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WAVE ENERGY CONVERTERS (WECs) WITH LINEAR ELECTRIC GENERATORS

{LEGSs)

CROSS REFERENCES TO RELATED APPLICATIONS

This application claims priority from provisional patent application Serial Number 60/553,666 titled
Wave Energy Converters (WECs) with Linear Electric Generators (LEGS) filed 03/16/2004, the teachings

of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION:

This invention relates to apparatus, systems and methods for converting energy
present in ocean surface waves into electric energy.

A known system for capturing ocean surface wave energy includes: (a) a first
structure (which may be or interchangeably referred to herein as a “shell” or “vessel” or
“float”) which, when placed in a body of water, is designed to move up and down,
generally, in phase with the waves in the water and thus absorb and/or release energy;
(b) a second structure (which may be or interchangeably referred to herein as a “shaft”,
“spar’, “column” or piston) which is either stationary or moves generally out of phase
relative to the waves and the first structure; and (c) a mechanical or hydraulic power
take-off (PTQO) device coupled between the first and second structures and which in

response to the relative motion between the first and second structures is designed to

produce mechanical or hydraulic motion which is then converted into electrical energy.
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Prior art power take-off (PTO) devices include combinations of hydraulic devices,
pneumatic devices, and/or mechanical translators (e.g. rack and pinion gear system),
and rotary electric generators of various types and forms (permanent magnet generator,
induction generator). These devices convert the relative motion between the shell and
shaft into mechanical or hydraulic motion which is then converted into electrical energy.
These devices and the systems employing them tend to be inefficient, expensive to
make and difficult to design for survivability.

To avoid some of these problems it has been suggested to use a linear electric
generator (LEG) for a power take-off (PTO) device. However, known wave energy
conversion systems utilizing linear electric generators have 'performance, cost, reliability
and/or survivability limitations resulting from the configuration and/or the suggested type
of linear electric generator. ljeficiencies of existing wave energy conversion systems
utilizing known linear electric generators include the following:

1. known linear electric generators have limited stroke or range of motion, limiting the
amount of power that can be extracted, resulting in complex, expensive mechanical
designs to limit the range of force appliéd to the power take-off device, and/or
decreasing the survivability of the wave energy converter systems; and/or

2. in known linear electric generator systems, induction coils are an integral part of the
shell or column (e.g. induction coils encircle one of the wave energy converter
structural elements), resulting in complex and expensive mechanical designs; and/or

3. known linear electric generator magnet and induction coil assemblies must be
housed together in a watertight enclosure, necessitating unreliable and/or expensive

sealing devices at an air/water interface.



WO 2005/089378 PCT/US2005/008752

These deficiencies are overcome in systems embodying the invention.

SUMMARY OF THE INVENTION:

A wave energy converter (WEC) system embodying the invention includes a
power take-off (PTO) device that directly converts mechanical energy into electric
energy ahd mitigates and/or avoids the problems listed above.

A WEC embodying the invention includes, for example, a shell and a column with
a PTO device connected between the shell and the column. The shell and column are
constructed such that, when placed in a body of water and in response to waves in the
body of water, there is relative motion between the shell and the column. The PTO
device includes a linear electric generator (LEG) system designed to produce electrical
energy, directly, in response to the relative motion between the shell and the column.

The power take-off (PTO) device of the invention includes a permanent magnet
(PM) assembly housed separately from an induction coil assembly which is
electromagnetically coupled to the PM assembly. Each assembly may be encased in its
own watertight enclosure. The power take-off (PTO) device functions as a linear electric
generator (LEG) which may be also referred to as a linear synchronous generator
(LSG). Typically, one of the permanent magnet and induction coil assemblies is located
on, or in, or attached to, the shell and moves as the shell moves; and the other one of
the permanént maghet and induction coil assemblies is located on or attached to the
column and either moves as the column moves or remains stationary if the column is

stationary. Relative motion between the shell and column, when placed in a body of
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water and in response to waves in the body of water, causes the attached (or mounted)
permanent magnet and induction coil assemblies to be driven past each other, in
response to motion of the waves, resulting in the generation of a voltage which is a
function of the relative motion and ultimately causes a current to be generated in the
coils when an external load is connected across the coils.

By way of example, when a system embodying the invention is placed in a body
of water such as an ocean, passing ocean waves apply a force on a shell that is free to
move up and down relative to the column (which need not be stationary; but which, for
ease of explanation, is assumed to be stationary). This force results in motion of the
shell relative to that of the column (e.g., a stationary element of the wave energy
converter system). The PTO device, which includes a linear electric generator coupled
between the shell and the column develops a force which is “typically” opposite
(counter) to that applied by the passing wave. In systems embodying the invention, a
guide and bearing system may maintain the relative alignment of the magnet and
induction coil assemblies and the space between them.

In a WEC embodying the invention, permanent magnet assemblies and induction
coil assemblies, housed in separate enclosures, can be placed in numerous different
locations in, or on, the WEC. The magnet and induction coil assemblies are not an
integral part of the wave energy converter mechanical structure. They may be placed so

_as to provide the most efficient power conversion and/or to optimize the design of the

shell and column, including design simplicity, ease of installation and servicing.
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In accordance with the invention, the magnet and induction coil assemblies do
not need to be housed in a common enclosure and therefore do not require watertight
seals for such an enclosure.

Another advantage of the separately enclosed magnet and induction coil
assemblies is that the stroke of the system (for most embodiments) is limited only by the
length of the bearing and alignment system. The bearing and alignment system can be
made sufficiently long so as to avoid the constraining of the range of motion of the
moving shell, thus minimizing impact loads and structure design to survive these impact
loads.

A LEG located between the shell and the central column may be used to provide
braking, or damping, action between the shell and the column when the travel of the
shell relative to the column exceeds a predetermined distance.

Due to the forces of the waves there tends to be twisting and turning (rotation) of
the shell relative to the column when the WEC is in the water. An anti-rotational
scheme includes the formation of a multi-sided central column (e.g., a square)
surrounded by the inner wall of the shell shaped to have a complementary structure
whereby the shell cannot rotate relative to the column. This scheme includes the
formation of many parallel surfaces between the inner wall of the shell and the sides of
the central column. LEG assemblies can then be more easily formed between the
parallel surfaces and their dimensions can be maintained to ensure good and efficient
coupling.

It is also important to package the magnetic and induction coil assemblies such

that the magnetic flux coupling between these assemblies is maximized and the eddy
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current losses are reduced in order to obtain an increase in the efficiency of the electric

power production.

