1 "FAULT TOLERANT VESSEL STABI LI SER CONTROL SYSTEM' Field of the

I nvention The present invention relates to a control system and nethod for
st abi | i siwgQ 20mwion®7vessel notion i nduced by excitation wravaw0rgesieh hat
produce roll 5 notion and relates particularly, though not exclusively, to
such a system and nethod whi ch includesqa gyrostabiliser and enpl oys
several control nodes to provide fault tolerant control. Background to the
| nvention When a gyrostabiliser is used in a marine vessel to attenuate

rolling notion, «EAULTETORERANT VESSEL STABILISERSCONTROL SYSTEW Wheel
precession that in turn produces a torque that opposes the rolling notion.

Thi s neans t ' ' fl ywheel precession is always in an appropriate
phase to attgﬁﬁﬁbgﬂr%ﬁﬁgﬁggﬁotion (if the precession does not exceed 90).

Dependi ng on_t he resi stance to precessi on caused by th m?cha{n',?al
ar r angenent , TR EFESERG IveTHon gelpfesgiora sene SYSIER ABY FtaPY orti@pighgceds
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precess through nore than 9 _(over-greceSS). this causes instability in the
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over - pr ecess TR OHY R Tstdet S GTPSD st ot BRpIoG Sl Bt Hitles 0GR,

more conmon prowidesfault kdlefaat seveslel y limited. It is therefore desirable to
provi de a gyrostabiliser control systemto either vary the resistance to

precessi on, Eﬁcﬁ‘ﬁﬁddﬁ%ﬁ\‘mh{lé’l’lﬁ&ﬁe fl ywheel precession notion of the
T K

gyr oscope. ere are many known gyrostabiliser control systens, fromthe

manual 25 precession axi.s. brake_ agct uat ed. ' ] | of
Tho. pr ecesel B OR R HAIESE RITEG T § B Re: & osH ansbfaBClout® e o Pon
and gyr oSiQOPEheFEIMRS Fhationnof ittes veddet induessl fipwieeei siecession shalr akeymf i r st
proposed by Schlick in 1904 and descrjbed b V\hr.te ip 1907, r L{I‘ ed manual
i nt er vent i onPIASUSRR A FRTAHE dhatyPRRRSES; 1R 'iq'i"\ﬁav'@ 'Bﬂvif'&’ﬁn@ﬁé'&s gh?ﬁ stF"ﬁe a

smal'l range pfy,ced AyHRELIPIecENIb isafays 20 BRaapdiBsrtabhasenaatefger y then
devel oped a g{/gtc%m Yﬁat g@gressed t he r%‘robl em of the Schlick gyroscope by
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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 -
| is great enough to prevent induced over-precession during pe'ak input events,
20 the stabilising effect during more common events will be severely limited. It
is therefore desirable to provide a gyrostabiliser control system to either vary
the 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.



5 rate of the vessel. Although the performance of these prior art systens
was remarkable in sonme wave environnents, (up to 95%roll reduction), the
pr ecessi oNOcont100197syst ens were not able to adapt to vaPgrag 20880169
conditions, so the performance was linmited by sinplistic precession torque
controls. Wth the invention of |ighter2and cheaper fin stabilisers, which
work 10 well when a s'hi'p IS at speed al | owi ng hydrodynamc lift to be
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applications are renewed interest in r I sitin yrostabi.lisers for
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and an an® c?”ﬁﬁﬁ"f ?h'PH%aé?Ret-? aﬂ%}‘” &@ﬁﬂ?maqﬁﬁﬁﬁcﬂrsq rP%'U%SI ied to
t he gyrost abkhé Seterest e gyrog{abmrseme\ﬁmgd stabilising devices) to produce a

resource allocation vector for the gyro and any other control rreans 30 By

actively conty %ététﬂﬁ’setrg‘ﬁa% ?Sﬁﬁ*ﬁla? %eﬂéfeltg ?@nﬁd'@?m@ WhethE Ve saf e

and effective” perfornmance across a w oper ating con tlons can
be 3 achi evedro dkde\fewandtspeéd oﬁhembyqroémamibsbasemayﬁerslsmnedjttlefc&edback
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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 diéclose 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



