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MOTION ABSORBING SYSTEM AND
METHOD FOR A STRUCTURE

This 1s a continuation-in-part of U.S. application Ser. No.
1'7/290,518 filed Apr. 30, 2021, which claims priority from

International Application No. PCT/US2019/059628 filed
Nov. 4, 2019, which claims priority from U.S. provisional
patent application 62/754,699 filed Nov. 2, 2018.

ORIGIN OF THE INVENTION

The mvention described herein was made in the perior-
mance of work under a NASA contract and by an employee
of the United States Government and 1s subject to the
provisions of Public Law 96-517 (35 U.S.C. § 202) and may
be manufactured and used by or for the Government for
governmental purposes without the payment of any royalties
thereon or therefore.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to motion absorbing systems and
methods. More specifically, the invention 1s motion absorb-
ing system and method for a structure that experiences
oscillating motion caused by an external environment as 1s
the case with structures that tloat on a body of water.

2. Description of the Related Art

A variety of structures must be able to withstand motion
that 1s induced by the environment in which the structure
resides. For example, bridges and buildings must be able to
withstand motion caused by wind and/or ground move-
ments. Water-borne tloating structures such as barges, ships,
and oil-gas or wind-turbine platforms, must be able to
withstand motion caused by sea currents, waves, and/or
wind. Unifortunately, when structure designers/engineers
have to rely completely on a statics-based mechanical design
to achieve a motion-withstanding structure, the design 1s
often too complex, too costly, and/or too heavy, to make 1t
practical or commercially viable.

SUMMARY OF THE INVENTION

Accordingly, it 1s an object of the present invention to
provide a motion absorbing system and method for struc-
tures.

Another object of the present imnvention 1s to provide a
motion absorbing system and method that can be used with
existing or new structures.

Still another object of the present invention 1s to provide
a motion absorbing system and method that can be used to
damp motion of structures that 1s caused by an environment
in which the structure resides.

Yet another object of the present invention 1s to provide a
motion absorbing system and method for a variety of
structures that float on a body of water.

Other objects and advantages of the present invention will
become more obvious hereinafter 1n the specification and
drawings.

In accordance with the present invention, a motion
absorbing system and method for a structure are provided. A
container 1s coupled to a structure. The container has a liqud
disposed therein wherein a ullage 1s defined above a surface
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2

of the liquid. An elastic element 1s positioned 1n the liquid.
The elastic element has a natural frequency tuned to damp
motion of the liquid.

BRIEF DESCRIPTION OF TH.

T

DRAWING(S)

Other objects, features and advantages ol the present
invention will become apparent upon reference to the fol-
lowing description of the preferred embodiments and to the
drawings, wherein corresponding reference characters indi-
cate corresponding parts throughout the several views of the
drawings and wherein:

FIG. 1 1s a schematic view of a motion absorbing system
for a structure 1n accordance with an embodiment of the

present 1nvention;

FIG. 2 1s a schematic view of a motion absorbing system
for a floating structure utilizing the floating structure’s
ballast tanks 1n accordance with another embodiment of the
present 1nvention;

FIG. 3 1s a schematic view of a motion absorbing system
for a tloating structure in which multiple motion absorbers
are configured for fluid communication therebetween 1in
accordance with another embodiment of the present inven-
tion;

FIG. 4 1s an 1solated schematic view of a single motion
absorber employing a tube disposed 1n the absorber’s liquid
in accordance with an embodiment of the present invention;

FIG. 5 1s an 1solated schematic view of a single motion
absorber employing a varying-diameter tube disposed 1n the
absorber’s liquid 1n accordance with another embodiment of
the present invention;

FIG. 6 1s an 1solated schematic view of a single motion
absorber employing a bellows disposed 1n the absorber’s
liquid and coupled to the absorber’s container 1n accordance
with another embodiment of the present invention;

FIG. 7 1s an 1solated schematic view of a single motion
absorber employing a balloon disposed in the absorber’s
liquid 1n accordance with another embodiment of the present
invention;

FIG. 8 1s a schematic view of a motion absorbing system
for a floating structure configured to have the motion absorb-
er’s elastic element 1n fluid communication with a surround-
ing body of water in accordance with another embodiment
of the present invention;

FIG. 9 1s a schematic view of a motion absorbing system
for a floating structure configured to have the elastic ele-
ments Irom multiple motion absorbers 1n fluid communica-
tion with a surrounding body of water 1n accordance with
another embodiment of the present invention;

FIG. 10 1s a schematic view of a motion absorbing system
for a floating structure whose multiple ballast tanks are
configured as multiple motion absorbers 1n fluid communi-
cation with a surrounding body of water in accordance with
another embodiment of the present invention;

FIG. 11 1s a schematic view of a motion absorbing system
for a floating structure whose multiple ballast tanks are
configured as multiple motion absorbers 1n fluid communi-
cation with a surrounding body of water and whose multiple
motion absorbers are further configured for fluid communi-
cation therebetween in accordance with another embodi-
ment of the present invention;

FIG. 12 1s a schematic view of a motion absorbing system
for a floating structure that employs a water piston at the
open end of the motion absorber that 1s 1n fluid communi-
cation with the surrounding body of water 1mn accordance
with an embodiment of the present invention;
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FIG. 13 1s a schematic view of a motion absorbing system
for a floating structure that employs an elastic diaphragm at

the open end of the motion absorber that i1s 1 fluid com-
munication with the surrounding body of water in accor-
dance with another embodiment of the present invention;

FIG. 14 1s a schematic view of a motion absorbing system
for a floating structure that employs a bellows at the open
end of the motion absorber that 1s 1 fluild communication
with the surrounding body of water in accordance with
another embodiment of the present invention;

FIG. 15 1s a schematic view of a motion absorbing system
for a floating structure that employs a balloon at the open
end of the motion absorber that 1s 1n fluild communication
with the surrounding body of water in accordance with
another embodiment of the present mvention;

FIG. 16 1s a perspective view of a floating offshore wind
turbine (FOWT) plattorm with a wind turbine mounted
thereon and having an improved tuned mass damper (TMD)
system 1n accordance with this invention;

FIG. 17 1s an enlarged view of a portion of the FOWT
platform 1llustrated 1n FIG. 16, partially 1n cross-section;

FIG. 18 1s an alternate cross-sectional view of the FOW'T
platform 1llustrated 1n FIGS. 16 and 17;

FIG. 19 1s a top plan view of a semi-submersible FOW'T
plattorm having a second embodiment of the improved
TMD system 1n accordance with this mvention;

FIG. 20 1s a cross-sectional view taken along the line
20-20 of FIG. 19;

FI1G. 21 1s a top plan view of a tension leg FOW'T platform
having a third embodiment of the improved TMD system in
accordance with this invention;

FIG. 22 1s a cross-sectional view taken along the line
22-22 of FIG. 21;

FI1G. 23 1s a top plan view of a spar type FOW'T platform
having a fourth embodiment of the improved TMD system
in accordance with this invention;

FIG. 24 1s a cross-sectional view taken along the line
24-24 of FIG. 23;

FIG. 25 1s an enlarged cross-sectional view of the second
embodiment of the improved TMD system shown in FIGS.
19 and 10:;

FIG. 26 1s an enlarged cross-sectional view of the third
embodiment of the improved TMD system shown in FIGS.
21 and 22; and

FI1G. 27 1s an enlarged cross-sectional view of the fourth

embodiment of the improved TMD system shown in FIGS.
23 and 24.