BRIEF DESCRIPTION OF THE DRAWINGS:

In the accompanying drawings like reference characters denote like components;
and
FIGURE 1A is an illustrative diagram (not to scale) showing the installation of a linear
electric generator (LEG) assembly above the shell of a WEC, in accordance with the
invention; .
FIGURES 1A1 and 1A2 illustrate in more detail the location of a permanent magnet
assembly and an induction coil assembly in the structure of FIGURE 1A;
FIGURE 1B is a diagram (not to scale) showing the installation of a LEG assembly
inside the shell of a WEC, in accordance with the invention;
FIGURES 1B1 and 1B2 are cross-sectional views of a LEG assembly mounted on a
square column; the square column being designed to providevanti-rotation (ie., to
prevent rotation of the shell relative to the column) while simultaneously providing
paralle! surfaces between the shell and the column to enable the formation of a more

efficient LEG;
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FIGURE 1C is a diagram (not to scale) showing the installation of a LEG below the shell
of a WEC, in accordance with the invention;

FIGURES 1C1 and 1C2 are diagrams illustrating, in more detail, alternate locations of a
permanent magnet assembly and an induction coil assembly in the structure of FIGURE
1C;

FIGURE 1C3 is a side view illustrating a coil assembly moving across a permanent
magnet assembly, in accordance with the invention;

FIGURE 1D is a diagram (not to scale) showing the installation of a permanent magnet
assembly and the induction coil assembly of a LEG on the outside of the shell of a WEC -
with means for providing velocity multiplication, in accordance with the invention;
FIGURE 1D1 is a more detailed diagram (not to scale) of the system of FIGURE 1D
illustrating velocity multiplication;

FIGURE 1D2 is a diagram (not to scale) of the system of FIGURE 1D illustrating
velocity multiplication with the LEG positioned on the inside wall of the WEC shell;
FIGURE 1D3 is another diagram (not to scale) of the system of FIGURE 1D illustrating
velocity multiplication with the electromagnetic coils of a LEG installed along the outside
wall of the WEC shell and the permanent magnet passing along the outside of the coils;
FIGURES 1D4, 1D5 and 1D6 illustrate variations of the invention;

FIGURES 1E through 1H are illustrative diagrams (not to scale) of embodiments of the
invention in which the shell (float) moves generally in phase with the waves and the
column or shaft is untethered and can move generally out of phase with the motion of

the waves with a LEG assembly connected so as to be moved by the shell and column;
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FIGURE 2A is a cross-section diagram of part of the WEC and the power take-off (PTO)
device of Fig. 1A,

FIGURE 2B is a cross-section diagram of part of the WEC and PTO device of FIGURE
1B;

FIGURE 2C is a cross-section diagram illustrating that, in the WEC structures shown in
FIGURES 1A-1H, the central column may be multi-sided (e.g., a square column having
4 sides), with the inner wall of the shell having a facet parallel to each side of the central
column and with a LEG assembly located between each side of the central column and
a corresponding facet of the inner shell wall;

FIGURE 2D is a cross-section diagram of part of the WEC and PTO device of FIGURE
1D;

FIGURES 3A, 3B, 3C and 3D depict, illustratively, different configurations of magnetic
arrays and induction coil assemblies suitable for use in practibing the invention;
FIGURE 4A is illustrative of a LEG with a “surface” permanent magnet assembly
configuration using electrically conductive wire, coils bars or foil for practicing the
invention;

FIGURE 4B is illustrative of a LEG with a “buried” permanent magnet assembly
configuration using electrically conductive wires, coils, bars or foils, for practicing the
invention;

FIGURES 4C and 4C1, 4C2, 4C3 and 4C4 are illustrative diagrams of apparatus for
establishing and maintaining a fixed gap between the coils and the permanent magnets

of a LEG used to practice the invention;
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FIGURE 5 shows a three phase linear electric generator coil configuration for use in
practicing the invention;

FIGURES 6A, 6B AND 6C depict various WECs for use in practicing the invention;
FIGURE 7 is a block diagram illustrating various possible combinations of design
features for practicing the invention;

FIGURE 8 is an illustrative diagram of a prior art braking/damping arrangement using
mechanical means to limit the length of travel of the shell and shaft of a WEC;
FIGURES 8A through 8D are illustrative diagrams (corresponding to FIGURES. 1A
through 1D) showing the use of the LEG of the invention to provide braking (also
referred to as “damping”) when the vertical displacement between the shell and the
column of the WEC exceeds predetermined values;

FIGURE 8E is an illustrative diagram of a WEC system embodying the invention;
FIGURES 9A1, 9B1, 901:and 9D1 are schematic diagrams illustrating the use of LEGs
to provide braking or damping, in accordance with the invention;

FIGURES 9A2, 9B2, 9C2 and 9D2 are illustrative diagrams of structures which may be
used to provide electro-magnetic damping (braking) in accordance with the invention;
FIGURES 10A and 10B illustrate the range of undamped travel when any PTO device is
used and the range of damped travel of the shell and column due to the braking effect
of LEG assembilies, in accordance with the invention;

FIGURES 10C and 10D illustrate the range of undamped travel and range of damped
trave! of the shell and column due to the braking effect of the LEG assembilies, using

LEGs as the PTO device;
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FIGURE 10D1 illustrates the use of coil switching for selectively shorting the coil as it
travels through different regions of travel;

FIGURE 11 is a diagram illustrating a LEG packaging arrangement subject to
substantial eddy currenf losses;

FIGURE 12 is an illustrative diagram of packaging an LEG, in accordance with the
invention, to reduce eddy current losses between the permanent magnet assembly and
the induction coil assembly;

FIGURE 13A is a block diagram of a LEG power conversion éystem using a passive
rectifier configuration;

FIGURE 13B is a block diagram of a LEG power conversion system using an active
rectifier configuration;

FIGURE 13C is a block diagram of a LEG power conversion system using an active
rectifier configuration;

FIGURE 14 is a block diagram of a WEC with the PTO being a LEG and with a load
coupled to the LEG; and

FIGURES 15a and 15b are waveform diagrams illustrating voltage and power

generated with LEGs installed in WECs, in accordance with the invention.
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DETAILED DESCRIPTION OF THE INVENTION

SYSTEMS SUITABLE FOR PRACTICING THE INVENTION;

Wave energy converters (WECSs) suitable for practicing the invention may
include systems of the type shown in Figs. 6A, 6B, and 6C. Fig. 6A shows a
neutrally buoyant shell10 typically submerged below the surface of the ocean
with a tethered or anchored vertical column (spér) 12. Fig. 6B shows a buoyant
shell typically floating at the surface of the ocean also with a tethered or
anchored vertical column (spar) 12. Fig. 6C illustratés a dual wave energy
absorber where the shell 10 and the spar 12 move relative to each other, the
shell generally in phase with the waves and the spar tending to move out of
phase with the shell and/or the ocean waves. Each one of the WECs shown in
Figs. 6A, 6B and 6C may include one, or more, power take off (PTO) which
includes a linear electric generator (LEG) device 20 connected between the
“shell” and the “spar”.

In general, any WEC which includes first and second structures (e.g., a
shell and a spar) which, in response to forces such as fhose produced by ocean
waves, move relative to each other may be suitable for practicing the invention.
In accordance with the invention, a PTO, which includes a linear electric
generator (LEG) 20, may be coupled between the first and second structures to
convert their relative motion into electrical energy directly. Furthermore, in
accordance with the invention, the PTO may be placed in many different
locations, providing a high degree of freedom in the design of the physical

configuration of the system.
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Linear Electric Generator (LEG)

A linear electric generator (LEG) is proposed as the WECs power take-off (PTO)
device for a number of reasons. The projected efficiency of the all-electric system is
estimated to be above 90% at rated force and velocity. This efficiency is well above the
less than 80% efficiency of the existing hydraulic-electric system. The hydraulic
components are also expensive, have limited life and reliability, and present installation
and maintenance challenges. The elimination of the hydraulic components is an
important reason for using LEGs.

A significant benefit of the LEG is that it enables implementation of significant
improvement in efficiency and survivability features. One aspect of the invention is that
it enables implementing an active impedance matching system (AIMS) which includes
feeding back power to the buoy (WEC) during a portion of each wave cycle. It has been
found that using a hydraulic system for feed back is not possible on a long-term basis.
The life of a hydraulic motor, when operated as a pump, is shortened significantly. The
LEG, on the other hand, can be operated as a motor and/or as a génerator, depending
on the direction of current flow and applied mechanical force. Thus, the LEG enables
active impedance matching, with a resultant increase in WEC efficiency.

