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WAVE ENERGY CONVERTER WITH AIR
COMPRESSION (WECWAC)

This invention claims priority from U.S. provisional appli-
cation Ser. No. 60/800,696 titled POWER GENERATION
USING WAVE ENERGY AND PNEUMATIC TRANSMIS-
SION filed May 16, 2006.

BACKGROUND

This invention relates to wave energy converters (WECs)
for converting energy contained in surface waves on bodies of
water into useful energy, e.g., to eventually generate electric
power, and to a means for combining the outputs of a plurality
of WECs and transmitting the combined output 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, unlike tidal or wind
energy, fluid motion is not continuous in direction, with
waves rising and falling over a short time period. On the other
hand, known efficient electric generators are typically high-
speed, low-torque, uni-directional rotary devices. Therefore a
major challenge is to find apparatus that will efficiently con-
vert wave energy into a form that can be efficiently used, e.g.,
to drive an electric generator. Many systems have been pro-
posed. However, there is no system known to us which can
satisfy the requirements of efficient energy conversion, long
life and low cost.

By way of example of what is known, U.S. Pat. No. 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. Another reference, U.S. Pat. No. 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 been manufactured or commercialized
due to the impracticality of building and operating such
devices.

A significant problem with an air-compression system is
the need to operate effectively over a wide range of wave
conditions. It is an object of this invention to provide an
apparatus and method to enable an air-compressor to auto-
matically modify its stroke so it can operate effectively over a
wide range of wave conditions.

SUMMARY OF THE INVENTION

A wave energy converter (WEC) embodying the invention
includes a self-regulating variable stroke wave air compres-
sor.

A wave energy converter with air compression
(WECWAC) embodying the invention includes a novel power
take off (PTO) system. The WECWAC includes two floating
bodies interconnected through a power take off (PTO) sys-
tem. One floating body is a large float which moves generally
in phase with the waves. The other floating body is 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 limits the
up/down 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
attached 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 posi-
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tioned between the two chambers to compress air drawn into
the chambers. The cylinder is double-acting in that air is
compressed in the upper chamber on the up-stroke and in the
lower chamber on the down-stroke of float motion. Typically,
as shown in FIG. 1A, for a normally anticipated wave condi-
tion, 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 the invention is that the piston
stroke is variable. The buoyancy of the spar is set so that in
still water (i.e., low amplitude waves), the spar drifts down
and sits low in the water, with only the top part of the cylinder
above water. The downward drift of the cylinder (as shown in
FIG. 1B) causes the size/volume 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 rise out of the water under the force generated
during compression. As waves build up, air is also com-
pressed in the lower chamber of the cylinder. There is thus
provided a variable stroke operation which makes the opera-
tion of the system much more effective. Unlike previous
inventions, the proposed system is very simple in design, yet
it is able to dynamically adapt itself to different wave condi-
tions. In the event of excessive stroke, bumpstops (or air
springs) are used to prevent direct contact between the cylin-
der heads and the piston faces.

According to an aspect of the invention, the float is made
with hollow sections for receiving and processing com-
pressed air. Following compression in the cylinder(s), the
pressurized air is pumped into the hollow float, which there-
fore doubles as an air receiver/accumulator. This large-vol-
ume receiver acts to smooth the air from the compressor(s)
before it enters the turbine, thus reducing speed variation and
greatly increasing conversion efficiency. The turbine can
either be housed on the WECWAC, or off-board on a separate
platform 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, the compressed air from a plurality of indi-
vidual WECWACs 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 single turbine. This ‘farm’
of WECWACs can power a large central turbo-generator. It is
generally known that the conversion efficiency of turbine-
generators increases with size. With the air-distribution sys-
tem sized to minimize transmission losses, the overall system
efficiency will be high. Furthermore, the system will allow the
turbine and generator electronics to be housed on a stable
platform or on shore. With complexity removed from the
individual buoys, the networked system will be easier to
maintain and repair. The cost of each buoy will also be sig-
nificantly reduced. These benefits will all combine to enable
a significant reduction in overall cost of power generation.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings like reference characters
denote like components; and

FIG. 1 is a highly simplified cross-sectional diagram of a
wave energy converter with air compression (WECWAC)
embodying the invention;

FIGS. 1A and 1B are schematic diagrams illustrating the
operation of the WEC of FIG. 1 for different wave conditions;

FIG. 2 is asimplified pneumatic diagram of the system; and
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FIGS. 3, 4 and 5 are schematic diagrams illustrating vari-
ous systems making use of the present invention.

DETAILED DESCRIPTION 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 1.10.
Mounted above the central spar 1.10 is a cylinder body 1.5
and attached to the bottom of the central spar 1.10 is 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 allow it to move up and down
relative to 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 pres-
sure and friction linking the two.