DESCRIPTION OF THE PREFERRED
EMBODIMENT(S)

Referring now to the drawings and more particularly to
FIG. 1, a motion absorbing system for a structure 100 1n
accordance with an embodiment of the present invention 1s
shown and 1s referenced generally by numeral 10. Structure
100 can be any that i1s subject to motion (e.g., swaying,
vibration, pitch, roll, heave, etc.) induced by the environ-
ment 1n which structure 100 resides. The induced motion of
structure 100 1s substantially absorbed by motion absorbing
system 10 that will be referred to hereinafter simply as
motion absorber 10. In general, motion absorber 10 1s
coupled to structure 100 and damps out the environmentally-
induced motion of structure 100.

Motion absorber 10 includes a container 12 coupled to a
portion of structure 100 such that environmentally-induced
motion of structure 100 1s imparted to container 12. Con-
tainer 12 1s generally rigid and can be made from the same
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4

or different materials used for structure 100 without depart-
ing from the scope of the present invention. Disposed within
container 12 1s a liquid 14 whose surface 16 1s spaced-apart
from the top of container 12 to thereby define ullage 18
above liqud surface 16. The choice for liqud 14 1s not a
limitation of the present mvention. The environmentally-
induced motion of structure 100 imparted to container 12 1s
ultimately transierred to liquid 14 that, 1n turn, experiences
its own motion within container 12.

Disposed within liquid 14 1s an elastic element 20 that
functions to damp out the motion of liquid 14 as the means
to damp out the environmentally-induced motion of struc-
ture 100. In general, elastic element 20 serves as an engi-
neered compressible degree of freedom positioned within a
bulk fluid (i.e., liquid 14) whose fluid mass captured within
container 12 serves as a slave or damping mass. Elastic
clement 20 has a natural frequency tuned to damp out
motion of liquid 14 within container 12. In this way, motion
absorber 10 changes induced motion characteristics of struc-
ture 100 by creating a tuned mass damper eflect. The tuning
ol motion absorber 10 can be tailored for specific frequency
(1es) of concern.

One or more motion absorbers 10 can be coupled to
structure 100. The multiple absorbers can be tuned for
different frequencies 1 order to provide a broader spectrum
of motion absorption. Placement and/or orientations of the
multiple absorbers can also be used to damp out motion in
a plurality of dimensions. One or more motion absorbers 10
can be selif-contained units added to existing structures, or
can be mtegrated into new structures. In some applications,
the present invention can leverage features ol existing
structures for ready incorporation therein. For example and
as will be explained further below, the present invention 1s
readily icorporated into tloating structures that have ballast
tanks with ballast water therein. Such floating structures
include barges, ships, floating platforms used to support
o1l/gas drnlling rigs, wind turbines, buoys, etc.

Referring now to FIG. 2, a floating structure 200 1s shown
floating 1n a body of water 500 that could be a river, lake,
ocean, etc. As 1s typically the case with most floating
structures, one or more ballast tanks 212 are provided 1n and
are rigidly incorporated into floating structure 212. Each
ballast tank 212 can be used to provide the function of the
above-described container 12. Accordingly, ballast water
214 1n ballast tanks 212 can be leveraged as a slave mass of
a motion absorber created in accordance with the present
invention by the inclusion of an elastic element 220 1n
ballast water 214. The surface of ballast water 214 1s
indicated at 216 with ullage 218 being defined above ballast
water surface 216. Tuming of each ballast-tank motion
absorber can be tailored for the needs of a specific applica-
tion.

Multiple motion absorbers of a structure (1.e., static or
floating) can operate independently or can be coupled for
dependency without departing from the scope of the present
invention. For example and as illustrated in FIG. 3, the
above-described tloating structure 200 has two of 1ts ballast-
tank motion absorbers in fluild communication with each
other via a duct 230. Duct 230 could provide fluid commu-
nication between two ullages 218, between two gas cham-
bers (not shown) of elastic elements 220, or both. Providing
fluid communication between two or more motion absorbers
essentially couples the absorbers” slave masses. As a result,
the slave masses located 1n the different ballast tanks can be
dynamically coupled together allowing the separate slave
mass components to work in concert to mitigate overall
system dynamics. Essentially, the duct provides a conve-
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nient kinematic linkage between ballast slave masses that
are located 1n different sections of the structure.

The elastic element (e.g., 20 or 220) used 1n a motion
absorber of the present invention can be constructed in a
variety ol ways without departing from the scope of the
present invention. Several non-limiting examples are shown
in FIGS. 4-7 and will be described below. In each example,
a single motion absorber 10 1s shown 1n 1solation. In all
embodiments of the present invention to include those
illustrated 1 FIGS. 4-7, the elastic element provides a
structural arrangement that allows the fluid mass of a system
to be sprung and leveraged as a mitigating mass. That 1s,
rather than entrapping a large motion mitigating mass within
an absorber as 1s the case with conventional absorbers, the
clastic element of the present invention introduces a small
swept volume within a much larger tluid mass (e.g., 14 or
214). The larger fluid mass will naturally flow towards or
away from the elastic element as the elastic element expands
or compresses, respectively. In this way, a very small elastic
clement leverages the much larger fluid mass as a slave
mass. This situation 1s highly advantageous as a desired
amount of leveraged mass can be achieved with a signifi-
cantly smaller system than the conventional approach. This
1s especially true for applications where there 1s significantly
more fluid available for leveraging outside the device than
could be practically entrapped within the device. In terms of
motion or vibration absorption, the absorber’s use of the
larger tfluid mass essentially splits the modes of liquid
motion farther apart and reduces the responses of its resul-
tant peaks.

Referring first to FIG. 4, elastic element 20 includes a tube
30 having a closed end 31 and an open end 32. Tube 30 i1s
disposed 1n liquid 14 such that a piston 33 of liquid 14
resides 1n tube 30 to thereby seal open end 32. Tube 30 can
be fully immersed in liquid 14 (as shown) or partially
immersed in liquid 14 without departing from the scope of
the present invention. A gas 34 (e.g., air) {ills the region of
tube 30 between piston 33 and closed end 31. During motion
of liquid 14 1n container 12, piston 33 increases in size/mass
when 1t moves up 1n tube 30 and decreases 1n size/mass
when 1s moves down in tube 30 as indicated by two-headed
arrow 35. The resulting compression/expansion of gas 34
acts as a spring that absorbs/damps out the motion of liquid
14. To maximize the attenuation of the gas spring, a flow
restrictor 36 can be disposed in tube 30 to control the
movement of gas 34 in the region of tube 30 between piston
33 and closed end 31. Tube 30 can be supported 1n container
12 by means of supports 37 coupling tube 30 to container 12.
Although not required, supports 37 can position tube 30 in
liquid 14 such that the tube’s longitudinal axis 38 1s approxi-
mately perpendicular to the liquid’s surface 16.

In general, when motion absorber 10 1s exposed to vibra-
tional energy, liquid 14 reacts to such energy so that surface
16 moves up and down 1n container 12 as indicated by
two-headed arrow 15. In correspondence with the up-down
movement of surface 16, piston 33 increases 1n size when
surface 16 moves down and decreases 1n size when surface
16 moves up. Since open end 32 of tube 30 1s coupled to
liquid 14, gas 34 forms a compressible gas damper having
a single degree of freedom. In the illustrated embodiment,
the compressible gas damper’s single degree of freedom 1s
approximately coincident with the up/down movement of
surface 16.

