ACTIVE HEAVE COMPENSATION WITH ACTWE DAMPING CONTROL

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]  This application claims the benefit of United States Provisional Patent
Application No. 61/288,389, filed December 21, 2009, which is hereby incorporated

by reference in its entirety.

TECHNICAL FIELD
[0602]  The disclosure relates to active heave compensation using an active

damping control system.

BACKGROUND

16003]  Offshore fossil fuel exploration provides opportunities for new sources of
fossil fuels 1o be discovered beneath a seabed of & body of water. An offshore
platform or vessel floating on the surface of the water may support a crane that is
connected to equipment on the seabed via a cable. Longer cables may allow for the
discovery and production of fossil fuels, such as oil and gas, in increasingly deep

waters.,



SUMMARY

[0004] According to a first aspect of the present invention, there is provided a method of dampening
force applied to a payload secured to a vessel, the method comprising: detecting one of a pitch, heave, and
roll movement of the vessel relative to a payload and generating & first signal representing the detecied
movement of the vesse] with a first sensor; detecting a movement of a cable relative to the payload and
generating a second signal representing the detected movement of the cable with a second sensor;
identifying a force event based on the movement of the vessel and movement of the cable, wherein the
force event causes a force to be applied 1o the pavioad via the cabie; controlling an actuator during the
force event based at least in part on the detected movement of the vessel and the detected movement of the
cable to dampen the force applied to the pavload; and generating a control signal, with the coniroller, based
at least in part on fhe first signal and second signal, wherein generating the conirol signal based at least in
part on the first signal and second signal includes: estimating, via the controller, a movement of at least
one component dispesed on the vessel based at least in part on the first signal and generating & first output
signal representing the movement of the at least one component; generating, via the controller, a resultant
signal based on the first output signal and an operator command representing & commanded movernent of
the vessel, the resultant signal representing an adjustment to an effective length of the cable sufficient to
substantially attenuate the movement of the vessel with respect to the payload; generating, vie the
controller, a second. output signal based at least in part on the second signal, the second output signal
representing an adjustment to the effective length of the cable sufficient to substantially attenuate the
movement of the cable with respect to the payload; and calculating, via the controller, a summation of the
resultant signal and the second output signal, wherein the control signal is defined by the summation of the
resultant signal and the second output signal, such that the control signal represents an adjustment 10 the
effective length of the cable sufficient to substantially dampen the force applied to the payload as a result
of the movement of the cable with respect to the payload and the movement of the vessel with respect to

the payload.
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[006G5] According to a second aspect of the present invention, there is provided a method comprising:
detecting, via a first sensor, 2 movement of a vessel with respect to a payioad caused by a first force and
refurning a first signal to a controller representing the movement of the vessel; detecting, via a second
sensor, a movement of a cable with respect to the payload caused by a second force and returning a second
signal to the controlier representing the movement of the cable; estimating, via the controller, 2 moverent
of at jeast one component disposed on the vessel based at least in part on the first signal and generating a
first output signal representing the movement of the at least one componeant; generating, via the controller,
a resultant signal based on the first output signal and an operator command representing a commanded
movement of the vessel, the resultant signal representing an adiustment to an effective length of the cable
sufficient to substantially dampen the force applied to the payload as a result of the movement of the vessel
with respect to the payload; generating, via the controller, a second output signal based at least in part on
the second signal, the second output signal representing an adjustment to the effective length of the cable
sufficient io substantially attenuate the movement of the cable with respect to the payload; generating a
conirol signal, via the controller, the contro! signal representing an adjustment to the effective length of the
cable sufficient to substantially dampen the force applied to the pavioad as a result of the movement of the
cable with respect to the payload and the movement of the vessel with respect to the payload, such that the
control signal is defined as a summation of the resultant signal and the second output signal; transmitting
the control signal, via the controller, fo an actuator configured to adjust the effective length of the cable to
compensate for the movement of the vesse! with respect to the payload and the movement of the cable with
respect to the payload; commanding, via the controller, the actuator to adjust the effective length of the
cable durmg a force event based on the control signal to thereby dampen the force applied to the payload
as a result of the movement of the cable with respect to the payload and the movement of the vessel with
respect o the payload; and wherein the payload is secured Lo the vessel viz the cable and the payload is
disposed on a seabed and is siationary with respect to fhe seabed.

[0086]  The features and advantages of the present disciosure are readily apparent

from the followiig detailed description of the best modes for carrying out the

invention when taken in connection with the accompanying drawings.