The float 1.1 is connected via a bridge 1.4 to a pistonrod 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 cham-
ber 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 viainlet 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
pistonrod 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 creates a lot 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 Valving

FIG. 2 is a diagram of the pneumatic system shown in FIG.
1. Air enters from the atmosphere 2.1 and passes through a
water separator 2.2. Air is then ducted into the upper and
lower chamber of a cylinder (2.4a & 2.45) through one-way
valves (2.3a & 2.3b). The piston is driven directly by the float
and it compresses the air in both the upper and lower cham-
bers. It is therefore said to be double-acting. Once com-
pressed, air then enters the hollow piston through exhaust
valves (2.5a & 2.5b 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 normally used in recip-
rocating compressors, and may be of the plate or poppet type.
The detailed design of the piston and correct sizing of the
exhaust valves are both important in order to minimize pump-
ing losses. The compressed air then travels up through the
hollow piston rod and into different sections of the hollow
float (2.7, 2.8 & 2.9). The float can be divided into separate
sections as required, depending on the manufacturing method
used.
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In the configuration shown in FIG. 2, a turbine 2.10 is
housed inside one of the float sections, where it is protected
from the elements. Air passes into the turbine (2.10) and
expands into a turbine tank (2.11). After passing through a
lightly-loaded non-return valve, air is then expelled back to
atmosphere (2.12). 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 com-
promised. In known WEC systems, the central spar is gener-
ally 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
alternative 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 mecha-
nism is passive and is important in that it allows the system to
operate effectively for different wave conditions (e.g.,evenin
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 (1.5) above water level. This means
that for waves of small amplitude, the maximum swept vol-
ume 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 com-
pared 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, hydraulic, or simple
mechanical spring). An air spring can also be built into the
main cylinder (1.5), to prevent contact between the piston
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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 connected by a bridge 1.4 to the float 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 ampli-
tude, 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 WECWACSs increases, smoothing 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 embody-
ing 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 essentially automatic once the buoyancy of the
spar/cylinder combination has been selected. The inventive
concept applies to other suitable means for moving the cyl-
inder 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 U.S. Pat. No. 6,768,216, issued Jul. 27,
2004, the subject matter of which is incorporated herein by
reference.

FIG. 4 herein shows a network of WECWAC:s (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 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, FIG. 3) for pressuring a suitable work-
ing 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. Ideally, 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
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pressurized air (item 3.3, FIG. 3) and for conversion of the
energy of the air to rotary motion using single or multi-stage
expanders (Box 3.4, FIG. 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 leak-
age occurs, it is only air that leaks from the pipe with low
environmental impact. The pipe also acts as a natural reser-
voir 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 rpm. 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 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/dry-
ing).

Electricity is produced (Box 3.5, FIG. 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 volts, 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 conver-
sion system, using air gives a number of further significant
benefits:

Power transmission over short or medium distances is effi-
cient using air, so such air transmission can be used to connect
anumber 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. Ideally, the generat-
ing 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 intermit-
tency can be removed.

As previously noted, the pipes through which the air is
transmitted act as smoothing and storage reservoirs, but addi-
tional storage can be added easily and economically to enable
a more consistent output. It is even possible to move to large-
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scale energy storage by pumping air underground into salt
caverns or the like. This would make the reliability and pre-
dictability of the output significantly better; underground
storage via compressed air has been considered as an alter-
native 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 signifi-
cantly 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-
speed nature of the generator and expander make them inex-
pensive to supply and fit, and the conditioning electronics are
commercially available. Also, as previously mentioned, pipe-
line for interconnection and transmission is readily available
and relatively inexpensive.

FIG. 4 shows an arrangement according to the invention
including a number of WECWACs floating on the body of
water with each WECWAC creating compressed air as pre-
viously described. The pressurized air from each WECWAC
is transmitted to a collection node 4.2 also disposed in the
body of water, and the collected pressurized air is transmitted
to a turbo-expander 4.4 disposed on shore adjacent to a gen-
erator 4.6 controlled by a power conditioning unit 4.8. The
electrical power thus produced is loaded onto a power grid
49.

In FIG. 5, the turbo-expander generator and power condi-
tioning units are disposed offshore either on a “mother” buoy
or on an off-shore platform. The electrical power is thus
generated offshore and conducted by cable to a power grid on
shore.

What is claimed is:

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 to move up and down in a
vertical direction in response to passing waves, gener-
ally out of phase relative to the waves;

impeding means attached to the spar-like element for
increasing the effective mass of the spar for stabilizing
the spar, impeding, while still allowing, its up/down
motion and causing it to 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-like element whereby the piston
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compresses air within the cylinder as a function of the
movement of the float relative to the spar-like element.

2. A WEC as claimed in claim 1, wherein the cylinder is
attached to the spar and the piston is connected to the floatand
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 is defined as a lower chamber;
and wherein the position of the cylinder relative to the piston
changes as a function of the amplitude of the waves, decreas-
ing the volume of one of the two chambers while increasing
the other for regulating the volume of the compression cham-
bers within the cylinder, as a function of the wave amplitudes,
for enabling the compression stroke of the piston to be auto-
matically regulated.

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 entrained 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 to the submerged portion of
the spar-like element.

5. A WEC as claimed in claim 3, wherein, for low ampli-
tude waves, the volume of the upper chamber is decreased
whereby the compression stroke of the piston to produce a
desired level of air compression is decreased.

6. A WEC as claimed in 2, wherein the float includes means
to receive and process compressed air.

7. A WEC as claimed in claim 6 wherein a turbine genera-
tor is located within the float and compressed air is distributed
to the turbine generator to generate electricity.

8. A WEC as claimed in claim 6 wherein a turbine genera-
tor 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.

9. A WEC as claimed in claim 1 wherein the cylinder is
attached to the spar and the piston is connected to the floatand
wherein the cylinder is 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 volume of the upper chamber is decreased enabling air to
be compressed even in low amplitude waves.

10. A WEC as claimed in claim 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 stroke of the
piston in a compression chamber.
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