbine is stored remotely,

for example, on an adjacent floating platform.

Variable stroke mechanism

Due to the irregular nature of ocean waves, an effective air-pumping buoy
"~ must be able to vary its compression stroke. If variable stroke is not used,
delivery pressure from the WECWAC will drop substantially in small seas,
making it extremely difficult to generate power efficiently. A number of variable-
stroke concepts have been proposed in the past. However, none of these
systems are practical, simple or self-regulating, and therefore reliability and cost
are both compromised. In known WEC systems, the central spar is generally
held relatively stationary by a large deep-water heave plate(s). In systems
embodying the invention, the heave plate is used to stabilize the WEC and Is also
used to vary the stroke of compression. The use of a heave plate Is used to
illustrate an element performing the desired function. It is noted that alterhative
reactive bases can be used to control the heave of the spar and its buoyancy.
That is, a significant aspect of the invention includes the use of a ‘heave plate’ to
do two jobs: 1) restrain the heave motion of the spar (and therefore provide a
reaction force for power generation) and 2) regulate the stroke of the air
compression system. This variable-stroke mechanism is passive and is important
in that it allows the system to operate effectively for different wave conditions
(e.‘g., even in a low amplitude wave environment).

The weight and buoyancy of the spar (1.10) are adjusted so that in still

water the spar sits very low in the water, with only the top part of the cylinder
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(1.5) above water level. This means that for waves of small amplitude, the
maximum swept volume of the upper chamber 1.8 is reduced, allowing air to be
compressed fully by the piston. Under a normally anticipated wave environment,
the cylinder will be positioned such that the piston, in the mid point of a wave
cycle, is generally centered between the top and bottom of the cylinder as shown
in Figs. 1 and 1A. That is, the volume of compressed air (or any suitable gas)
will be genially equal for chambers 8 and 9. However, in still water, the cylinder
and spar (as designed) drift down as shown in Fig. 1B. The top of the cylinder
moves down and is close to the top surface of the piston. The up/down motion
of the cylinder/spar is relatively slow compared to the response time of the piston
which is tied to the float which move in phase with the waves. Thus the stroke
(travel) of the piston to compress the air in the upper chamber has been reduced.
Thus effective compression occurs in the upper chamber even for low amplitude
waves.

As wave height continues to increase, the cylinder is pushed upwards

under the air pressure in the upper chamber 1.8 and the maximum swept volume
of the upper chamber 1.8 increases. Once air pressure inside the cylinder builds
up, the bumpstops will not be frequently used. Also, as wave height increases,
the lower chamber 1.9 begins to pump, and the system is then balanced, with the
upper and lower chambers pumping against each other.

If there is a sudden increase in wave height (excessive stroke), bumpstops
are used to prevent direct contact between piston and cylinder heads.

Bumpstops can be thought of as any shock absorbing device (pneumatic,
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hydraulic, or simple mechanical spring). An air spring can also be built into the
main cylinder (1.5), to prevent contact between the piston faces and cylinder
heads. Once the system has ‘booted’ up, the bumpstops will hardly be used.
Thus, a WEC embodying the invention includes a float moving In phase
with the waves and a vertical structure (spar) for receipt of a cylinder of an air
compressor containing a piston for compressing air within the cylinder. The
piston is rigidly cpnnected by a bridge 1.4 to the fioat which bobs up and down in
response to passing waves. The up/down motion of the cylinder is restrained
(e.g., by a heaveplate), and is therefore relatively unresponsive to passing
surface waves. Also, in still water, the cylinder and spar with a heave plate or
with a like structure appended thereto, tend to sink within the water until the
cylinder upper end rests close to the piston upper surface. With passing surface
waves, the float tends to move relative to the stationary cylinder with the piston
thus moving within the cylinder relative to the cylinder upper end. The piston
stroke length is thus a function of the wave amplitude, and air compression within
the cylinder upper chamber is obtained even with quite small amplitude waves.
Another significant aspect of the invention includes the use of a hollow float
that doubles as a wave-follower and an air receiver. In a preferred embodiment,
the float is toroidal, to allow it to slide up and down around the spar. However, the
use of the float as an air receiver is not essential. In alternative configurations,

air storage receivers can be housed in the spar, or the interconnecting air pipe

work, or on shore. Indeed, as the number of WECWACs increases, smoothing

10
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will occur more and more within the interconnecting pipe work, and storage for
smoothing may be less important.

