1 "FAULT TOLERANT VESSEL STABILISER CONTROL SYSTEM" Field of the Invention The
present invention relates to a control system and method for stabilising marine vessel motion induced
by excitation wave forces that produce roll 5 motion and relates particularly, though not exclusively, to
such a system and method which includes a gyrostabiliser and employs several control modes to
provide fault tolerant control. Background to the Inveiition- When a gyrostabiliser is used in a marine
vessel to attenuate rolling motion, 10 the rolling motion of the vessel induces flywheel precession that
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exceed 90). Deyan%;n%% tie res'bstance to precession caused by the mechanical arrangement, when
the ' 15 rolling rdté®t! AtHIBAYBNTAR) exceeds a certain level, the induced .precession torque will
cause the flywheel to precess through more than 90 (over-erecess . This causes.instability in the roll
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the flywheel precastiod wiithrinalublesyy paostabilldezrandremploysisevenadgordtabitisdes datrol
systems, from the ma euf%lr.ﬁtq &eer%ﬁls%ié)ﬁ}r%fis brake actuated by a lever to active control of the
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precession angle in dependence typically on sensed vessel roll motion and gyroscope precession

mot_ion. The r_na?lal reces 3\3 xés b‘r,%keti f“st proposed by Sc_hlicl_< in 1904 an_d described by_White
in 1907, require AETQURE A% |0H1 ity Brevent over-precession in wave environments outside a
smal fange of S%aigang%orgggggmgér%s used in a.marine vessel to attenuate rolling motion,
10 the rolling motien bofv the vessel induces flywheel precession that in tumn
produces a torque that opposes’ the rolling motion. This means that the
induced flywheel precession is always in an appropriate phase to attenuate
rolling mbtion (if the precession does not exceed 90°). Depending on the
resistance to precession caused by the mechanical arrangement, when the °
15 rolling rate of rotation (roll rate) exceeds a certain level, the induced -
_precession torque will cause the flywheel to precess through more than 90°
(over-precess). This causes instability in the roll resisting torque produced by
the flywheel as it momentarily becomes zero. If the resistance to precession -
s great enough to prevent induced over-precession during pe'ak input events,
20 t‘he stabilising effect during more common events will be severely limited. It
is therefore desirable to provide a gyrostabiliser control system to either vary
Vthe resistance to precession, or actively control the flywheel precession

motion of the gyroscope.

There are many known gyrostabiliser control systems, from the rnénual

25 precession axis brake actuated by a lever to active control of the precession
angle in dependence typically on sensed vessel roll motion and gyroscope

. precession motion. The manual precession axis brake, first proposed by
Schlick in 1904 and described by White in 1907, required manual intervention

- to prevent over-precession in wave environments outside a small range of

.30 design conditions.



The American company Sperry then developed a system that addressed the problem of the Schlick
gyroscope by using an electric motor controlled by switches and a small gyroscope to control the
precession of the main gyroscope. In this system the rate of precession was proportional to the roll 5
rate of the vessel. Although the performance of these prior art systems was remarkable in some wave
environments, (up to 95% roll reduction), the ct.coolCri aaa4ra| [..1J111.1U1 ett gede.rrte. oyoaci
thebra ned. a kle. CZ le Il, to arlar.4 It'

The American company Sperry then developed a system that addressed the

| problem of the Schlick gyroscope by using an electric motor controlled by

switches and a small gyroscope to control the precession of the main

gyroscope. In this system the rate of precession was proportional to the rolt

5 rate of the vessel. Although the performance of these prior art systems was
remarkable in some wave environments, (up to 95% roll reduetion), the .

precession control systems were not able to adapt to varying wave

conditions, so the performance was limited by simplistic precession torque

controls. With the invention of lighter and cheaper fin stabilisers, whieh' work

10 well when a ship is at speed allowing hydrodynamic lift to be produced by the

fins, interest in gyrostabilisers waned.

Gyrostabilisers have particular benefits for applications where the vessel has
zero or low forward speed, when hydrodynamics based systems have little or

. no effect. Several applications including, but not limited to, patrol boats,
15 ‘vluxury motor yachts, offStmre floating production systems and offshore work
boats all have significant operational roles at low or zero speed. These
applications are drtving renewed interest in revisiting gyrostabilisers for

_ controlling wave induced ship rolllng motion.

As a result there have been proposed more complex control systems for
20 gyrostabilisers to provide improved vessel motion attenuation performance
over a wide range of operating conditions.  For example, in WO
2009/009074, Rubenstein and. Akers disclose a control strategy using
attitude and angular rate sensors for both the vessel and the gyrostabiliser to
produce a feed forward component. This is used along with a feedback
25 component, a mode .input (indicative of current events such- as launching,
parked or underway at various speeds) and an anticipation of the effect of the
intended control (when applied to the gyrostabiliser and/or other vessel
stabilising devices) to produce a resource allocatlon vector for the gyro and-

any other control means.

30 By actively controlling the precession of the gyrostabiliser flywheel, safe and
effective performance across a wide range of operating conditions can be



"nn,;,,, tAtaxze:. conditions, so the performance was limited by simplistic precession torque controls.
With the invention of lighter and cheaper fin stabilisers, which work 10 well when a ship is at speed
allowing hydrodynamic lift to be produced by the fins, interest in gyrostabilisers waned. Gyrostabilisers
have particular benefits for applications where the vessel has zero or low forward speed, when
hydrodynamics based systems have little or no effecB Several applications including, but not limited to,
patrol boats, 15 luxury motor yachts, offshore floating production systems and offshore work boats all
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been proposed more complex control systems for 20 gyrostabilisers to provide improved vessel motion
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vessel and the gyrostabiliser to produce a feed forward component. This is used alon% with a feedback
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gyre and any ot RBFEHRIPRBNES36 By actively controlling the precession of the gyrostabiliser
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gyrostabiliser, W Ph%hpr%légg Fn&glrf\ ic?r? gvlél)sr gg\rpefl%g Isviﬂ?%r\%té%‘tgf;}po%ivw?gs%l'gyrostabiliser
control system and method that is fault tolerant, reducing the severity of the
risk of one or more sensors failing. However it will be appreciated that the
control 'system and method of the invention also has application to other
15 types of vessél'stabilisers, such as hydrodynamic stabilisers. Examples_of
| hydrodynamic stabilisers include fins, rudders, T-fojls, interceptors, flume
tanks or transom fléps and examples of other types of stabilising device

include moveable ballast systems.

References to prior art in this specification are provided for illustrative
20 purpoSes only and are not to be taken as an admission that such prior art is
part of the common general knowledge in Australia or elsewhere.

Summary of the Invention

According to one aspect of the present invention there is provided a stabiliser
control method for stabilising marine vessel motion induced by excitation

25 wave forces, the method comprising the steps of:

detecting the availability or otherwise of a precession motion sensor signal
and the availability or otherwise of a vessel roll motion sensor signal;

selecting a first control mode when both the sensor signals are available; .



With the provision of increasing numbers of sensors to permit more complex gyrostabiliser control
algorithms that are more responsive to changing sea 10 states and vessel motion, the risk of one or
more sensors failing is increased. The present invention was developed with a view to providing a
gyrostabiliser control system and method that is fault tolerant, reducing the severity of the risk of one
or more sensors failing. However it will be appreciate# that the control system and method of the
invention also has application to other 15 types of vessel stabilisers, such as hydrodynamic stabilisers.
Examples of hy@elagtiagnia segnihse contonlidadies wheaeeslyr gogs ointbresenser frignaltaiks or
transom flaps a%mliﬁ&)f other types of stabilising device include moveable ballast‘systems.
References to prior art in this specification are provided for illustrative 20 purposes only and are not to

be taken as an ission that: jor artj he.co WeEgSil stralia or
elsewhere. Sum%r%g%é%&hée ﬁﬁnﬁ%ﬁ@ﬁéﬁﬁ‘g@g@? tgsgggtg g’%ﬁé%%s@%inventléﬁ there is
provided a stabildrebyitrisl Hsehthe foroshanrieRfigierernes sepdsotivhmGilcempipesesasion 25 wave

forces, the methgdcamprisiiglie JenPRbrapesiagite Mailkhbisranabenyissabadpingession

motion sensor signal and the availability or otherwise of a vessel roll motion sensor signal; selecting a
first control mod@fi RISSesHsBItiansRans Hgnal-Andier the¥esss! I L BRkPRARASAhode when
only one of the sgqﬁg signals is available; and, selecting a third control mode when both sensor
signals are unavailable whereby, in use, the most appropriate control mode in the circumstances is 5

selected to provifig,comfolef thie ssakilrembmsis selansignaeis sl ity kHiRiAp erssion motion
sensor signal and/or the vessel roll motion sensor signal, T ic%theigrecession mofion sensor
signal is,obtainearﬁm%fﬂgﬁ%%égglﬁ?f&@%Qﬁlﬂﬂ?{&? A I VS ShRONENY a vessel
stabilising 1{p sysi@tene 1erakibsksththeaesskelARrennstiedly, araditiiomally, in some situations the
precession moti%r}legensor si%nal mzﬁbe obtained, for exam%lg, b sens’ngfct)pe receFesioDn motion of a

gyroscopic sensBIFpfIiEEEPRRP TG SEOSOr S TR RS SPRNS 1$ing sys?erPer‘ay br may not
employ a gyrostabiisiag Hwevprenessibe prefionesf engyoekonpic thensesguiostideiidiergsensing

vessel motion. The vessel stabilising system may or may not employ a
gyrostabiliser, however in the preferred embodiment the vessel stabilising |