10 states and vessel notion, the risk of one or nore sensors failing is

I ncreased. The present invention was devel oped with a viewto providing a
gyr ost abiwpzer/womrrol system and nethod that is fault troraantijocewduci ng
the severity of the risk of one or nore sensors failing. However it wll be
appreci ated that the control system andy nethod of the invention also has
application to other 15 types of vessel stabilisers, such as hydrodynam c

stabilisers. aml es... b dders,
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to prior art in |f|ctio a rovi ded for strative 20
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is part of té}eotﬁé’f”fmﬂré?%’i@béﬂiveké&iﬂoﬁ?‘ﬂﬁﬁemwﬂl&bﬁé% dpefaté! FoMaghiwly Sunmary
of the Invention According to one aspect of the present I nvention the're

i s provi déd drivenagyoptabilisetsatthis witkf noimmediate ilassHgf tae i stebileng el
mot i on i ndug eXEihat i i c 160 t he
steps of: de'ﬁfei%%}?ér?g fﬁhéaﬁpfégimlé%/;w&@ﬁot esr %ﬁfesr?% IEfj{gjpr egvgrs@%ér%rmtlon
sensor si gnabperatibrt dfthawess$elbi | ity or otherw se of a vessel roll notion
sensor signal; selecting a first control npde when both the sensor signals

are avail alelth thé pReVidion ofintpsadith BaMbers! offsedgoishterpemmitymomecampleXe sensor
signals is available; and, selecti ng{na third control node when both sensor

signal s are Qyiestabllisen eontralralagrithmg thateare MOreFRIPOASHEOS: FRANYINGA® ol node
in the C'160%fe§%%§/dﬁ§eﬁnéﬁér?ﬁﬁfﬁfﬁQfQ{é)é!r' rﬁSreCéBHSBFE faflingli® fhcpdA2R4! | ser

that is tolerant to the unaval of the prece55| on m)t|on sensor
signal and/or, the vessel ro a i cal |
precessi on ?BWS?Bﬁ'é%?"%qrb\Ha téa Vb%)’g goeﬂ@vl%g)q ﬂ@y#&‘bqésgfon of a

gyrostabil i Séifnti*@ﬂ's?éiemsarlitﬁmwhdﬁTMa@}@téultﬁoI%rameeﬂucmb&he|se$'eﬂg of@heystem to
stabilise the vessel. Alternatively, or additional sone Si tuat i ons

the precessi K oben®Ar mgcﬁen§9r§rfavlln&ay*%e%%t'tawwefaﬁ aPBFeC&E%WF a they
sensing the BifefIbeih Tl Meutle 8 e RREART aRRNAGE dipftdtitacd efhfﬁenm ng

vessel notion e’vesse srane & ng system may or nay not enplo
gyr ost abilbi stypes lobwessel stablllwspsmfeasdtydmdmﬁtahﬂherﬁ‘ve@%wl%.é?lﬁl | i sing

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.

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;



15 system enpl oys at |east one gyrostabiliser. The first control node may

I nvol ve active control of the precession of the gyrostabiliser using both
sensor siwyoabs/@mafor derivatives of the sensor signal sPas/Aironaseicgont ro
vari abl es by either driving the precession or actively resisting the roll

I nduced free precession of the flywheelgto produce a 20 desired precession
motion. The first control node ‘may include Proportional I|ntegral Derlvatlve

(PID) cont roééjr%}@p %%%%C{iognﬁo?%d lNIhS{:Ih nd)E%'ﬁEabf pféf/@@ﬁéforcé? 418ljg 1 obust

controllers i 78 Cont o] ada e contr s‘fh ds
I ncl udi ng th@vaﬁable:rahdc Gain Control (AGC) control I er of the Appl i cant's
co-pendi ng International Application No PCT/AU2011/)000( 25 details of

whi ch are Ingaéﬁf?{gasgaﬁ.rheéowan MYdd g{h%heaatﬁ s&fso?%ﬁ%é!@@r@%a%nléd?@se

control approac first control node may respond to a force
al | ocati on nwhéreblywini ude, sheseast Epprapciateopentet needeein beagifcumstanseddyi ces and