BRIEF DESCRIPTION OF THE DRAWINGS

188071  Figure 1 is a schematic diagram of an example vessel conpected to a
payload via a cable and having a damping control sysiem.

10008]  Figure 2 is a schematic diagram of an example damping control system
used in the vessel of Figure 1.

{0606  Figure 3 is a schematic diagram of an example winch-based damping
control system.

[0610]  Figure 4 is & schematic diagram of an example sheave-based damping
control system.

[0031]  Figure 5 illustrates an example signal flow diagram that may be used to
compengate for movement of a vessel and a cable.

[0612]  Figure 6 illustrates a flowchart of an example process that may be
impiemented by a damping control system to compensate for movement of a vessel
and a cable.

[6013]  Figure 7 illustrates a graph of an exampie payload displacement with and
without a damping control system.

[0014]  Figure 8 ilustrates a graph of an example cable tension with and without a

damping control system.

DET.AILED DESCRIPTION

10015] A vessel may use 2 damping control system to compensate for forces that
could damage a payload. Compensating for such forces may resull in increased
uptime, and thus, increased productivity, The damping control system may take many
different forms and include multiple and/or alternate components and facilities. While
an example vessel having a damping control system is shown in the Figures, the
components iliustrated in the Figures are not intended to be hmiting, Indeed,

additional or alternative components and/or implementations may be used.
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10016]  Figure 1 illustrates an example vessel 100 having a body 105, a payload
110, a cable 115, and a control system 120. The vessel 100 may include any
watercraft or other structure configured to float on the surface of a body of water 130.
For instance, the vessel 100 may be a drillship, a boat, an offshore platform, ete.
[0617]  The body 105 of the vessel 100 may include any number of structures
configured to allow the vessel 100 to float on the surface of the water 130 and support
cquipment, such as a crane (not shown), that may be used during fossil fuel
exploration and/or production. In one example approach, the body 105 may include a
hull and a deck or a platform, Because the body 105 floats on the surface of the water
130, the body 105 is susceptible to wave elevation, wind, and other weather
conditions. As such, the body 105 may pitch, rolf, and heave with the motion of the
waves.

{0018]  The payload 110 may include any number of devices configured to be
suspended in the water 130 for some period of time and/or interact with a seabed 125
during, e.g., fossil fuel exploration. The payload 110 may include a drill configured to
penetrate the seabed 123 alone or in combination with, e.g., a riser, a drill pipe, a
casing, etc. One or more components of the payload 110 may mteract with the seabed
125 via a welthead. As illustrated in Figure 1, the payload 1140 is suspended in the
water 130. However, as discugsed below, Figures 3 and 4 illustrate example
approaches where the payload 110 is disposed in the seabed 125, Alternatively, the
payload 110 may be disposed on the seabed 125.

[6019]  The cable 115 may include any device configured to connect one or more
components of the payload 110 to the vessel 100, The cable 115 may be used to lower
the payload 110 from the vesself 100 to the seabed 125, and raise the payload 110
from the seabed 125 to the vessel 100. The cable 115 may have any length that is
sufficient to allow one or more components of the payload 110 to reach and interact
with the seabed 125. The movement of the body 105 may cause the cable 115 to move
{e.g., oscillate or vibrate). As discussed below, the movement of the cable 115 may be
attenuated by changing an effective length of the cable 115. The term “effective
fength” may describe the amount of slack available or the tension on the cable 115, As
such, the effective length may be related to the length of the cable 115 underneath the
surface of the water 130, the length of the cable 1135 between the vessel 100 and the
payload 110, ete. The effective length may be adjusted to control the tension of the

cable 115, and thus, attenuate the movement of the cable 113.
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[0020]  The control system 120 may include any number of devices configured to
identify and compensate for a force event to, e.g., prevent damage to the payload 110,
The force event may include any movement of the vessel 100 and/or cable 115 that
may damage the payload 110. The term “movement of the vessel” mayv refer to the
movement of any component of the vessel 100, including the body 105 or components
supporied on the body 105, caused by wave elevation, wind, or other weather
conditions. While the cable 115, as illustrated, is part of the vessel 100, the term
“movement of the cable” may refer to any movement of the cable 115 that could
damage the payload 110. Upon identification of the force event, the control system
120 may be configured to control the tension of the cable 115 to substantially
attenuate the movement of the cable 115, and thus, reduce the risk of damage to the
payioad 110 during force events.