15 system employs at least one gyrostabiliser. -

The first control mode may involve active control of the precession of the
gyrostabiliser using both sensor signals and/or derivatives of the sensor
signals as process confrol variables by either driving the precession or
actively resisting the roll induced free precession of the flywheel to produce a

20 desired precession motion. The first control mode may include Proportional
Integrai Derivative (PID) controllers, fuzzy logic controllers, neural network
control, robust controllers, model predictive control methods, adaptive control

" methods including the Automatic Gain Control (AGC) controller of the
'Applicant’s co-pending International Application No PCT/AU2011/XXXX

25 details of which are incorporated herein by reference, or combinations of
 these control approaéhes. The first control mode may respond to a force
allocation method which senses the actions of other stabilising devices and
‘adjusts. the gyrostabiliser controller accordingly to provi.de’ an optimised

~ system of stabilising devices. The first mode of control may require or allow

30 for operator ihput. The first control mode may ulse the measured precession
axis and vessel roll axis data directly as process control variables or it may



15 system employs at least one gyrostabiliser. The first control mode may involve active control of the
precession of the gyrostabiliser using both sensor signals and/or derivatives of the sensor signals as
process control variables by either driving the precession or actively resisting the roll induced free
precession of the flywheel to produce a .20 desired precession motion. The first control mode may
include Proportional Integral Derivative (PID) controllrs, fuzzy logic controllers, neural network
control, robust controllers, model predictive control methods, adaptive control methods including the
Automatic Gain Delwdel g\oElistive ctlemsnhavhishlipsenises -pelimmgne iten Atalesliehtion No

PCT/AU2011/XXpet 25 ptails whith i cher R dRcasedr s dRIRNONHBIHATR PossipiRinpipns of these

control approaches. Thefirst control mode may respond to a force allocation method which senses the
actions of other SRIBTRSMPIR MedRodsPAaRYhe gyrostabiliser controller accordingly to. provide an
optimised system of stabilising devices. The first mode of control may require or allow 30 for operator
input. The first cdhgSiaseR ¢rajeldacde maxdovelyprReesrantlohtte reEsyraettbata directly

as proc_ess,@”%&}r@ﬂﬁﬂ%@@ﬂéiﬁﬁ%ﬂher the gyrostabiliser precession motion sensor signal
or the vessel roll motion sensor signal and/or derivatives of the signal as a
process control variable by either drivih'g the precession or actively damping

the roll induced free precession of the ﬂywheel‘ to produce a desired

~ precession motion. Alternatively the second control mode may include the
10 step of. calculating appropriate precessioﬁ axis driving or damping control
 commands using either predictive or reactive control methods with or without
adaptive capability, based on the gyrostabiliser precessidn motion sensor
signal and/or its calculated derivatives. Pﬁsferably the second control mode
includes the steps of: estimating the precession motion from the vessel roll

15 motion sensor signal; and, calculating appropriate precession axis driving or
- damping control commands using either predictive or reactive control
methods with or without adaptive capability, based on the estimated
precession motion and/or its calculated derivatives. Advantageously the
second control mode employs an adaptive control method including the steps

20 of. generating a control signal aimed at increasing the precession of the
gyrostabiliser ﬂywhéel until it is esti'mated,v based on a process. control
variable derived from the gyrostabiliser precession axis mofi‘on, that the

: gyros'tab_iliserprecession axis motion will exceed a predefined limit; and,
applying a préce'ssion control torque about the ngostabiIiser precession. axis

25 responsive to the control signal '\l/vhereby, in use, active adaptive control of
the veésel motion can be achieved based only on the process control

-variable derived from the gyrostabiliser précession axis motion.

Additionally or alternatively, when the gyrostabiliser precession .motion
sensor signal is unavailable, the vessel roll motion sensor signal and/or its
30 derivatives may be used to generate an estimated precession signal
corresponding to an estimate of the gyrostabiliser precessioh axis motion, the



include a predictive element which provides estimates of future states of these signals which are then
used as inputs to the various possible first control mode methods of control. The second control mode
may involve active control of the precession of the 5 gyrostabiliser using either the gyrostabiliser
precession motion sensor signal or the vessel roll motion sensor signal and/or derivatives of the signal
as a process control variable by either driving the pre@:’ession or actively damping the roll induced free
precession of the flywheel to produce a desired precession motion. Alternatively the second control
mode may inclu@stifated stefeeessinbul sisnahp pripgiatupattatedo fekitheivigyestabitisthg control

commands using,@iteesieHistish SergartighapitinkrastandbiicPhdeout adaptive capability,

based on the gyrostabiliser precession motion sensor signal and/or its calculated derivatives.

Preferably the secapd faRURG TRREJBARIGAINE proRmIes FSUENRIRGAIBIRSFARS PRILEHs from the

vessel roll 15 motion senSor signal; and, calculating appropriate precession axis driving or damping

control comman@t thangyesiappiasdi v SopIing 1A CensRrypHvaRIESSYilR & WotrRyakingaptive
capability, basediampifyastitRalprseasRFs i dRinhaa dintin prudsssshdsiiias eswitiimantageously

the second control mode employs an adaptive control method includjng the steps 20 of: generating a
- iR pRcitd

control signal aifdieASHRR: UMY iRHBrie & SR BUM: 4R 90 857 EEMRtPPRE imated,
based on a procesisgeoot abpevitinly deriditibfisynOptopallystttailipeeset dessloofabimkimgicor, that the

gyrostabiliser precession axi tiqn will exceed a predefined limit; an lying a precession control
torque about theSSWBQ%ﬁﬁEi‘r%?é’gg&P iccession a5 manually aidi[cuSq?i)lff)‘%ignaI Whereby, in use,

on axis 25 responsive bXHe tontro
active adaptive ¢gntrol of the vessel motion can be achieyed based.only on the prqcess control
variable derived Vﬁ@ﬁb%ﬁﬂ@ﬂ@%r%ﬁﬁ&% a'Q@II 5tigh. X ﬁi?&%éll‘{%?%?téﬁ%ﬁl%\?, when the
gyrostabilise0 preeegssuohotie rancadditicngh gy statilaitaife, peemit ssweitroll ohbitim dinaod signal
and/or its 30 derivativ a d o ge .est] 2d. pr [on. si c spgnding to an
cstimate of the B OLaBHer e sian ooaun e, SHBIRELE SHepst e Ee
substituted for tretapjlisabitievicere dosmplanctdn kydrodyBrmig irstakilisessnineisteol insde.

Preferably the iAGARTS RIS RENAARGBARGIE BANEOPIUIRBIRIRANOAR B fegtepiliser by

applying a conservative'preset level of braking or 5 damping to the precession axis esritgned to limit

precession angl@$heriees afpriakiifieg device bslude meveskis krllashsysiemste Ve MRk expected
range of opesatingmeadiiens: Majomilyddanyageploretshtaiigne drigticiaRRIISHsinghe
precession axis is manually adjustable. o ' '
device simultaneously with the control of the gyrostabiliser and/or as
allocated by a force allocation system. The second control mode may
include the step of controlling the additional stabilising device. The third
control mode may include the step of placing the additional stabilising device

20 in a default or disabled state.