A LEG can also be configured with essentially unlimited stroke. This feature has
enormous benefit in terms of WEC structural design and survivability. In existing WEC
designs, the impact forces, not the wave forces, control the stfuctural design. Also
existing WECSs have limited stroke, driven by the finite length of the hydraulic cylinder or
other mechanical PTO devices, which requires a mechanical system with end stops and

dampers to absorb the impact loads. The anchor, universal joint, and column must also

12
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be designed to handle these loads. In a system embodying the invention, without these
end stops, the force on the structural components is limited to that exerted by the power
take-off device (the LEG in this case). With the addition of copper or aluminum plates at
the end of normal power take-off stroke, passive damping (braking) can be
implemented. This damping serves to take energy out of the buoy in storm conditions.
Thus, the structural design of a WEC using LEG systems is greatly simplified.

Advantages of using linear electric generators (LEGs):

1- eliminate hydraulics or other mechanical translation devices — this should
result in significant gain in efficiency since there are substantial power
(efficiency) losses associated with hydraulic and mechanical translation
conversion systems.

2- the life-cycle cost of LEG systems should be cheaper than hydraulic
pump/generator systems.

3- LEG gain in efficiency more reliable than hydraulic systems.

4- LEG systems allow for bi-directional power flow operation

II. CONFIGURATIONS OF SYSTEMS USING A LEG FOR POWER TAKE OFF

The WECs shown in Figs. 6A, 6B and 6C may incorporate LEG assemblies as
shown in Figs. 1A through 1H. Certain aspects of the invention may be described with
reference to the drawings. The WECs are intended to be placed in a body of water (e.
g., an ocean) and the waves cause the shell 10 to move up and down relative to the
central column (piston or spar) 12. That is, the up and down motion of ocean waves
applies a force to the shell 10, causing up and down motion of the shell relative to the

spar 12 which may be a stationary member of the wave energy converter system.

13
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Alternatively, the spar 12 may also be a moving member, but whose movement tends to
be out of phase with the motion of the shell. In Figs. 1A-1D, the spar 12 is shown
anchored and to be stationary with the shell 10 moving up and down. In Figs 1E-1H,
the shell 10 and the spar 12 may both move relative to each other, with fhe shell tending
to move, generally, in a direction opposite to the spar.

Figures 1A, 1B, 1C and 1D show four different configurations of wave energy
converters (WECs) utilizing linear electric generator (LEG) assemblies 20. The LEG
assemblies 20 normally include a permanent magnet (PM) assembly 22 and an
induction coil assembly, 24. In accordance with the invention, the permanent magnet
assembly (PMA) 22 and the induction coil assembly (ICA) 24 need not be encased in a
common sealed housing. Separately enclosed magnet and induction coil assemblies
provgde options not possible with known common-housing linear electric machines. As
shown in figures 1A-1D, the LEG assemblies can be placed above, below, on the inside
or on the outside of a wave energy converter shell. In Fig. 1A, the LEG assembly 20 is
mounted above the shell 10. In Fig. 1B, the LEG assembly is mounted within (inside)
the shell 10. In Fig.1C, the LEG assembly 20 is mounted below the shell 10. Also, in
Figure 1C1, the permanent magnet assembly 22 is affixed to the column 12 of the WEC
and the induction coil assembly 24 is coupled to the shell. In Fig. 1C2, the permanent
magnets 22 are mechanically coupled to the shell 10 of the WEC and the induction coil
assemblies 24 are affixed to the column 12.

In Fig. 1D, the LEG assembly 20 is mounted on the outside of the shell 10.
In Fig. 1A, and as detailed in figs. 1A1 and 1A2, the LEG 20 is situated in a mast

column extending above the WEC shell 10. The WEC includes a shell 10 and an

14
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articulated (pivoted) central column (spar) 12 having a top end 13 and a bottom end 14.
The spar 12 is shown connected at its bottom end 14 via a universal joint 15 to an
anchor 16 designed to hold the spar 12 stationary. The spar is connected at its top end
13 to a column float 18. Extending upward from the spar 12 and the float 18 is a
mechanical linkage, or “push-rod”, 120 which functions to hold one of the LEG magnetic
assembly and the induction coil assembly steady while the shell and the mast to which
is attached the other one of the LEG magnetic assembly and the induction coil
assembly move up and down. On the portion 120a of push-rod 120 extending above
the top 101 of shell 10 there is mounted one portion of the linear electric generator with
the other portion being held or secured from, or to, the inside wall of the masthead. The
ICA and PMA assemblies (24, 22) are positioned relative to each other so that there is a
small gap between them to ensure strong electromagnetic coupling between the coils
and the magnets while allowing “unimpeded” physical linear (vertical) motion relative to
each other. That is, relative movement is unimpeded except for the forces exerted due
to the desired power generation and power extraction.

In Fig. 1A1, the magnetic assembly 22 is secured to the push rod 120a (which
may be tethered and stationary or untethered and move generally out of phase with the
shell) and the induction coil assembly 24 is physically mounted along the inner wall of
the masthead so as to move up and down as the shell 10 moves up and down. In Fig.
1A2, the coil assembly 24 is secured to the push rod 120a, which is assumed to be
stationary, and the permanent magnet assembly 22 is physicélly mounted so as to
move up and down as the shell 10 moves up and down. Thus, either the coils move

relative to the magnets as in Fig. 1A1 or the magnets move relative to the coils as in
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Fig. 1A2. In either configuration there is relative movement between the coils and the
magnets as the shell moves up and down. Note that, alternatively, the coils and the
magnets can move relative to each other as illustrated in Figs. 1E-1H.

In Fig. 1B, the LEG is located inside the WEC shell. In this embodiment, the shell
and LEG bearing assemblies may (or may not) be integrated. In this configuration
twisting between the internal walls of the shell and the central column 12 may be more
pronounced and adversely affect the operation of the LEG.

In general, a problem exists in that there are twisting and turning forces between
the shell 10 and the central column 12 tending to cause the shell to rotate relative to the
column (or vice-versa). A solution to the problem as shown in Figs. 1B1 and 1B2 is to
make the shape of the central column 12 such that it has a multiplicity of sides (e.g.,
three or more sides) with the column mounted through the center of the shell and the
inner wall or core section of the shell having a complementary structure to the sides of
the column. The inner walls 110 of the shell 10 may be formed with parallel surfaces to
the outer walls or sides of the column. Figs. 1B1 and 1B2 show the cross section of the
inner wall 110 of the shell 10 to be square shaped in a complementary fashion to the
square shape of the central column 12. For this “anti-rotational” type of design the
tendency of the shell to rotate relative to the column has been significantly reduced, if
not eliminated. Also, parallel and opposite surfaces are formed which make it easier to
locate and hold LEG assemblies. The induction coil assembly 24 can be mounted on
one of the outer side(s) of the column 12 and the inner wali(s) 110 of the shell and the
permanent magnetic assembly can be mounted on the other one of the outer side(s) of

the column 12 and the inner wall(s) 110 of the shell. As further discussed below,



WO 2005/089378 PCT/US2005/008752
forming the LEG assemblies along parallel surfaces aids in the forming of LEG
assemblies whose dimensions and motions are easier to control resulting in a more
reliable and more efficient LEG.

Figure 1B1 shows one high-force, high-power LEG cross-section. The unit
includes four LEG assemblies, each with a moving permanent magnet assembly 22 and
a stationary stator induction coil assembly 24. The LEG is configured in a box
configuration for two reasons. First, the large magnet-stator attractive force is somewhat
negated if the magnets are held apart by a support structure. Second, the overall length
of the quad-LEG may be made one-fourth the length of a single LEG. Other
configurations may be considered. For example, the LEG may be implemented as one
or more back-to-back magnet-stator assemblies, as shown in Fig. 1B2.