The vibrationally-induced incremental change in piston
33 triggers a reacting tluid mass or slave mass that extends
well into liquid 14, 1.e., between open end 32 of tube 30 and
surface 16. The reaction of the slave mass provided by liquid
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14 works against the compressible gas damper defined by
gas 34. The slave mass 1s a reaction mass that couples piston
33 to liqud 14. Using the fundamental laws of Newtonian
physics and the conservation of mass equations (e.g.,
Lagrangian or Eulerian methods of analyses with Compu-
tational Fluid Dynamics or Finite Element Approaches), the
volume and diameter of tube 30 are designed to create a
slave mass within liquid 14 of a desired magnitude that
resonates at a desired frequency (1.e., the frequency that is to
be damped) thereby coupling the compressible gas damper
to liquid 14.

Referring next to FIG. 5, another embodiment of a
tube-based elastic element 20 1s illustrated. In the FIG. 5
embodiment, elastic element 20 includes several design
options that allow it to be tuned throughout an extended
frequency range. A relatively small-diameter tube 40 has 1ts
closed end defined by a sealed gas-filled chamber 41 and has
its open end 42 sealed by a piston 43 of liquid 14. A gas 44
fills the region of tube 40 between piston 43 and gas
chamber 41. Similar to the embodiment described in FIG. 4,
piston 43 moves up and down 1n opposition to the corre-
sponding movement of surface 16 as indicated by two-
headed arrow 45. A tlow restrictor 46 can be disposed 1n tube
40. The elastic element can be supported in container 12 by
means ol supports 47.

The combination of gas-filled chamber 41 and flow
restrictor 46 enhances the tunability of the motion absorber.
Gas-filled chamber 41 acts as a pneumatic spring, while tlow
restrictor 46 limits the gas tlow rate i and out of gas-filled
chamber 41. The volume of gas-filled chamber 41 can be
used to control the compressible pneumatic spring rate to
adjust the natural frequency of the elastic element, while
flow restrictor 46 determines inherent damping. Flow
restrictor 46 can be positioned at any point along the internal
gas tlow path depending upon the performance objectives
and the actual architecture of the embodiment. The relatively
small diameter tube 40 can be sized to allow elastic element
20 to function as a Helmholtz resonator to control the
frequency of the primary damping mass. The principle
advantage of this design feature 1s that the high velocity gas
inscribed by the smaller diameter of tube 40 functions as an
additional mass term to thereby reduce the elastic element’s
resonant frequency.

The diameter and length of tube 40 can be varied to adjust
the dynamic response characteristics of the elastic element.
For example, an expanded diameter chamber or diffuser 48
coupled with a gas velocity amplifier 49 can be provided
adjacent to piston 43. The velocity of gas 44 inside tube 40
1s controlled by the displacement of piston 43 and the ratio
of the cross-sectional area of difluser 48 as compared to the
cross-sectional area of tube 40. The expanded region of
diffuser 48 can also be used to increase the mass of the fluid
contained in open end 42 thereby increasing the cross-
sectional area of piston 43 and gas velocity inside tube 40.

The present invention i1s not limited to tube-type elastic
clements. For example, FIG. 6 illustrates a motion absorber
10 utilizing a sealed bellows 350 disposed 1n liquid 14 and
coupled to container 12. A gas 54 could be sealed within
bellows 50 to contribute to the spring force provided by the
bellows structure. In other embodiments, the bellows could
be evacuated so that the stifiness of the bellows itself and/or
internally-positioned springs provided the spring force. In
still other embodiments, a combination of gas, the bellows
itself, and internal springs could provide the spring force.
The one or more bellows 50 could be mounted on the bottom
and/or sides of container 12. As liquid surface 16 moves up
and down as indicated by two-headed arrow 15, bellows 50
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experiences expansion and compression, respectively, as
indicated by two-headed arrow 55. Such expansion and
compression leverages the slave mass provided by liquid 14
to damp the motion of liquid 14. An arrangement of multiple
bellows 50 1n container 12 could be designed to capture a
slave mass of liqud 14 that 1s constant and independent of
the motion of liquid 14 1n container 12.

FIG. 7 illustrates another motion absorber 10 1n accor-
dance with the present invention that employs a balloon
filled with a gas 64. Balloon 60 can be coupled to container
12 or can be configured for neutral buoyancy within liquid
14 as shown. Regardless of whether liquid surface 16 moves
up and down or side-to-side, balloon 60 1s able to experience
expansion and compression 1 a variety of dimensions as
indicated by two-headed arrows 63.

It 1s to be understood that a variety of other types of elastic
clements can be employed 1 motion absorbers of the
present ivention. For example, the elastic element can be
constructed using flexible membranes or rolling diaphragms.

For some applications, it may be possible for the motion
absorbing system of the present invention to leverage a very
large slave mass provided by the environment in which a
structure resides. For example, structures designed to float
on a body of water can be configured with one or more
motion absorbers that leverage the surrounding body of
water as the absorber’s slave mass. Accordingly, FIG. 8
illustrates a floating structure 200 disposed on a body of
water 500 with a single motion absorber 70 coupled to
structure 200, and FIG. 9 illustrates the use of multiple
motion absorbers 70 coupled to floating structure 200. In
cach case, motion absorbers 70 can be configured for
coupling to an existing floating structure, or can be config-
ured for integration nto a floating structure during 1ts nitial
design/construction.

Motion absorber 70 includes a container 72 coupled to
floating structure 200 and an elastic element 74 supported by
and within container 72. Elastic element 74 1s in fluid
communication with body of water 500 and entraps a
volume of gas 76 within container 72. Water movement in
water 500 acting on elastic element 74 causes the elastic
clement to compress gas 76 or allow 1t to expand within
container 76 thereby causing a pressure change 1n gas 76. In
all embodiments of absorber 70, the mass of elastic element
1s minimized thereby minimizing its parasitic contribution to
the dynamic system. At the same time, the mimmized-mass
clastic element 74 leverages a very large, non-parasitic slave
mass 1n water 500.

The present invention can be incorporated into existing
floating structures utilizing ballast tanks as illustrated 1n
FIG. 10 where ballast tanks 212 function as the above-
described container 72 of a motion absorber. Elastic element
74 1s positioned 1n a ballast tank 212 to be in fluid commu-
nication with body of water 500 and to entrap gas 76 in
ballast tank 212. When multiple motion absorbers are to be
linked 1n a floating structure, FIG. 11 illustrates a duct 240
to provide fluid communication between two or more vol-
umes of gas 76 to thereby couple the two or more motion
absorbers.

Elastic element 74 used in motion absorber 70 can be
constructed 1n a variety of ways without departing from the
scope of the present invention. Several non-limiting
examples are shown 1 FIGS. 12-15 and will be described
below. In each example, a single motion absorber 70 1s
shown 1n 1solation.

Referring first to FIG. 12, container 72 1s open at 1ts end
73 disposed 1n water 5300 such that the absorber’s elastic
clement includes a piston 80 of water 500 that seals open end
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73 thereby entrapping gas 76 1n container 72. As the surface
502 of water 500 moves up and down (due to wind, current,
and/or wave action) as indicated by two-headed arrow 504,
water piston 80 moves up and down 1n container 72 as
indicated by two-headed arrow 85 as the gas 76 acts as a
spring on piston 80. Since water piston 80 1s contiguous with
water 500, piston 80 leverages a large mass of water 300 as
the slave mass 84 of the elastic element. I the elastic
clement 1s designed to minimize the mass of water piston 80,
the parasitic weight impact of motion absorber 70 1s minimal
on tloating structure 200. A pressurized source of gas 82 can
be provided for tuning of motion absorber 70 by altering the
spring force provided by gas 76.