The control method may include the further step of sensing the availability of
the gyrostabiliser and of any additional stabilising devices and modifying a
force allocation to suit the loss of availability, or a reduction in performance of

one or more of the stabilising devices.
\

- 25 According to another aspect of the present invention there is provided a
stabiliser control system for stabilising marine vessel motion induced by

excitation wave forces, the system comprising:

fault detecting means for detecting the 'availability or otherwise of a
precession motion sensor signal and the availability or otherwise of a vessel

30 roll motion sensor signal;



The vessel stabilising system may include an additional vessel stabilising 10 device such as an
additional gyrostabiliser (to permit control of both roll and pitch for example), a hydrodynamic stabiliser
and/or another type of stabilising device. Examples of hydrodynamic stabilisers include fins, rudders,
T-foils, interceptors, flume tanks or transom flaps, and examples of other types of stabilising device
include moveable ballast systems. The first 15 contrd mode may include the step of controlling the
additional stabilising device simultaneously with the control of the gyrostabiliser and/or as allocated by
a force allocatioconfeibmodiaesetexiing coasns fordeelecting dufirstiivesirab ofadtenwbkingottb additional

stabilising devicg, T, ' 0 in . laci itio; bilising
device 20 in a de glﬁggguj%ﬁ%? sgtg(lfe. né%ctht%Hllgrﬁ'e c?il%%@rﬁﬁgﬁﬁﬂ&t%ﬁ%ﬂ&%sﬁ%ﬁ f sensing the
availability of th@rgrobthisiisensgidsignaly isiavialalletadnkiselertinges dnadnraaiighgnaderce

allocation to suiwggr{mpgéﬂgglagﬁ%@%?erggggg’%ig;%{@rmance of one or more of the stabilising

devices. 25 According to another aspect of the present invention there is provided a stabiliser control

Systen fo SR TENESFELRAER R RO gD, W Sksisycompriso:

fault detecting means tecting t r otherwise of a precession motion sefisor signal

and the availabifgnEebamaedimacedraoe ithdierselested SrMer! MednirdIaiie Belecting
means for selectjgg aHé sheehipbropratehantatindae Femnerenmistantay alabigcrrieeting a

second control mode when only one of the sensor signals is available, and selecting a third control

mode when botP" Vi &538ls strPiatianathet aita teleanliidth e ner YR d Ye i ating means

for generating agrsitilision Awtiop SOMSOIAIGHA apansaERCeesEbl oy Adtoiedermalraignarie whereby, in
use, the most appropriate control mode in the circumstances is selected to provide vessel stabilisation

that is tolerggt tipcamavRiapiéyeREibR RI6HEASKIMSOPIKIGrRANSObIgINRABY @etidngease! roll motion
sensor signal. 10 Typically the precessjon motion sensor signal js obtained by sensipg the precession
of a gyrostabilisgf%gﬁﬁﬂqéfi ﬁ&gﬂﬁﬂh’ fn“ﬁ‘W@s@e‘?@%ﬂ@ﬂ&@é%t&%ﬁ%ﬁﬁ%&%ﬁ'%sseI.
Alternatively, or syétiinialtabilisertreesibssiednilitin aplieelys sioadditivoallye s sorigrsfuatignbe obtained,
for example, by sensing the.precession motion q roscopic. sgnsor provided for sensing 15 vessel
motion. The vestZ’é'“I LS |ﬁ§|sr{§nsy'sﬁ%?r'ﬁnm3§n§rorrn§ﬁ%{§%a Io%'/ga (gb;}r%'gtg:%ili\éoerr,%x()gvr\?epjgr ilr)lghe
preferred embodiensingHbe,psecbssidilishotjerysibm gyrgsiogpiatseasebpeoyidedtigsiitansimpe stabilising

control com@gn\qegg_g'er@a%m “i’ﬁéir§é§§é]tr§i'amﬁ§ﬁdn§«}’s%ﬂ_}/i%QCHYWtF@tQEm&WeQeSSion of

the gyrostabiliser using both 20 sensor signals and/or derivatives of the sensor signals as process
control Variable Y@ eakilisarivhMerepriscére prefersedRyhedingty the rvassrlustabiieitdrecession

of the flywheel tgﬁ@ﬁpgmwgﬁiéﬂéagg%gswgmehikewise the stabilising control command
generated in the second control mode may provide active control of the precession of the

gyrostabiliser usiig stabilising control command generated in the first control mode may
provide active control of the precession of the gyrostabiliser using both
20 sensor signals and/or derivatives of the sensor signals as process control
variables by either driving the precession or actively resisting the roll induced
-free precession of the flywheel to produce a desired precession motion.

Likewise the stabilising control command generated in the second control
mode may provide active control of the precession of the gyrostabiliser using
25 either the gyrostabiliser precession motion sensor signal or the vessel roll
~ motion sensor signal and/or derivatives of the signal as a process control
variable by either driving the precession or actively dam.ping the roll induced
free precession of the flywheel to produce a desired precession motion. |

Typically the stabilising control co'mman.d generating means comprises:
30 means for calculating appropriate precession axis driving or damping control



25 either the gyrostabiliser precession motion sensor signal or the vessel roll motion sensor signal
and/or derivatives of the signal as a process control variable by either driving the precession or
actively damping the roll induced free precession of the flywheel to produce a desired precession
motion. 8 commands in the second control mode using either predictive or reactive control methods
with or without adaptive capability, based on the gyro8tabiliser precession motion sensor signal and/or
its calculated derivatives. 5 Optionally the stabilising control command generating means comprises:
means for estimatmmasdsrdoethsiosecmnidchninoliteodes sisingllaitbeo p eahickresighaeactive second

control mode; .a%dﬁgpnﬁ‘ggﬁg&cuwimg SPPIRINGRIE B on Qﬁ%ﬂﬂ%’n%% rr'%nqﬁgntrol. ‘
commands using either predictive or reactive control methods with'or without adaptive 10 capability,
based on the es@yre&taliliseesAERFasSIR dnatidntssansalatsigaalivandly. Tkosgalated
specification, unigsmigegntext requires otherwise, the word "comprise" or variations such as
"comprises" or "comprising”, will be understood to imply the inclusion of a stated integer or group of

integers but 15 f@bﬁb%swt'&ﬁéo%@Bﬁ@vn@tfb‘emﬁ&@%rﬁmwrgeﬁamngkﬁgviéeﬁﬁimd

"preferably” or variations such as "preferred", will be understood to irgg y that a stated integer or group

of integers is dedPEBNS LYY nBeWBALIRGathE tRECGRIRRR HIqHRNNFemidAeTYRSaEhaRH tMetigitcification

the term "vessel'sex{€sp teighBlainaniadiechrl RIaHREN Mdeieal iy beabarrcHbroaedeulatiiyor
submarine, which is subject to oscillating motign due to induced excitattion forces tréat produce roll

motion. The ternPRRIPRIEHE NPIRIERS IR AR IR RS RS n ARG SORRL GBI ANTSo Ui derivatives

thereof, but moreitheadpredietisgo anyreaciiletingommatiometiibdsvesithl tbatwithaldsiasdptivee

attenuated. 25 Brief D%1 cription of the Drawings, The nature.of the jnventi ijl b ﬁtf derstood

from the foll inﬁa&ﬁ ?llfgd %@Sgﬁ?pﬁgﬁt %? persélfga&r‘é%de% 8eds|r(§r{eplt§n 81*'81%%}%(85{)303{ g?agl égrg t{:%%rﬁrol system
and method, giveletiyativgsof example only, with reference to the accompanying drawings, in which: 9
Figure 1 is a schematic view of a preferred embodiment of a vessel stabiliser control system according

to the present invdwtoghbigydhe 3peciftctiomatitiess\thef theteshtegjuisesathefvAgiihe wordn operating
in a first control modie, REIBULG 35 ARSHE IR VIS AR AGIL!G S BREIRY T i 58
understood to imply the inclusion of a stated integer or group of integers th'
15 not the exclusion of any other integer or group of integers. Likewise the word
| .“preferably"’ of variations such as “preferred”, will'be understood to imply that
| a stated integer or group of integers is desirable but not essential to the

“working of the invention.

Throughout this specification the term "vessel" refers to a marine floating
- 20 platform, typically a boat, yacht, barge, ship or submarine, which is s_ubject_ to
oscillating motion due to induced excitation forces that produce roll motion.
The term "roll motion'; refers to the rolling motion of the vessel including any
or all derivatives thereof, but more broadly refers to any oscillating motion of

the vessel that it is desi}ed to be attenuated. -
25 Brief Description of the Drawings

The nature of the invention will be better understood from the following
detailed description of preferred embodiments of the vessel stabiliser control
éystem and method, given by way of example only, with reference to the

accompanying drawings, in which:



operating in a second control mode; Figure 4 is a schematic view of the control system of Figure 1
when operating in a third control mode; Figure 5 is a fluid circuit diagram of a preferred
embodiment of a 10gyrostabiliser hydraulic control circuit providing damping control of the precession
axis; and, Figure 6 is a fluid circuit diagram of a preferred embodiment of a gyrostabiliser hydraulic
control circuit providing driven control of the precessi%n axis. 15 Detailed Description of Preferred
Embodiments Figure 1 illustrates the architecture of a preferred embodiment of a vessel stabiliser

control system 112 acéda#§y tder grbsaatinudemoef rriefsristhsmeedimamiehareSifirine vessel

2 induced by excitatiorsgiR e Estird g}g@ﬁﬁ@ﬂéﬁaiﬁ@@m@gy@@m tReertiiel stabilising system for
stabilising the 20 vessel 2, and is oriented sUch that roll motion of the vessel 2 induces precession

motion of the gyrostabitiggird by SSHERRARSIRWREE NI BIMFEE AR & FigupenpiiAally coupled to
a gyro-actuator 8, such that motion of the gyrostabiliser 4 results in displacement of the gyro-actuator