adj usts t ggtg%?cﬁgé ‘%ﬁb éa/ic%r %&@R)ﬁ ?ﬁ Heegtatﬁﬁé‘\e?rtgétrlgkéféaﬂ{ y ﬁ%' Lﬂ\‘aavgfbbcﬁﬁ' m sed

syst em of requ

al l ow 30 fOrofouher;ﬁéoessmputotlofﬂsentorrsagnaicmtd/m th&n@selamllunetldmsemasur ed
precessi on ‘

signal.

Typically the precession motion sensor signal is obtained by sensingv the

precession of a gyrostabiliser which is being employed in a vessel stabilising

10 system to stabilise the vessel. Alternatively, or additionally, in some éituations
the precession motion sensor signal niay be obtained, for example, by
Sensing the precession motion of a gyroscopic sensor provided for sensing
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 control variables by either driving the precession or
actively resisting the roll induced free precession of the flywheel to produce a

20 d_esired_ precession motion. 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 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



axis and vessel roll axis data directly as process control variables or it
may 5 include a predictive el enment which provides estimtes of future

st at es ofwoOhes08i9gnal s whi ch are then used as inputs t@Crad20ar60G163
possible first control node methods of control. The second control node may
I nvol ve active control of the precessiog of the gyrostabiliser using either
the gyrostabiliser precession notion sensor signal or the vessel roll

noti on senso hanal . | . : i y control
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notion. Alternati Veldétth ecgnd ccintrol mode may i nclude the 10 step of:
cal cul ati ng 9 F%H}q ’Beg’Pgéé’ SPUP axi s dri vi ng or danpi ng control conmands
usi ng either_predictive or reactive control nmethods with or without
adapti ve capage seegnd eeniend made may diMobie agliveicoatrobefdbe preeassian ofdhe senso

si gnal andg/ og,,d : . Lvariues: Br control
rode- i nel qedPrEbEBeC i) StEEIeI o ERiiech (FLEeRir moln SERE SR ¢
vessel roll abtheotessel sdinmotiosisgnsdr; sigmal ,andéraddrivatives eptheogignaltas a

precession axis driving or. I-ng coptraol,, commands using. ejther . red‘i' ctive
D CTeact s ve. BisreroonihanabE B Sther tiiGune Fiepe S Al e Baced on
the estimat eghepréIF esdiced freki precassionrofi tire diyvbeeRtEdprddutey ad | degired

Advant ageously the second control pode enpl oys an adaptive control method

i ncl udi ng. t hBfegeagan 700tian. AfieRatielyntieaseondr et giede Mayelicpeither easing
the precegsi 91@80&: tcaféu%\ﬁhﬁsafp?%bﬁa‘i@rpréééé‘é’fbﬂebxié'r&riv‘nd_‘ br dampild BBARSl, based

on a process control variab erived fromthe gyrostabiliser precession

axi s not i on, commandaaising eitheapredictive g5reactivei eontrakmethastsiwith af witheytceed a
predefined | Lt .8 Pl oyl C | .canit 1 0 ; he
gyrostabili sé&%ygcé&ﬁbgﬁﬁa%@zgn Bégﬁééftg@"%ég ér%gég%ﬁrﬁﬁﬁ '@f%ﬁ’éﬁ&’v\her eby,
in use, acti signaldamd/or its caltutatéd dérivdtives.eBsférabiyt thersesand montrohineded based

onLY o0, e RS IS S ohr LERANG i blateS AR R bt A
gyr ost abiqlsi sgotibh @eassr Q?nétphh@,rba}&n@tﬁfg yropdiate precession ks Grivuhb&:rvessel
rol . notion genspr signal and/or its 30 deri vart aive§ ma|y be ll\J/se(g to Igenerat e
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~ 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