Referring now to FIG. 13, another embodiment of motion
absorber 70 1s illustrated in which a tlexible diaphragm 90
1s used to seal the open end 73 of container 72 disposed 1n
water 500. The entrapped volume of gas 76 applies a spring
force to diaphragm 90 as 1t flexes (as indicated by two-
headed arrow 95) mto and out of container 72 in accordance
with the movement of water 500. Once again, the motion
absorber’s slave mass 94 1s provided by water 500. Dia-
phragm 90 can be realized by a variety of constructions to
include rolling diaphragms, flexible membranes, etc., with-
out departing from the scope of the present invention.

Other types of flexible devices can be used at the open end
of container 72 for fluid communication with body of water
500. For example, FIG. 14 1llustrates a bellows 92 to seal
open end 73 of contamner 72, while FIG. 15 1illustrates a
balloon 96 to seal open end 73 of container 72. In both case,
the flexible devices leverage a large slave mass 94 from the
surrounding body of water 500.

The various embodiments of the present invention are
particularly well-suited for use in “floating offshore wind
turbine” (FOWT) platforms. Exemplary applications of the
present mvention to FOWT platforms are illustrated in
FIGS. 16-27 and will be described turther below.

The embodiments of the invention disclosed below gen-
erally provide improvements to various types of FOWT
platforms, such as barge type platforms, submersible or
semi-submersible type platforms, spar buoy type platiforms,
and tension leg type platforms. The invention includes a
FOWT platform with an improved tuned mass damper
system to reduce motion and loading during operation.

As used herein, the term parallel 1s defined as 1n a plane
substantially parallel to the horizon. The term vertical 1s
defined as substantially perpendicular to the plane of the
horizon.

Referring to the drawings, particularly to FIGS. 16
through 18, a first embodiment of a FOWT platiform 1010
having an improved tuned mass damper (1MD) system 1034
1s shown deployed 1n a body of water BW and anchored to
the seabed (not shown). The illustrated FOW'T platform
1010 1s one embodiment of a barge type platform and
includes a foundation or hull 1012 that supports a tower
1014. The tower 1014 supports a wind turbine 1016. The
hull 1012 1s semi-submersible, and 1s structured and con-
figured to float, semi-submerged, 1n the body of water BW.
Accordingly, a portion of the hull 1012 will be above water
when the hull 1012 1s floating in the body of water BW. As
shown, a portion of the hull 1012 1s below the waterline WL.
As used herein, the waterline WL 1s defined as the approxi-
mate line where the surface of the water meets the FOW'T
plattorm 1010. Conventional mooring lines (not shown)
may be attached to the FOWT platform 1010 and further
attached to anchors (not shown) in the seabed (not shown)
to limit to movement of the FOWT platform 1010 on the
body of water BW.
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As shown 1n the 1llustrated embodiment, the hull 1012 1s
formed from four hull legs 1018 that extend radially out-
wardly from a keystone 1020 and provide buoyancy. The
hull 1012 1s thus substantially cross-shaped. An interior or
center column 1022 1s mounted to the keystone 1020, and
provides a platform upon which the tower 1014 1s mounted.
Alternatively, the hull 1012 may include three hull legs 1018
or more than four hull legs 1018. In the illustrated embodi-
ment, the hull legs 1018 have a length within the range of
about 10 m to about 75 m depending on the size of
commercial wind turbine installed.

Although the hull 1012 of the barge type FOWT platiorm
1010 1s cross shaped, it will be understood that the improved
TMD system 1034 may be used in barge type platiorms
having other hull shapes, including but not limited to hulls
having rectangular, square, round, oval, and other geometric
shapes.

In the embodiments 1llustrated herein, the wind turbine
1016 1s a horizontal-axis wind turbine. Alternatively, the
wind turbine may be a conventional vertical-axis wind
turbine (not shown). The size of the turbine 1016 will vary
based on the wind conditions at the location where the
FOWT plattorm 1010 1s anchored and the desired power
output. For example, the turbine 1016 may have an output of
about 10 MW. Alternatively, the turbine 1016 may have an
output within the range of from about 1 MW to about 20
MW.

The wind turbine 1016 may be conventional and may
include a rotatable hub 1024. At least one rotor blade 1026
1s coupled to and extends outward from the hub 1024. The
hub 1024 1s rotatably coupled to an electric generator (not
shown). The electric generator may be coupled via a trans-
former (not shown) and an underwater power cable (not
shown) to a power grid (not shown). In the illustrated
embodiment, the hub 1024 has three rotor blades 1026. In
other embodiments, the hub 1024 may have more or less
than three rotor blades 1026.

As shown 1 FIGS. 17 and 18, the keystone 1020 includes
an upper wall 1020A defining an upper surface, a lower wall
10208, and further defines a central cavity 1028 with four
radially outwardly extending keystone legs 1030. Each leg
1030 includes an end wall 1030A defining a substantially
vertical connection face 1032 to which the four hull legs
1018 will be attached. Alternatively, the keystone 1020 may
include three keystone legs 1030 or more than four keystone
legs 1030, corresponding with the number of hull legs 1018.

A conventional TMD 1s a mechanism integrated with a
dynamic body that uses an internal or external mass and 1s
linked to the dynamic body via a spring and a damper. The
damper 1s used to reduce unwanted responses 1n the dynamic
body by setting the damper to respond out of phase and at
the frequency of the unwanted response, a procedure typi-
cally referred to as a tuned mass damping. The natural
frequency of the TMD may be tuned by selecting a combi-
nation of mass and stiflness for the connection between the
damper and the dynamic body. The phase of the damper may
be tuned by adjusting the damping 1n the linkage between
the mass damper and the dynamic body. Advantageously, the
embodiments of the TMD described and illustrated herein
use existing water i water ballast chambers in the hull, for
example 1n the hull legs 1018 or water external to the hull
legs 1018, as the mass, pressurized air as the spring, and an
orifice configured for tuned damping.

The improved TMD system 1034, illustrated 1n FIGS. 16
through 18, includes a first or low frequency TMD 1036 and
a second or high frequency TMD 1038. The low frequency
TMD 1036 1s formed at an outboard end of each of the hull
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legs 1018 and includes a first water ballast chamber 1040
having a centrally located and longitudinally extending first
damper pipe 1042 extending from an upper end of the first
water ballast chamber 1040 toward a lower end of the first
water ballast chamber 1040, but terminating above a floor of
the first water ballast chamber 1040.

The first damper pipe 1042 may have a diameter within
the range of about 1 m to about 20 m, a closed first end
1042 A (the upper end when viewing FIGS. 17 and 18), and
an open second end 10428 (the lower end when viewing
FIGS. 17 and 18). A low frequency pressure chamber 1044
1s located 1n the hull leg 1018. In the 1llustrated embodiment,
the low frequency pressure chamber 1044 1s located adjacent
the first water ballast chamber 1040. Alternatively, the low
frequency pressure chamber 1044 may be located at other
desired locations 1n the hull leg 1018. A first connecting pipe
1046 extends between the low frequency pressure chamber
1044 and an upper portion of the first damper pipe 1042.