8. The roll motion of theRRIaEBRINAFARLRORER! BPMywheel 6 of the 25 gyrostabiliser 4, and the
precession action of the flywheel 6 produces a gyros’co&iﬁgj stabilising moment that counteracts the

moment ind&ced by thEigdire JofcassnaTBatim YIfY ahBwirretclsyaiemorRisiuEe Ji Whdion

attenuation applicationggarting it ansiSceAd AbhapPiitadie to the attenuation of pitch motions. 10
Gyroscopic flywheels have two degrees of freedom: spin and precession. By conservation of angular

momentum due o SpirERANE 19GRYAAAERE VRSFSTM En{RanERaLAPEGHE A urescopi ro

moment proportional to the product of the flywheel's spin angular momentum (inertia x angular
velocity) 5 and precesSBR'HRY Tha ¥iTH poRtie! 20R%ally constant, but this can also be controlled.
Hence the larger the precession rate of the flywheel, the larger the yytuscupiu stabilisin% moment
produced on the vessel iR ds, thdlwith Qi riiagsam rﬁglﬂrﬁeégﬁﬁe?m%’f@%&r@maximum

mechanicaljgads and gi{igsabirephyanstinisre trtexgrediefthqadrip e entrbPenmpessive
precession angles where the effective stabilising torque is reduced but non-useful torques in other

planes become signifid¥RCaTHPRMRyBMhe precession is achieved by the gyro-actuator 8 which is
typically either a hydraulic, electrical or a combination system that provides brakigﬁ and/or driving
torque about the preceEQHFEaRidS 13 FHIE LIt F B YYr Slatr PIEIPESS rsﬂ%gﬁéﬁ' t8hiolled by the

vessel stabiliser controggisseipilisdrihyasagic dbntasiosirsaitsproldt g \daeenotomtgle sh¢lasurements
for the vessel stabiliser control. system 12. Typically a gyro precession motion sensor 10 provides .
precession angle meaﬁ?&?\%ﬂ?gmﬁe gyrostabiliser 4 for the vessel stabiliser control system 12. The
vessel 20 stabiliser contrql system 12 ce§ses t ocess control variables provided by the sensors
10 and 14 ad pRsiatled Hﬂfg'c%ﬁ’r Wi Gg'MEYSro-actuator 8. The vessel stabilising
system may or may not employ a gyrostabiliser althOI:T%S in the iIIustr%tg}% embogi'ment the stabilising

system employsFig¥gs? 2@”5H3t5§r8%?aﬁfﬁ§\gﬁﬁtWﬁég B RS RIRAIYESTE) stem may
employ a hydrodyapiniestaiorsasidmo12yasestatiligero ihéhplesest itiventiendosistabilisiin sensor
et tor col e CLIEBRL . p. marine vessdl's fHaGeas 'S BRBRiSh B F6RRIE S >or
gyrostabiliser 4 is employed in the vessel stabilising system for stabilising the
20 vessel 2, and is oriented such that roll motion of the vessel 2 induces
precession motion of the gyrostabiliser 4 about its precessioh axis. The
gyrostabiliser 4 is mechanically coupled to a gyro-actuator 8, such that
motioﬁ of the gyrostabiliser 4 results in displacement of the gyro-actuator 8.
The roll motion of the vessel 2 is transferred to a flywheel 6 of the
25 gyrostabiliser 4, and the precess'ion action of the flywheel 6 produces a
| gyroscopic stabilising moment that counteracts the moment induced by the
wave forces. Although this embodiment is described for a roll motion
attenuation application, the invention is eqdally applicable to the attenuation

of pitch motions.



11 gyrostabiliser precession motion sensor 10 and the vessel roll motion sensor 14. The benefit of
employing fault sensing of the sensors providing the process control variables, is that the sensed
number of available process control variables (or sensors) can be used to activate a tiered system of 5
control modes. Each tiered control mode is designed to utilise the available process control variables
to ensure safe and effective operation of the 1010t is IVICrarh of s. ....r faults and loss of power
supply. A control mode selector 18 is provided for selecting the appropriate, control mode based on
the number of a'@yiisicopio fyvdeelsituavea tiubddegre®s oh freedemy: BRI detpiRNESIIMSBYG

determines that pot ' ' : ' b
etermines tha 98%%%5%%%‘3‘2%@3*{%35{%5@”%”% BiresRG AR 10catenl6r ranreLbgly are

available, the contr ct a first control mode 20. Control mode 20 is the most
complex (or top hel) dhenBywhaekBleredieasoALGITRRIARC unaa i RToPeHiaRAl st thgd

gyrostabiliser mofigg datar e ayidrarsispin alynhphrarenan eméiaa Menguastaliisg) 4. If the

sensor fault detection means 16 determines that a signal from only one of the precession and roll

sensors 10 ahd AIPEREFRHRN (AEcoHIRPRID AR SA25PRINAPISIARE PULINR FBAIRA Reode 22

which is the middisntionéed tHeHbe thedlag@ttiecopricebsionleste ldfarrefigntiasinthe ede tiesiuires an 20
input data of only one of either vessel or gyrostabiliser motion tq provide a gopd level of performance
§ TRt QL G

from the gyrosta ﬁf?&FﬂP'ﬁvﬁéﬂbﬂ &% FLOBHTER nflanS 6/ 8 mines At the signals from
both the precesgoecessioallratensmd a0ghe anlistabe Uinzte|ablenthee omadmudmechertisall 8 will

select the third cogiiel mofie, gt Thg Mg COOalNEe:R2 2biSducdoie! Rholdnp g selectable
control modes, providing passive cortrol of the damping of the preceision motion without requiring
sensor signals texcosiieepiatessivenglgsewbaneinecefientivecstahiisingiiesug. isredusesor fault

detection means,1 e COMIPIIRARR 3¢ BHIRTHHR QIBEREULigHSS5HRIITRS iARKE! Somemand

generation means (including the first, 30 second and third control modes 20, 22, and 24) are each

typically code intRiGiERESINNIS: aRiRYed Roibe DIRFHESNIBSYRIER dSetPEAWN 8P RToBe 20 of the
vessel stabiliser ppdrsolisy Sleetricanblesedbiptsination ystem teeeipesviuel seseingllanaison and

driving torque about the precession axis. :

15 The action of the gyro-actuator 8 is regulated or controlled by the vessel .
stabiliser control system 12. A vessel roll motion sensor 14 provides roll
angle meésuremen‘ts for the vessel stabiliser control system 12. Typically a
gyro precessioh motion sensor 10 provides precessioh angle measurements
of the gyrostabiliser 4 for the vessel stabiliser control system 12. The'vessel

20 stabiliser control system 12 processes the process control variables provided
by the sensors 10 and 14 and produces appropriate control commands to the

gyro-actuator 8.

The vessel stabilising system may or may not employ a gyrostabiliser,
although in the illustrated embodiment the stabilising system employs at least
25 one gyrostabiliser 4. In some situations the vessel stabilising system may
employ a hydrodynamic stabiliser and no gyrostabiliser.' In that case, the
precession motion sensor signal may be obtained, for example, by sensing
the precession motion of a gyroscopic sensor provided »for sensing vessel

motion.

. 30 The vessel stabiliser control system 12 includes a sensor fault detecti_on
means 16 which senses the availability of sensing signals from the
. 7/ .



gyrostabiliser precession motion signals from the respective sensors 14 and 10. The first control mode
20 typically provides active control of the gyro- 5 actuator 8, either driving the precession or actively
resisting (damping) the roll induced free precession of the flywheel 6 to produce a desired precession
motion If the %/PRAM motion aananr 14 provides -roll-"--1 --a ..Hwy
*vial and the gyrostabiliser precession motion sensoft 10 provides a precession angle signal, the
control system 12 can differentiate these angle S|gnals to generate 10 rate and acceleration if required.
Alternatively, or gyrastabilisensyesessionanptiensentps! drtetheivesal JeksreatioBsSrgated in the

vessel motion sqgsori(h aBEHARPISCERIAEYIG ARG AaRsRlaSHiS praRdRdRerated (o

give rate and angle. (albeit with generally less accuracy) any angle, rate or acceleration signal can be

provided by the RERSRSSafANtEPhNATRRIRS fSoHRh %W%tlﬁ“ﬂﬁ@ﬁérﬂfaﬁ\’/%‘iamﬁnﬁri?‘éﬁi?lated by the
control system. Ebﬁtrfdlswﬁﬂatfl@sﬂ(@deséh%m@plm Bsopsedonsidoioate! Heiredveysm) opntrollers,

fuzzy logic controllers, neural n ontrol, robust conjrollers, mqdel d|c e control methods,
adaptive corﬂrol%%&rﬁodgqﬂﬁﬁjﬁ?& %JAQRBH?A% Suﬁéﬂ%ﬁw{fﬁt ﬁe?@'k%lﬁlcants
co- per:dlng Inte[lmtbeeel er?moatm.amdw&/waoaeummm zeffechbmadpmaﬁdheeé thed/or other
control approaches. As other |Ism evices.such € rs, flume
tanks, transom @3’[58, zﬁ%l"r%%vea?ﬁ R ba S rggn%f%g rl‘:)segy?artfowoseéqg f!\r tlon t vﬁ% %@g&oétablhser 4,
the first control rumuboﬂ(inodq mpom thBaifo reitiedattsnseletting whiciapeiepsiateecastiohs of other
stabilising devicgg, algr?oafg ?@P&f%a%ﬂié%%@%&é@ﬂﬁé(ﬂ@saﬂ optimised system of
rst control mo ,

stabilising devices. may require or allow for
10 If the sensor fault detection means 16 determines that both the precession '
and roll signals from the sensors 10 and 14 respectlve!y are available, the
control mode selector 18 will select a first control mode 20. Control mode 20
is the most complex_ (or top tier) of the three selectable control modes,
requiring input of both vessel and gyrostabiliser motion data to provide a high
15  level of performance from the gyrostabiliser 4. '