In Fig. 1C, the LEG 20 is located below the shell 10. In this configuration the
LEG assembly is de-coupled from the bending and torsional loads of the WEC shell as
compared to the system of Fig. 1B. This approach enables extended stroke with a
relatively simple mechanical design. This configuration also facilitates installation and
servicing, and decouples the LEG assembly(s) from bending and twisting mechanical
loads associated with the shell.

A somewhat more detailed view of two different possible configurations of the
LEG 20 of Fig. 1C are shown in Figs. 1C1 and 1C2. In Fig. 1C1, the permanent magnet
assembly 22 is shown located along the shaft 12,‘ (which is assumed to be, but need not
be) stationary, while the ICA 24 is conn.ected at one end to the shell 10 and moves up
and down across the PMA 22, as the shell 10 moves up and down relative to the shaft

12. Note that an air gap (it could be a liquid gap) is maintained between the two
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- assemblies, 22 and 24. In Fig. 1C2, the ICA 24 is shown located along the shaft 12
(which is assumed to be, but need not be, stationary), while the PMA 22 is connected at
one end to the shell 10 and moves up and down across the ICA 24, as the shell 10
moves up and down relative to the shaft 12. Note that Fig. 1C3 shows a side view of
the ICA 24 being propelled by the shell 10 across the PMA 22. In the implementation
shown in Fig. 1C1, the magnetic assembly 22 is mounted on the lower portion of the
column 12 which is secured to the ocean floor in @ manner such that vertical motion is
constrained, yet lateral motion is permitted. Several permanent magnetic and induction
coil assemblies may be located around the lower column (which may be a cylinder, or
any multi-sided structure).

In all the configurations shown in this application, wave action forces the shell to -
move up and down, causing relative motion between the induction coils and the
permanent magnets. Note that the coil and magnetic assemblies are designed to pass
each other with the small “gap” between the assemblies being maintained relatively
constant to ensure good electro-magnetic coupling at all times. In this way, mechanical
force and motion are converted to electrical current and voltage in an efficient manner.

Fig. 1D shows that a plurality of different LEG (e.g., 20a, 20b) assemblies may
be placed on the outside of the WEC shell. In Fig. 1D one part of the LEG (e.g., one of
the permanent magnetic and induction coil assemblies) is mounted along the external
wall of the shell 10 and the other part of the LEG (e.g., the other one of the magnetic
and coil assemblies) is mounted to pass by, and opposite, the first part. Note that
several link (radius) arms 920a, 920b are coupled to column 12 via a pivot point 901.

Each link arm (920a, 920b) is connected at one end to the shell 10 and at its other end
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to a part of the LEG, to cause motion between the coil and magnetic assemblies
movement in response to movement of the shell. A desirable feature of this design is
that the relative stator-magnet velocity may be increased substantially for producing
greater electric output. As a result, the LEG force requirement and size can be halved.
A disadvantage of this approach is the limited stroke that can be achieved.

The configurations shown in Figs. 1A, 1C and 1D have an advantage in that
bending and twisting loads of the shell are de-coupled from the LEG assemblies. The
configurations shown in Figs. 1A, 1B and 1C have an advantage in that the stroke can
be made longer than the range of motion of the shell, to avoid impact loads and
resulting mechanical design issues. Each one of Figures 1A-iD shows two LEG
magnet/coil assemblies, but it should be evident that systems embodying the invention
can be configured with either one or multi-LEG assemblies operating at the same time.

Portions of the structure of the LEGs outlined in Figs 1A-1D are presented in a
little more detail in Figs 2A-2D. Figures 2A, 2B, 2C, and 2D sAhow cross-sectional views
of LEGs which may be used in the WECs shown in Figs. 1A, 1B, 1C and 1D and how
the assemblies may be mounted on or within a WEC. In each one of these figures there
is shown numerous LEG assemblies. Each configuration may include one, or more
than one, LEG assembly. Figure 2A shows pushrod 120a with a LEG support structure
123 on four sides of the pushrod. The LEG support 123 provides the structure to hold
induction coil assemblies 24a, 24b, 24c, 24d. Separated therefrom by air gap 125, and
corresponding to each coil assembly there is a magnetic a_ssembly 22a, 22b, 22c¢, 22d.

Each magnetic assembly is shown mounted on a magnetic backing plate which in turn
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is mounted on a LEG support 1273, b, ¢, d which is connected to the inner shell 111 of
the shell or the masthead.

Figure 2B is similar to Fig. 2A with the LEG being mounted between the column
12 and the inner wall 110 of the shell 10, corresponding to the WEC structure of Figs.
1B and 1F.

Figure 2C shows a cross section of four LEG assemblies which may be used
with the WEC of Fig. 1C or 1G (or with any of the other WECs). In accordance with
Figs. 1C and 2C, the lower portion of central column 12 (and also the entire column)
would be shaped a,é a square column. Connected or mounted to each of the 4 sides of
the column 12 is a LEG support assembly 123 with a coil assembly 24 mounted on
each LEG support 123. Opposite each coil assembly there is located a magnetic
assembly 22 separated from the coil assembly by an air gap 125. Each magnetic
assembly is mounted on a magnet backing plate 122 which is attached to a LEG
support 127. The individual LEG supports 127 may be interconnected with an optional
LEG out support 112 (shown of octagonal shape in Fig. 2C, but which may be any other
shape) to contain the leg assemblies.

Figure 2D shows a cross section of four LEG assemblies which may be used
with the WEC of Fig. 1D or 1H and those shown in Figs. 1Dﬁ , 1D3, 1D4, 1D5 (or with
any of the other WECs). In accordance with Fig. 1D and 2D, the inner column (shaft)
12 may be a square column and the inner wall 110 of the shell 10 may also form a
square column surrounding the column 12 for preventing rotation of the shell relative to
the column. Fig. 2D shows 4 LEG assemblies mounted on the outside wall of the shell,

Each LEG assembly, as in the other figures, includes a LEG support 123, a coil
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assembly 24 mounted on support 123, an air gap, a magnetic assembly 22, a magnetic
support plate 122 and a LEG support plate 127. The PMA 22 and its support are
connected to a connecting arm 923 to cause the assembly to move in the opposite
direction to the motion of the shell as shown in Fig, 1D, 1H and in Figs. 1D1, 1D3, 1D4,
1D5. Note that, in géneral, the location and mounting of the ICA 24 and the PMA 22
may be interchanged, as already discussed.

Figures 1A- 1D and figures 2A-2D illustrate that there are several possible
locations of the LEG assemblies and mechanical couplings to the shell and shaft. These
different configurations are made possible, in part, due to the use of the “flexible” LEG
configurations embodying the invention

Figures 3A, 3B, 3C, and 3D are illustrative diagrams showing four possible
permanent magnet and induction coil geometries. In Fig. 3A, the magnet assembly 22a
is relatively short and designed to move relative to the induction coil assembly 24a
which is designed to be relatively long (and to be stationary or move out of phase
relative to the magnetic éssembly). In Fig. 3B the induction coil assembly 24b is
designed to be short and to be moving relative to the magnetic assembly 22b which is
designed to be long (and to be stationary or move out of phase relative to the coil
assembly). In Fig, 3C, the magnetic assembly 22c is designed to be long and to be
moving relative to the corresponding induction coil assembly 24¢ which is designed to
be short (and stationary or move out of phase relative to the magnetic assembly). In
Fig. 3D, the induction coil assembly 24d is designed to be long and to be moving
relative to the corresponding permanent magnet assembly 22d which is designed to be

short (and stationary or move out of phase relative to the coil assembly). This shows
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four of the many possible variations in the geometries of the coil and magnet
assemblies.

