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DESCRIPTION

TECHNICAL FIELD

[0001] The present invention relates to roll of marine vessels and specifically relates to
controlling the roll angle of a body portion of a vessel.

BACKGROUND

[0002] Controlling the roll angle of an aircraft during a turn such that the resultant force
(comprising a vertical gravitational force and a centrifugal force) remains perpendicular to the
floor of the cabin is known as making a coordinated turn. This is particularly important for
passenger comfort as the weight of a person remains acting downwards relative to the person
and relative to their seat, and any drink on a table appears level. Although the weight of the
person increases slightly, they do not feel a lateral force.

[0003] A coordinated turn strategy for roll control has been applied to mono-hull boats using
interceptors as disclosed in International Publication Number W02011/099931 to overcome roll
or heeling issues with propulsion pod marine vessels. Similarly it has been proposed for
stability reasons to apply a coordinated turn strategy for roll control of a hybrid craft comprising
a mono-hull connected under a small aircraft as disclosed in International Publication Number
WQ091/12172.

[0004] In the applicant's International Publication Numbers WQ02011/143692 and
W02011/143694 are disclosed multi-hull vessels comprising suspension. The hulls are
moveable relative to the deck or body portion and active (powered) control of the roll attitude of
the body relative to the hulls is discussed. W0O2011/143692 describes a control arrangement to
compensate the roll angle and level the vessel when the water craft is leaning. United States
publication number US 2013/213288 A1 also discloses a multi-hull vessel in which the hulls are
moveable relative to the deck or body portion and active (powered) control of the attitude of
the body relative to the hulls is to maintain a constant deck attitude. United States patent
number 3,517,632 also discloses a multi-hulled vessel in which the left hull and the right hull
are moveable vertically relative to the body in dependence on steering angle to provide a
lateral shift in the centre of mass of the body inwards towards the centre of the turn and also to
tilt the hulls into the turn to enhance the steering effect without requiring a rudder. However
controlling roll angle in dependence on steering angle without including a speed parameter
does not vary roll angle in dependence on lateral acceleration, so does not provide a
coordinated turn control.

[0005] In a conventional multi-hulled vessel such as a catamaran for example where the hulls
are fixed relative to the deck or body portion, executing a coordinated turn requires the hull
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towards the inside of the turn to be moved downwards relative the water surface and the hull
towards the outside of the turn to be moved upwards relative to the water surface. These
changes in the displacement of the inner and outer hulls during a turn can provide significant
hydrodynamic losses in efficiency and the inability to move the hulls relative to the body make
executing a coordinated turn at planing speed impossible. Also the wider the spacing between
the hulls, the smaller the range of possible controlled roll angles, so the lower the maximum
lateral acceleration that can be compensated for through adjusting the vessel roll angle. For
these reasons multi-hulled vessels of conventional construction, where the hulls are fixed, are
generally unable to execute coordinated turns at speed.

SUMMARY OF INVENTION

[0006] The present invention provides in one aspect a vessel having a body portion that is at
least partially suspended above at least two hulls which are moveable with respect to the body
portion, at least one sensor arranged to sense at least one operational parameter of the
vessel, roll attitude of the body portion being adjustable and controlled during operation in
response to said at least one operational parameter to ensure that the sum of the gravitational
force and the centrifugal (substantially lateral with respect to ground) force acting on the vessel
during a turn has a line of action that is perpendicular to a deck of the vessel. The at least two
moveable hulls include at least one left moveable hull and at least one right moveable hull.

[0007] The at least one operational parameter includes at least one lateral acceleration
parameter. The at least one lateral acceleration parameter may include a predicted lateral
acceleration, being a function of steering angle and speed, since lateral acceleration oriented
relative to ground is substantially proportional to steering angle multiplied by the square of the
vessel speed. When the steering angle is changed, the function of steering angle and speed
can be used to predict the lateral acceleration that the vessel is about to experience before the
loads build up, allowing the roll adjustment to be made before or while the roll moment builds
up with increasing lateral acceleration. This is able to thereby reduce or minimise the power
required to control the roll attitude of the body while maintaining the sum of the gravitational
and centrifugal forces substantially perpendicular to a deck or floor portion of the body portion.
The power required to provide active control of the roll angle can be minimised through the
mechanism of the lateral shift of the centre of mass providing a roll moment compensating for
the roll moment caused by the centrifugal force of a turn. Alternatively, for example when the
steering angle is steady state, the at least one lateral acceleration parameter may include a
calculated lateral acceleration, being a function of steering angle and speed. The function is
essentially the same, but now the calculated lateral acceleration should be an actual lateral
acceleration rather than a predicted soon to happen lateral acceleration. This calculated lateral
acceleration is similarly oriented relative to ground. Alternatively or additionally, the at least one
lateral acceleration parameter may include a calculated lateral acceleration, being a function of
suspension support forces, since the roll moment due to cornering generates a difference in
left versus right support forces in the suspension system (i.e. a couple) which can be used to
calculate the lateral acceleration on the vessel body. Alternatively or additionally, the at least
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one lateral acceleration parameter may include a calculated lateral acceleration, being an
average of two vertically spaced lateral accelerations oriented horizontally with respect to the
body. As the vertically spaced lateral accelerometers are oriented horizontally with respect to
the body, in this case the calculated lateral acceleration is likewise oriented horizontally with
respect to the body, so minimising the calculated lateral acceleration oriented relative to the
body ensures that the sum of the gravitational force and the centrifugal force acting on the
vessel during a turn has a line of action that is substantially perpendicular to a deck of the
vessel, i.e. achieve a coordinated turn. Similarly if a single body mounted lateral accelerometer
is used to measure lateral acceleration on the body in an orientation horizontal with respect to
the body, i.e. parallel to the deck so it rotates with rotation of the body, then the measured
lateral acceleration can be minimised to ensure that the body roll attitude is substantially
consistent with a coordinated turn. Therefore, the at least one lateral acceleration parameter
may include a measured lateral acceleration, being measured in a lateral direction oriented
horizontally with respect to the body portion. Conversely if the lateral acceleration is measured
oriented relative to ground, using for example a motion compensated (tri-axial) accelerometer,
then the roll angle to achieve a coordinated turn can be calculated from that lateral
acceleration and the vessel roll angle adjusted to suit. Therefore, the at least one lateral
acceleration parameter may include a measured lateral acceleration, being measured in a
lateral direction relative to ground In one or more forms of the present invention, the body
portion may be entirely supported above said at least two moveable hulls. Alternatively, the
body portion of vessel may include at least one further hull fixed to the body portion and
providing partial support of the body portion relative to the water surface and/or the at least two
moveable hulls include at least one left hull and at least one right hull. The at least one left hull
may be a single hull towards a left side of the vessel and the at least one right hull may be a
single hull towards a right side of the vessel in which case the vessel can be a catamaran or
trimaran. Alternatively, the at least one left hull may include a forward left hull and a rearward
left hull and the at least one right hull may include a forward right hull and a rearward right hull,
the forward and rearward left and right hulls can then be arranged in a rectangular
configuration for example. Alternatively, the at least two hulls further include at least one
forward hull and at least one rearward hull, the left, right, forward and rearward hulls being
arranged in a diamond configuration for example.

[0008] In one or more forms of the present invention, the body portion may be entirely
suspended above said at least two hulls which are individually moveable in a vertical direction
relative to the body portion, but constrained from moving in a lateral direction relative to the
body. In this case, such as when using trailing arms for example, the vertical (with respect to
ground) component of the load on each hull may be maintained substantially constant during a
steady state coordinated turn.

[0009] In one or more forms of the present invention, the body portion may be supported
above the hulls by a suspension system including at least two fluid actuators that vary in length
and fluid volume, at least one of said two fluid actuators may include a chamber being part of
at least one left circuit having a left circuit fluid volume and at least one of said two fluid
actuators may include a chamber being part of at least one right circuit having a right circuit
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fluid volume. The suspension system may further include a fluid control system including at
least a pump to effectively or directly transfer fluid between the at least one left circuit and the
at least one right circuit to thereby enable adjustment of the roll attitude of the vessel.