If the sensor fault detection means 16 determines that a signal from only one
of the preCession avnd roll sensors 10 and 14 is available, the control mode
"selector 18 will select a second control mode 22 which is the middle tier of
the three selectable control modes. The second control mode requwes an
20 input data of only one of either vessel or gyrostabiliser motion to provide a

good level of performance from the gyrostabiliser 4.

When the sensor fault detection means 16 determines that the signals from
both the precession and roll sensors 10 and 14 are unavailable, the control
mode selector 18 will select the third control mode 24. The third control mode
25 24 is the lowest tier of the three selectable control modes providing passive
control of the damplng of the precessnon motion without requiring sensor
3|gnals to provide a limited level of performance from the gyrostabiliser 4.

The sensor fault detection means 16, the control mode selection 18 and the
evanous stablllsmg control command generation means (including the first,
30 second and third control modes ‘20, 22, and 24) are each typlcally code

integrated into a single controller.



operator input, such as for example, how aggressive or conservative the 30 precession axis control
should be, what type of control algorithm should be used (particularly if different algorithms excel in
different sea states), whether 13 the active control is driving or only braking the precession axis
motion, what level of power to operate at, or even what the predicted sea state is at a particular time.
The first control mode 20 may be one of several altern#e first control modes, each requiring both
vessel roll and gy Stabjl%:%%t recession motion signals. The first control mode 20 may use the

measured precessIgH™S g8 Ry ifirstiseniral dnedey 2 ofrdhe Jessetratakilisesicontroma.t
ins111.4c.a nnntlisyateratit@nwirdnentiitaicontilosysteititee Vésapuay Jésk\élr%iﬂ_‘&mﬂﬁ"&]ﬁllo,

YIA.ell I nal 1l | te%ctg.fhese signals which.are then used as inputs to the various possible methods

S|
of control in the fiFSt GoN r6‘sr1e1r()8reegass_'ﬂ8q:@8 0" HORAS O ihsSasRE iR e Rser Do 1dhe vessel
stabiliser control ${ktefihe Firsheential conde(2Q sypivalicphovidesnavesiaRisEbPREESHGN motion
signals from the sensei-10: Thi ol mode 22 can also provide an active control of the
gyrostabiliser%reﬁ%@&??ﬁbﬂ%ﬁ%ﬁe@%ﬁ’t@§#§% USER rscﬁiorﬂo?roﬁcbgﬁ oF%?bsr%ﬁ'lgoQﬁﬂ‘BH}%);ﬁ%le. 15
Alternatively, the SdtisRgcRshireemirressiamafibe fiywkap & toprothecpra destion predessrensor 10
and/or its derivatiygstiih CaCHalGsusSe R IS drivi st contral commands for the
gyro-actuator 8 usingI either p%diﬁve or rggﬁﬁ%ggﬁtfg %%@%? v?/ﬁu %P%\I/?tﬁé%? c%'bai%ecapability.
20 The second cHRTARIERED PERGESSIAN 3BalioRe SRIISERaMfh Ipravidedaptipeecessionmantgieising the

signal from the pigaahietorDeieol s9Beh 12 aaH HAERINAHY e B8 TRIRA @igkap.ariaptive

control Whicq eneiates a control signal to; control the damping of the gyro-actuator3 to provide a

precession cohtréfiBrofi%o ATEYSIRLRiiEereawiah G cAlpRRatNels tHer 29onppreEndeney: pending

International Appkidaitizmaily, PG{E/ Adldt dXoererattsiadensbricihase ineRiBesRIsdHe RissRY
reference. The A ntroller gradually reduces the precession damping to increase the precession
axis motion until ﬁ‘%@gnésglds ﬁ{gﬁhané(éfzgsrgﬁﬁ?ﬂﬂal 8?'?§t§%iﬁ°éx1:§e§ﬁ BREGISTAEANIRAD at which

point the dampin§gsntegeatedctacginevete andrangle. (albeit with generally less accuracy) any .
- angle, rate or acceleration signal can be provided by the vessel and
15 precession motion sensors, with the derivatives being calculated by the
control system.

The first control mode may include Proportional Integral Derivative (PID)
controllers, fuzzy logic controllers, neural network control, robust controllers,
model predictive control methods, adaptive control methods including the
20 Automatic *Gain Control (AGC) controllér of Applicant's co-pending
~ International Application No PCT/AU2011/XXXX, or a combination of these
and/or other control approaches. ' .

As other stabilising devices such as fins, rudders, T-foils, interceptors, flume -
tanks, transom flaps and moveable ballast can also be provided in addition to
25 the g'yrostabiliser 4, the first control mode 20 may respond to a force
allocation method which senses the actions of other stabilising devices and
adjusts the gyrostabiliser control accordingly to provide an optimised system |
of stabilising devices. The first control mode may require or allow for
operator input, such as for example, how aggressive or conservative the
30 precession axis control should be, what type of control algorithm should be

used (particularly if different algorithms excel in different sea states), whether



30 precession. 14 In Figure 3, the vessel motion sensor signal is not present, so only the precession
motion sensor signal is available. Conversely, the precession motion sensor signal can be lost and
only the vessel motion sensor signal is available (not illustrated). In this case the precession motion
can be 5 estimated from the vessel motion sensor signal and/or its derivatives to generate an
estimated precession motion sensor signal to substittie for the s -1 IUbl MAU:al pi CL.CbblIVI |
1110ti0O1 I b Il Ul aisi ial. | | no oathOULIOULLIte Signal can be used to enable operation of according
to a first control e @St Aqlé’tfﬁéiﬁlélwimv@émyméaégtgﬂﬁ%Grﬁmﬁbﬁ’?ﬁdﬁ@g‘%ﬁgB?%ignal can

be 10 substituteg {oy theierl 1R BICERSSIRR MALPArEpradisignabescsré i Rigwe 3. This

permits many of various types of second control mode 22 to be used effectively when precession

motion sensor sRATHFRAINARSHadiBS fifshsitdemedeaP BRPeigRs ¥ Sry&sAt aWINAIE second

control modes 2firsarcBatioturedes, thrayrsseqaimhgisesthS cessedl sybtesndl 2gykestatilige first control

mode 20, an_operator input or . . . :
5 P n%n r%tlon signals. The first control mode 20 may use the measured

precessi
precession axis and vessel roll axis data directly as process control variables,
or it may include a predictive element which provides estimates of future
states of these signals which are then used as inputs to the various possible
methods of control in the first control mode 20. '

10  Figure 3 illustrates the second control mode 22 of the vessel stabiliser control
system 12 where the control system receives only gyrostabiliser precession
motion signals from the sensor 10. This second control mode 22 can also
provide an active control of the gyrostabiliser precession motion despite the |
vessel roll motion sensor signal being unavailable. |

15 )\Iternatively. the second control mode 22 can use the signal from the
précession motion sensor 10 and/or its derivatives to calculate precession
axis driving or resistance control commands for the gyro-actuator 8 using
either predictive or reactive control methods, with or without adaptive
capability. '

20 The second control mode 22 of Figure 3 can be, for example, an adaptive
control mode using the signal from the precession motion sensor 10 and its
derivatives. One éxam.ple of such an adaptive 6ontrol which generates a
control signal to control the damping of the gyro-actuétor 8 to provide a
precession control torque to the gyrostabiliser is the AGC controller of the -

25 | Applicant's cb-pending International Application No PCT/AU2011/XXXX,
details of which are incorporated herein by reference. The AGC controller
gradually reduces the precession'démping to increase the precession axis
motion until it is sensed that the precession angle or rate will exceed a
predefined limit, at which point the damping is increased to prevent over-

30 precession.