[0021]  To compensate for force events, the control system 120 may be configured
to model any combination of, e.g., the wave clevation, the movement of the vessel
100, including components disposed on the vessel 100, the movement of the cabie
115, and the dynamics of the cemponents of the control system 120. For example, the
contro! system 120 may, given a special coordinate of the body of water 130,
determine a time-series wave ¢levation based on, e.g., the harmonic wave amplitude,
the harmonic wave frequencies, ée harmonic wave phases, the harmonic wave length,
the harmonic wave direction, the harmonic wave component index, and the number of
harmonic components. Such a wave model may provide a sufficiently accurate
representation of the environmental conditions of the vessel 100 in the water 130.
10022}  The model of the vessel 100, including components like a crane disposed
on the vessel 100, may be based, at least in part, on hydrodynamic forces from the
wave elevation and the hydrodynamic force effects of the movement of the vessel 100
itself. To determine hydrodynamic forces, the response due to irregular water 130
movement can be obtained by combining a linear response of regular and sinusoidal
waves with nonlinear loads. The hydrodynamic force can be classified as a radiation
load and an excitation load. A force response amplitude operator may be used to find
the force response. The vessel 100 motion can be computed using a second-order
dynamics that consider parameters of the vessel 100 that may be estimated from the
geometry of, e.g., the body 103 of the vessel 100 and environmental conditions.
[6623]  The cable 115 may be modeled as a mass-less compliance-free cable 115

plus an equivalent spring. The dynamics of the cable 115 may be determined from a
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jength of the cable 115 relative to a reference point, such as a crane tip or other
component on the vessel 100, and an equivalent spring coefficient.

[6624]  The dynamics of various components of the control system 120 may be
modeled in a way that aliows the control system 120 fo attenuate the movement of the
cable 115, The movement of the cable 115 may be caused by, e.g., the movement of
the vessel 100 due to wave elevation. Therefore, the model of the components of the
controf system 120 may consider, for instance, a distance between the components of
the control systermn 120 and the components of the vessel 100, such as fhe crane tip,
given the movement (e.g., heave) of the vessel 100 caused by wave elevation. The
model may further consider acceleration, damping, gravity, etc. With the model, the
control system 120 may geaerate one or mare control signals that may be used to
control one or more components of the control system 120 that may act upon the
cable 115 to attenuate the movement of the cable 115, as discussed in greater detail
below.

[6025]  As discussed in greater detail below, the control system 120 may, using the
modeis described above, compensate for the movement of the vessel 100 and the
mavement of the cabie 115 to protect the payload 110 from damage caused by such
movement.

10026}  Figure 2 illustrates an example control system 120 that may be used by the
vessel 100 to protect the payload 110 from damage during force events. The control
system 120 may include a first sensor 205, a second sensor 210, an actuator 215, and
a controller 220

[6627]  The first sensor 205 may include any device configured to measure
movement of the vessel 100, For instance, the first sensor 205 may be configured to
detect the movement of the vessel 100 that may be caused by one or more waves, As
such, the first sensor 205 may include one or more gyroscopes. The first sensor 205
may further be configured to derive the movement of the vessel 100 based on
movement of any component disposed on the vessel 100, such as a cranc. The first
sensor 205 may be configured to generate a first signal representing the movement of
the vessel 100. The first signal may represent motion relative to any number of
degrees of freedom. Therefore, the first signal may represent one or more of pitch,
roll, and heave of the vessel 100 caused by the waves, wind, or other weather

conditions.
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[6028]  The second sensor 210 may include any device configured to measure the
movement of the cable 113. For instance, the second sensor 210 may be configured to
measure vibrations or oscillations of the cable 115 in general or as a resuit of the
movement of the body 105 of the vessel 100. In one possible approach, the second

~ sensor 210 may include an accelerometer, a piezoelectric sensor, and/or a vibration
sensor. The second sensor 210 may be configured to generate a second signal
representing the movement ot the cable 115,
[4029]  The actuator 215 may include any device configured to facilitate motion
when provided with, ¢.g., electrical or hydraulic encrgy. For instance, the actuator 215
may be configured fo receive a control signal and move in accordance with the control
signal. In one possible approach, the actuator 215 may include an electric motor or
winch (see Figure 3} configured to generate rotational motion, The control signal in
this example implementation may control an angular displacement of the actuator
215. Alternatively, the actuator 2135 may include a hydraulic cyvlinder (sce Figure 4)
configured to provide translational motion and act on another device, such as one or
more sheaves. The amount of translational motion may be commanded by the control
signal so that the control signal may control the length of the actuator 215. When used
with two sheaves as illustrated in Figure 4, below, the length of the actuator 215 may
control the distance between the sheaves.
[6030]  The actuator 215 may be either directly or indirectly connected te the cable
115 so that the actuator 215 may act on the cable 115. That is, the angular
displacement or fength of the actuator 215 may be used to change the length of the
cable 115. In one possible approach, the actuator 215 may increase the effective
length of the cable 115 when rotated or translated in one direction and decrease the
effective length of the cable 115 when rotated or franslated in an opposite direction.
Since the force transmitted to the payload 110 via the cable 115 may be attenuated by
changing the length of the cable 115, the actuator 215 may be used to dampen the
force applied to the payload 110 caused by the movement of the cable 115, as
discussed below.
[0031]  The controller 220 may include any device configured to identify the force
event based, at least in part, on the signals generated by the first sensor 205, the
second sensor 210, or both. The signals from the first sensor 205 and the second
sensor 210 represent movement of the vessel 100 and the cable 115, and such