[0010] In one or more forms of the present invention, the control of the roll attitude of the body
portion may include time or the at least one operational parameter may be time-averaged. For
example, the rate of roll adjustment may be controlled, so that a step change in steering angle
does not elicit an immediate step change in roll attitude, but instead the roll attitude is adjusted
at a rate that the vessel could move at, or should move at as a maximum for comfort. Or the
lateral acceleration from an accelerometer may be averaged over a period such as a tenth of a
second, either in blocks of that period, or as a moving average.

[0011] The body portion may be supported above the hulls by a suspension system including
multiple support devices. The control of the roll attitude of the body portion may use pressures
within and/or loads upon at least one of said multiple support devices. This and/or any other
function may be combined. The support devices may be the fluid actuators and/or mechanical
springs for example. Additionally or alternatively, the roll attitude of the body portion may be
controlled up to a roll attitude limit which is determined in dependence on at least one support
device exceeding a predefined travel limit and/or pressure or load.

[0012] In one or more forms of the present invention, the roll attitude of the body portion may
be controlled up to a roll attitude limit which is determined in dependence on hull displacement
relative to the body portion (for example pitch and heave motions relative to the body portion)
and/or a detected sea state.

[0013] According to another aspect of the present invention, there is provided a method of
controlling the roll angle of a body portion of a vessel, the vessel further including at least two
hulls moveable relative to the body portion, the body being at least partially supported above
said at least two hulls, the method including the steps of measuring a lateral acceleration of the
body portion and adjusting the roll angle of the body to minimise the measured lateral
acceleration of the body portion, said lateral acceleration of the body portion being parallel to a
deck of the body portion (not absolute). The method may further include the step of measuring
the lateral acceleration of the body portion using at least one lateral accelerometer mounted to
the body portion.

[0014] According to another aspect of the present invention, there is provided a method of
controlling the roll angle of a body portion of a vessel, the vessel further including at least two
hulls moveable relative to the body portion, the body being at least partially supported above
said at least two hulls, the method including the steps of detecting at least one lateral
acceleration parameter and adjusting the roll angle of the body using the at least one lateral
acceleration parameter to maintain a roll angle that is substantially consistent with a
coordinated turn.

[0015] According to another aspect of the present invention, there is provided a method of
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controlling the roll angle of a body portion of a vessel, the vessel further including at least two
hulls moveable relative to the body portion, the body being at least partially supported above
said at least two hulls, the method including the steps of detecting at least one lateral
acceleration parameter and adjusting the roll angle of the body using the at least one lateral
acceleration parameter to ensure that the line of action of the sum of the gravitational force
and the centrifugal force acting on the vessel during a turn is perpendicular to a deck of the
vessel.

[0016] In either of the above two methods the step of detecting at least one lateral acceleration
parameter may further include the steps of measuring vessel operating parameters and
calculating or predicting the turning forces on the body portion. The operating parameters may
include vessel speed & steering angle.

[0017] According to another aspect of the present invention, there is provided a method of
controlling the roll angle of a body portion of a vessel, the vessel further including at least one
left hull and one right hull moveable relative to the body portion, the body portion being at least
partially supported above said at least one left hull and one right hull, the method including the
step of adjusting the roll angle of the body to ensure that at least a vertical component of the
pressure loads on the at least one left hull is within 15% of the equivalent at least vertical
component of the pressure loads on the at least one right hull. The lateral component of the
pressure loads on each hull increases to react the centrifugal force during a turn, but if the
vertical component of the pressure loads on each hull is maintained or the change in the time-
averaged vertical component of the pressure loads on each hull due to the roll moment on the
body portion is substantially compensated by a lateral load shift due to rolling of the body
portion, then the speed of the vessel is typically much less reduced than if the load balance
changes between the left and right hulls. So preferably the variation between the (preferably
time averaged) vertical component of the pressure load on the at least one left hull is within
15%, but it may be less than 10% or less than 5% or less than 2% of the equivalent vertical
component of the pressure loads on the at least one right hull. This approach can improve
efficiency, but does not necessarily provide the occupants of the vessel body portion with the
comfort of a perfectly coordinated turn.

[0018] The method may further include the step of estimating and/or measuring the lateral
acceleration of the body portion using at least one lateral accelerometer mounted to the body
portion. The step of estimating and/or measuring the lateral acceleration may include using at
least one motion compensated lateral accelerometer mounted to the body portion. Alternatively
or additionally, the step of estimating and/or measuring the lateral acceleration may include the
steps of measuring speed and steering angle and the step of calculating lateral acceleration.
This enables a balance to be chosen between efficiency and occupant comfort.

[0019] The method may further include the step of estimating and/or measuring at least one
load on said at least one left hull and one right hull.

[0020] The vessel further includes a suspension system for supporting at least a portion of the
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body above or relative to the at least one left hull and one right hull, the method may further
include the step of estimating or measuring at least one load on or at least one pressure in the
suspension system. For example the load in a mount of a suspension device (such as a ram or
a spring) can be measured, but if the suspension device is fluid filled such as an air spring or a
hydraulic ram, the pressure of the fluid can be measured to calculate force on the suspension
device.

[0021] According to another aspect of the present invention, there is provided a method of
controlling the roll angle of a body portion of a vessel, the vessel further including at least one
left hull and one right hull moveable relative to the body portion, the body portion being at least
partially supported above said at least one left hull and one right hull, the method including the
steps of determining the leeway angle with which the vessel is proceeding and adjusting the
roll angle of the body portion using leeway angle.

[0022] The step of adjusting the roll angle of the body portion using leeway angle may include
adjusting the roll angle of the body portion of the vessel in dependence on an estimate or
measurement of lateral acceleration or centrifugal force (rather than steering angle and speed
alone for example) when the leeway angle exceeds a preset magnitude to prevent for example
a steering angle due to leeway from driving an unnecessary roll of the body portion.
Additionally or alternatively a global positioning signal may be used to determine that the angle
of the steering is due to leeway rather than turning.

[0023] Additionally or alternatively, the step of adjusting the roll angle of the body portion using
leeway angle may include adjusting the roll angle of the body portion of the vessel to ensure
that at least a vertical component of a load on the at least one left hull is within 15% of the
equivalent at least vertical component of a load on the at least one right hull when the leeway
angle exceeds a preset magnitude. The load may be for example a pressure load on the hull
from the water, or a load in a support device in a suspension system between the body portion
on the left and right hulls.

[0024] Additionally or alternatively, the step of adjusting the roll angle of the body portion using
leeway angle may further include the steps of. estimating or measuring lateral acceleration or
centrifugal force; and estimating or measuring at least one load on at least one of the at least
one left hull and one right hull or measuring a load on or pressure in a suspension component
between the body portion and at least one of the at least one left hull and one right hull.

[0025] The step of adjusting the roll angle of the body using leeway angle may include
calculating a roll angle offset to reduce or remove any difference between a roll angle set point
for a perfectly coordinated turn and a roll angle set point calculated using inputs influenced by
the leeway angle. The magnitude of the roll angle offset may be decayed as a function of time,
the function optionally including any of lateral g, speed, steering angle and/or at least one load
on at least one hull or at least one suspension member between the body portion and a hull.

[0026] According to another aspect of the present invention, there is provided a method of
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controlling the roll angle of a body portion of a vessel, the vessel further including at least one
left hull and one right hull moveable relative to the body portion, the body portion being at least
partially supported above said at least one left hull and one right hull, the method including the
steps of determining a magnitude of payload offset and adjusting the roll angle of the body
using the magnitude of payload offset.

[0027] The step of adjusting the roll angle of the body using magnitude of payload offset may
include adjusting the roll angle of the body portion of the vessel in dependence on an estimate
or measurement of lateral acceleration or centrifugal force (rather than or instead of using
steering angle and speed alone for example) when the payload offset exceeds a preset
magnitude.

[0028] Additionally or alternatively, the step of adjusting the roll angle of the body using the
magnitude of payload offset may include adjusting the roll angle of the body portion of the
vessel to ensure that at least a vertical component of a pressure load on the at least one left
hull is within 15% of the equivalent at least vertical component of a pressure load on the at
least one right hull when the payload offset is less than a preset magnitude.