The power take off (PTO) system of WECWACs embodying the invention
thus includes an air-compressor which is used to drive a turbine-generator for
generating electricity. An interesting aspect of the invention is that a variable
stroke is obtained by moving the position of the cylinder relative to the piston. In
the described embodiments the position of the cylinder is essenfially automatic
once the buoyancy of the spar/cylinder combination has been selected. The
inventive concept applies to other suitable means for moving the cylinder relative
to the piston. It should be appreciated that the positioning of the cylinder is

relatively independent of the stroking movement of the piston which is a direct
function of the float, generally in phase with the waves.
Networked WECWAC buoys

Still another aspect of the invention is shown in Fig.3 . Box 3.1 of the
diagram references a prime mover which can be any apparatus for capturing
energy from an energy source, for example, a wind mill. In a preferred
embodiment, however, the prime mover comprises a wave energy converter with
air compression (WECWAC) such as the device described herein or as disclosed

in US patent 6,768,216, issued July 27, 2004, the subject matter of which is

iIncorporated herein by reference.

Figure 4 herein shows a network of WECWACs (e.g., 110) which includes
a cylinder mounted. for movement, in response to passing waves, relative to a

stationary support. The relative movement between the apparatus parts is used

11
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to drive a PTO system. In accordance with this invention, the relative movements
of the WEC parts are used to drive a gas compressor (Box 3.2, Figure 3) for
pressuring a.suitable working gas, for example nitrogen, but preferably, ambient
air.

In an embodiment, the air is compressed to a pressure in the range
typically 0.5-10 bar. ldeally, the output from each WECWAC is at a constant
pressure, but the compressible nature of air means that this is not required. The
pressure range selected is suitable both for efficient transmission of the
pressurized air (iterﬁ 3.3, Figure 3) and for conversion of the energy of the air to
rotary motion using single or multi-stage expanders (Box 3.4, Figure 3).

As is generally known, air transmission along a pipe (i.e. a smooth pipe)
Is very efficient with low frictional losses. For example, 40 MW can be
transmitted via a 1.2 m diameter pipe over 1.5 km with a loss of less than five
percent. Pipes used for transmitting air are not expensive, and in the event that
leakage occurs, it is only air that leaks from the pipe with low environmental
impact. The pipe also acts as a natural reservoir to store energy and to smooth -
the output of the electrical generator driven by the pressurized air.

Useful work is performed by expansion of the pressurized air. Air
expansion Is by one or more turbo-expanders, running at high speed and
converting the air pressure to high-speed rotary motion-typically at 5,000-70,000
rom. The high-speed enables efficient energy conversion via a single or multi-

stage expander, while also keeping size and weight to a minimum. As well as

driving a high-speed shaft, air is exhausted from the expander at low
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temperatures (as low as minus 80 degrees C.). The cool air can then be used to
cool the generator and auxiliaries, but could also be used for air conditioning or
another industrial process requiring cold air (freezing / drying).

Electricity is produced (Box 3.5, Figure 3) using a high-speed electric
generator, which is preferably connected directly to the turbo-expander and
therefore running at the same speed (15,000-50,000 rpm). At this speed
electricity generation is very efficient, and also requires only small machines.
The generator is preferably a permanent magnet machine with a three phase
output, preferably running on air or magnetic bearings because of the high
speeds involved. Generator cooling is via a closed air or liquid system with
indirect cooling of this primary air from the cold air being produced at the exhaust
of the expander, or by seawater. If necessary, a gearbox can be used to reduce
the speed of the generator.

The electricity produced is preferably in a medium range: 500-800 vol'ts,
and a frequency of 250-500 Hz. However, for smaller Systems, it may be useful
to generate low voltage DC. The output electricity is rectified and inverted via a
power electronics unit to produce an output at a steady frequency, high quality,
and with sufficient protection to enable it to be coupled to the grid. A suitable
transformer is used to match the local grid voltage. Commercial units are now
available which can do all the electrical power conditioning and can provide all

the required protection relays.

As well as creating an efficient power take-off and conversion system,

using air gives a number of further significant benefits:
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Power transmission over short or medium distances is efficient using air,
so such air transmission can be used to connect a number of local WECWAC
devices, and even to transmit the energy to where the power grid is located.

The opportunity to transmit “raw power" via air means that the electronic
components for controlling the process can be housed in a safe and clean
environment. ldeally, the generating equipment is onshore and directly next to
the power grid connection point.