It should also be noted that the magnetic and coil assemblies may both be
capable of moving at the same time (preferably at different speeds and /or in opposite
directions). |

As already discussed and as shown in some of the figures, the location of the
magnetic and coil assemblies can be interchanged. For example, the magnets may be
mounted on the inner central column (spar or shaft) and the coils may be mounted on
the outer member (on the inside or the outside of the shell). Alternatively, the coils may
be mounted on the inner central column (spar or piston) and the magnets may be
mounted on the outer member (shell or vessel). The configurations shown in Figs. 3A
and 3B may be easier to implement than the configurations shown in Figs. 3C and 3D.
The configuration shown in Fig. 3A (moving short magnet, stationary long coils) avoids
the need to move cables, but presents a problem due to dissipative losses in the long
coils (which may require switching the coils to reduce the dissipative losses). The
configuration shown in Fig. 3B (moving short coil, long stationary permanent magnets)
may yield better mechanical-electrical conversion efficiency and avoid the need for coil
switching. The embodiments having a short stator (coil assembly) and a long magnet,
keep the induction coil winding impedance low. The other configurations have
advantages that may make them preferred for certain systems. However, because of
problems with long and powerful magnets there are configurations where a short

magnet and a long coil configuration is preferable.
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Figures 4A and 4B are cross-sectional diagrams showing the formation of two
different permanent magnet assembly and coil assembly configurations. Figure 4A
shows a structure which may be termed a “surface” permanent magnet configuration.

In the structure of Fig. 4A, the permanent magnets 22s are mounted on a ferromagnetic
plate 122s which is mounted on a magnetic support structure 127s. The magnetic
assembly may be enclosed in a non-ferromagnetic enclosure 411. The magnets (mia,
mib) of the magnetic assembly are affixed to the surface of the “magnetic” plate with the
magnets magnetized in a direction perpendicular to the direction of relative motion
between the induction coils and the magnets (mia, mib). Each magnet (mia—north-
south pole) has a polarity opposite to that of its neighboring magnet (mib — south-north
pole).

It is possible to configure each magnet pole out of multiple magnets (i.e. one
magnet pole can actually be several side-by-side magnets magnetized with same
polarity). The longitudinal distance between the centers of adjacent magnets (of
opposite polarity) is the “pole pitch.” The magnets are oppositely polarized and the
number of magnets per assembly is typically a multiple of two.

The induction coil assembly 24s includes a slotted armature of ferromagnetic
material which functions as a yoke mounted on a coil support structure 123s. The
induction coil assembly is enclosed in a non-ferromagnetic enclosure 413. As shown in
Fig. 4A, numerous slots are formed in the yoke, on the side facing the permanent
magnet assembly 22, and conductive coils (electrically conductive and insulated wire
coils, or bars, or foil) are inserted in these slots. The slots are perpendicular to the

direction of relative motion between the magnet and coil assemblies. Each coil is
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formed of electrically conductive material (e.g., copper wire) that enters a slot on one
side of the yoke, exits the slot on the other side, travels towards another slot located a
distance of one magnetic pole pitch in the longitudinal direction and exits the same slot
on the other side of the yoke. The number of slots and coils may be any multiple of two
per magnet assembly pole pitch.

For example, a three-phase implementation would have three coils placed in six
slots covering a longitudinal distance equal to that of the magnet pole pitch. This pattern
of coils can be repeated over the length of the coil assembly and the coils can be
connected in series, electrically, to increase the voltage output.

The motion of the coils relative to the magnets causes a voltage to be induced in
the coils that is proportional to the magnitude and rate of change of magnetic flux.
Electric current flows through the coils when an external load is connected across the
terminals of the coils.

Referring to Fig. 4A, a magnetic “circuit” is comprised of a north polarized
magnet, an air gap between the north polarized magnet and the induction coil
assemblies, the coils and yoke assembly, the air gap between a south polarized magnet
and coil assemblies, the south polarized magnet, and the ferro-magnetic magnet
backing plate. Mechanical force and motion are converted to electrical current and
voltage by means of this electro-magnetic conversion.

Figure 4B shows a magnet support plate 127x on which is mounted a non-
ferromagnetic yoke 122x on which is mounted a ferromagnetic plate which includes
permanent magnets contained within the ferromagnetic plate. In a particular

embodiment of the type shown in Fig. 4B, two north poles were placed next to (and
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opposite) each other and two south poles next to each other. This structure is generally
referred to as a “buried” permanent magnet configuration. Each one of the magnetic
and coil assemblies are separately enclosed in non-ferromagnetic enclosures as shown
in Fig. 4A. The “surface magnet” configuration of Fig. 4A as well as the “buried |
magnet” configuration of Fig. 4B are viable options for implementing the invention.

A problem exists in maintaining the “gap” distance between the induction coil
assembly and the magnetic assembly relatively constant as the two assemblies pass
each other. A problem also exists in the manufacture of long magnetic assemblies for
use in the contemplated systems. Figures 4C and 4C1 illustrate how the gap between
the coil assembly and the magnetic assembly may be maintained over the relative long
distances which the magnets and/or coils may have to travel relative to each other
under adverse conditions. Two features of the design shown in these figures should be
noted. One, the magnets are divided into relatively small segments (e.g., 22a, 22b, 22c,
etc...) and two, the various segments are separated and supported by bearings, 401.
This construction eliminates the need to form a long unitary magnetic assembly having
precise measurements and eases the requirement that the very precise and small gap
be maintained between the long unitary magnetic assembly and the induction coil
assembly. In Figs. 4C and 4C1 the induction coil assemblies 24 are mounted on and
supported by a coil support structure 403 which may be attached (or coupled) to a
central column 12 or shell 10. The segmented magnetic assemblies 22a,b, c, are
mounted on and supported by a magnet support structure 405 which may be attached
to the sheli 10 or the column 12. Bearings 401 function to hold the coil and magnet

assemblies apart maintaining the desired gap distance between the two assemblies. At
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the same time, the bearings 401 also aid in the movement of the two assemblies
relative to each other. The bearings 401 may be circular (wheels) to permit easy travel.
A possible configuration is shown in Fig. 1B2 in which the wheels can ride on a rail.

Figure 5 illustrates a three (3) phase coil arrangement with the outline of a
magnetic assembly passing over the coil assembly in order to induce the generation of
a 3 phase voltage in the coil assemblies. Numerous coil turns (N) may be wound at
each pole position to increase the voltage generated across each coil since e=
(N)(d®/dt), where @ is the magnet flux linking the coils.

Figure 7 is a chart illustrating a number of different possible combinations of
wave energy converter mechanical design and LEG configurations. The chart shows the
wide range of configurations which may be encompassed in accordance with the

invention.

Velocity multiplication

The voltage and frequency of electric power obtained from a LEG is a function of
the velocity with which the magnets and the coils interact (i.e., the speed at which one
passes over, or by, the other). Generally, doubling the velocity of the coils (or magnets)
passing the magnets (or coils) of the LEG results in a doubling of the output voltage and
frequency obtained from the LEG for a given coil configuration. For a fixed power input,
doubling the velocity of the coils (or magnets) passing the magnets (or coils) of the LEG
results in a halving of the force exerted on or by the LEG and consequently on the size

of the coil assembly. Consequently, it is sometimes desirable to increase the velocity of
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the coils passing along the magnets. A system for accomplishing this result is shown in
Fig. 1D which shows back-to-back LEGs placed on the outside wall of a WEC shell.