[0029] Additionally or alternatively, the step of adjusting the roll angle of the body using the
magnitude of payload offset may further include using: an estimate or measurement of lateral
acceleration or centrifugal force; and an estimate or measurement of at least one load on at
least one of the at least one left hull and one right hull or a measurement of a load on or
pressure in a suspension component between the body portion and at least one of the at least
one left hull and one right hull.

[0030] The step of adjusting the roll angle of the body using the magnitude of payload offset
may include calculating a roll angle offset to reduce or remove any difference between a roll
angle set point for a perfectly coordinated turn and a roll angle set point calculated using inputs
influenced by the magnitude of payload offset. The magnitude of the roll angle offset may be
decayed as a function of time (the function optionally including any of lateral g, speed, steering
angle and/or at least one load on at least one hull or at least one suspension member).

[0031] It will be convenient to further describe the invention by reference to the accompanying
drawings which illustrate preferred aspects of the invention. Other embodiments of the
invention are possible and consequently particularity of the accompanying drawings is not to
be understood as superseding the generality of the preceding description of the invention.

BRIEF DESCRIPTION OF DRAWINGS

[0032] In the drawings:

Figure 1 is a side view of a multi-hulled vessel suitable for use with the present invention.
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Figure 2 is an end view of a vessel with no lateral acceleration.
Figure 3 is an end view of a vessel with controlled zero roll angle under lateral acceleration.

Figure 4 is an end view of vessel with a coordinated turn roll angle according to an
embodiment of the present invention.

Figure 5 is a schematic plan view of the vessel of Figure 1.

Figure 6 is a schematic plan view of an alternative arrangement to Figure 5.

Figure 7 is a side view of a multi-hulled vessel suitable for use with the present invention.
Figure 8 is a schematic plan view of the vessel of Figure 7.

Figure 9 is a schematic plan view of a vessel according to an embodiment of the present
invention.

Figure 10 is a schematic plan view of a vessel according to an embodiment of the present
invention.

Figure 11 is a flow chart of a control method according to an embodiment of the present
invention.

Figure 12 is a flow chart of an adapted or alternative control method according to an
embodiment of the present invention.

DESCRIPTION OF EMBODIMENTS

[0033] Referring initially to Figure 1, there is shown a vessel 1 being a catamaran having a
body 2 suspended above hulls (only the right hull 4 is visible in Figure 1) by a suspension
system including a front leading arm 5, a front support device such as a hydraulic actuator 6
and a rear sliding arm 7 within which is a rear support device. This suspension arm geometry
permits the hulls to move vertically and to pitch relative to the body portion and independently
of each other but constrains longitudinal motion and prevents lateral and individual roll motions
of the hulls relative to the body portion, and is described in detail in International Publication
Number WO 2013/181699.

[0034] All of the above hull motions are described with respect to the body portion and
throughout this specification, when a directional term is used and noted as being relative to the
body portion, it generally means that the directions of the motion referenced are oriented in
line with a reference frame that is aligned to the body portion. So vertical relative to the body
portion should generally be interpreted as being perpendicular to the deck (assuming the deck
is absolutely horizontal relative to the ground when the body portion is level) and lateral relative
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to the body portion should generally be interpreted as being parallel to the deck and
perpendicular to a line running directly fore-aft (i.e. longitudinally) of the vessel. The waterline
on the hulls is shown at 9.

[0035] Figure 2 is a simplified rear view of a vessel with a body portion 2 supported above a
left hull 3 and a right hull 4 by suspension such as that shown in Figure 1. When the vessel is
stationary in calm water, the only acceleration force acting on the centre of mass of the body
portion 2 is gravity indicated by the arrow Fg. This is reacted by a portion of the vertical

component of water forces generated by water pressure on the left and right hulls 3 and 4, the
remainder of the vertical component of water forces reacting the weight of the hulls and
unsprung parts of the suspension. If the body centre of mass is on the centre line of the body
portion, and the hulls are mirrored about a vertical plane through the centreline of the body,
then the vertical component of the water forces on the left and right hulls are equal. When the
vessel 1 is under-way and makes a turn to the right, centrifugal force F¢ additionally then acts

leftwards on the centre of mass of the body portion 2 as shown in Figure 3. The resultant force
Fr acting on the body centre of mass comprises the gravitational component Fg and the

centrifugal component F¢. If the suspension system was resilient and no active roll attitude

compensation was applied, the moment generated by the centrifugal force acting on the body
portion would cause the body portion to roll to the left, causing the centre of mass to move
towards the left. Such a lateral (in this case left-ward) displacement of the centre of mass
would further increase the roll moment that must be reacted by the suspension system and
ultimately the left and right hulls. However in Figure 3 the body portion 2 is flat, i.e. an active
roll attitude compensation has been applied to power the body back to a level roll attitude. As
the body portion is level, not rolled, there has been no lateral shift of the centre of mass of the
body portion. The roll moment generated by the centrifugal force F¢ acting on the body portion

of the vessel is reacted by changes in the loads in the suspension system and ultimately by
changes in loads on the hulls which has caused the left hull to increase in load and therefore
displacement and the right hull to reduce in load and therefore displacement. So the left hull 3
is shown correspondingly lower in the water than the right hull 4. Also if the suspension
geometry does not permit the hulls to roll relative to the body portion, then if the body portion is
controlled to a substantially level (zero or low) roll attitude, the dead rise of the hulls is not able
to roll the hulls and contribute to the cornering forces in the same manner as a monohull. As a
result the wake off the hulls when turning is much more uneven between the left and right hulls
than when travelling in a straight line and it is more difficult to remain at a constant planing
speed while turning. Indeed the increase in displacement of the outer hull can be sufficient to
ensure that the outer hull becomes unable to plane, so the entire vessel slows down and
ceases planing. Although passenger comfort is improved during turns compared to using a
passive suspension arrangement that allows the body portion to roll outwards during turns,
passengers still feel a lateral acceleration due to the centrifugal force.

[0036] Figure 4 shows a vessel 1 rolling inwards while turning. In this particular example the
magnitude of the inwards roll angle is very specific as it matches the criteria for making a
coordinated turn. That is, the body portion 2 has been rolled into the turn by an angle ¢ equal
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to the angle 6 formed between the line of action of the resultant force Fr (of the centrifugal
force F¢ and the static weight of the body Fg) and the gravitational force Fg. This ensures that
the line of the action of the resultant force Fr remains perpendicular to the deck of the body

portion. It also ensures that the occupants or passengers on the body portion do not
experience the feeling of a centrifugal force acting in a direction oriented laterally relative to
them and the body portion, parallel to the deck on which they are seated or standing and the
level of liquid in a glass on a table for example, appears to the occupant or passenger to
remain the same and not change angle relative to the table.

[0037] An additional advantage to making a coordinated turn is that the centre of mass of the
body portion shifts inwards towards the centre of the turn relative to the hulls. Assuming that
the centre of mass of the body portion is on the centreline of the vessel, assuming that the left
and right halves of the vessel are mirrored through the centreline when the vessel is static, and
assuming that the suspension geometry between the body portion and the hulls is the leading
arm and slider type shown in Figure 1 (so the hulls are constrained from moving in a direction
parallel to the deck of the body portion and from rolling relative to the body portion), then for a
right hand turn, the lateral shift of the body portion centre of mass towards the right provides
an increase in vertical force on the right hull and an equal and opposite change (decrease) in
vertical force on the left hull. Similarly a couple reacting the moment generated by the
centrifugal force F¢ provides an increase in vertical force on the left hull and an equal and

opposite change (decrease) in vertical force on the right hull. So for the example illustrated in
Figure 4 and described above, the change in vertical force on each hull due to the lateral shift
of the body portion centre of mass is equal and opposite to the change in vertical force on
each hull due to the couple reacting the moment generated by the centrifugal force. In this
example therefore, the hulls do not experience any change in the vertical force exerted on
them by the water (vertical relative to ground). The centrifugal force is also reacted by a
horizontal force on each hull. The increase in magnitude of the resultant force Fr over the

magnitude of the gravitational force Fg acting on the body portion also generates a

corresponding increase in magnitude in the support forces in any springs or actuators
supporting the body portion. Maintaining a substantially constant vertical force on each hull
(vertical relative to ground) allows the hulls to continue to operate efficiently during a turn,
making it easier to maintain speed during a coordinated turn compared to a turn where the
body portion roll attitude ¢ is not at the angle 6 for a coordinated turn.