Similarly, the high frequency TMD 1038 1s formed at an
inboard end of each of the hull legs 1018 and includes a
second water ballast chamber 1048 having a centrally
located and longitudinally extending second damper pipe
1050 extending from an upper end of the toward a lower end
of the second water ballast chamber 1048, but terminating
above a tloor of the second water ballast chamber 1048. The
second damper pipe 1050 may have a diameter significantly
larger than the diameter of the first damper pipe 1042, such
as within the range of about 1 m to about 20 m, a closed first
end 1050A (the upper end when viewing FIGS. 17 and 18),
and an open second end 1050B (the lower end when viewing
FIGS. 17 and 18). A high frequency pressure chamber 1052
1s also located in the hull leg 1018. In the illustrated
embodiment, the high frequency pressure chamber 1052 1s
located adjacent the second water ballast chamber 1048 and
below the first water ballast chamber 1040. Alternatively, the
high frequency pressure chamber 1052 may be located at
other desired locations 1n the hull leg 1018. A second
connecting pipe 1054 extends between the high frequency
pressure chamber 1052 and an upper portion of the second
damper pipe 1050.

A ventilation pipe 1056 1s mounted to an upper, outside
surface of each hull leg 1018. Each ventilation pipe 1056 has
a plurality of connecting ventilation pipes 1058 connecting
cach of the first water chambers 1040 and the second water
chambers 1048, and each ventilation pipe 1056 terminates at
an open end thereol within the center column 1022. In the
illustrated embodiment, two connecting ventilation pipes
1058 are connected to, and in communication with, each of
the first water chambers 1040 and the second water cham-
bers 1048. Inboard ends of the ventilation pipes 1056 are
connected to a central vent hub 1060 within the center
column 1022. The ventilation pipes 1056 and connecting
ventilation pipes 1058 vent each of the first water chambers
1040 and the second water chambers 1048 to the atmo-
sphere.

Air pressure within the low frequency pressure chamber
1044 and the high frequency pressure chamber 1052 may be
within the range of about 1.0 psi1 to about 50.0 psi, although
preferably, the air pressure within the high frequency pres-
sure chamber 1052 1s greater than the air pressure within the
low frequency pressure chamber 1044. The air pressure
within each of the low frequency pressure chamber 1044 and
the high frequency pressure chamber 1052 1s customizable,
and may be set and changed by an air compressor (not
shown) within the FOWT platform 1010.

The first water chambers 1040 and the second water
chambers 1048 may be 1n fluid communication with a ballast
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pump (not shown) or other means for pumping or moving,
water, thus allowing the first water chambers 1040 and the
second water chambers 1048 to be filled with water, and for
the volume of water therein to be changed as required.

The first connecting pipe 1046 and the second connecting
pipe 1054 may be provided with adjustable orifices, sche-
matically illustrated at 1047 and 1055, respectively, within
cach of the first connecting pipe 1046 and the second
connecting pipe 1054. Inside diameters of the adjustable
orifices 1047 and 1055 may adjusted as required, 1.¢., either
made larger or smaller, for active control of the flow of
pressurized air from the low frequency pressure chamber
1044 to the first damper pipe 1042, and from the high
frequency pressure chamber 1052 to the second damper pipe
1050. The adjustable orifices 1047 and 1035 may be manu-
ally or remotely adjusted. Thus, a desired frequency may be
maintamned within the low frequency TMD 1036 and the
high frequency TMD 1038. For example, the frequency
within the low frequency pressure chamber 1044 and the
high frequency pressure chamber 1052 1s preferably within
the range of about 0.03 Hz to about 0.33 Hz. Preferably, a
frequency of the high frequency TMD 1038 1s greater than
a frequency of the low frequency TMD 1036. Thus the
damping characteristics of the high frequency TMD 1038
and the low frequency TMD 1036 may be controlled and
adjusted by changing the rate of air flow through the second
connecting pipe 1054 and the first connecting pipe 1046,
respectively.

More specifically, the TMDs 1036 and 1038 may each be
actively controlled to mitigate the adverse effects of FOWT
platform motion and loading resulting from wind, current,
and wave loading during operation over a range ol frequen-
Cies.

For example, the TMD system 1034 may be provided
with a controller mounted at any desired location in the
FOWT platform 1010. Preferably, a controller provided as a
component of the wind turbine 1016 1s used as the TMD
1034 controller. It will be understood however, that the
controller used to control operation of the TMD system 1034
may be imndependent of the wind turbine 1016 controller.

Referring again to FIG. 18, the adjustable orifices 1047
and 1055 may be equipped with a sensor, such as a position
sensor, configured to sense the size of the orifices 1047 and
1055 during operation, and communicate the sensed position
to the controller. Alternatively, other types of sensors may be
used, including but not limited to a fluid flow sensor to
measure fluid flow through the orifices 1047 and 1035
during operation, and communicate the sensed fluid flow to
the controller. Each of the low frequency pressure chamber
1044 and the high frequency pressure chamber 10352 may be
equipped with a pressure sensor configured to sense the air
pressure in the pressure chambers 1044 and 1052 during
operation, and communicate the sensed pressures to the
controller.

Further, the hull 1012 may include an array of sensors
configured to sense a change of sea state and communicate
the sensed sea state change to the controller. Examples of sea
state sensors that may be provided on the hull 1012 include,
but are not limited to accelerometers, inclinometers and
other angular position sensors, and load cells. Data from this
array ol sea state change sensors 1s communicated to the
controller. An algorithm within the controller analyzes the
data received and then: (1) changes a stiflness of the TMDs
1036 and 1038 by changing the air pressure in the pressure
chambers 1044 and 1052, respectively, and/or (2) changes a
damping frequency of the TMDs 1036 and 1038 by chang-
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changing a volume of air flow through the first connecting
pipe 1046 and the second connecting pipe 1054.

In operation, each of the low frequency TMD 1036 and
the high frequency TMD 1038 may be tuned based on the
geometry of the FOWT hull and the desired frequencies for
which 1t 1s desirable to mitigate. Advantageously, the TMD
system 1034 of the FOWT platform 1010 may be used to
mitigate motions at two or more frequencies. As best shown
in FI1G. 18, a desired air pressure may be established 1n the
low frequency pressure chamber 1044 of the low frequency
TMD 1036. This desired air pressure will be communicated
to the first damper pipe 1042 via the first connecting pipe
1046 and thus determines a level of water within the first
damper pipe 1042. The water 1n the first damper pipe 1042
urges against the pressurized air in the first damper pipe
1042, and thus acts like a spring. Because the low frequency
TMD 1036 1s formed at an outboard end of each of the hull
legs 1018, and i1s oriented vertically, 1t provides greater
leverage and 1s more eflective to mitigate heeling, or the
reduction of rotational movement of the hull 1012.

Similarly, a desired air pressure may be established 1n the
high frequency pressure chamber 10352 of the high frequency
TMD 1038. This desired air pressure will be communicated
to the second damper pipe 1050 via the second connecting
pipe 1054 and thus determines a level of water within the
second damper pipe 1050. The water in the second damper
pipe 1050 urges against the pressurized air in the second
damper pipe 1050, and thus acts like a spring. Because the
high frequency TMD 1038 1s formed at an mboard end of
cach of the hull legs 1018, and 1s oriented vertically, 1t 1s
more effective to mitigate up and down motion, 1.e., vertical
motion of the hull 1012.