The energy from surface waves occurs on an intermittent basis, but by
combining a number of devices together to feed a single turbo-expander, a
significant portion of this intermittency can be removed.

As previously noted, the pipes through which the air is transmitted act as
smoothing and storage reservoirs, but additional storage can be added easily
and economically to enable a more consistent output. It is even possible to move
to large-scale energy storage by pumping air underground into salt caverns or
the like. This would make the reliability and predictability of the output
significantly better; underground storage via compressed air has been
considered as an alternative to pumped-storage for “storage" of electricity.

Solar or industrial waste heat. can also be added to the compressed air
from the WECWAC network. This significantly boosts turbine power and also
allows very efficient conversion of solar energy into electrical power.

The overall system is economical. The small size and high-spéed nature
of the generator and expander make them inexpensive to supply and fit, and the

conditioning electronics are commercially available. Also, as previously
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mentioned, pipehne for interconnection and transmission is readily available and

relatively inexpensive.

Figure 4 shows an arrangement according to an embodiment of the
invention including a number of WECWACSs 4.1 floating on the body of water with

each WCWACG creating compressed air as previously described. The pressurized

- alr rom each WECWAC 4.1 1s transmitted o a collection node 4 2 also disposed in

the body of water, and the collected pressurized air is transmitted through an air

transmission pipe 4.3 to a turbo-expander 4.4 disposed on shore adjacent to a

generator 4.6 controlled by a power conditioning unit 4.8. The electrical power thus

produced 1s loaded onto a power grid 4.9.

In Figure §, the turbo-expander generator 5.3 and power conditioning

 units are disposed offshore either on a "mother” buoy or on an off-shore platform 5.2

The electrical power is thus generated offshore and conducted by cable 5.5 1o a
power grid 5.6 on shore. The arrangement includes a number of WECWACSs 5.1
(e.g., floating buoys) floating on a hody of water with each capturing wave energy and

creating compressed air, as previously described.

15
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- CLAIMS:

1, A wave energy converter (WEC) comprising:

a float Intended to lie along the surface of a body of water and designed

to move generally in-phase with the waves present in the body of water;

a spar-like element intended to float in the body of water, the spar-like
element tending {0 move up and down in a vertical direction in response {0 passing

waves, generally out of phase relative to the waves:

impeding means attached to the spar-like element for increasing the
effective mass of the :':;pair for stabilizing the spar, impeding, while stilj allowing its

up/down motion and causing it to driff down in still water;

a cylinder attached to one of the spar-like element and said fioat; said
cylinder for enabling air to be compressed, said cylinder being generally enclosed
with at least one inlet port for aliowing atmospheric air to be drawn into the cylinder

and at least one outlet port tor outputting compressed air; and

a piston within the cylinaer rigidly connected to the other one ¢f the float

-~ and spar-like element whereby the piston compresses air within the cylinder as a

function of the movement of the float relative to the spar-like eiement.

2. - A WECGC as claimed in ¢laim 1, wherein the ¢ylinder Is attached to the
spar and the piston is connected {o the float and wherein the inner portion of the

cylinder above the piston is defined as an upper chamber and wherein the inner

~ portion of the cylinder below the piston s defined as a lower chamber; and wherein

the position of the cylinder relative {0 the piston changes as a function of the

amplitude of the waves, decreasing the volume of one of the two chambers while

increasing the other for regulating the volume of the compression chambers within

the cylinder, as a function of the wave amplitudes, for enabling the compression

stroke of the piston to be automatically regulated.
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3. A WEC as claimed in 2, wherein the cylinder has an upper chamber

above the piston and a lower chamber below the piston and wherein air enirained
within the upper chamber is compressed on an up stroke of the piston and air

entrained within the lower chamber is compressed on a down stroke of the piston.

4, A WEC as claimed in claim 3, wherein the impeding means is a heave

plate attached 1o the submerged portion of the spar-like element.

5. A WEC as claimed in claim 3, wherein, for low amphtude waves, the
volume of the upper chamber is decreased whereby the compression stroke ot the

piston to produce a desired level of air compression is decreased.

6. A WEC as claimed in 2, wherein the float includes means 1o receive

and process compressed alr.

ﬂ

/. A WEC as claimed in claim 6 wherein a turbine generator is iocated
within the float and compressed air is distnbuted to the turbine generator to generate

electricity.