[0038] If an alternative suspension geometry (locating the hulls relative to the body portion) is
used, the width between the hulls can change, the roll angle of the hulls relative to the body
portion can change, the spacing between the centres of buoyancy of the left and right hulls can
change and the transfer of forces and moments between the hulls and the body portion can
change. This can generate an imbalance in the change in vertical loads on the hulls between
reacting the moment of the centrifugal force versus reacting the lateral weight shift for example
and this can result in various effects including roll jacking. It also means that different control
strategies will either need to take suspension geometry effects into account (or approximately
compensate for them) or will only adjust the roll attitude of the body portion of the vessel to an
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approximation of a coordinated turn where the roll angle of the body portion ¢ is similar, but not
exactly equal to the angle 6 required for a coordinated turn as defined above. Such control
strategies can optimse for efficiency (i.e. minimal change in the vertical load on each hull and
hence minimised loss of speed during turning) or optimise for passenger comfort (i.e. a
perfectly coordinated turn) or any desired compromise or balance between these strategies.

[0039] Figure 5 shows a possible suspension support arrangement 10 for a catamaran such
as the vessel 1 in Figures 1 to 4. In this schematic view, the elements of the suspension
system shown are the supports and related interconnections rather than any suspension
linkages (such as the leading arm and sliding arrangement shown in Figure 1) which are
omitted for clarity. In this example the suspension support arrangement 10 includes an
independent support spring 11, 12, 13 and 14 and an interconnected hydraulic ram 15, 16, 17,
18 at each front left, front right, back right and back left support points or locations. The front
right support 6 in Figure 1 comprises the spring 12 and ram 16 in this example and the rear
sliding arm can house the spring 13 and ram 17. The front left compression chamber 19, back
left compression chamber 22, front right rebound chamber 24 and back right rebound chamber
25 are connected to each other and to at least one fluid pressure accumulator 27 forming a left
roll compression volume. Similarly the front right compression chamber 20, back right
compression chamber 21, front left rebound chamber 23 and back left rebound chamber 26
are connected to each other and to at least one fluid pressure accumulator 28 forming a right
roll compression volume. The roll attitude of the body portion 2 of the vessel can be adjusted
by removing fluid from one roll compression volume and supplying fluid to the other roll
compression volume, either effectively or actually. To this end a fluid control system 37 is
shown including a pump 38, tank 39, supply accumulator 40, valve block 41 and control
conduits 42 and 43.

[0040] The roll control system of the interconnected hydraulic rams provides roll stiffness
without a corresponding stiffness in the warp mode. The rod cross sectional area influences
the heave stiffness, the ratio of bore (compression) and annular (rebound, i.e. bore minus rod)
area to rod area influences the ratio of roll to heave stiffness. So the hydraulic rams are modal
supports when interconnected. Conversely the independent springs are independent supports,
providing stiffness in all modes, roll, pitch heave and warp.

[0041] Figure 6 shows an alternate support arrangement and in this example, sensors and a
control unit are also shown. The sensors and control unit would be present in other
embodiments, but have been omitted from other drawings for clarity. The sensors shown in
Figure 6 are an upper and a lower lateral accelerometer 51, 52, a steering sensor 53 and a
vessel speed sensor 54. The control unit 55 detects operating parameters from the sensors
and determines an action. The sensors can also include global position, heading and
suspension position, force and/or pressure. The springs 11, 12, 13, 14 are shown as air
springs and they are preferably sized or designed to provide support with very low stiffness, so
vary in force by for example less than twenty percent for a roll, pitch, heave or warp motion of
the hulls 3, 4 relative to the body 2. The front left, front right, back right and back left actuators
56, 57, 58, and 59 are linear actuators such as electromagnetic motor-generators, controlled
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by the control unit 55 to stabilise the height and attitude of the body 2. They can provide
damping of relative motions between the hulls and the body and provide expansion or
contraction forces to adjust the positions of the hulls relative to the body, so can for example
adjust the roll attitude of the body to roll it inwards during cornering such as when performing a
coordinated turn.

[0042] The suspension arrangements of Figures 5 and 6 support at four spaced apart points
(two longitudinally spaced supports on the left hull and two longitudinally spaced supports on
the right hull). They can therefore be applied to quadmarans having front and back left hulls
and front and back right hulls.

[0043] The catamaran in Figure 7 has three suspension support points or locations between
each hull and the body, i.e. a total of six support points. This can be beneficial when the vessel
is larger or to provide separation between the pitch, roll and warp modes using
interconnections between supports as shown in Figure 8. Referring initially to Figure 7, the
vessel 1 is similar to that in Figure 1 having a body 2 suspended above hulls (again only the
right hull 4 is visible in Figure 7) by a suspension system including a front leading arm 5 and a
front support 6. The front leading arm is pivotally connected to the body at body mount point
60 and to the hull 4 at front hull mount point 61 (for example by bushings) to provide lateral
and some yaw location of the hull 4 relative to the body, constraining the front hull mount point
61 to follow an arc centred at body mount point 60. However an alternative rear suspension
geometry is shown including a trailing arm 64 which is connected to the body at body mount
point 65 and to a drop link 66 at knee joint 67. The drop link is in turn mounted to the hull 4 at
back hull mount point 68 which is fixed to an up-stand ahead of the engine intake 69. Again the
joints or mount points 65, 67 and 68 are preferably all of the pin type or bushings as the back
arm arrangement (i.e. the rear suspension geometry) preferably provides lateral location of the
hull relative to the body and at least some level of roll and yaw constraint on the hull relative to
the body, but no other constraints. So together with the front leading arm, the hull position is
constrained, but able to move in the pitch and heave directions relative to the body. The back
support 70 acts between the body 4 and a point approximately one third of the way along the
trailing arm 64 from the body end. This gives a lever ratio on the back support 70 increasing
the load but significantly reducing the required stroke.

[0044] The mid arm 71 is hung from a drop link 72 connected at the top to a body mount point
73. A mid support 74 acts between the body and a point along the mid arm. The joints at the
body mount point 73, knee joint 75 and mid hull mount point 76 can all have the same
functionality as a ball joint, or one can be a pin type joint, but the mid arm is provided to give a
lever ratio to the mid support 74 between the body and the hull without providing any
suspension geometry type location of the hull relative the body. In this example all the of the
rams are shown with a similar 3:1 lever ratio, although this can be adjusted to enable common
bore sizes between all rams when sized for the same pressure range for example, to increase
part commonality. Again, the line 9 indicates a typical waterline on the hull 4.

[0045] Figure 8 shows one possible arrangement of supports for the vessel of Figure 7. In this
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support arrangement 80, the front supports 6 comprise a front left support 81, a front right
support 82, interconnecting conduit 83 and fluid pressure accumulators 84 and 85. The front
left and right supports shown are effectively single-acting rams in their support action and
double-acting rams in their damping action. Each support or ram has a conventional
construction of cylinder bore and piston rod forming a compression and a rebound chamber,
but the rebound chamber is in fluid communication with the compression chamber via
restrictions or damper valves. A single-acting ram could be used, although that raises the
possibility of drawing a vacuum in the compression chamber limiting the maximum rebound
damping. The lateral conduit or pipe 83 provides fluid communication between the
compression chambers of the front left and right rams which removes the roll stiffness provided
by the front supports while still providing support in the heave and pitch modes of the
suspension system. As damping is provided on or near each support or ram, no damping is
shown on the fluid pressure accumulators.