FIGS. 19 and 20 illustrate a semi-submersible FOWT
platform 1062 having a second embodiment of the improved
TMD system, shown schematically at 1070. The semi-
submersible FOWT platform 1062 includes three buoyant
beams 1064, a vertical outer column 1066 at an outboard end
of each of the beams 1064 and a vertical center column 1068
at a center of the FOWT platform 1062. Upper beams 1065
may extend between an upper end of the center column 1068
and an upper end of each of the outer columns 1066. As
illustrated 1 FIG. 20, the TMD system 1070 includes a
water chamber 1072 and a pressure chamber having an
orifice damper 1074. In the illustrated embodiment, each of
the beams 1064 has a horizontally oriented TMD system
1070 therein, and each of the columns 1066 and 1068 has a
vertically oriented TMD system 1070 therein.

FIGS. 21 and 22 illustrated a tension leg FOW'T platform
1076 having a third embodiment of the improved TMD
system, shown schematically at 1084. The tension leg
FOWT plattorm 1076 includes three buoyant beams 1080,
and a vertical center column 1078 at a center of the FOWT
plattorm 1076. A tlexible and water impermeable diaphragm
1082 1s formed 1n a lower surface of each beam 1080 and 1s
in contact with water 1086 in which the tension leg FOWT
plattorm 1076 1s deployed. As illustrated 1in FIG. 22, the
TMD system 1084 includes the diaphragm 1082 and a
pressure chamber having an orifice damper 1084. In licu of
a water chamber, the water 1086 acting against the dia-
phragm 1082 functions as the mass for the TMD 1084. The
diaphragm 1082 1s movable 1n response to air pressure 1n the
pressure chamber 1084. In the illustrated embodiment, each
of the beams 1080 has a vertically oriented TMD system
1084 therein.

FIGS. 23 and 24 illustrate a spar type FOWT platform
1086 having a fourth embodiment of the improved TMD
system, shown schematically at 1094. The spar type FOWT
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platform 1086 includes a base 1090 and a vertical mast 1092
extending outwardly and upwardly therefrom. As illustrated
in FIG. 24, the TMD system 1094 1s substantially the same
as the TMD system 1070 and includes a water chamber 1096
and a pressure chamber having an orifice damper 1098. In
the illustrated embodiment, TMD system 1094 1s horizon-
tally oriented within the base 1090.

Referring now to FIG. 25, one example of the TMD
system 1070 1s shown. The TMD system 1070 1s shown

within a vertical outer column 1066. It will be understood
however, that the TMD system 1070 may be formed 1n any
of the beams 1064 and the vertical center column 1068. The
TMD system 1070 includes a ballast water chamber 1100
and pressure chamber 1102. A damper pipe 1104 extends
between the ballast water chamber 1100 and the pressure
chamber 1102 and has an orifice defining an orifice damper
1106 formed therein for controlling an amount of pressur-
1zed air within the damper pipe 1104. The damper pipe 1104
may have a diameter within the range of about 1 m to about
20 m.

A ventilation pipe 1108 extends between the ballast water
chamber 1100 and the atmosphere outside of the column
1066, thus venting the ballast water chamber 1100 with
atmosphere.

Referring now to FIG. 26, one example of the TMD
system 1084 1s shown. The TMD system 1084 1s shown
within a horizontal beam 1064 of the semisubmersible
FOWT platform 1062. It will be understood however, that
the TMD system 1084 may also be formed 1n the base 1090
of the TMD system 1094. The TMD system 1084 includes
a ballast water chamber 1110 and pressure chamber 1112. A
damper pipe 1114 extends between the ballast water cham-
ber 1110 and the pressure chamber 1112 and has an orifice
defining an orifice damper 1116 formed 1n a first end thereof
(the right-most end when viewing FIG. 26) for controlling
an amount of pressurized air within the damper pipe 1114.
A tlexible and water impermeable diaphragm 1118 1s formed
in the damper pipe 1114 near a second end thereof (the
left-most end when viewing FIG. 26). The diaphragm 1118
1s movable against a force exerted by the water in the
damper pipe 1114 1n response to air pressure in the damper
pipe 1114. The damper pipe 1114 may have a diameter
within the range of about 1 m to about 20 m.

Referring now to FIG. 27, one example of the TMD
system 1094 1s shown. The TMD system 1094 1s shown
within a beam 1080 of the tension leg FOW'T platform 1076.
The TMD system 1094 includes pressure chamber 1120
having an orifice defimng an orfice damper 1122 formed
therein controlling an amount of pressurized air within the
pressure chamber 1120. A flexible and water impermeable
diaphragm 1124 1s formed one end of the pressure chamber
1120 and separates the pressure chamber 1120 from the
water outside of the beam 1080. The diaphragm 1124 1s
movable against a force exerted by the water 1n the body of
water BW 1n response to air pressure in the pressure cham-
ber 1120.

Although described 1n the context of a tension leg FOW'T
platiorm, the TMD system 1094 described herein may be
configured to be used with any of the embodiments of the
FOWT platiorms described and illustrated herein.

Advantageously, any embodiment of the TMD system
1034 described and illustrated herein may be used 1n tar-
geting design-driving FOW'T platform responses and char-
acteristics that include, but are not limited to: (1) system heel
angle, wherein the TMD system’s dynamic heel angle 1s a
typical design-driving criteria that impacts the robustness of
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shore platforms in general. Implementing mass damper
technologies, such as the TMD system 1034 into the hull of
a FOW'T platform has been shown to decrease dynamic heel
motion. Reduction 1n heel motion correlates with a reduction
in both fatigue and ultimate loads for various structural
components in the hull 1012, the tower 1014, and the wind
turbine 1016 mounted thereon; (2) system heave motion,
wherein the use of a TMD 1n a FOW'TT platform will reduce
the response to heave (vertical) motion of the platform. This
may allow FOWT hulls to be designed with less concern
with the turbine and environmental loading frequencies; (3)
turbine harmonic forcing, wherein fatigue damage due to
turbine harmonic loads associated with blade rotation 1s a
prominent consideration 1 a wind turbine tower’s design.
Because such fatigue occurs at known frequencies, a TMD
may be used for load mitigation and therefore improved
fatigue performance, and (4) responses due to the wave
environment, wherein TMDs within a FOW'T platform hull
may be set to target a wave frequency response and thus may
mitigate dynamic and structural responses associated with
waves.

Although the invention has been described relative to
specific embodiments thereof, there are numerous variations
and modifications that will be readily apparent to those
skilled 1n the art in light of the above teachings. It 1s
therefore to be understood that, within the scope of the
appended claims, the invention may be practiced other than
as specifically described.

The mnvention claimed 1s:

1. A motion absorbing system, comprising:

a structure adapted to float on a body of water;

a container coupled to said structure, said container hav-
ing a liquid disposed therein wherein a ullage 1s defined
above a surface of said liquid; and

an elastic element disposed in said liqud, said elastic
clement having a natural frequency tuned to damp
motion of said liquid caused by water movement 1n the
body of water acting on said structure;

wherein said elastic element comprises a tube having a
closed end and an open end, said tube being fixedly
positioned in said liquid, said tube having a piston of
said liquid residing 1n said tube to seal said open end
wherein a gas fills said tube between said piston and
said closed end of said tube, said tube mcluding a flow
constrictor disposed therein such that said gas passes
through said flow constrictor when said gas experiences
compression and when said gas experiences expansion.