other input can be provided to permit the second control mode algorithm to be adjusted or even
alternate control methods or algorithms selected, for example to suit the sea state or change the
power consumption of the stabiliser. system. The or one of the second control mode(s) 22 can also 20
control additional stabilising devices such as flume tanks or moveable ballast. Figure 4 shows the third
control mode 24 of the vessel stabiliser control systeht 12 where neither the vessel motion sensor nor
the precession axis motion sensor signals are available. The third control mode 24 is therefore a
passive or manuallfigpegatedthenvessebmmtionr exasepisignahéstiial @sasent2smeidy2theéne control

signal forthe ayig-ARLEEY MERBPSEnREr SRinkIGE RLifaOR leahuide . RiRAIpiRiBILRhprecession

damping. Such a passive control provides low performance because the fixed level of precession axis
braking or dampmeliefsepstcrigral sanchedestanthrpyebesrsselyrRlonRHBE % RIg8 N ithin a

predefined rangg g mBRax(RtMiiRtiaRasa faipigr 8A8XRRE!sHEBRSSEH oRRXRSiNGaAn@gons. The
passive control mode will not therefore provide adequate performance in low sea states because it
does 15 5 estimated from the vessel motion sensor signal and/or its derivatives to
| “generate an estim_ated precession motion sensor signal to substitute for the
lost actual precession motion sensor signal. This estimated, substitute signal
can be used to enable operation of according to a first control mode 20.
Alternatively’,. however, the estimated precessior\ motion sensor signal can be
10 substituted for the actual meesured precession motion sensor signal present
in Figure 3. This permits many of various types of second control mode 22 to
be used effectively when precession motion sensor signal is unavailable but

“the vessel motion sensor signal is present.

Multiple second control modes 22 can be included in the vessel stabiliser-
15 control system 12. As with the first control mode 20, an operator input or
other i'nput'can be provided to permit the second control mode algorithm to
be adjusted or even alternate control methods or algorithms selected, for-
example to suit the sea state or change the power consumption of the
stabiliser system. The or one of the second control mode(s) 22 can also
20 control additional stabilising devices such as flume tanks or moveable ballast.

Figure 4 shows the third control mode 24 of the vessel stabiliser control
system 12 where neither the vessel motion sensor nor the precession axis
motion sensor signals are available. The third cdhtrol mode 24 is therefore a
passive or manually operated control mode. For example, in the third control
.25 mode 24 the control signal for‘the gyro-actuatbr 8 can be a pre-set fixed
value gain to provide a predetermined' precession damping. Such a passive
control provides low performance because the fixed level of precession axis -
braking or damping mus’r be conservatively set to limit precession angles
and/or forces within a predeﬁned range in a maximum design sea‘state_ or
30 expected range of operating conditions. The passive control mode will not
therefore provide adequate performance in low sea states because it does



not adapt ot vary the precession torque directly. To overcome this limitation, potentially at the risk of
not limiting over-precession, a manual adjustment of the damping level can be provided to permit the
gyrostabiliser 4 to provide adequate or at least improved performance in low sea states. Where 5
additional stabilising devices are provided, the third control mode 24 can include locking the additional
stabilising device or preferably placing it in a defaultiér disabled state. Figure 5 is a simplified circuit
diagram of one possible hydraulic control circuit to provide precession axis braking or damping torque
for a gyrostabiliset d@ddit br Vasyctheeptoeeggionataiomte dBestlyrovid exvéncone hdr timitatighnders 30 in
the hydraulic congol circuit, The hydrauli rol circulit | igne jc cylinders
30 pump fluid a?gtl{%nﬁ %IF iractwt[]?nr’[ﬁkeo ir%éi%%ﬁfhn&c%%%ﬁfé?%%eiaﬁ}%v%jﬁ ﬁﬁ%%éjé%@%@?ggmrolled
proportional (ortkerdeiniing dewelotanlbe 32ovitichts permibitheioyeastabilisendt tonprovidel), is 15
located in-line. Jyquial epesetigadpariybau il brmae dGenssdbs RigRrtionghlw control
valve 32, which restricts oll flow to create a variable resistance to precession. During normal operation

of the gyroRabrideitianak gakisinendeyinasoriaIpEcsiadi Hreetiidisontoplemedend arfdlint
determined by {hgGae IStk teNRIdRIMANEb IS desriEnas rerdtatd) privmgat theaflow is

damped. The proportional flow control valve 32 is controlled by a dedicated amplifier. As a fail-safe
measure, if povisfultandiraPedstate control system (or if the system is in an error state), the
proportional control valve 32 closes preventing flow across it. At the same time an electronically

activated 25 dirfEigiga MS(@B\WBW&%%BHWQJ&P%RB%WW bydrais ﬂBW’SEF‘{H@é‘i& manually
adjustable presgifAgRPRsEESSsIoH ABISIARIALY Wredartiplngtéedde Toe dligoesistapliidew £ontrol valve

connected - inB PiFaFEFEo (e SYECCASIHELA] R PERLABIdDo Y A S SN AR a2, The
directional contthévieydeatdidscontrodltyrogien echydadwliceogistd) clrouitdsdesigried alvenclosed for
normal gerStalﬂi\lgﬁe{h%pﬁ{l%?g&ic cylinders 30 pump fluid around a circuit in the direction
indicated by the arrows. An electronically controlled proportional (or servo)
flow control valve 32, which is normally closed (when not ehergised), is -
15 located in-line. In normal operation the hydraulic oil is pumped across the
proportional flow control valve 32, which restricts oil flow to create a variable
’ resistance to precession. Durihg normal operation of the gyrostabiliser 4 the
pfoportional control valve 32- will be energised open by an amount
determined by the control algorithms. By varying the flow settings on the -
20 valve 32, the flow is damped. T'he.' proportional flow control valve 32 is

controlled by a dedicated amplifier.

As 'a fail-safe measure, if poWer is removed from the control system (or if the
system is in" an error state), the proportional control valve 32 closes
’preventing flow across it. At the same time aﬁ electronically activated .
25 directional flow control valve (on/off) 34 opens to allow the oil to flow across a
| manually adjustable'press'ure compensated proportional flow control valve
36. The directib‘nal flow control valve 34 is connected in series with the
manually adjustable proportional flow control valve 36, and boih are
cOnneéted in-line parallel to the electronically controlled proportional flow
30 control valve 32. The directional control valve 34 is normally open (when not
énéréiéed). To maintain this valve closed for normal gyrostabiliser operation,



16 a solenoid coil is required to be energised with, for example, a 24 VDC supply at 0.9amps. A
manually set pressure relief valve 38 is also provided in-line, parallel to the electronically controlled
proportional flow control valve 32, to ensure that the 5 pressure drop across the control valves does
not exceed the hydraulic system design pressure. The set-point of this pressure relief valve effectively
caps the precession control torque that is applied to the precession axis. A pressure filter 40 removes
impurities from the hydraulic fluid in the circuit. If required, an hydraulic fluid heat exchanger 42 and an
hydraulic fluid peesleadi aciuisuleguired reapdepargised. with.dfoexampietian2rmédGal hydraulic
fluid pump syste%qﬁ)zbq, \MIB wyiltering,- may be connected to a hydraulic control fluid storage device
48, to allow initial | yd¥aullc' system filling and system fluid refill or replacement as required. To provide

a hydraulic system to drive precession axis mofien, ifold itch from
the damping hy rau |rc“f:ac\){%%? wﬁ:ﬁﬁ%ﬁ%ﬁeﬁﬂv ff?’c? ﬁiﬁ%%%g?gﬁ%ﬂﬁ%? |§éé1ﬁ%%3vr§,:’n Figure 6.
In Figure 6, the Biettioficalyimdatsofod psapodivnahiirwteantivkbvglveddZn te ancuredthatthen a driving

control.hydrauliccircyit similar t used, in$d I i jisgl@ctuation.
Hydraulic 1‘Iuafi;|j i?gér%vurﬁro@rtpgygrau ic %QflLﬁ%@lﬁi%kﬁfo%ﬁ%ﬁg&%ﬂngtﬁxgg 'or variable

flow rate hydraufiESiem getan Reassyenc e gaterintef thinesad rlisbrvasiertivelre filter 64

into an hydrauliGapRstHE pREEEBBIRESRRIAHRIEdR RIBEHISH 1o hBrpresEssibidaaE control. A
proportional directional control valve 68 connects the supply g{ high Pa:rceﬂsli{s'/ar,e fluid at port P to either

the A port to-actBERESHE SHen 40 remayes AnRHdies: Ry A8 W N &elio M axis in one

direction, or the RBqareH) asthpdediie: drgasheanarcten dyidsaudiodcytintlermaictfuld peabsuprecession
axis in the opposite diref

t@on. When gne of tk@1 oris A g ig’ of the gr%&?ar‘lii%]gl lcjizi:‘rle'g':ti&r;alugontrol valve
68 is connetled IHITAUBRRBE M X RIGHIFR ic SRERTUD, INCBHRILHRABEY SYEXM A Cylinder is
30 connected toftbid jpornp BysetorABuidito thisuiitrfittegreyncnayrire: doamscteslitic ayydranligo to extend
and contract. 17.T -auli rol_circuit, for.nr Tolo® {ng & re of Figure 5)
and the hydrauIigocﬁﬁ?ygﬁé?rcgf?%g%r(ggge){sggjo%\%rtl%ir%g‘%?n%ﬁ%m%rﬁ?pﬁge%%g%ﬁe ) caan both be
built into a singlsysteradiidcefiforreptreemest amiedpeagiication, when the angle of precession or roll
is 5 measured it is implied that the derivatives of this signal then become available for use as process

control variablesT aspaiéfiigde néiakiydrauicusystesiyial #ivesiprphesaisio@xis prRiissoriseRE @ontrol
system. NoyIhap gt sk BB erisRitienerspeahisRpRuialiy Lertand aghod have

been described in e apparent that the described embodiments provide a number of
advantages oveFiBErpriviaa, drvingifydraulisigaitig! circuit shown in Figure 6. In Figure 6,

the hydraulic cylinders 30 are cross-connected (in a quadrant back and forth)

in a driving control hydraulic circuit similar to that used, for example, in ship
steering and fin stabiliser actuation. Hydraulic fluid is drawn from hydraulic