[0046] Conversely the mid supports 74 comprise double-acting rams and interconnections.
The mid left support or ram 86 has its compression chamber connected to the rebound
chamber of the mid right support or ram 87 by a cross-connecting conduit 88 forming a left roll
compression volume which also includes left roll fluid pressure accumulator 27. Similarly the
mid right support or ram 87 has its compression chamber connected to the rebound chamber
of the mid left support or ram 86 by a cross-connecting conduit 89 forming a right roll
compression volume which also includes right roll fluid pressure accumulator 28. In this case
damper valves 90, 91 are shown between the fluid pressure accumulators and the remainder
of each compression volume which can be beneficial as this location provides a higher roll
damping force than heave damping force in the mid supports and also, when active roll control
is provided, damping of the roll resilience improves system response and controllability.

[0047] To enable active control of the roll attitude, to achieve a coordinated turn for example,
again a fluid control system 37 is used. In this example, the fluid control system 37 comprises a
bi-directional pump 92 connected to the left and right compression volumes by conduits 42 and
43. Avalve can be provided in-line with the pump 92 to ensure that fluid does not flow between
the roll compression volumes when no roll adjustment is intended. This arrangement allows a
straightforward transfer of fluid between the left and right roll compression volumes.
Conversely the arrangement of fluid control system shown in Figure 5 including a pump, tank,
valve block and optional supply accumulator controls the pressure individually in the left and
right roll compression volumes, letting fluid out of one volume and pumping fluid into the other
volume rather than directly transferring fluid between roll compression volumes.

[0048] The back supports 70 are in this example the same as the front supports 6, i.e. the
back supports comprise a back left support 95, a back right support 96 and interconnecting
conduit 97 although only one fluid pressure accumulator 98 is present as it can be used by
both the left and the right supports. Alternatively the back supports can be independent and/or
incorporate additional roll rams cross-connected like the mid supports providing additional left
and right roll compression volumes which can be connected to the left and right roll
compression volumes of the mid supports.
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[0049] If the mid support rams 86 and 87 (i.e. the roll rams) had rods that extended through
the compression chamber as well as the rebound chamber (through rods) then the mid
support rams would be able to provide roll forces without providing heave forces. Alternatively,
to achieve that same zero heave stiffness functionality, the mid support arrangement of Figure
8 (the mid arm 71, drop link 72 and mid support 74) could be replaced by an anti-roll bar
arrangement between the body and the left and right hulls 3 and 4. The anti roll bar can be
mounted to the body and split into two halves connected by a rotary type roll actuator, or use a
single piece bar with one of the drop links between the ends of the bar and the hulls can be a
linear type roll actuator. Other arrangements of adjustable anti-roll bar are well known and
could also be used. The roll actuator can be elector-mechanical or hydraulic and can be
controlled by a control unit in dependence on signals from sensors such as those previously
discussed.

[0050] All of the above examples have been described using variations on leading and trailing
arm geometry which maintains a constant width between the hulls measured relative to the
body, through heave and roll motions. However as discussed in relation to Figure 4, if an
alternative suspension geometry (locating the hulls relative to the body portion) is used, the
width between the hulls can change, the roll angle of the hulls relative to the body portion can
change, the spacing between the centres of buoyancy of the left and right hulls can change
and the transfer of forces and moments between the hulls and the body portion can change.

[0051] An example of an alternative suspension geometry is substantially laterally oriented
wishbones as shown in plan view on the vessel in Figure 9. This example shows a quadmaran
with four hulls 101, 102, 103, 104 in an approximately rectangular configuration relative to the
body portion 2 and the supports are fluid actuators such as hydraulic rams, although as
discussed in relation to Figures 5 and 6 other suspension systems providing four points of
support can be interchanged. Although the body can still be rolled relative to the hulls (ie
relative to the water surface) by displacing the left and right hulls in a direction oriented
vertically relative to the body (such as by moving the left hulls upwards relative to the body and
the right hulls downwards relative to the body, or by moving the left hulls downwards relative to
the body and the right hulls upwards relative to the body), the hulls move laterally relative to
the body, due to the arc defined by the wishbones.

[0052] In this hydraulic actuator example, a front left ram 109 helps to provide support of the
body portion 2 above the front left hull 101 via the front left wishbone 105. Similarly a front right
ram 110 helps to provide support of the body portion 2 above the front right hull 102 via the
front right wishbone 106, a back right ram 111 helps to provide support of the body portion 2
above the back right hull 103 via the back right wishbone 107, and a back left ram 112 helps to
provide support of the body portion 2 above the back left hull 104 via the back left wishbone
108. Preferably an additional wishbone or other means of providing roll positioning is provided
for each individual hull to control the rotation of the respective hull about its respective
(longitudinal) roll axis relative to the body portion.
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[0053] One possible arrangement of hydraulic interconnection between the rams is also shown
in Figure 9. Other arrangements are known, for example from the Applicant's International
Application Numbers WO 2011/143692 and WO 2011/143694. In Figure 9, each ram 109, 110,
111, 112 has three chambers. The first chambers 113, 114 of the front rams 109, 110 are
interconnected providing heave and pitch support without providing a roll or warp stiffness. A
fluid pressure accumulator is shown 84 on the conduit 83 to provide heave and pitch resilience
as with the interconnected rams in Figure 8. The first chambers 115, 116 of the back rams 111,
112 are similarly laterally interconnected by a conduit 97 having an accumulator 98. The
second chambers 23, 26 of the left rams 109, 112 are left roll rebound chambers and are
connected to each other and to the third chambers 20, 21 of the right rams 110, 111, which are
right roll compression chambers, forming a right roll volume which increases in pressure as a
roll moment is applied to the body portion that rolls the vessel to the right. The third chambers
19, 22 of the left rams 109, 112 are left roll compression chambers and are connected to each
other and to the second chambers 24, 25 of the right rams 110, 111, which are right roll
rebound chambers forming a left roll volume which increases in pressure as a roll moment is
applied to the body portion that rolls the vessel to the left. Fluid pressure accumulators 27, 28
can be added to (i.e. placed in fluid communication with) the left and right roll volumes to add
resilience in the roll mode. As with the previously discussed roll arrangements, the roll attitude
of the body portion can be adjusted by driving fluid between the roll volumes using a fluid
control system 37. In this example, the fluid control system 37 comprises a displacer unit 117
driven by the bi-directional pump 92 to effectively transfer fluid between the left and right roll
volumes via the conduits 42, 43. As discussed in the Applicant's previously referenced
International Application Numbers WO 2011/143692 and WO 2011/143694, the displacer unit
typically provides left and right roll compression volume chambers that are larger than the left
and right control chambers to which the pump is connected. This enables a small volume of
high pressure fluid moved by the pump to generate a larger volume displacement of fluid
between the left and right roll compression volumes, but at a lower pressure differential.

[0054] Another possible arrangement of supports and hulls is shown in Figure 10 where four
hulls of an alternate quadmaran are arranged in a diamond configuration, i.e. a front hull 121,
a back hull 122, a left hull 123 and a right hull 124. In this example the supports between the
body portion 2 and the respective front and back hulls are independent (i.e. not
interconnected) springs such as coil springs 125, 126 with dampers (not shown) as this
embodiment is not detailing pitch control (although interconnected springs are envisaged as
previously disclosed in the Applicant's aforementioned International Applications). As with the
mid rams in Figure 8, the left and right rams 86, 87 (between the body portion 2 and the
respective hulls 123, 124) provide a ratio of heave to roll stiffness determined by the ratio of
over-piston minus under-piston area to over-piston plus under-piston area when cross-
connected to form a left and a right roll volume. The left roll volume includes the compression
chamber 129 of the left ram 86, the rebound chamber 132 of the right ram 87, the
interconnecting fluid conduit 88 and the fluid chambers of the left roll accumulator 27. The right
roll volume includes the compression chamber 130 of the right ram 87, the rebound chamber
131 of the left ram 86, the interconnecting fluid conduit 89 and the fluid chambers of the right
roll accumulator 28. To provide adjustment of the roll attitude, the fluid control system 37 is



DK/EP 3142920 T3

provided between the left and right roll volumes.