2. A motion absorbing system as 1n claim 1, wherein said
tube varies i diameter along the length thereof.

3. A motion absorbing system as in claim 2, wherein a
longitudinal axis of said tube 1s approximately perpendicular
to said surface of said liqud.

4. A motion absorbing system as 1n claim 1, wherein said
clastic element 1s selected from the group consisting of a
bellows disposed 1n said liquid and a balloon disposed in
said liquid.

5. A motion absorbing system as 1n claim 1, wherein said
clastic element 1s coupled to said container.

6. A motion absorbing system as in claim 1, wherein said
container comprises a ballast tank of said structure.

7. A motion absorbing system for a structure, comprising:

a container adapted to be coupled to a structure, said
container having a liquid disposed therein wherein a
ullage 1s defined above a surface of said liquid; and

an elastic element disposed in said liqud, said elastic
clement having a natural frequency tuned to damp
motion of said liquid;
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wherein said elastic element comprises a tube having a
closed end and an open end, said tube being fixedly
positioned 1n said liquid, said tube having a piston of
said liquid residing 1n said tube to seal said open end
wherein a gas fills said tube between said piston and
said closed end of said tube, said tube including a tflow
constrictor disposed therein such that said gas passes
through said flow constrictor when said gas experiences
compression and when said gas experiences expansion.

8. A motion absorbing system as in claim 7, wherein said
tube varies i diameter along the length thereof.

9. A motion absorbing system as in claim 7, wherein a
longitudinal axis of said tube 1s approximately perpendicular
to said surface of said liqud.

10. A motion absorbing system as 1n claim 7, wherein said
clastic element 1s selected from the group consisting of a
bellows disposed 1n said liquid and a balloon disposed in
said liquad.

11. A motion absorbing system as in claim 7, wherein said
clastic element 1s coupled to said container.

12. A motion absorbing system as 1n claim 7, wherein the
structure floats on a body of water, and wherein said
container comprises a ballast tank.

13. A motion absorbing system comprising a plurality of
motion absorbers adapted to be coupled to a structure, each
ol said motion absorbers including

a container adapted to be coupled to structure, said
container having a liquid disposed therein wherein a
ullage 1s defined above a surface of said liquid; and

an elastic element disposed 1n said liquid, said elastic
clement having a natural frequency tuned to damp
motion of said liquid;

wherein said elastic element comprises a tube having a
closed end and an open end, said tube being fixedly
positioned 1n said liquid, said tube having a piston of
said liquid residing 1n said tube to seal said open end
wherein a gas fills said tube between said piston and
said closed end of said tube, said tube including a tlow
constrictor disposed therein such that said gas passes
through said flow constrictor when said gas experiences
compression and when said gas experiences expansion.

14. A motion absorbing system as in claim 13, wherein
said tube varies in diameter along the length thereof.

15. A motion absorbing system as 1n claim 13, wherein a
longitudinal axis of said tube 1s approximately perpendicular
to said surface of said liqud.

16. A motion absorbing system as 1n claim 13, wherein
said elastic element 1s selected from the group consisting of
a bellows disposed 1n said liquid and a balloon disposed 1n
said liquad.

17. A motion absorbing system as in claim 13, wherein
said elastic element 1s coupled to said container.

18. A motion absorbing system as in claim 13, wherein
said container comprises a ballast tank.

19. A motion absorbing system as in claim 13, further
comprising a duct i fluid communication with at least two
of said motion absorbers.

20. A method of absorbing motion experienced by a
structure, said method comprising the steps of:

coupling at least one rigid container to a structure dis-
posed 1n an environment capable of imnducing move-
ment of the structure, wherein each said rigid container
has a liquid disposed therein and wherein a ullage 1s
defined above a surface of said liqud; and

positioning an elastic element in said liquid disposed 1n
cach said rnigid container, each said elastic element
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having a natural frequency tuned to damp motion of
said liquid caused by the environment.

21. A method according to claim 20, wherein said step of
positioning includes the steps of:

providing a tube having a closed end and an open end; and

fixedly positioning said tube 1n said liquid wherein a

piston of said liquid resides 1n said tube to seal said
open end, and wherein a gas fills said tube between said
piston and said closed end of said tube, said tube
including a tflow constrictor disposed therein such that
said gas passes through said tlow constrictor when said
gas experiences compression and when said gas expe-
riences expansion.

22. A method according to claim 21, wherein said step of
fixedly positioning said tube includes the step of aligning a
longitudinal axis of said tube to be approximately perpen-
dicular to said surface of said liquad.

23. A method according to claim 20, wherein said step of
positioning 1s selected from the group consisting ol posi-
tioning a bellows 1n said liquid and positioning a balloon in
said liquad.

24. A method according to claim 20, wherein said step of
positioning includes the step of coupling said elastic element
to said container.

25. A method according to claim 20, wherein the envi-
ronment causes said movement of the structure 1n a plurality
of dimensions, and wherein said at least one rigid container
comprises a plurality of rigid containers having said liquid
disposed 1n each of said rigid containers and having one said
clastic element disposed 1n each said liquid, said method
further comprising the step of arranging said plurality of
rigid containers to damp said movement of the structure in
the plurality of dimensions.

26. A method of absorbing motion experienced by a
structure floating on a body of water, said method compris-
ing the steps of:

providing a floating structure 1 a body of water, said

floating structure including a ballast tank having ballast
water disposed therein wherein a ullage 1s defined
above a surface of said ballast water; and

positioning an elastic element 1n said ballast water, each

said elastic element having a natural frequency tuned to
damp motion of said ballast water caused by water
movement 1n the body of water acting on the floating
structure.

27. A method according to claim 26, wherein said step of
positioning includes the steps of:

providing a tube having a closed end and an open end; and

fixedly positioning said tube 1n said ballast water wherein

a piston of said ballast water resides in said tube to seal
said open end, and wherein a gas {ills said tube between
said piston and said closed end of said tube, said tube
including a tlow constrictor disposed therein such that
said gas passes through said tlow constrictor when said
gas experiences compression and when said gas expe-
riences expansion.

28. A method according to claim 27, wherein said step of
fixedly positioning said tube includes the step of aligning a
longitudinal axis of said tube to be approximately perpen-
dicular to said surface of said ballast water.

29. A method according to claim 26, wherein said step of
positioning 1s selected from the group consisting ol posi-
tioning a bellows 1n said ballast water and positioning a
balloon 1n said ballast water.

30. A method according to claim 26, wherein said step of
positioning includes the step of coupling said elastic element

to said ballast tank.
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31. A tuned mass damper (ITMD) system in combination
with a floating offshore wind turbine (FOWT) platform
comprising;

a barge type FOWT platform having a hull configured to

have a wind turbine tower mounted thereon;
characterized in that:

a TMD system 1s mounted in hull having:

a first TMD configured to operate at a {irst frequency; and

a second TMD configured to operate at a second ire-
quency different than the first frequency;

wherein the first TMD includes a first water ballast
chamber that defines a mass of the first TMD, and
wherein the second TMD includes a second water
ballast chamber that defines a mass of the second TMD.

32. The TMD system in combination with a FOWT
platform according to claim 31, wherein at least one of the
first and second TMDs 1s configured to mitigate at least one
of heave motion, heel motion, turbine harmonic loading, and
wave environment loading of the barge type FOWT plat-
form.