8. A WEC as claimed in ¢laim & wherein a furbine generator Is located
outside of the WEC and a piping means is provided to distribute compressed air from

 the WEC to the turbine generator to generate electricity.

d. A WEC as claimed in ¢laim 1 wherein the cylinder is attached {o the
spar and the piston is connected to the float and wherein the cylinder 1s divided into
an upper chamber and a lower chamber by said piston, and wherein the combination

of the spar and the impeding means is selected such that, in response to waves of

- small amplitude, the cylinder attached to the spar tends to move down relative to the

piston, whereby the size of the upper chamber 1s decreased enabling air to be

compressed even in low amplitude waves.

10. A WEC as claimed in ctaim 9 wherein the buoyancy of the spar and the
sizing of the heave plate are selected to enable the dynamic and automatic regulation

of the siroke of the piston in a compression chamber.
17
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11. A wave enérgy converter (WEQC) comprising.

a fioat intended to lie along the surface of a body of water and designed

to move generally in—phaee with the waves present in the body of water;

a spar intended fo extend vertically, generally perpendicular to the float
5 and the surface of the body of water, said spar extending below the surface of the

body of water and intended to move verticaily up and down generally out-of-phase

- with the waves:

a power take off device (PTO) connected between the spar and the
float for.compressing air in response to their relative motion, the atr compressor
10 including a cylinder and a pisten for compressing the air within the cylinder, the
cylinder being attached to one of the float and spar and the piston being connected to

the other one of the float and spar; and

a heave plate symmetrically connected to a submerged portion of the
spar, said heave plate extending in a plane perpendicular {o the spar, said heave
15 piate ex'iending transversely to the vertical direction of the movement of the spar for

impeding the heave motion of the spar and for regulating the stroke of the piston

within the cylinder.
12. A combination comprising:

a cylinder for compressing a gas; said cylinder having at least one input
20 port for én-training said gas and having at least ohe output port for emitting said gas

under a pressurized condition;

a piston located within the cylinder and effectively dividing the cylinder

into an upper chamber and a lower chamber;

means for driving the piston for alternatively compressing the gas in the

25 upper chamber and in the lower chamber; and
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means for repostioning the cylinder relative to the piston whéreby the

- volume of one chamber is decreased relative to that of thé other chamber and the

stroke of the piston is variad.

13. | A combination as claimed in claim 12, wherein the cylinder is fixedly
attached to one of a spar and a float; and wherein the piston is fixedly attached to the

other one of the spar and float; wherein the float moves generally in phase with the

~waves in a body of water and the up/down motion of the spar is restricted.

14, A combination as claimed in ¢claim 13, wherein the means for
repositioning the cylinder includes adjusting the buoyancy of the spar and cylinder

such that the combination drifts down in still water.
15. A combination comprising:

N wave energy converters (WECs) floating on a body of water; where N
is an integer equal to or greater than two (2); each WEC including a variable stroke
compressor for producing compreassed air at an autput port; piping means connected
between the output port of each WEC and a collection hode for combining the
outputs of the N WECSs at said collection node; and means for fransmitting the

collected pressurized air to a turbo-expander for driving an electric generator.

16. The combination as claimed in claim 15, wherein the collection node is

disposed in the body of water and wherein the turbo-expander and electric generaior

are located on shore.

17. The combination as claimed in claim 15 wherein each WEC ncludes a

float and a spar, the float intended to lie along the surface of a hody of water and

| designed to move in-phase with the waves present in the body of water, the spar

intended to extend vertically, generally perpendicular to the float and the surface of
the body of water, the spar extending below the surface of the body of water and
intended to move vertically up and down out-of-phase with the waves; ana wnerein

the variable stroke compressor includes a cylinder fixedly attached to one of the spar

19



CA 02652273 2013-07-22

780471-25

and float and a piston fixedly attached to, and driven by, the other one of the spar
and float; where the piston divides the cylinder into an upper chamber and a lower
chamber; and wherein, for small amplitude waves, the spar drifts in a downwardly
direction, decreasing the volume of the upper chamber and enabling air {o bhe

compressed within the upper chamber even for low amplitude waves.

18. The combination as claimed in claim 17 wherein a heave plate is
connected to the bottom of the spar for limiting its up down mofion and the response
of the spar to allow the downward drift of the spar in response to small amplitude

waves and for regulatin‘g the stroke of the piston within the ¢ylinder.
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