[0055] Control of the roll attitude of the vessel can utilise a variety of inputs and produce
differing results depending on the inputs chosen and the suspension geometry of the vessel.
For example, if the lateral acceleration (in a direction parallel to the deck of the body portion) is
measured during a perfectly coordinated turn it will be zero, so the control could use a body
mounted lateral acceleration signal (which rotates with the body) and attempt to minimise that
signal. However wave inputs accelerating the body could also generate a lateral acceleration
signal from a single body-mounted lateral accelerometer. To overcome this, a pair of vertically
spaced lateral accelerometers can be utilised, as shown schematically in Figure 6 the average
lateral acceleration measured by this pair of body mounted lateral accelerometers being the
lateral acceleration felt by the passengers, oriented parallel to the deck. The difference
between the lateral acceleration measured by these two body-mounted lateral accelerometers
being an angular (roll) acceleration caused by the waves, so the coordinated turn control can
ensure that roll motions of the body caused by wave inputs do not generate unnecessary
control signals.

[0056] Alternatively or additionally the actual centrifugal force F¢ and the gravitational force Fg

can be measured (for example using gyro-stabilised accelerometers or a set of accelerometers
which include compensation for rotation of the accelerometers relative to the ground or other
reference frame), then the angle 6 of the resultant force can be calculated and the angle ¢ of
the body portion adjusted to be equal (to 8) as shown in Figure 4.

[0057] Similarly the loads on the suspension supports, the pressures in any fluid actuators
and/or the hull-to-body or actuator positions can be measured to prevent excessive
adjustments being made, for example to ensure that all roll attitude adjustments are made
within suspension travel limits and/or hydraulic system pressure limits. Similarly other limits can
be incorporated into the control such as only providing a coordinated turn up to a preset lateral
acceleration, beyond which the roll angle can either be maintained at the angle corresponding
to that lateral acceleration, or rolled to an amount that is less than a perfectly coordinated turn,
to give feedback to the pilot of the vessel that cornering acceleration is high.

[0058] In each of the preceding cases, measuring acceleration or suspension loads, the
centrifugal force must already be acting for the acceleration or load changes to be detected,
but for the centrifugal force or roll loads to be present, the roll attitude of the vessel will typically
have already started to move, potentially in the opposite direction to the aim for roll angle of
the body portion during a coordinated turn. To reduce or eliminate this phase lag, it is
preferable to measure a steering angle (rudder and/or propulsion thrust direction) and vessel
speed to calculate or predict the centrifugal force and enable the control of the roll attitude of
the body portion to be commenced prior to significant lateral acceleration (due to centrifugal
force) building. As the steering angle can be changed faster than the boat will respond in roll, a
function of time can be incorporated to control and/or limit the rate of change of roll attitude of
the body portion. This is not only beneficial to occupant comfort, but is useful to prevent
overshoot of roll angle changes.
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[0059] A further benefit of including steering and speed inputs into the control of the roll
attitude for a coordinated turn is one of low control forces and energy input. If a fluid
suspension arrangement is providing all of the roll stiffness of the suspension system between
the body portion and the hulls, and assuming that the vessel is balanced left to right in an ideal
case, then the pressure difference between the left and right roll volumes will be zero statically.
Also if the roll attitude of the body portion is continually adjusted so that the change in vertical
force on each hull due to the lateral shift of the body portion centre of mass is equal and
opposite to the change in vertical force on each hull due to the couple reacting the roll moment
generated by the centrifugal force, then the pressure difference between the left and right roll
volumes will remain minimal. Therefore to adjust the roll attitude of the vessel, sufficient
pressure is required to create the desired rate of change of roll attitude of the body, i.e. to
overcome rotational inertia, but additional pressure is not then required to compensate for the
roll moment generated by the centrifugal force (due to the roll moment generated by the lateral
shift of the body portion centre of mass) since this is minimised.

[0060] A simplified control flow diagram is shown in Figure 11. In this example, the loads in the
suspension supports have not been included, the primary inputs being speed 54 and steering
angle 53 which are used to calculate or predict lateral acceleration, the preferable primary
parameter for coordinated turn control. If the steering angle is constant, then steering angle
and lateral acceleration can be used to determine lateral acceleration, so change in steering
angle is assessed at 141. If steering angle 53 is changing then it can be used with vessel
speed 54 to predict lateral acceleration at 142. This enables the controlled roll attitude of the
vessel to start to move towards the ideal coordinated turn position as soon as an input that will
result in lateral acceleration is received, but before the hulls have reached the corresponding
yaw rate, hence before the corresponding lateral acceleration and roll moment is generated,
so the energy required to roll the vessel is minimised. Conversely if at 141 steering angle is
steady state, then the speed signal 54 can be used with steering angle 53 to calculate lateral
acceleration at 143. Lateral acceleration is also input, in this case from a tri-axial linear
accelerometer 144 which outputs lateral acceleration measured parallel to ground rather than
oriented relative to the body. This lateral acceleration 144 can be compared at 145 to the
calculated lateral acceleration from 143 either to verify a roll attitude control output
(directionally at least) or in this case to verify the calculated lateral acceleration from 143 and
either re-start sampling or continue onwards to calculate the coordinated turn roll angle or roll
attitude adjustment direction and magnitude in 146 based one of the more of the lateral
acceleration parameters (predicted 142, calculated 143 and measured 144).

[0061] In this example, the calculated or predicted lateral acceleration is used to calculate the
corresponding roll attitude for a perfectly coordinated turn. This assumes that the lateral
acceleration is absolute, ie relative to ground, not relative to the body of the vessel.
Alternatively, if the lateral acceleration is only taken from one or more lateral accelerometers
that are mounted on the body, then the lateral acceleration is measured using a reference
frame that is relative to the body. Therefore then minimising the lateral acceleration should
keep the vessel roll attitude in a coordinated turn attitude where the sum of the gravitational
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force and the centrifugal force acting on the vessel during a turn is perpendicular to the deck of
the vessel. In this case it is preferable to use two vertically spaced lateral accelerometers, then
average the detected accelerations to separate the lateral acceleration on the body (oriented
laterally with respect to the body) from any roll accelerations on the body.

[0062] Returning to Figure 11, the current (i.e. instantaneous) roll attitude or hull position
signals are input at 147 to allow rate of change limitation or limit stops to be implemented. This
can be done by calculating a predicted roll angle and predicted rate of change of roll angle
during a short forward time window in 148 and comparing it at 149 to travel limits of the rams,
suspension or other limits including virtual limits set in the control software to protect the
system, vessel and occupants. If the predicted roll angle is not within the limits set, then the roll
attitude aim is adjusted at 150 from a perfectly coordinated turn to an acceptable roll attitude
aim then fed to the register at 151 setting the roll attitude aim to be actuated at 152.
Conversely if the roll attitude aim is within the preset limits, then the desired roll attitude is fed
to the register at 151 and actuated at 152 by outputting appropriate control signals. These
control signals can be hydraulic pump and valve control signals, or signals to control the
direction and magnitude of force in an electromagnetic actuator for example.

[0063] If the hull positions relative to the body are not input, then at 146 instead of calculating
a roll angle or roll attitude change, a parameter relating to direction of roll angle adjustment
and preferably also to magnitude of change required, can be determined and passed directly
to 152 to generate control signals which adjust the roll attitude of the vessel body. The control
signals can for example, in the case of the hydraulic control system 37 of Figure 5, be valve
control signals to control the valves 41, although roll compression volume pressures need to
be known, or in the case of the hydraulic control system 37 of Figures 8, 9 and 10, the control
signals can be motor direction and speed control only. In the case of an electromechanical
actuator as in Figure 6, the control signals can be actuator force and/or position.