Fig. 1D1 details the WEC shown in Fig. 1D with one LEG assembly and

illustrates what may be referred to as a linear electric generator velocity multiplier
system. To appreciate the structure of the system, refer also to the cross sectional
diagram of Fig. 2D which shows a typical positioning of the shaft 12 and the shell 10
and LEG assemblies which include a coil assembly and a permanent magnet assembly
separated by an air gap. In Fig. 1D1, the shaft 12 is tethered and the shell 10 is
positioned about the shaft and remains so positioned; but it can move up and down
relative to the central shaft 12 by means of shaft bearings 910, 911 which enabled it to
slide up and down. The LEG assembly 20 includes: (a) a permanent magnet assembly
22 which is located on or along the outside wall of the shell and which runs along the
length of the shell 10; and (b) an induction coil assembly 24 also located on the outside
of the shell, exterior to the magnetic assembly. A radius arm 920 is connected to
column shaft 12 at a pivot point (fulcrum) 901, whereby the two ends of radius arm 920
can swing up and down like as see-saw. One end, 925, of radius arm 920 is linked to
the shell 10 and moves up and down with the shell. The other end, 921,902, of the
radius arm 920 is coupled to the coil assembly (or the magnetic assembly) and causes
it to move in a direction opposite to the direction in which the shell is moving. Velocity
multiplication is obtained by varying the ratio of the distance from the pivot point to the
ends of the radius arm. In fig. 1D1the length of the radius arm from the pivot point to the
one end 925 coupled to the shell 10 is defined as “a” and the length of the radius arm

from the pivot point to the other end 921, 902 is defined as “b”. One end 921 of pivot
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arm 920 is coupled to pivot point 902 which is coupled via a connecting arm (rod) 923 to
a pivot point 905 which is connect to one end of coil assembly 24. Another end 925 of
pivot arm 920 is coupled to a pivot point 903 which is coupled via a link arm 927 to a
pivot point 904 which is connected to the bottom right hand side of the shell 10, as
shown in Fig. 1D1.

A pressure differential between the top and bottom surfaces of the WEC 10 (i.e.,
shell 10) causes thé shell 10 to move downward with velocity v1, as shown on Fig. 1D1.
The shell 10 travels in a path generally parallel to the spar (shaft) with the shaft 12
passing through the bearings 910, 911. The shell 10 is connected to the radius arm 920
by means of link arm 927. When the shell 10 moves down it causes point 903 to be
pushed down and points 901 and 902 to be driven upward. Assume that the length of
the link arm from point 903 to the central pivot point 901 is “a” and that the length of the
link arm from central pivot point 901 to point 902 is “b". The radius arm 920 which is
connected to the shaft at pivot point 901 can produce different multiplication ratios by
changing the dimensions of “a” and/or “b”. That is, the radius arm 920 extends for a
distance “a” between pivot point 901 and the end 925 of the arm 920 and extends a
distance “b” between pivot point 901 and the end 921 of arm 920. Assume that the arm
920 may be moved and secured such that the distance “a” may be made equal to or
less than distance “b”. When “a” is equal to “b”, the velocity v1 is equal to velocity v2;
when “b" is greater than “a”, the velocity v2 is greater than v1 . In fact, when b’ is twice
the value of “a”, v2 is twice the value of v1. The relationship of v2 to v1 may be

expressed as follows: v2 is approximately equal to (b/a) times v1.
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A permanent magnet assembly 22 of LEG 20 is shown attached along the length
of the WEC shell 10. The induction coil assembly 24 is magnetically coupled (tightly) to
the magnetic assembly 22 and is physically constrained to travel along the magnetic
assembly. The coil assembly is connected to the end 921 or radius arm 920 by
connecting rod 923. The coil assembly 24 moves upward when the WEC moves
downward and vice versa when the shell 10 moves upwards. By adjusting the radius
arm ratio of “a” and “b”, different relative velocities can be obtained between the
permanent magnetic assembly 22 (functioning as the rotor) and the coil assembly 24
(functioning as the stator) of the LEG.

The relative velocity (delta v) may be described as follows:

Delta v = vi+v2= vi(b+a)/a

Note: to correctly interpret equation 1A it must be recalled that v1 and v2 are going in opposite

direction such that if a plus sign is assigned to one direction, the opposite direction is a minus.

Fig. 1D2 illustrates that the LEG assembly may be located on the inside wall of
the shell 10. The operation of this configuration is otherwise similar to that of Fig. 1D1.

Fig. 1D3 illustrates that the induction coil assembly 24 may be laid out along the
length of the shell and a permanent magnet assembly 22 can be coupled to one end of
arod 923 so as to move back and forth across and along the coil assembly.

Fig. 1D4 illustrates that a section 150u is formed at or above the top of the shell
10 and a section 150d is formed at or below the bottom of the shell 10. Sections 150 u
and 150d may be part of the LEG assembly and provide additional travel for the coil or
magnetic assembly. Alternatively, sections 150u and 150d may include means for
braking or damping the travel of the magnetic assembly and preventing it from going

beyond the top or bottom of the shell 10. Sections 150u and 150d may include, for
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example, shorted coils or a copper bar or any like apparatus which will provide a strong
counter force to the movement of the magnetic assembly.

Fig. 1D5 illustrates that the LEG may be formed in a groove in the external wall
of the shell.

Fig. 1D6 illustrates that the LEG assembly could also be located along the
column within the shell.

ELECTROMAGNETIC BRAKING/DAMPING SYSTEMS--

Figure 8 illustrates a prior art mechanical damping system in which a PTO is
connected between the shell 10 and a central column 12 and mechanical damping
means 801a, 801b, 801c and 801d are used to prevent the shell 10 from going above a
certain level relative to shaft head 803 and from going below a certain level relative to
the shaft head. In this type of system, there may be excessive forces applied to the
stops 801a, b, ¢, and d. In accordance with the invention dynamic braking/damping
may be achieved using electromagnetic means coupled between the shell and the
column

Figure 9A1 shows a LEG magnetic assembly 22 formed with surface magnets
(see Fig. 4A) which is intended to move relative to the LEG coil assembly 24 to
generate useful electrical energy. The magnetic assemblies are connected to one of
the shell and column and the coil assemblies are connected to the other one of the shell
and column. As described above, a LEG coil assembly 24 is present along the desired
range of travel of the magnetic assembly 22 to generate electrical power signals which
are supplied to a power converter. A coil region 240u is formed above coil assembly 24

and a coil region 240d is formed below coil assembly 24. The coils of region 240u and
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240d are shorted. Alternatively, the coils 240u and 240d could be selectively shorted by
means of a switch connected across the coils to cause them to short when the magnetic
assembly moves in close proximity to the coils.

In operation, when the magnetic assembly 22 travels in an upward direction
beyond the coil assembly 24 and passes over the coil region denoted as 240u, a very
strong electromagnetic force is generated opposing the motion of the magnetic
assembly relative to the shorted coils and tending to prevent the magnetic assembly
from moving up beyond the shorted coil region. This tends to cause the shell and
column to on which the magnets and coils are attached to be locked into position vis-as-
vis each other. Concurrently any current induced in the coil windings cause much
energy to be dissipated in the form of heat.