.estimated precession signal being substituted for the gyrostabiliser
precessi on notion sensor signal in the second control node. Preferably the
third corwoabimoa®7pr ovi des passive control of the precessiaanoafoootse
gyrostabiliser by applying a conservative preset |evel of braking or 5
danping to the precession axis designedsto |limt precession angles to
with(in a predefined [imt in up to a nmaxi mum design sea state over the
expect ed rangg; p i C Lty j Ydeh I e of
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The vessel spmbessien mptionseosonrsgnal ircthedecand adotrelinedg. vessel stabilising
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rol 1 and pitphérablyeatiirg confol 886 pra\adBsCpadsiel toriR oR i precassibmer type
of stabilising device. Exanples of hydrodynam c stabilisers include fins,
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third contr oamipitig appied tethedeetdssict &s Bfmahaallyragljusisbleddi t i onal
stabilising device 20 in a default or disabled state. The control mnethod

may i ncl ude ; i } i t i
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st abi | i sat i oponthsiimode inalydncude the $top of plrcimgl thbiddditipnal stabilisipg elegtsei on

noti on sensor signal and/ t he vessel roll notion sensor signal. 10

Typi cal | 20 hih et or g JAtesensor signal is obtained by sensing the
precession of a gyrostabiliser which is being enployed in a vessel

st abi | i si ng Fhetcentrolometreimay include the further step of sensing:the availabitityiafi onal | v,

in sonme situgtions the precessi k. S| : ; Lned, for
exanpl e, by ngﬁﬁgﬁbﬁlégb?Qgecgsqq@n%{'%ﬁ%g%ﬁ%mg@Pg@g%%;ggas@ﬁ%@}rm%rhovi ded
for sensing 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;



15 vessel notion. The vessel stabilising systemnmy or may not enploy a
gyrostabiliser, however in the preferred enbodi nent the vessel stabilising
syst em empbDays/@b797east one gyrostabiliser. The stabili eCagpwontooeics comand
generated in the first control node nay provide active control of the
precession of the gyrostabiliser using-foth 20 sensor signals and/or
derivatives of the sensor signals as process control Variables by either

driving the precessipon qr .actively.resisting th oll . induc nee
precession o on?rﬁg n}q%egg?thgomﬁpg%J%res%{e%}g@i ?é'(ﬁseipéoé}%r@éﬂog% %?E‘ c?(re?(?h Li kew se
t he stabili Sthagensor sighals @reransilabis) sehictilg iansdcbfd Seatobmedawhen sritde may
provi de active control of the precession of the ggrostabiliser using 25

p !
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roll notion g B%thsée% sighals afe dRavaNableygad,0of the signal as a process
control variable by either™driving the precession or actively danping the

roll induged free precession of the flywheel to. produce.a desired .
precessi og n%?l?'g‘ﬂf‘g °§n§8ﬁﬁﬁ'ﬁ'&§aqdng?%eéa§'&8?ﬁfnéoﬁ# SeHEEE ﬁsﬁﬁzﬁtﬂﬁséri‘q her
predi ctive ofontddebimrrandointacebrdarich adth thiet delevtedvicbhwolt mad@ mheveby; apabi lity,
based on the gyrostabiliser precession notion sensor signal and/or its

cal cul at ed € Jhe Mest apgregsiate, RANYQ) mede it e PirciMmzancss Sdieled d

generating 5a0ideC Q83Ye! SQabiliSRRINS R S IOIEMERL | 130 the LurRivaRSsfRtY 05 AR | on from
the vessel rol’l notion sensor signal in the second control nbde; and, neans
for cal cul atpragessipr metipasensnrsignat BadonesvasseMiol gnationdemsPhgjgednt r ol
commands using either predictive or reactive control nmethods with or

wi t hout adaprypicali}Gtheaprebesdidry mdtme sertwor tignat 96 | oiRaiadd [Byesessingtherot i on
and/or its calcul ated_derivatives. Throuyghout t Pe apeci fi c%t ion, .unl ess the
cont ext reqURTRERSSREL doyostabilisenyhiph-is eaployed in, aj vess e takiizing as