20 fluid tank 56 through suction filter 58 by a fixed or variable flow rate'hydraulic
pump 60 driven by the motor 62. The fluid is passed through the pressure
filter 64 into an hydraulic pressure accumulator 66 to provide a supply of high.
pressure fluid for control. A proportional directional control valve 68 cqnnegts

the supply of high pressure fluid at port P to either the A port to actuate the

25 cross-connected hydraulic cylinders 30 to drive the precession axis in one
difection, or the B port to actuate the cross-connected hydraulic cylinders 30

to drive the precession axis in the opposite direction. When one of the ports

A or B of the proportional directional control valve 68 is c'onnvected to one

, chamber in each hydraulic cylinder 30, the other chamber of each cylinder is
30 connected to the pbrt T to return fiuid to the tank 56 and permit the hydraulic

cylinders 30 to extend and contract.



(i) By providing fault sensing of process control variables or sensors, and using the sensed number of
available process control variables to activate a 15 tiered system of control modes, it is possible to
ensure safe and effective operation of the vessel stabiliser that is tolerant of sensor faults and loss of
power supply. (ii) Different levels of control performance can be provided for the stabiliser depending
on available resources and sea state. 20 (iii) By combining two or more of the control modes improved
fault-tolerance can be achieved. It will be readily apparent to persons skilled in the relevant arts that
various modificTienbyanalilicpcontroleritsuih dgr preneskidn damipirg contre fodiexamsplenchddition to
those already d ihe i ina.f ic | ' ng ent
invention. Therﬁgg%t%\;i}%ﬁgog%ﬁiﬁ%gd% tégtt e?gg%ﬂ@ﬁé‘géﬂ%évge%%ﬁ? ?é@ﬁ'%fﬁ?nﬁfe 'tfggﬁe specific

embodiments des@inple o figure 6 candiotinke buihinteapipalvibysauliesnasfdhims 1. A

stabiliser control method for stabilising marine vessel motion induced 5 by excitation wave forces, the
method compristyebghmepsthis depecifiegtine, awdirmiltheomogienokegcepsiatesdiorthdiion sensor

signal and t aﬁﬁ'mpgﬂo[towe{rﬁqﬁ%@fﬁé(fﬁgl ki R,i%g W?%Sigaﬂﬁlsﬂ%ﬁi%@omét control
mode when both the sensor signals are available; = selecting a second control mode when only one
of the sensor sighaiiakle FelvaRELRS RRRCERSCROMIECh YarakienrasndtifRromiging theei@esignals are

unavailable whegetis i lésgn;B% RRRIBPRPRIRR 6P MIALBBARINSt&cumstances is selected to

provide control of the stabiliser that is tolerant to the unavailability of the precession motion sensor
signal and/or the vessel roll 15 motion sensor signal. 2. A stabiliser control method as defined in claim

1, wherein the pfgRESRNNIRILABS R0 GigRAld SR RRINRA LY SRIKIRG thaMBFesSiBMAIR

gyrostabiliser employed in a vessel stabilising system for stabilising the vessel, 20 3. A stabiliser .

control meth®d A8eiRedinwe hepn segerberhimdetall dowibbr RRaFRRYBa RS des5TRE of the

precession of the@ysktabiHisehresiae RORUARRFOSFSHVAIAtagEEoo v ittadi yeR o bimeisendaigsignals as
process control variﬁwes by either driving the precession or actively resisting the roll induced free
precession of thih § ' produce a desired precession :

(i) By providing fault sensing of process control variables or sensors, and
using the sensed number of available process control variables to activate a
15 tiéred system of control modes, it is possible to ensure safe and effective
‘operation of the vessel stabiliser that is tolerant of sensor faults and loss of

poWer supply.

(i) Different levels of control performahce can be provided for the stabiliser

depending on available resources and sea state.

20 (i) By combining two or more of the control modes improved fault-tolerance
can be achieved.

It will be reédily apparent to pefsons skilled in the relevanf arts that various

. modifications - and improvements méy be made to the foregoing

embodiments, in addition to those alfeady described, without departing from

25 the basic inventive concepts of the present invention. 'Therefore, it will be

appreci'ated that the scope of the invention is not limited to the specific
embodiments described and is to be determined from the appended claims.



25 motion. 4. A stabiliser control method as defined in claim 2, wherein the second control mode
involves active control of the precession of the gyrostabiliser using either the gyrostabiliser precession
motion sensor signal or the vessel roll motion sensor signal and/or derivatives of the signal as a
process 30 control variable by either driving the precession or actively damping the roll 19 induced
free precession of the flywheel to produce a desiredi8recession motion. 5. A stabiliser control method
as defined in claim 2, wherein the second control mode includes the step of: 5 calculating appropriate
precession axis driving or damping control newnr@kmmng ic inn ciifficir nrarlirlitfa nr month/a nnntrn1
maltnric %ataith nr %0./1111111711%10 %/.7111U1 %/ILI1%%11%.1.1V%.1./%4,4 41. In.. %not no

vimeav ovum*, yip without adaptive capability, based on the gyrostabiliser precession motion sensor
signal and/or its taft ftablisesrRenivesmethodafataiakiising rarinririselsmetipe ddudedin 2, wherein

the second 14) cepte-iRarRm Wakis fsrdBs, HRPAEHRSI REHpEding Bhectspwefmotion from the vessel roll

motion sensor signal; and calculating appropriate precession axis driving or damping control
detecting the availability or otherwise of a precession motion sensor signal

and the availability or otherwise of a vessel roll motion sensor signal;
‘selecting a first control mode when both the sensor signals are available;

selecting a second control mode when only one of the sensor signals is
10 available; and,

- selecting a third control mc;de when both sensor signals are unavailable
whereby, in use, the most appropriate control mode in the circumstances is
selected to provide control of the stabiliser that is tolerant to the
unavailability of the precession motion sensor signal and/or the vessel roll

15 motion sensor signal. '

2. A stabiliser control method as defined in claim 1, wherein the precessioh
motion sensor signal i§ obtained by sensing the prec'ession of a
gyrostabiliser employed in a vessel stabilising system for stabilising the
vessel.

20 3. A stabiliser control method as defined in claim 2, wherein the first control
mode involves active control of the precession of the gyrostabiliser using
both sensor signals and/or derivatives of the sensor signals as process-
control.variables by either driving the precession or actively resisting the roll
induced free precession of the flywheel to produce a desired precession

25 motion.