movement may cause a force that can damage the payload 110, The coniroller 220
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may be configured to identify the force event as any force sufficient to damage the
payload 110 caused during the movement of the vessel 100 and/or cable 115. Since
the actuator 215 may directly or indirectly act on the cable 115 1o attenuate the
vibrations or movement of the cable 113, the controller 220 may be further configured
to control the actuator 215 during the force event in a way that, e.g., substantially
dampens the force applied to the payload 110. In one possible approach, the controiler
220 may be configured to generate the control signal that may be used to command
the actuator 215 to a particuiar angular position or length, as described below with
respect to Figures 3 and 4.

[6032]  Tn general, computing svstems and/or devices, such as the controller 220,
etc., may employ any of a number of computer operating systems and may include
computer-executable instructions, where the instructions may be executable by one or
more computing devices such as those listed above. Computer-executable instructions
may be compiled or interpreted from computer programs created using a variety of
programming languages and/or technologies, including, without limitation, and either
alone or in combination, Java™, C, C++, Visual Basic, Java Script, Perl, ete. In
general, a processor (e.g., 8 MICroprocessor) receives instructions, e.g., froma
memory, 4 computer-readable medium, etc., and executes these instructions, thereby
performing one or more processes, including one or more of the processes described
herein. Such instructions and other data may be stored and transmitted using a variety
of computer-readable media.

[8633] A computer-readable medium (also referred to as a processor-readable
medium}) includes any non-transitory (c.g., tangible) medium that participates in
providing data (¢.g., instructions) that may be read by a computer (e.g., by a processor
of a computer). Such a medium may take many forms, including, but not limited to,
non-volatile media and volatile media. Non-volatiie media may include, for example,
optical or magnetic disks and other persistent memory. Volatile media may include,
for example, dynamic random access memory (DRAM), which may constitute a main
memory. Such instructions may be transmitted by one or more transmission media,
mcluding coaxial cables, copper wire and fiber optics, including the wires that
comprise & system bus coupled to a processor of 2 computer. Some forms of
computer-readable media include, for example, a floppy disk, a flexible disk, hard
disk, magnetic tape, any other magnetic medivm, a CD-ROM, DVD, any other optical

medium, punch cards, paper tape, any other physical medium with patterns of holes, a
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RAM, a PROM, an EPROM, a FLASH-EEPROM, any other memory chip or
cartridge, or any other medium from which a computer can read.

[0034]  Figure 3 illustrates a vessel 100 having a winch-based contrel system that
may be used to substantially dampen the force applied to the payload 110 during force
events. As disclosed in Figure 3, the vessel 100 inchudes the body 105, the cable 1135,
and payioad 110 as described above. The vessel 100 may further include a first sheave
305 disposed on the body 105 and, as iltustrated, the actuator 215 may be
impiemented via a winch 310,

[0035]  The first sheave 305 may include any device, such as a pulley, configured
to change a direction of an applied force. For instance, the first sheave 305 may be
used to change the direction of a force exerted by or on the cable 115, Tn one possibie
approach, the first sheave 305 may include a wheel having a groove configured to
support the cable 115, The cable 115 may extend in a generally vertical direction
between the vessel 100 and the seabed 125 and the cable 115 may further extend ina
direction that is generaily {¢.g., when there is no wave elevation) horizontal relative to
the seabed 125 to connect to the actuator 215, The first sheave 3035, therefore, may be
configured to facilitate the change in direction of the cable 115 between the actuator
215 and the payload 110. The first sheave 305 may have an axle that is fixed (e.g.,
stationary) relative to the body 105 of the vessel 100. Therefore, the first sheave 305
may rotate about the axis but may not be able to translate relative to the winch 310.
[6036]  The winch 310 may include any device configured to rotate to change the
effective length of the cable 115, For instance, the winch 310 may be configured to
rotate in a first direction 315 to increase the length of the cable 115 and rotate in a
second direction 320 to decrease the effective length of the cable 115, By adjusting
the effective length of the cable 115, the winch 310 may be used to change the tension
of the cable 115. That 1s, the winch 310 may be configured to receive the command
signal from the controlier 220, and the position (e.g., angular displacement) of the
winch 310 may be based on the control signal,