"conprises” gsterf W'Bfabflisé Ihe v<¥§§e\.A@l@rhﬁlﬁéffbPQGHiﬁGhdIIVPiNéoh’ﬁ'@siiMB%i on of a
stated integer or group of integers but 5 not the exclusion of any other

i nteger or gheupresessian gyetien senkemsignal maywbed obligingderfapigrampie.vByY i at i ons
such as "pre " ] ‘ L ol ; | ger or
group of i ntgeeg{asin 'Ehse éfgéﬁ%ﬁq Mﬁbﬁ%gg@%&wg}é n%ﬁrﬁgld\%?ﬁfgaﬂw%@&t he
i nventi on5 vessel motion. The vessel stabilising system may or may not employ a
gyrostabiliser, however in the preferred embodiment the vessel stabilising .
system emplbys at least one gyrostabiliser.

‘The 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



Throughout this specification the term"vessel" refers to a marine floating
20 platform typically a boat, yacht, barge, ship or submarine, which is
subj ect twoastiob®ri ng noti on due to i nduced excitati onPCoraaesiidesxs9 pr oduce
roll notion. The. term"roll notion" refers to the rolling notion of the
vessel including any or all derivativesgthereof, but nore broadly refers to
any oscillating notion of the vessel that it is desired to be attenuated.

25 Brief Des fath n t |l be
better under §§ﬂ'}§i§"ﬁ9 o'ﬁn % g?%"?%@' ;E‘E?dae ﬂ%‘ﬁbaee' %g?'gﬂyeeﬁ rgg?t‘grer ed
enbod:c ment s l@bnttdﬂe nv&tlas&t] Wit]lcabloil w&thomorﬁdatphv@ysamblmd hsa:ﬁédoobn giheen by
way of- exanple o wth reference.to the acconpan dr aw I,n whi ch:
o iure 1| GvesEtliseh: PRCEHANG Moo, etPEISBRBoc AU b cAvaed

stabi | i ser cggfifdtives§yst em according to the present invention; Figure 2 is
a schematic view of the control systemof Figure 1 when operating in a

f
F; o " clonBAly, Mid Wiitishd SofaC ARG kidaiho HEaetbRRlsdySt o Of
\r/rlo g\év of the mﬁnsoforseamﬁngf tHe grecesdionheotiopdrom ithg vessel trdsll mmbtmnt rol

ure 5 is.a uid circuit diagramof a referr odi nent
of a 10gyr ostsﬁg$qri §'8F‘aﬁ§rd t&ﬁl secangn £PRffol . gﬁl angy JOe 'P?]gfoﬁaﬁ?gq”%%gont rol
of the precegppripriate %rec’é%groanﬁw@mﬁng Soradafrhpshg &drit@i donfthasds s a
preferred enbodi ment of a gyrostabiliser draulic control circuit

provi di ng dr eiteer esedictive & reactive ceenel o’ﬂ?eﬁ}@id§ with pet witht edartivept i on of
Preferred;-mggiiiRYL Based on the estimated precession motion and/or its calculated

derivatives.

Throughout the specification, unless the context requires otherwise, the word
.“compri,se" or variations such as ‘“comprises” or “comprising”, will be
understood to imply the inclusion of a stated integer or groﬁp 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.

T'hroughout this specification the term "vessel" refers to a marine floating
- 20 platform, typically a boat, yacht, barge, ship or submarine, which is subject to
oscillating motion due to induced excitation forces that produce roll motibn._
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 desired 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
system and method, given by way of example only, with reference to the
accompanying drawings, in which:



Figure 1 illustrates the architecture of a preferred enbodi rent of a vessel
stabiliser control system 12 according to the present invention for

stabi | i siwg@ 20tie10071 notion of a marine vessel 2 induce@Cihatesnitetshon wave
forces. A gyrostabiliser 4 is enployed in the vessel ‘stabilising system for
stabiI|S|ng'the 20 vessel 2, and is oriented such that roll motion of the
vessel 2 induces precession notion of the gyrostabiliser 4 about its
precession axis. g egyné)atsaép.'ema‘%erv.éwo? FRRARIC BlrbbdpReit A1ch (essdl
gyro-actuator 8, stch that notion of gyrostabiliser 4 results in