4. A stabiliser control method as defined in claim 2, wheréin the second

- control mode involves active control of the precession of the gyrostabiliser
using either the gyrostabiliser precession motion sensor signal or the vessel

roll motion sensor signal and/or derivatives of the signal as a process

30 control variable by either driving the precession or actively damping the roll



commands using either predictive or reactive control methods with or 15 without adaptive capability,
based on the estimated precession motion and/or its calculated derivatives. 7. A stabiliser control
method as defined in claim 2, wherein the second control mode employs an adaptive control method
including the steps of: generating a control signal aimed at increasing the precession of the 20
gyrostabiliser flywheel until it is estimated, based on18 process control variable derived from the
gyrostabiliser precession axis motion, that the gyrostabiliser precession axis motion will exceed a

predefined limit;inddces fgiapeepessizsion ttenfiphitegutoapmdute: gydesicddlipeegassiopsion axis
responsive to thﬁ-\SﬁBH(" signal whereby, in use, active adaptive control 25 of the vessel motion can be
achieved based only on the process control variable derived from the gyrostablllser precession axis

motion. _20 rpll qg'otAon s%r]sor SI ?nd/?rr] (I) derl‘?/gﬁlr\\/gg Lgeglﬁ% r%?m%%tesggoﬁﬁtlmated

precession signa correspon o "oh SNt 3 the Oyrostabi |ser precession axis motion, the
estimated preceeeMmtrgndeenig@sttmmn fdr the gyrostabiliser precession motion sensor signal in
the 5 second control mode. 9. A stabiliser control method as defined in claim 2, wherein the third

control m(_)des proaidetatingsiappmpriate! theepessiessicaxist thiri_gjylg)s_talbilid_ambjngpp@ﬁm
conservative pr é%{aﬁd}éﬁ%ir%@%‘?##‘%ﬂﬁé’ra”d%%ﬁ hSrPFsgﬁﬁ%orbS‘%{?oﬁ’%ﬂ%%‘&i WL gpecession

angles to within & pr in up to'10 a maximum déesign Sea state over the expected range of
operating cond.tmﬂsouicadam(anmabdﬁmbmﬁm dbelgwrestabiirgmpyeorssiem malipheset level of

braking or dampig, anligHdPdheer Recsiiamatedsdermaruely adjustable. 15 11. A stabiliser control

method as defined in claim 2, wherein the vessel control stabilising system includes an additional

vessel stabilingidy g e ARG A4 AIARELRCEMIACHN SiRih ez frt

control mode i |nc e step ot controlling the additional stabilising device simultaneously with the
control of th@gyﬁ%’tﬁ@llfﬁéﬂahm e &ieps BY a
estimating the precession motion from the vessel roll motion sensor signal;
“and -

calculating appropriate precession .axis driving or damping control
commands using either 'prédictive or’ reactive control methods with or

15 without adaptive capability, based on the estimated precession motion
and/or its calculated derivatives. '

7. A stabiliser control method as defined in claim 2, wherein the second
control mode employs an adaptive control method including the steps of:

generating a control signal aimed at increasing the precession .of the
20 gy’rostabili.ser flywheel until it is estimated, based on a process control
variable derived from the gyrostabiliser precession axis motion, that the

gyrostabiliser precession axis motion will exceed a predefined limit; and,

applying a precession control torque about the gyrostabiliser precession
axis responsivé to the control signal whereby, in use, active adaptive control

25 of the vessel rhotion can be achieved based only on the process control
\)ariable derived from the gyrostabiliser precession axis motion.

8. A stabiliser control method as defined in claim 2 or claim 7, wherein when
the gyrostabiliser precession motion sensor signal is unavailable, the vessel



20 force allocation system. 13. A stabiliser control method as defined in claim 11, wherein the second
control mode includes the step of controlling the additional stabilising device. 14. A stabiliser control
method as defined in claim 11, wherein the third 25 control mode includes the step of placing the
additional stabilising device in a default or disabled state. 15. A stabiliser control method as defined in
claim 11, including the further steps of sensing the &#ilability of the gyrostabiliser and of any
additional stabilising devices and modifying a force allocation to suit the loss of 21 availability, or a
reduction in perfalhmantierosensonisigoad andier dsdsdualiks/oay. becusedithlieperadatddl system for

stabllising maring.yRselyfiapdoduredinax UM o7 e SYstRaeondprishy: S fault
detecting means for detecting the avalilability or otherwise of a pranceoion motion senenr eignol nnri
the avaflability cgyiefiaRilisesPreppstien @inmatensdhe astimated ResesniRneigral KaiRBmeans for

selecting a first copyRRRARN RS ByHshdRsesYreidismmaNaHabinsorlewging ansesend control

mode when only 10 one of the sensor signals is available, and selecting a third control mode when
both sensor 3igri§oNIE ¢AMIRLMBRE-and, stabilising control command generating means for
generating a stabilising control command in accordance with the selected control mode whereby, in

use, the most afbrdiabllisaneenticd methodagidefinedincglain . wEgrgibths Kitdisenidsel

stabilisation thatfptRleprbitREp st Edtivy QF the Nirsessigh napting LRneSradblsed ayd/or the
vessel roll motion sensor signal. 17, A stabiliser Cﬁg};%[%(stem as defined ip claim 16, wherein the

precession motiGRR¥ING? &%%ﬁﬁ%%%ﬁ(s&%yeé@ g, A F3TBINGAR rgé?ﬁﬁ%'gpemployed in
a vessel stabilisiagssyeksignéa ridinispredbssion angles to within a predefined limit in up to

10 a maximum design sea state over the expected range of operating

conditions.

10. A stabiliser cohtro| method as defined in claim 9, wherein the preset-
level of braking or damping applied to the precession axis is manually
- adjustable.

15 11. A stabiliser control method as defined in claim 2, wherein the vessel
control stabilising system includes an additional vessel stabilising‘dev_ice.

12. A stabiliser control method as defined in claim 11, wherein the first
contfol mode includes the step of controlling the additional stabilising device
" simultaneously with the control of the gyrostabiliser and/or as allocated by a

20 force allocation system.

13. A stabiliser control method as defined in claim 11, wherein the second
control mode includes the step of controlling the additional stabilising

device. "

14. A stabiliser control method as defined in claim 11, wherein the third
25 control mode includes the step of placing the additional stabilisin.g device in.
a default or disabled state.

15. A stabiliser control method as defined in claim 11, including the further
steps of sensing the availability of the gyrostabiliser and of any additional
stabilising devices and modifying a force_allodation to suit the loss of



20 vessel. 18. A stabiliser control system as defined in claim 17, wherein the stabilising control
command generated in the first control mode provides active control of the precession of the
gyrostabiliser using both sensor signals and/or derivatives of the sensor signals as process control
variables by either 25 driving the precession or actively resisting the roll induced free precession of the
flywheel to produce a desired precession motion. 181 A stabiliser control system as defined in claim
17, wherein the stabilising control command generated in the second control mode provides active
control of the pravaiiatility:ftha gechattibilise pesiognaitser oh oogroambritsef the stabiisiion motion
sensor signal oré sel roll motion sensor signal and/or derivatives of the signal as a process
control variable by either 5driving the precession or actively damping the mill induced free precession

e e oA YER e e B gerae Rl <At T VRSO HRIRNPIRGES oo

claim 17, wherein'the ISIng con ommand generating means comprises: means for calculating
appropriate preduseksitation avanadacem gy $emrePmPsisingiands in the second control mode using
either predibtive or reactive control methods with or without adaptive capability, based on the
gyrostabilises prizzdtsietestotm mseansr fiyrdstacting itbeadvailabiityedorapieerwise opiaA stabiliser

control syster 45 e IEAMA JdnddPSIEHAfIRe AR vaRkDREP BT BGARINE A g5Berafing means

comprises: meahs for estimating the precession motion from the vessel roll motion sensor signal in the
second control FAIUBOHAN AEASAS $iNAculating appropriate precession axis driving or damping
control commands-using either predictive or reactive control methods with or

control mode selecting means for selecting a first control mode when both

the sensor signals are available, selecting a second control mode when only
10 one of the sensor signals is available, and selecting a third control mode
when both sensor signals are unavailable; and,

stabilising control command generating means for generating a stabilising
control command in accordance with the selected control mode whereby, in
use, the most appropriate: control mode in the circumstances is selected to

15 provide vessel stabilisation that is tolerant to the unavailability of the
- precession motion sensor signal and/or the vessel roll motion sensor signal.

17. A stabiliser control system as defined in claim 16, wherein the
precession motion sensor signal is obtained by sensing the precession of a
gyrostabiliser employed in a vessel stabilising system for stabilising the

20 vessel.

18. A stabiliser control system as defined in claim 17, wherein the stabilising '
| control command generated in the first control mode pfovides active control
of the precession of the .gyrostabiliser using both sensor signals and/or
derivatives of the sensor signals as process control variables by either
25 driving the precession or actively resisting the roll induced free precession
of the flywheel to produce a desired precession motion. | "

19. A stabiliser control system as defined in claim 17, wherein the stabilising
oontiol command generated in the second control mode provides active
control of the precession of the gyrostabiliser using either the gyrostabiliser



20without adaptive capability, based on the estimated precession motion and/or its calculated
derivatives.

22

precession motion sensor signal or the vessel roll motion sensor signal
and/or derivatives of the signal as a process control variable by either

5 driving the precession or actively damping the mill induced free precession of
the flywheel to produce a desired precession motion.

20.A stabiliser control system as defined in claim 17, wherein the stabilising

control command generating means comprises:

means for calculating appropriate precession axis driving or damping control
10 commands in the second control mode using either predibtive or reactive

control methods with or without adaptive capability, based on the

gyrostabiliser precession motion sensor signal and/or its calculated

derivatives.

21.A stabiliser control system as defined in claim 17, wherein the stabilising

15 control command generating means comprises:
means for estimating the precession motion from the vessel roll motion
sensor signal in the second control mode; and

means for calculating appropriate precession axis driving or damping control
commands using either predictive or reactive control methods with or
20 without adaptive capability, based on the estimated precession motion

and/or its calculated derivatives.