[0037]  In operation, the controller 220 may control the winch 310 to change the
effective length of the cable 115 based on, e.g., the first signal from the first sensor
205 and the second signal from the sccond sensor 210. When the vessel 100 heaves
away from the scabed 125, the controller 220 may cause the winch 310 to rotate in a
first direction 315, causing the effective iength of the cable 1135 to increase. When the

vessel 100 heaves toward the seabed 123, the controller 220 may cause the winch 310
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to rotate in a second direction 320 that decreases the effective length of the cable 115,
The controller 220 may control the rotation of the winch 310 by generating a contrel
signal that designates a particular angular displacement of the winch 310.

{0038}  Figure 4 is a schematic diagram of an example vessel 100 having a sheave-
based control system that may be used to substantially dampen the force applied to the
payload 110 during force events. The vessel 100 of Figure 4 includes the body 103,
the cable 1135, the payload 110, the winch 310, and the first sheave 305, which are
gengrally the same as those previously described. The vessel 100 of Figure 4 further
includes a second sheave 405, and the actuator 215 of Figure 4 is implemented as,
e.g., a hydraulic cylinder 415 disposed between the first sheave 305 and the second
sheave 405.

[0039]  The second sheave 405 may include any device, such as a pulley,
configured to move relative to the first sheave 305 to change the effective length of
the cable 115, For instance, the second sheave 405 may inciude a wheel defining a
groove configured to support the cable 115. The cable 115 may be disposed on both
the first sheave 305 and the second sheave 405, and the distance 410 between the first
sheave 305 and the second sheave 405 may determine the effective Iength of the cable
115,

[6640]  In operation, the controller 220 may control the actuator 2135 10 increase or
decrease the effective length of the cable 115 based on, e.g., the first signal from the
first sensor 205 and the second signal from the second sensor 210, Tn one possible
approach, the effective length of the cable 115 may be related to the distance 410
between the first sheave 305 and the second sheave 405. When the vessel 100 heaves
away from the seahed 125, the controller 220 may cause the actuator 215 to reduce
the distance 410 between the first sheave 305 and the second sheave 403, and thus,
increase the effective fength of the cable 115, When the vessel 100 heaves toward the
seabed 1235, the controller 220 may cause the actuator 213 to increase the distance 410
between the first sheave 305 and the second sheave 405, The increased distance 419
between the first sheave 305 and the second sheave 405 may decrease the effective
length of the cable 115, The controller 220 may control the length of the actuator 213
via a control signal that considers information represented by the first signal and the

second signal.
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[0041]  Figure 5 illustrates an example signal flow diagram 500 that may be used
by the control system 120 to compensate for the movement of the vessel 100 and the
movement of the cable 115,

[0042]  Atblock 503, the first sensor 205 may detect movement of the vessel 100
based on, e.g., a force Fy caused by wave elevation. The first sensor 205 may generate
the first signal representing the movement of the vessel 100. The first sensor 205 may
consider physical features of the vessel 100 or components of the vessel 100 to
interpret the movement of the vessel 100 when generating the first signal. The
physical features may inciude any feature that may be used to determine how, e.g., the
vessel 100 may respond to wave clevation or weather conditions.

[0043]  Atblock 510, the second sensor 210 may detect movement of the cable 115
based on, e.g., a force Fy applicd to the cable 115, The force Fy may represent forces
caused by the movement of the vessel 100 or any other disturbance on the cable 115.
The second sensor 210 may be configured to generate the second signal based on,
¢.g., the movement of the cable 115. The second sensor 210 may further consider
physical features of the cable 115, such as length, thickness, etc., when generating the
second signal,

{00441  Atblock 515, the controller 220 may, using the first signal, derive or
estimate the motion of components on the vesset 100 based on the movement of the
vessel 100 detected at block 505, For instance, the controller 220 may derive or
estimate movement of a crane disposed on the vessel 100. Although not shown, the
crane may be used to lower the pavicad 110 to the seabed 125, and in some instances,
operate the payload 110 when the payioad 110 reaches the seabed 125. Therefore, the
cable 115 may be connecled to the crane, and thus, any movement of the vessel 100
may be transferred to the cable 115 via the crane. The controller 220 may determine
the movement of the crane based on hydrodynamic forces caused by wave elevation
and the movement of the vessel 100. The controller 220 may generate and output a
signal representing the movement of the crane.