di spl acenent of tﬂ@l@e}af@oatmhmtam accomegrteltne pieseohingentione vessel 2 is
transferred to a flywheel 6 of the 25 gyrostabiliser 4, and the precession

action of the flymbgel 2§ Breedestic ¥idy op#RODoMrc) tsybicm of Figur@ewhed hat
counteracts the nonent induced by the wave forces. Although this enbodi nent

i s described for eperaiing 'Hlﬁﬁ"éhc%tﬁoeﬂ'l%!?l on application, the invention is
equal ly applicable to the attenuation of pitch notions. 10 Gyroscopic

f1 ywheel sshave t vitiguregd éea sthefratiediew . of then camtbl myeteas of bigur@y! wbeser vat i on
of angul ar rmrrentum ue to n and t e lLocation of the vessel hull, the

fl ywheel 6 pr oduct¥™d "@/‘P&%%;?"Q Gogre rﬂﬁ%nt proportional to the pr oduct of
the flywheel's spin angular nmonentum (inertia x angular velocity) 5 and -
precessi on rate. Figereshiis arshematic yigyve ok the centraltsyftem ofifiguie s! WaeN al so be
controll ed. Hence, C#é? |d§'h%e{h|rﬁ%n%ﬁﬁ8§§' on rate of the flywheel, the

abil'rs

| arger- the gyroscopic i ng nonment produced on the vessel. However ,

the precession rate an imte ns chani cal
| oads and ot her 9'érecgl IS %d@fﬁlrﬁ‘f'gdéﬁgéa’ﬁ Eed@d’r rg]&ev%nt 10
excessi vgopr eces sdyphstablls EShydhaliR Mﬂoﬁ&fcﬁﬁﬂprﬁﬁdm@a&amp.ﬁg %ntr@lféfttﬁe i's
reduced but non-useful torques in other planes beconme significant. The
limting of the mréééiﬁe‘@fbﬂmﬁ,sa%hl eved by the gyro-actuator 8 which is
typically either-a hydraulic, electrical or a conbination systemthat

provi des a br aki nggared6ois alrfluid mgcmlbrdmgearabofua preferpede ebedimnmerdxofsa 15 The

action of the gyro-actuator 8 .is te r cantrolled by the vessel
stabiliser cont rcﬂyrgyggﬁﬁ?rlﬁydrﬁukfeggéfg} cdrcf"?rﬂfﬂ"a'r?gs%rr'\vse&r %’ng \}Fﬁes rol |
angl e neasurenentﬁ-e{;@gs,émgx.gessel stabiliser control system 12. Typically a
gyro preceSS|on notion sensor 10 provi des precession angl e nmeasurenents of
t he gyro abj t ontrol system 12. The
vessel % Qshslfégere FﬂtEJ}Foges he?ﬁﬁ‘r’é%@i%%% the process contr ol
varlables prOV|ded by the sensors 10 and opri ate

control commbigyEe {ollugteates the apghitgctye o7 arh 5’6?’? @I%deﬁfgt em nay
or may not e%bﬁﬁe@c&ﬁfd?ﬂ%@@l‘d H?%rcco@irfghl@%g dr@sérﬂﬁn\iédtnbﬁtféﬁét@dlll@lﬁ'gOdl ment

the stabilising systemenploys at | east one gyrostabiliser 4. | n sone

si tuations tthe rodsvetion ohlei miagnﬁqe§§%it?erﬁd#§9d &MW%W]WGJ?% c
stabi | iser aggrogf%bg g%?@gfné éﬁ(@? in tHe \Pé&@%l ﬁaﬁlﬁmggggstgfrﬁfb?%db‘ﬂ&d@hé0”

sensor ‘signa exa ing the precession
mot i on of20a g@fssm;cz)pamd se rgientear sucldéhlatr ol Ermtienn@f thes yessei? jinduces 11