[0064] Figure 12 shows alternative elements of a coordinated control. Many of these elements,
or at least several of the blocks can be used in combination with the processes described in
Figure 11. When cross-winds are present, i.e. when the vessel is proceed with a leeway angle,
additional complexities can arise. For example if the steering (by propulsion or rudder) is
turned to compensate for windage and maintain a straight course in a cross-wind, a rolling
moment is generated on the vessel by the turning force in the water, which in turn can cause a
roll of the deck of the body portion. If the control of the deck attitude is primarily driven by
accelerometers mounted to the body to try to maintain zero lateral acceleration measured
parallel to the deck, then when the vessel is travelling in a straight line with a cross wind, the
deck will maintained level, but the force balance between the left and right hulls will not be
maintained as the steering is moved away from zero (straight ahead). Conversely if the control
of the deck attitude is primarily driven by a function of steering angle and speed, then when the
vessel is travelling in a straight line with a cross wind, the deck will be rolled to compensate for
a lateral acceleration (or centrifugal force) predicted from steering angle and speed, so will not
be level although the vessel is travelling in a straight line, but the approximate force balance
between the left and right hulls will be maintained. Ideally any control, controller, control
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system, control algorithm or function uses both measured lateral acceleration (from one or
more lateral accelerometers) and predicted lateral acceleration (from a function of speed and
steering angle for example) to arrive at the desired compromise or balance between the
occupants feeling no lateral acceleration and maintaining the force balance between the left
and right hulls. When travelling in a steady path a Global Positioning System signal can be
used to detect and confirm that the vessel is proceeding with a leeway angle (instead of or in
combination with one or more of the above options). Block 160 contains a routine to ensure
that the steering angle input to the rest of the control system is compensated for leeway angle.
As leeway angle can generate uneven loads between the left and right hulls it can optionally
also be used when assessing support loads. In 160 the steering signal or a heading signal
together with a displacement vector from a global positioning system 161 can be used to
calculate the leeway angle 162 and an adjusted steering signal 163 can then be output.

[0065] The calculated or predicted lateral acceleration 143, 144 and/or the adjusted (ie leeway
compensated) steering angle 160 together with speed 54 can then be used in 164 to
determine the roll angle for a coordinated turn following the possible path 165. Alternatively, if
suspension support force signals 167 (or pressures or other signals indicative of support
forces) are also input, then at 164 the alternative path in 166 can be followed and the roll
attitude determined to optimise efficiency and/or maintain the load balance between the left
and right hulls. Where load change on the hulls is primarily due to lateral acceleration and the
payload does not move significantly, the suspension forces can be used to calculate lateral
acceleration. In this case, the lateral acceleration and hull position signals are not essential, but
can be used as a check to ensure that a load-based adjustment is not causing a significant roll
angle difference to a coordinated turn (say less than three or four degrees for example). The
control unit for the suspension system can use either of the coordinated turn or load optimised
paths in calculating block 164 or even a combination of the two which could be selected by the
pilot or determined automatically depending on operating conditions such as sea state and/or
speed. For example if the vessel is not planing it can be preferable to optimise for a
coordinated turn, but when at planing speeds, it can be preferable to optimise for load balance
to ensure efficiency and that the vessel continues to plane while cornering.

[0066] After the calculating block 164 the roll attitude adjustment or aim 168 is set, either for a
perfectly coordinated turn, or to maintain the load balance between or minimise a load
difference between the left and right hulls, or a combination of the two so the roll attitude is
between the angle for a coordinated turn and the angle for load balance. However, the
suspension support force or equivalent signals 167 can at 169 also be used to determine if
there is an uneven load between the left and right hulls due, for example, to an offset load or
payload on the body. If not the roll attitude adjustment from 168 can be passed directly to the
output signals of 171 to effect adjustment of the roll attitude of the body relative to the hulls. If
however at 169 it is determined that there is an offset load on the body portion, then again the
balance or compromise between coordinated turn and balanced hull loads can be determined
at 170 before the control unit outputs roll attitude adjustment signals at 171, particularly if, in
the initial roll attitude determination in 164, the coordinated turn path 165 was followed without
taking suspension loads from 167 into account.
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[0067] If there is a lateral shift of the load on the deck (i.e. if many passengers go to one side
of the vessel to look at something or if a load is added, moved or removed), while using a body
mounted lateral accelerometer will enable the deck to be controlled to maintain a level position,
the load balance between the left and right hulls changes, which may affect efficiency.
Conversely if the control of the attitude of the deck and body is primarily driven by the forces
and/or pressures in the left and right support devices, the body will be rolled upwards on the
side where the load is greater, but the balance between the hull loads will be maintained during
the load shift. Therefore it can be beneficial to use both functions (including measured,
calculated or predicted lateral acceleration or support device loads or pressures) to arrive at
the desired balance between the occupants feeling no lateral acceleration and maintaining the
force balance between the left and right hulls. So any control strategy can use any or all of:
lateral acceleration; speed and steering angle; and support loads or pressures, or other
parameters enabling the prediction of lateral acceleration.

[0068] An offset can be used as a variable that changes at a lower frequency than the sensor
scanning rate and can be used to adapt the control of the roll attitude. One such example
would be the leeway angle in 160, and as parameters such as the vessel heading or the wind
direction change, the offset can be updated. Similarly an offset can be used to adapt the
control of the roll attitude for load offsets as detected at 167 and updated as the load shifts. To
prevent sudden or unnecessary changes in such an offset which could generate unwanted and
potentially abrupt changes in roll attitude (angle of the body portion) the rate of change of the
offset can be limited, such as a decay function based on time and potentially other inputs such
as the initial magnitude of the offset, lateral acceleration, speed, steering angle and/or at least
one load on at least one hull or at least one suspension member such as a ram.

[0069] Similarly the rate of change of roll attitude aim or roll attitude adjustment magnitude can
be limited to effectively damp the control to provide a more comfortable ride on the vessel body
and/or to increase efficiency by effectively smoothing the control output signals.

[0070] The invention can be applied to any multi-hulled vessel where at least two hulls move
relative to each other. Although previous inventions have enabled mono-hull vessels to make
coordinated turns for passenger comfort and stability reasons, they have had to use
interceptors, ailerons or other flaps or wings to drive the change in roll angle. These all require
continued loss of power through drag or equivalent resistances to provide the forces that are
adjusting the roll angle of the vessel from its natural inclination. The advantages of the present
invention are unique to multi-hulled vessels in which the attitude of the body portion can be
rolled and primarily relate to reduced power consumption or increased efficiency. For example
if the roll attitude adjustment system includes a hydraulic system, then once the roll attitude of
the body portion has been adjusted to an angle corresponding to a coordinated turn (i.e. the
resultant of the gravitational and centrifugal forces acts perpendicular to the deck), then
typically no power is required to maintain it there.

[0071] There are many possible forms of adjustment means for taking fluid from one of
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conduits 42, 43 (connected to the respective roll volumes) and supplying it to the other of said
conduits, as shown by the variety of fluid control systems 37 in the Figures.

[0072] The suspension system can be of any type that allows adjustment of the roll attitude, so
need not be hydraulic system based with powered roll attitude adjustment and can alternatively
include motor-generators, for example in the form of linear actuators as discussed in the
Applicant's United States Patent 7,314,014 and in relation to Figure 6. In this case, the
supports typically include coil springs, air springs, torsion bars and other known forms of
resilient support in addition to or integrated with the linear actuators. The resilient supports are
required to support the mass of the body statically, with the motor generators providing
damping loads and also forces to deflect the support from the static support position. This has
the disadvantage that continuous power is required to hold the supports in positions away from
the static support position, even when for example in a steady state turn, so the resilient
supports are ideally very low in stiffness.

[0073] The body portion of the vessel may engage the water surface, i.e. the body portion may
include an additional hull. For example in the case where a single left hull and a single right hull
is utilised, if the body is entirely suspended above the left and right hulls and not engaging with
the water as shown in Figures 1 to 4, the vessel would be a catamaran, but if the body includes
an additional hull engaging the water, the vessel would be a trimaran.