[00457 At block 520, the controller 220 may use the signal representing the
movement of the crane generated at block 513, as well as an operator command, to
generate a signal that compensates for movement of the vegsel 100, The operator
command may represent commanded movement of the vessel 100, the crane, or both,
by an operator of the vessel 100 and/or crane. Accordingly, the signal generated at

block 520 may be used to control the actuator 215 to compensate for the movement of
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the vessel 100 and/or the movernent of the crane whether caused by wave elevation,
wind, or other weather conditicns, as well as any operator commands.

[0G46]  Atblock 525, the controller 220 may receive the second signal from the
second sensor 210 and use the second signal to generate a signal that may be used to
substantially attenuate movement in the cable 115, For instance, the coatroller 220
may appty an integral force feedback algorithm that considers, e.g., the average
tension of the cable 115 in light of the mass of the payload 110, the mass of the cable
115, and a buoyancy factor. The signal generated at block 525 may be used to
compensate for movement of the cable 115 caused by, e.g., the vessel 100 or other
disturbances on the cable 115.

[0047]  Atsummation biock 530, the signal generated at block 520 to compensate
for the movement of the vessel 100 and the signal generated at block 525 {0
compensate for the movement of the cable 115 may be combmed to generate the
contral signal that, ag described above, may compensate for both the movement of the
vessel 100 and the movement of the cable 115.

[0648]  Atblock 535, the controller 220 may, using feedback from the actuator 215,
modify the control signal generated at block 530 to improve the operation of the
controd gystem 120, The dynamics of the vessel 100, the cable 115, and the payload
110 given the wave elevation represent a non-linear system. The controller 220 may
implement a sliding mode control techrigue to compensate for these dynamics. Using
the sliding mode controf technique, the contreller 220 may predict the movement of
the vessel 100, the cable 115, or both, and modify the control signal based on the
predicted movement.

[6049]  Atblock 540, the actuator 215 may receive the control signal generated at
block 536 and, in some instances, modified at block 535, The actuator 215 may, either
directly or indirectly, act on the cable 115 as indicated by the force F; to attenuate the
movement of the cable 115 as commanded by the control signal. As discussed above,
the actuator 215 may include a winch 310 that may change the effective length of the
cable 115 based on an angular displacement commanded by the control signal.
Alternatively, the actuator 215 may include the hydraulic cylinder 413, and the
control signal may command the actuator 215 to change the effective length of the
ceble 115 by changing a distance between a first sheave 305 relative to a second

sheave 405, The actual position of the actuator 215, which may represent the actual
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angular displacement of the winch 310 or the actual distance between the first sheave
305 and the second sheave 405, may be communicated to block 535 as feedbacl,
[065¢]  Figure 6 illustrates an example process 600 that may be implemented by
the control system 120 to, e.g., compensate for the movement of the vessel 100 and
the cable 115 to prevent damage 1o the payload 110. As discussed above, movement
of the vessel 100 may damage the payload 110, which may, in operation, be stationary
relative to the seabed 125. Since the cable 115 connects the payload 110 to the vessel
100, any motion of the vessel 100 may be transferred to the payvload 110 via the cable
115. Accordingly, compensating for the movement of the vessel 100 and the cable
115 relative to the seabed 125 may reduce the risk of damage to the payload 110.
[0651] At Dblock 605, the first sensor 205 may detect movement of the vessel 100
based on, e.g., the pitch, rol}, heave, etc., of the vessel 100 relative 10 the seabed 125
due to wave elevation, wind, or other weather conditions. The first sensor 205 may
use the movement of the vessel 100 to derive or estimate movement of one or more
components disposed on the vessel 100, such as a crane. The first sensor 205 may
generate the first signal representing the movement of the vessel 160

[6052]  Atblock 610, the second sensor 210 may detect movement of the cable 115
relative to the seabed 125. The movement of the cable 115 may be caused by any
combination of the movement of the vessel 100 or any other disturbance on the cable
115, The movement of the vessel 100 may be transferred to the cable 115 through the
crane disposed on the vessel 100, thus causing the cable 115 to vibrate. The second
sensor 210 may generate the second signal representing this movement of the cable
115.