33. The TMD system in combination with a FOWT
platform according to claim 31, wherein at least one of the
first and second TMDs 1s configured to allow the FOWT
platform to eflectively operate with rigid body heave and
heel natural frequencies within its intended wave energy
range.

34. A tuned mass damper (ITMD) system in combination
with a floating offshore wind turbine (FOWT) platform
comprising:

a FOWT platform having a center, at least three legs
extending radially from the center, and configured to
have a wind turbine tower mounted thereon;

characterized in that:

a TMD system, a portion of which 1s mounted 1n each of
the legs, each leg having:

a first TMD at an outboard end of each leg and configured
to operate at a first frequency; and

a second TMD at an mboard end of each leg configured
to operate at a second frequency different than the first
frequency;

wherein the first TMD includes a first water ballast
chamber that defines a mass of the first TMD, and
wherein the second TMD includes a second water
ballast chamber that defines a mass of the second TMD.

35. The TMD system in combination with a FOWT
platform according to claim 34, wherein at least one of the
first and second TMDs 1s configured to mitigate at least one
of heave motion, heel motion, turbine harmonic loading, and
wave environment loading of the FOW'T platform.

36. The TMD system in combination with a FOWT
platform according to claim 34, wherein at least one of the
first and second TMDs 1s configured to allow the FOWT
platform to eflectively operate with rigid body heave and
heel natural frequencies within its intended wave energy
range.

37. The TMD system in combination with a FOWT
platform according to claim 34, wherein the FOW'T platform
1s a barge type platform having a hull comprising a keystone
and four legs attached thereto and defining a cross shape.

38. The TMD system in combination with a FOWT
platform according to claim 37, wherein at least one of the
first and second TMDs 1s configured to mitigate at least one
of heave motion, heel motion, turbine harmonic loading, and
wave environment loading of the FOW'T platform.

39. The TMD system in combination with a FOWT
platform according to claim 38, wherein at least one of the
first and second TMDs 1s configured to allow the FOWT
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platiorm to effectively operate with rnigid body heave and
heel natural frequencies within its intended wave energy
range.

40. The TMD system in combination with a FOWT
platform according to claim 34, wherein each first TMD
turther 1includes:

a first pressure chamber within each leg connected to a
source ol pressurized air and a having an air pressure
greater than atmospheric pressure;

a first damper pipe having a closed first end and an open
second end, the first end attached to an upper end of the
first water ballast chamber, the first damper pipe
extending toward a floor of the first water ballast
chamber, such that the second end 1s spaced a distance
apart from the floor of the first water ballast chamber;
and

a 1irst connecting pipe extending between the first pres-
sure chamber and an upper portion of the first damper
pipe, the first connecting pipe configured for the flow of

pressurized air therethrough.
41. The TMD system 1n combination with a FOWT

platform according to claim 40, wherein each second TMD
further includes:

a second pressure chamber within each leg connected to
a source of pressurized air and a having an air pressure
greater than an air pressure within the first pressure
chamber:

a second damper pipe having a closed first end and on
open second end, the first end attached to an upper end
of the second water ballast chamber, the second damper
pipe extending toward a floor of the second water
ballast chamber, such that the second end 1s spaced a
distance apart from the floor of the second water ballast
chamber; and

a second connecting pipe extending between the second
pressure chamber and an upper portion of the second
damper pipe, the second connecting pipe configured for
the flow of pressurized air therethrough.

42. The TMD system in combination with a FOWT
platiorm according to claim 41, wherein first connecting
pipe and the second connecting pipe include an adjustable
orifice, and wherein an inside diameter of the adjustable
orifices are adjustable for active control of the flow of
pressurized air from the first pressure chamber and the
second pressure chamber, respectively.

43. The TMD system 1n combination with a FOWT
platform according to claim 42, wherein the TMD system
turther 1ncludes:

a controller attached to the FOW'T platiorm:;

a sea state sensor mounted to the FOWT platform and

operatively connected to the controller;

a position sensor connected to each of the adjustable
orifices within the first and the second connecting
pipes, and operatively connected to the controller; and

a pressure sensor connected to each of the first and the
second pressure chambers and operatively connected to
the controller;

wherein the controller 1s configured to actively control an
operating Ifrequency of the first and second TMDs
based on 1nput from the sea state sensor.

44. The TMD system in combination with a FOWT
platform according to claim 43, wherein active control of the
operating frequency of the first and second TMDs 1ncludes
at least one of changing a stiflness of the first and second
TMDs by changing the air pressure 1n the first and second
pressure chambers, respectively, and changing a damping
frequency of the first and second TMDs by changing the size
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of the adjustable orifices within the first and second con-
necting pipes, thus changing a volume of air flow through

the first and second connecting pipes.
45. The TMD system in combination with a FOWT
platform according to claim 42, wherein the first pressure

chamber 1s configured as a low frequency pressure chamber
and the second pressure chamber 1s configured as a high
frequency pressure chamber.

46. The TMD system in combination with a FOWT
platform according to claim 45, wherein the first TMD 1s
configured to at least one of mitigate heeling and reduce
rotational movement of the hull.

47. The TMD system in combination with a FOWT
platform according to claim 46, wherein the second TMD 1s
configured to mitigate up and down motion vertical motion
of the hull.

48. A tuned mass damper (TMD) system configured for
use 1n a floating oflshore wind turbine (FOWT) platform
comprising;

a buoyant base having a tower extending outwardly and
upwardly therefrom, the tower configured to have a
wind turbine mounted thereon;

characterized 1n that:

a TMD 1s mounted 1n the base and includes:

a pressure chamber formed within the base, the pressure
chamber connected to a source of pressurized air and
having an air pressure greater than atmospheric pres-
sure;

an orifice damper formed 1n the pressure chamber; and

a flexible and water-impermeable diaphragm mounted
between the pressure chamber and the body of water in
which the FOW'T platform i1s deployed, the water

urging against the diaphragm defining a mass of the
TMD.
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49. The TMD system in combination with a FOWT
platform according to claim 48, wherein the FOWT platform
1s a spar type FOW'T platiorm.

50. A tuned mass damper (TMD) system 1n combination
with a floating offshore wind turbine (FOWT) platform
comprising;

a semi-submersible type FOW'T platform having a center,

at least three legs extending radially from the center, a

center column, an outer column at a distal end of each

of the at least three legs, and configured to have a wind

turbine tower mounted on the center column;
characterized 1n that:

a TMD system 1s mounted 1n the FOWT platform and
includes a horizontally oriented first TMD mounted 1n
cach of the legs, and a vertically mounted second TMD
mounted 1in each of the columns;

wherein the first TMDs 1n each leg include a first water
ballast chamber that defines a mass of the first TMD,
and wherein the second TMDs 1n each column include
a second water ballast chamber that defines a mass of
the second TMD); and

wherein each of the first and the second TMDs may be
configured to operate at a different frequency.

51. The TMD system 1n combination with a FOWT
platform according to claim 30, wherein at least one of the
first and second TMDs 1s configured to mitigate at least one
ol heave motion, heel motion, turbine harmonic loading, and
wave environment loading of the FOWT platform; and
wherein at least one of the first and second TMDs 1s
configured to allow the FOW'T platform to eflectively oper-
ate with ngid body heave and heel natural frequencies
within 1ts mtended wave energy range.
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