gyrostabiliser precess on_se 0 h 0 on
sensor - 14. THE"%@%E‘.W@?“ g’ﬁp‘bSyﬁ"f{B&%gUfé ﬁlg?lh f }f)??%%ls?gnéjg?gqy?ow di ng
t he process Q%isfdbllhséﬁm &’@Hﬁéchdn&:allhadoublw &Emg@irmactbatoroﬂ svch Ithdil e
process control variabl es b.g,sﬁ,F(ra{lsors can be used t actl Vatﬁ@?qr ered

system of 5 BWHPREf t%@!@s@ resy %W?P'SFe'HﬁBEO the QyIo-35 o-utilise

the avail abl gnpr Rﬂleﬁﬁbﬁ%ﬁnbf Fhe V\?és'sablze% ttinSRTIe t6 3 Slywhdepld eftthee
operation of t ‘@%’lrostabl iser 4 that is tolerant of sensor faults and

| oss of [Ewegyrostablliser 4. cunst the Prrression| adiosr of e Jywhee BaIof¥sessal ect i ng
the appropri %ﬁs&&ﬂ& 'SPAbIFER nfsis&H that E8lterdBiaetheFhoment lirkfticd Ryopess

control vari
wave forces. Although this embodiment is described for a roll motion
attenuation application, the invention is equally applicable to the attenuation

of pitch motions.



10 If the sensor fault detection neans 16 determ nes that both the
precession and roll signals fromthe sensors 10 and 14 respectively are
avai | abl evotzhet/womrr ol node selector 18 will select a fiPCIAWRONINNGI6 MDde
20. Control node 20 is the nost conplex (or top tier) of the three

sel ect abl e control nodes, requiring inpgt of both vessel .and gyrostabiliser
nmotion data to provide a high 15 | evel of performance fromthe

gyrostabilis t S n that a
3 anal ' om GAdpeabis TYWReRE Ve B elresS ol s SRR p 5L R 18

avai |l abl e, tb@ﬁsewﬁtronlofrmdalasaiomérwmlcﬂ:e\mwipnrsmhcbtm lacatioroofithe vassedl  node
22 which is the mddle tjer of the three selectable contro The
second cont r Byl ﬁﬁﬁgij?’&&ﬁl ge%'OQHceanl%?ﬁcoﬂéﬁ (io‘inomﬂ péw%?r@qpﬁgg vessel
or gyrostabi biouget B‘PthOH}IvJHéepé ey.h%g%lagcrﬁ&nbmam (iRértiast bagmaNsloéitym t he
gyrostabiliser 4. \Wen t'he sensor fault detection nmeans 16 deternines that

the signalbs ARdRTasessionateprecsrin ftedngenasplly exnsiaitsbuighigramalse e

oneval ab1e. tARIEATHE Lo PRSP ebBEodd it o et 10l it

mode 24. The® con owest ‘trer 'of t _
sel ectabl e cgyrbsmpmmiabllisipg omodieny pragdsceds arothe olessél. t hdowevesi theof t he

precessi on nmotion .w thout yirin e i Jmted

| evel of perP'EﬁcﬁﬁﬂB'é e oﬂﬁ“ﬁ ﬁggf& g&é%ﬁﬁ%égﬁo%h%yﬁe@ae)ﬁég% &%ﬁﬁ?’{'@‘t ection
means 16, th&:aaenérwlotmd@hyﬁbﬁcbmmnralrﬂsaard hdjteexeeedws aidalto |preverg control
command generati on nmeans gl ncl ud| n fe,f{éjé eco d and t%! rd control
modes 20,10228XGaEgIVEAeGRSSINLRNIIRS) et ﬁ?‘y guve fig @ B8 dEraRe's refucerlg) o
controller. P&tznézd -gseral t%rddésqﬁTo'il%rgﬁar{e'%%é‘cbhﬁs@ﬂﬂéérﬂ' Tredenifity of thehe

vessel stabiliser control system 12 where the control systemreceives both

vessel rol| Rpigcessioans aghiexadaby Ithe gyrenastatari 8nivhieh i isriyRicghaeéher 8m t he
respective SENaRLf 1eafitardh.a Lofiniidioh s5RH Mot PROiagD olirRkng ldnigr 0vi des