[6053] At decision block 615, the controller 220 may identify a force event. Not all
movement of the vessel 100 and/or cable 115 may be harmful to the payload 110.
Therefore, to conserve resources, the controller 220 may be configured to identify
instances where the movement of the vessel 100 and/or cable 115 could harm the
payload 110 as force events. [f the controller 220 determines that the force event
exists, the process 600 may continue at block 620, Tf, however, the controller 220
determines that the movement of the vessel 100 and/or cable 115 is not sufficient to
harm the payload 110 {e.g., no force event exists), the process 600 may return (o
biock 603,

18054  Atblock 620, the controller 220 may gencerate the control signal used to

control the actuator 215 to dampen the movement of the cable 115, The control signal
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may generate the control signal based on the detected movement of the vessel 100 and
the cable 115 using the first signal and the second signal. Moreover, the controiler 220
may consider, ¢.g., feedback from the actuator 215 and the sliding mode technique
discussed above with respect to Figure 5, ete., when generating the control signal.
[0055]  Atblock 625, the controller 220 may dampen the movement of the cable
115. For instance, the controller 220 may control the actuator 215 during the force
event based, at least 1 part, on the detected movement of the vessel 100 and the cable
115 to dampen the force applied to the payload 110 using, e.g., the control signal
generated at block 620. For instance, the actuator 215 may rotate in response fo
receiving the control signal to change the effective length of the cable 115. The
control signal may command that the actuator 215 move to a particular position based
on an angular displacement indicated by the control signal. Alternatively, the actuator
215 may, based on the control signal, change the distance 410 between, e.g., the first
sheave 305 and the second sheave 405 to change the effective length of the cable 115,
Moreover, as previousty discussed, the controller 220 may predict the movement of
the vessel 100, the cable 115, or both, using the siiding mode technigue. Therefore,
the control signal may be used to control the actuator 215 based on the predicted
movement ¢f the vessel 100 and/or cable 115.

[0056]  Figure 7 illustrates a graph 700 of a simulated displacement of the payload
1160 with and without the control system 120. The line 705 represents the
displacement of the payload 110 when only compensating for the movement of the
vessel 100 (c.g., there is no compensation for the movement of the cable 115). As
illustrated, the residual movement of the vessel 100 after compensation is transferred
through the cabie 115 to the payioad 110, together with other disturbances injected
into the paylead 110, such as ocean current, causing the payload 110 to vibrate. The
line 710, on the other hand, represents the displacement of the payload 110 using the
confrof system 120 described above. As illustrated, the control system 120 is able to
gubstantially attenuate the movement of the cable 115 that would otherwise be
transfereed to the payload 110,

[6657]  Figure & illustrates a graph 800 of a simulated cable tension with and
without the control system 120 described above. The line 805 represents the tension
applied to the cable 115 as a result of the movement of the vessel 100. Without the
compensation system applied to the vessel 100, the cable 115 must be designed to

sustain a wide range of cable 115 tensions over a prolonged period of time (e.g., the
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amount of fime the pavioad 110 interacts with the seabed 125). The line 810,
however, illustrates the tension applied to the cable 115 when compensating for the
movement of the vessel 100 and the cable 115. As illustrated, the control system 120
is abie to dampen the movement of the cable 115, and thus, the tension of the cable
115 is reduced. Accordingly, the cable 115 does not sustain excessive forces for
prolonged periods of time. As a result, lighter cables may be used to connect the
vessel 100 to the payload 110,

[0058]  While the best modes for carrying out the invention have been described in
detail, those familiar with the art to which this invention relates will recognize various
alternative designs and embodiments for practicing the invention within the scope of

the appended claims.
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Claims:

1. A method of dampening force applied to a payload secured to a vessel, the method
comprising:

detecting one of a pitch, heave, and roll movement of the vessel relative to a payload
and generating a first signal representing the detected movement of the vessel! with a

first sensor;

detecting a movement of a cable relative to the payload and generating a second signal

representing the detected movement of the cable with a second sensor;

identifying a force event based on the movement of the vessel and movement of the

cable, wherein the force event causes a force to be applied to the payload via the cable;

conirolling an actuator during the force event based at ieast in part on the detected
movement of the vessel and the detected movement of the cable to dampen the force

applied to the payload; and

generating a control signal, with the controller, based at least in part on the first signal
and second signal, wherein generating the control signal based at least in part on the

first signal and second signal includes:

estimating, via the controller, a movement of at least one component disposed on the
vessel based at least in part on the first signal and generating a first output signal

representing the movement of the at least one component;

generating, via the controller, a resultant signal based on the first output signal and an
operator command representing a commanded movement of the vessel, the resultant
signal representing an adjustment to an effective length of the cable sufficient to

substantially atienuate the movement of the vessel with respect to the payload;

generaling, via the controller, a second output signal based at least in part on the
second signal, the second ouiput signal representing an adjustment to the effective
length of the cable sufficient to substantially attenuate the movement of the cable with
respect to the payload; and
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calculating, via the controller, a summation of the resultant signal and the second output
signal, wherein the control signal is defined by the summation of the resuitant signal and
the second output signal, such that the control signal represents an adjustment to the
effective length of the cable sufficient to substantially dampen the force applied to the
payload as a result of the movement of the cable with respect to the payload and the

movement of the vessel with respect to the payload.