[0074] Modifications and variations as would be apparent to a skilled addressee are deemed
to be within the scope of the present invention.
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Patentkrav

1. Et skib (1) med en kropsdel (2), som er mindst delvist ophangt over mindst ét
venstre flytbart skrog (3) og mindst et hgjre flybart skrog (4), hvert flytbare skrog kan
flyttes i forhold til kropsdelen, mindst én sensor (51, 52, 53, 54) er arrangeret til at
registrere mindst én driftsparameter for skibet, og en styreenhed, der er konfigureret
til at styre en rulningsstilling af kropsdelen, rulningsstillingen (¢) af kropsdelen, der kan
justeres og kontrolleres under drift som reaktion pa navnte mindst én
driftsparameter, mindst én driftsparameter inklusive mindst én lateral
accelerationsparameter (143, 144), kendetegnet ved, at rulningsstillingen (o)
kontrolleres for at sikre, at summen (FR) for tyngdekraften (FG) og centrifugalkraften
(FC), som virker pa skibet under en drejning, har en virkningslinje, der er hovedsageligt

vinkelret pa et daek pa skibet.

2. Skibet, som kraevet i krav 1, hvori mindst én lateral accelerationsparameter (143,
144) omfatter en forudsagt lateral acceleration (142), der er en funktion af

styrevinklen (53) og hastigheden (54).

3. Skibet, som kraevet i krav 1, hvori mindst én lateral accelerationsparameter (143,
144) omfatter en beregnet lateral acceleration (143), der er en funktion af styrevinklen

(53) og hastigheden (54).

4. Skibet, som kraevet i krav 1, hvori mindst én lateral accelerationsparameter (143,
144) omfatter en beregnet lateral acceleration (143), der er en funktion af

ophaengsstgttekraefter (167).

5. Skibet, som kraevet i krav 1, hvori mindst én lateral accelerationsparameter (143,
144) omfatter en malt lateral acceleration, der males i en lateral retning, der er rettet

vandret i forhold til kropsdelen.
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6. Skibet, som kraevet i krav 1, hvori mindst én lateral accelerationsparameter (143,
144) omfatter en malt lateral acceleration (144), der males i en lateral retning i forhold

til jorden.

7. Skibet, som kraevet i krav 1, hvori kropsdelen (2) er helt stgttet over naavnte mindst

ét venstre flytbart skrog (3) og mindst ét hgjre flytbart skrog (4).

8. Skibet, som kraevet i krav 1, hvori kropsdelen (2) af skibet desuden omfatter mindst
ét fast skrog, der er fastgjort til kropsdelen og giver en delvis stgtte af kropsdelen i

forhold til vandoverfladen (9).

9. Skibet, som kraevet i krav 1, hvori mindst ét venstre flytbart skrog er et enkelt skrog
(123), der er placeret ved en venstre side af skibet, og mindst ét hgjre flytbart skrog er

et enkelt skrog (124), der er placeret ved en hgjre side af skibet.

10. Skibet, som kraevet i krav 1, hvori mindst ét venstre flytbart skrog omfatter et
forreste venstre skrog (101) og et bageste venstre skrog (104) og mindst ét hgjre

flytbart skrog omfatter et forreste hgjre skrog (102) og et bageste hgjre skrog (103).

11. Skibet, som kraevet i krav 1, hvori kropsdelen (2) er helt ophangt over navnte
mindst to skrog (3, 4), der kan flyttes individuelt i forhold til kroppen i en vertikal
retning, men begraenset fra at bevaege sig i en lateral retning, der er rettet horisontalt i
forhold til kroppen, balancen mellem belastningen mellem hvert skrog opretholdes

hovedsageligt under en koordineret drejning.

12. Skibet, som kraevet i krav 1, hvori kontrollen af rulningsstillingen (¢) af kropsdelen

(2) omfatter tid, eller hvori mindst én driftsparameter er tidsgennemsnitlig.

13. Skibet, som kraevet i krav 1, hvori kropsdelen (2) er stgttet over skrogene (3, 4) af

et ophangningssystem (10), herunder flere stgtteanordninger (11, 12, 13, 14, 15, 16,
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17, 18), kontrollen af rulningsstilling (¢) af kropsdelen anvender tryk inden i og/eller

belastninger pa mindst én af naevnte flere stgtteanordninger.

14. Skibet, som kraevet i krav 1, hvori kropsdelen (2) er stgttet over skrogene (3, 4) af
et ophangningssystem (10), herunder flere stgtteanordninger (11, 12, 13, 14, 15, 16,
17, 18), rulningsstillingen (¢) af kropsdelen, der kontrolleres op til en
rulningsstillingsgraense (149), der bestemmes afhaengigt af mindst én stgtteanordning,

der overstiger en foruddefineret bevaegelsesgranse og/eller tryk eller belastning.

15. Skibet, som kraevet i krav 1, hvori rulningsstillingen (¢) af kropsdelen (2) er
kontrolleret op til en rulningsstillingsgraense (149), der bestemmes afhangigt af

skrogforskydning (147) i forhold til kropsdelen og/eller en detekteret havtilstand.

16. Fremgangsmade til kontrol rulningsvinklen (¢) af en kropsdel (2) af et skib (1),
skibet desuden omfatter mindst to skrog (3, 4), der kan flyttes i forhold til kropsdelen,
kropsdelen er mindst delvist stgttet over naevnte mindst to skrog, fremgangsmaden
omfatter trinnene til detektion af mindst én lateral accelerationsparameter og
justering af rulningsvinklen af kropsdelen ved at bruge mindst én lateral
accelerationsparameter (143, 144), kendetegnet ved, at rulningsvinklen justeres for at
sikre, at virkningslinjen for summen (FR) for tyngdekraften (FG) og centrifugalkraften
(FC), der fungerer pa et skib under en drejning, er hovedsageligt vinkelret pa et deek pa

skibet.

17. Fremgangsmaden i henhold til krav 16, hvori trinnet til detektion af den laterale
acceleration (143, 144) af kropsdelen (2) anvender mindst ét lateralt accelerometer

(51, 52), der er monteret pa kropsdelen.

18. Fremgangsmaden i henhold til krav 16, hvori trinnet til detektion af mindst én
lateral accelerationsparameter (143, 144) omfatter trinnene til maling af skibets

driftsparametre og beregning og forudsigelse af drejekraften pa kropsdelen.
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19. Fremgangsmaden i henhold til krav 18, hvori driftsparametrene omfatter

skibshastighed (54) og styrevinkel (53).

20. Fremgangsmade i henhold til krav 16, hvori trinnet (171) til justering af
rulningsvinklen (@) af kropsdelen (2) med brug af mindst én lateral
accelerationsparameter (143, 144), som omfatter trinnet (166) til justering af
rulningsvinklen af kropsdelen for at sikre, at mindst én vertikal komponent af
trykbelastningerne pa mindst ét venstre skrog er inden for 15 % af den tilsvarende

mindst vertikale komponent af trykbelastningerne pa mindst ét hgjre skrog.

21. Fremgangsmaden i henhold til krav 20, hvori skibet desuden omfatter et
ophangningssystem (10) til stgtte af mindst en del af kroppen (2) over eller i forhold til
mindst ét venstre skrog (3) og ét hgjre skrog (4), hvor fremgangsmaden desuden
omfatter trinnet til vurdering eller maling af mindst én belastning pa (167) eller mindst

ét tryk i ophangningssystemet.

22. Fremgangsmaden i henhold til krav 16, som desuden inkluderer trinnene:

bestemmelse af afdriftsvinklen (162), hvormed skibet (1) fortsaetter; og beregning af
en rulningsvinkelforskydning for at reducere eller fijerne eventuel forskel mellem et
rulningsvinkelindstillingspunkt for en perfekt koordineret drejning og en
rulningsvinkelindstillingspunkt (168), der er beregnet med brug af indgange, der er

pavirket af afdriftsvinklen.

23. Fremgangsmaden i henhold til krav 16, som desuden inkluderer trinnene:

bestemmelse af en stgrrelsesorden for nyttelastforskydning (169); og beregning af en

rulningsvinkelforskydning for at reducere eller fjerne eventuel forskel mellem et

rulningsvinkelindstillingspunkt for en perfekt koordineret drejning og et
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rulningsvinkelindstillingspunkt (170), der er beregnet med brug af indgange, der er

pavirket af stgrrelsesordenen af nyttelastforskydningen.

24. Fremgangsmaden i henhold til ethvert af kravene 22 eller 23, hvori

stgrrelsesordenen af rulningsvinkelforskydningen forfalder over tid.
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