In a similar manner, when the magnetic assembly 22 travels in a downward
direction beyond the coil assembly 24 and passes over the coil region denoted as 240d,
a very large electromagnetic force is generated opposing the motion of the magnetic
assembly relative to the shorted coils and tending to prevent the magnetic assembly
from moving down beyond the coil assembly.

In Figure 9B1, the shorted coil assemblies of Fig. 9A1 are replaced by reaction
plates 242u and 242d. The reaction plates are of a highly conductive material (e.g.,
copper) to induce an electromagnetic braking/damping force of a similar type to that
developed with the shorted coils of Fig. 9A1. Note that the braking effect can be |

enhanced by adding ferromagnetic materials behind the reaction plates.
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In Fig. 9C1 the LEG magnetic assembly 22 includes buried magnets, of a similar
type to those shown in Fig. 4B. The coil assembly 24 is similar to the one shown in Fig.
4B and the operation of the braking/damping is similar to that described for Fig. 9A1.

In Fig. 9D1 the LEG magnetic assembly includes buried magnets and the
braking/damping is accomplished using reaction plates 242u, 242d as illustrated for Fig.
9B1.

Figures 9A2, 9B2, 9C2, 9D2 show cross-sections of part of damping/braking
structures which may be used to practice the invention.

Figures 10A and 10B illustrates that in a dynamic braking system, the PTO
device may be any suitable means (e.g., hydraulic or electromagnetic) for converting
the relative motion of the shell and column into useful electrical energy. However, an
electromagnetic arrangement of magnets and coils (or reaction plates) may be used to
provide the braking/damping when the distance of travel between the shell and column
exceeds a predetermined value. Thus during the indicated range of “undamped travel”,
any PTO device may be used to convert the mechanical motion between the shell and
column to electrical energy. It should be understood that in the “undamped” travel
region there is some damping due to the extraction of power by the system. However,
this damping is done to extract useful power and not to try to stop the system part from
moving relative to each other. Clearly, when the travel of the shell exceeds the
“undamped” range the electromagnetic damping system comprising of magnetic
assemblies and reaction plates or shorted coil assemblies ére used to provide
braking/damping of the shell and coil to which the magnetic assemblies and the coils

are attached in order to prevent movement between the shell and central column .
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FIGURES 10C and 10D illustrate the range of undamped travel and range of
damped travel of the shell and column due to the braking effect of the LEG assemblies,
using LEGs as the PTO device. When the magnet assemblies (Fig. 10C) and/or the coil
assemblies (Fig. 10D) exceed the range of undamped (or partially undamped) travel the
electromagnetic braking comes into play causing a range of heavily damped travel and
tending to limit any further travel of the shell relative to the column. These structures
and systems make use of the existing magnets and coils used to generate electrical
energy and/or or like magnet/coil assemblies and by the addition of a few similar
components function to introduce a very effective braking/damping system to protect the
WEC during heavy seas and storm conditions which require that the WEC be placed in
a protective mode (e.g., lock-down condition). As noted above, the coils to provide
dynamic braking may be selectively shorted or [permanently shorted.

Packaging the LEG:

Figure 11 illustrates that in accordance with the invention the magnetic assembly
22 is independently packaged from the induction coil assembly 24. The magnetic
assembly 22 is enclosed in a steel case 222 and the induction coil assembly is enclosed
in a steel case 224. A problem with this packaging is that, as the magnetic assembly
passes over the coil assembly (or vice-versa) there are eddy current losses due to the
changing magnetic flux within the electrically conductive steel casings. As the magnets
pass over, the changing magnetic flux induces voltage in the covers (e= (k)(d®/dt)) and,
given the high electrical conductivity of the covers, results in high cover material
currents, which in turn results in parasitic power losses and magnetic fields that can

lesson the performance of the LEG. Another problem with this packaging approach is
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that the magnet assembly and coil assembly covers provide a low reluctance path for
the magnetic flux to couple with the adjacent pole or poles. As a result, less magnetic
flux encircles the electrical conductors in the coil assembly, thereby lowering the
efficiency of the magnetic circuit and hence that of the LEG.

Applicants recognized this problem and solved it using the apparatus shown in
Fig. 12. In Figure 12, the induction coil assembly 24 is enclosed in a non-ferromagnetic
housing which may be, for example, a plastic enclosure or a stainless steel case which
is transparent to magnetic lines. Also, the enclosures may be made very thin (e.g., on
the order of 0.010" to 0.020") to substantially reduce, if not eliminate, eddy current
losses. Note that by making the casings ultra thin, even steel cases may be used, as
shown in Fig. 11, with significant reduction in eddy current losses.

A simplified block diagram of an anchored WEC is shown in FIGURE 14. The

simplified equation of motion for the WEC is:
CS L F, ' (1)

where r; is the shell velocity, F,, is the differential force applied to the shell by the
ocean wave, dV;/d: is the acceleration of the WEC shell, and F_ is the counter force

exerted on the shell as electrical power is extracted from the load.
Rewriting Equation (1) in terms of system parameters, we obtain for a resistive

load

5 dv,

pgAH.i:pAL " ,dVS+KEKFVS

dt

+F, = pAL ()

L
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where pis the mass density of water, g is gravity, A is the shell platform area, H is the
wave height (peak to trough),-L is the length of buoy, Ke and Kr are the voltage and

force constants of the electric generator, and R, is the generator load resistance.

The Ke parameter relates generator voltage to the relative speed of the magnet and coil
assemblies of a LEG

%

LINE=LINE

=KE'VS (3)

The K parameter relates LEG back force as a function of generator line current

F

LEG

:KF'IGEN (4)

where /gen is the generator line current.

For a submerged WEC buoy, the parameter ¢ is derived directly from the solution of the
wave equation and represents the fall-off in pressure in the vertical dimension. It is

given by:

d= (1 - cosh(@) + tanh[ 27D, j 'sinh[%)] (5)
A A A

where Dy is the water depth and 1 satisfies the relation2z = gT* tanh[-zif’i} . For

sinusoidal motion (a regular wave), complex notation can be used. Defining

F,, =05pgAH -&sin{ot) as the effective input forcing function caused by the incident

wave on the shell, the solution for the shell velocity with a resistive load Ry is:
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V, =Re i . =Re Mo (6)
’ KK (1+ jor) 1+ jot

where Re[X] denotes the real part of X,

p— F;NRL (7)

SM T KEKF

is the peak shell velocity, @ =2x/T is the input wave angular frequency, 7 = R,C,,- and

AL M, .
Cpe = 1? = e (8)
K KEKI*

is an equivalent capacitance proportional to the mass of the water column in the

cylinder.

It is seen from Equation (6) that the system dynamics with a resistive load can be
represented as a first order low pass filter with a 3 dB point of w3 = 1/1. It should be
pointed out that all mechanical and electrical parameters could be derived from the
solution for shell velocity given in Equation (1). The corresponding equations for shell

stroke S, power out Pout, and optimum resistive load (R )opt are presented below.

The equation for shell stroke is as follows:

Stroke = Re Vs =Re LR (9)
jw ja)(1+ja)r)

The equation for generator output power is given as follows:
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v

2 = Ko = KEIVSF _ Fy'R,

P L= L =
2R, 2R, 2K (l+w’R’C

10
o " op (10)

2
EFF

A
where v, is the line voltage and ws is the angular shaft speed of the generator.

It is seen that the Muec term in Equation (8) is electrically equivalent to an
effective capacitance. Maximum power is then transferred to the genérator load if the
electric load is the complex conjugate of the source impedance (i.e. an effective
inductor and a resistor). This can greatly improve power transfer efficiency. The addition
of an “inductive” element modifies the system equation of motion (1) and results in a 2"
order system in velocity.