2. The method set forth in claim 1, wherein the actuator is configured to rotate, and wherein
controlling the actuator includes controlling an angular displacement of the actuator to change

an effective length of the cable during the force event.

3. The method set forth in claim 1, wherein controlling the actuator during the force event
includes controlling the actuator to change a distance between a first sheave and a second

sheave to change an effective length of the cable during the force event.

4. The method set forth in claim 1, wherein controlling the actuator includes:

predicting the movement of at least one of the vessel and the cable; and

controlling the actuator during the force event based at ieast in part on the predicted

movement of at least one of the vessel and the cable.

5. The method set forth in claim 1, wherein the payioad is stationary relative to a seabed, and
wherein at least one of detecting movement of the vessel and detecting movement of the cable

inciudes detecting movement relative to the seabed,

6. The method of claim 1 wherein controlling an actuator during the force event based at least in
part on the detected movement of the vessel and the detected movement of the cable to

dampen the force applied to the payload further includes:

transmitting the control signal, via the controller, to the actuator configured to adjust the

effective length of the cable;

commanding, via the controlier, the actuator to adjust the effective length of the cable

during a force event based on the control signal to thereby dampen the force applied to
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the payload as a result of the movement of the cable with respect to the payload and the

movement of the vessel with respect to the payload.

7. The method of claim 6 further comprising modifying the control signa! and generating a

modified control signal, wherein modifying the control signal further includes:

predicting the movement of at least one of the vessel with respect to the payload and the
cable with respect to the payload based at least in part on a sliding mode control
technique; and

controlling the actuator during the force event based at least in part on the predicted

movement of at least one of the vessel and the cable.

8. The method of claim 1 wherein generating the second output signat further includes:

applying an integral force feedback algorithm, such that the integral force feedback
algorithm considers each of the second signal, an average tension of the cable, a mass

of the cable, and a buoyancy factor.

9. A method comprising:

detecting, via a first sensor, a movement of a vessel with respect to a payload caused by
a first force and returning a first signal to a controller representing the movement of the

vessel:

detecting, via a second sensor, a movement of a cable with respect to the payload
caused by a second force and returning a second signal to the controller representing

the movement of the cable;

estimating, via the controller, a movement of at least one component disposed on the
vessel based at least in part on the first signal and generating a first output signal

representing the movement of the at least one component;

generating, via the controller, a resultant signal based on the first output signal and an
operator command representing a commanded movement of the vessel, the resultant

signal representing an adjustment to an effective length of the cable sufficient to
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substantially dampen the force applied to the payload as a result of the movement of the

vessel with respect to the payload;

generating, via the controller, a second output signal based at least in part on the
second signal, the second output signal representing an adjustment to the effective
length of the cable sufficient {o substantially attenuate the movement of the cable with

respect to the payload;

generating a control signai, via the controlier, the control signal representing an
adjustment to the effective length of the cable sufficient to substantially dampen the
force applied to the payload as a resuilt of the movement of the cable with respect to the
payload and the movement of the vessel with respect to the payload, such that the
control signal is defined as a summation of the resuitant sighal and the second output

signal;

transmitting the control signal, via the controller, to an actuator configured to adjust the
effective length of the cable to compensate for the movement of the vessel with respect

to the payload and the movement of the cable with respect to the payload;

commanding, via the controller, the actuator to adjust the effective length of the cable
during a force event based on the control signal to thereby dampen the force applied to
the payload as a result of the movement of the cable with respect to the payload and the

movement of the vessel with respect to the payload; and

wherein the payload is secured to the vessel via the cable and the payload is disposed

on a seabed and is stationary with respect to the seabed.

10. The method of claim 9 further comprising modifying the control signal, via the controller,

wherein modifying the control signal further includes:

predicting the movement of at least one of the vessel with respect o the payload and the
cable with respect to the payload based at least in part on a sliding mode control

technigue; and

controlling the actuator during the force event based at least in part on the predicted

movement of at least one of the vessel and the cable.
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