Figure 15a shows the LEG output voltage as a function of the WEC shell-to-
column differential speed (i.e., the speed of the shell relative to the column). As shown,
LEG output voltage amplitude is proportional to speed. LEG output voltage is also
proportional to magnetic flux and coil configuration. LEG output voltage frequency is
shown also to be proportional to speed. This may be explained as follows. Each time a
coil passes over a pole pair (north-south magnets) a voltage cycle is produced. If the
coil passes over the pole pair in less time (due to increased velocity), the frequency of
the output voltage is increased.

Figure 15b shows LEG output power as a function of WEC shell to column
differential speed. In the example shown, LEG power is maximum when the shell to
column speed is greatest. The average power of the WEC is approximately one half

the peak power.

It should be appreciated that:
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1.

As the speed of the PMA or ICA is increased by the lever arm ratio
[vleg=vfloat*(a+b)/a], the effective force goes down by the lever arm ratio [power
(speed times force) remains the same]. For a 1:1 lever, the relative speed

doubles while the effective force is cut in half.

But, the required size of the magnet assembly which is roughly proportional to
the force (typically 20-25 kN per square meter) may be cut in half, if the force is
cutin half. The net result is that the size of the PMA can be reduced

significantly (e.g., from 6 square meters to 3 square meters).

Reducing the size one component, (i.e., the PMA) by the lever ratio, generally
entails that the size (i.e., length) of the cther component (e.g. the ICA functioning
as the stator) needs to go up by the lever arm ratio. For a 1:1 lever, the stator
length doubles while the magnet assembly length halves. Given that the magnet
and coil assemblies have some non-zero length, the ratio is not quite proportional

to the lever arm ratio.

Benefits of incorporating these features include:

1.

Voltage produced at the output of the ICA is proportional to speed for a fixed pole
pitch of the PMA. Minimum pole p»it'ch is generally fixed by the width of the air gap
that can be maintained. The pole pitch should be at least 25 times the air gap
width. Efficiency generally increases with voltage. Therefore, higher speed and
voltage generally translates to higher efficiency. Higher voltage is good because

current decreases and I°R losses go down. Also, higher voltage is good because
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power converter switching devices often have fixed voltage drop (e.g. 1.8V for

IGBT transistors).

2. Frequency is proportional to speed for a fixed pole pitch. Minimum pole pitch is
generally fixed by the width of the air gap that can be maintained. A passive
rectifier system (comprised of a set of diodes and capacitors) generally performs
better and/or is smaller for a higher electrical frequency. If voltage ripple is a
concern, the higher frequency help reduce the size of the capacitors or the

amount of voltage ripple.

3. The permanent magnet assembly is typically the heavier and more expensive
piece of the LEG system. Therefore, reducing its size at the expense of

increasing the size of the stator generally helps system mass and cost.
4. Shrinking the magnet assembly size has several benefits
a. Easier to protect from debris pick-up
b. Easier to protect personnel

c. Less PMA-ICA attractive force, which simplifies bearing design; (this is
important since, for example, a small 1KW LEG had 4 tons of attractive

force. )
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The claims defining the invention are as follows:
1. A wave energy converter (WEC) comprising:

a shell (10) and a column (12) intended to be placed in a body of water with the
float and column moving relative to each other as a function of the waves present in the

body of water;

a permanent magnet assembly (PMA) (22) attached to one of the column and
float and shell and an induction coil assembly (ICA) (24) attached and opposing to the
other one of the column and shell for voltages to be generated across the ICA when the
PMA and the ICA move relative to each other whereby the relative movement of the

shell and column is converted into electrical energy,

the PMA being encased in a first enclosure (411) and the ICA being encased in a

second enclosure (413), different and independent of the first enclosure;

wherein the PMA is divided into segments extending end to end along a first
support structure (127) contained within the first enclosure and attached to one of the

shell and column;

wherein the coil assembly extends along a second support structure (123)

contained within the second enclosure and disposed opposite said first support structure;

wherein at least one of wheels and bearings (401) are positioned between the first
and second support structures for: (a) maintaining a relatively constant gap between the

PMA and the ICA; and (b) facilitating movement between the PMA and the ICA.

2. A wave energy converter as claimed in claim 1, wherein said first and second

enclosures are made of a waterproof material.

3. A wave energy converter as claimed in claim 2, wherein the first and second

enclosures are formed of non-ferromagnetic material.

4. A wave energy converter as claimed in claim 3, wherein the first and second enclosure

covers are made very thin to substantially reduce eddy current losses.

COMS ID No: ARCS-324223 Received by IP Australia: Time (H:m) 14:41 Date (Y-M-d) 2011-06-08
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5. A wave energy converter as claimed in claim 1 wherein the PMA and the ICA are
attached to their respective portion of the shell and column and are mounted on the walls

of the shell and colutnn.

6. A wave energy converter as claimed in claim 1 , wherein the PMA and the ICA are
attached to their respective pottion of the shell and column and are located above the
shell.

7. A wave energy converter as claimed in claim 1, wherein the PMA and the ICA are
attached to their respective portion of the shell and column and are located below the

shell.

8. A wave energy converter as claimed in claim 1 , wherein the PMA includes permanent
magnets arranged in a surface magnet configuration and wherein the permanent magnets
ovetlay a magnet support structure (127); and wherein the ICA includes electrically
conductive coils wound about a slotted armature core overlaying the support structure

(123).

9. A wave energy converfer as claimed in claim 8 wherein the magnet support structure

and the coil support structure include a ferromagnetic yoke.

10. A wave energy converter as claimed in claim 1 , wherein the PMA includes
permanent magnets arranged in a buried magnet configuration and wherein the PMA
inciudes a magnet support structure contained within the first enclosure; and wherein the
ICA includes electrically conductive coils wound about a slotted armature core including

a support structure contained within the second enclosure,

11. A wave energy converter as claimed in claim 10 wherein the magnet support
structure includes a ferromagnetic plate (122) overlaying a non-ferromagnetic support

strncture.

12, A wave energy converter as claimed in claim 1 wherein the PMA including a
corresponding support structure 1s attached to one of the column and the shell and the
ICA including a corresponding support structure is attached to the other one of the shell

and colwmnn.

COMS ID No: ARCS-324223 Received by IP Australia: Time (H:m) 14:41 Date (Y-M-d) 2011-06-08
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13. A wave energy converter as claimed in claim 1 wherein one of the PMA and the ICA,
including a corresponding support structure, is attached to an external wall of the shell
and the other one of the PMA and the ICA is positioned =o as to face and interact with

the one of the PMA and ICA attached to the outer wall.

COMS ID No: ARCS-324223 Received by IP Australia: Time (H:m) 14:41 Date (Y-M-d) 2011-06-08
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FIGURE 2A
Cross-section of WEC w/LEG
Configurations A & E
(not to same scale as FIGURE 1)
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FIGURE 13A
LEG Power Conversion and Conditioning System — Passive
Rectifier Configuration
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FIGURE 13B
LEG Power Conversion and Conditioning System — Active
Rectifier Configuration
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FIGURE 13C
LEG Power Conversion and Conditioning System —
Bidirectional Power Flow Configuration
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Figure 15a

Sample plot showing LEG output voltage and WEC shell-column differential speed
versus time. Voltage is proportional to speed, magnet flux and coil configuration.

Frequency is proportional to speed and pole pitch.
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Figure 15b
Sample plot showing LEG output power and WEC shell-column differential speed

versus time. Instantaneous power is proportional to product of force and speed
(P =F oF5)
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