active contro ro- actuator er driving the precession or
actively r esdaﬂng@or@damboutg&etpnecessidn axiduced free precession of the
fl ywheel 6 to produce -a desired precession notion. |If the vessel notion

sensor 14,5r qpsdesion 6f0ih|e Qﬂﬁlé%tﬁdtgtn@ isdegulatrl BY contrallid by ahe esselSSi on
notion sensor 10 provi des precession angle signal, the control s stem 12

can di f f er enstabiliset IG@B*@OlaW%msﬁgnaﬁ ye?*‘@'g’@%é‘?@t"é‘ $ensost ¥ RFRYIdesc®ller at i on
|7 required AbiShBaLundfietts O O Ued i URATREY cati systef hy. Tidlcapad or

accel eration Nnsors can be 1 nclude e vessel tion sensor 14 and/ or
precessi on mgyicopresessam middion/Aenaci ¢ ercamdesrpreaesw PRglegneasiliement§i ve rate

and angle. (alheit. w.t r , Thal
accel eration tﬁ'tfn%ﬁ tﬁH'" %F‘%\}}%gﬁg%y sﬁ?@%sggéét(&}&gﬁe%i TheVes8él
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 gyrostablllser. 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/ .



15 precession notion sensors, with the derivatives being cal cul ated by the
control system The first control node may include Proportional Integral
Deri vat i weo(Pi1Dpoontrol | ers, fuzzy logic controllers, meurAdl20na0msy K
controt, robust controllers, nodel predictive control nethods, adaptive
control nmethods including the 20 Automayic Gain Control (AGC) controller of
Applicant's co-pending International Application No PCT/AU2011/ XXXX, or a

combi nat i Onr&roétgﬁiﬁgeraﬁ}gé%gsnﬁ H@E.?ﬁgﬁﬁéd}'ma&m BRONGel 1 rﬁot'il'ﬁf 6p' lising

devi ces suc I'ns interceptors, flume tan transom
fl aps and nowkablte behéfitsof emplayingp fault sensinglef the SedaDLs provudmgzshe he

gyrostabiliser 4 the first contral p . r
al | ocation nfIPRSYP GANEH ‘éaéﬁgggss gh%{giﬁﬁo%éggml{'ﬂé? §?§Y}% @Pge F%g“%g%. ces and
ad] ;Jst S ]Ehetasgmfb‘stvahablgse(br Q‘,@ﬁ*sd_sl_rﬁ) ofanqm dseglty aonvaueoaltcteemrsymm of sed
system of stabilisin evi ces e first control de or allow
for oper aﬁorcqrﬁ'&n’m cFragh tiegd G%Fﬁilf‘a,pd%&\é W[Fértr‘%%’f tive the
30 precessi o § c%ﬂﬁ&lr Qén?l?@é”té Qﬁ’?ur@hﬁfetﬂrﬂf é?fecﬁ\%‘tdp‘éﬁ'atﬁ‘ﬂnggf ithém shoul d
be Used (par |cu er ent orithnms excel in different sea
states), vxhegytestabmser 4 that is tolerant of sensor faults and loss of power supply. A '

‘ control mode selector 18 is provided for selecting the appropnate control

mode based on the number of available process control variables.

10 If the sensor fault detection means 16 determines that both the pfecession '
and roll signals from the sensors 10 and 14 reepective!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.



the active control is driving or only braking the precession axis notion,
what | evel of power to operate at, or even what the predicted sea state is
at a partwoubariovidne. The first control node 20 may be @o#/AdR08&0eral
alternate first control nodes, each requiring both vessel roll and
gyrostabiliser 5 precession nmotion signal2zs. The first control node 20 may
use the nmeasured precession axis and vessel roll axis data directly as
process cont rpi ureaRi ilidtetes i i ch
provi des esti rrgt es of futureesptgg ggmrb'%hg‘g?og?%glc@s& rgﬁsllgg%’gﬁpused as
i nputs to t heSXiEMolsk Whetaithe sonteihsysterafreceives (bloth wes$ed rbll rmedticroahd ol node

20. 10 F d 2 f th

stabi i ser - colospoert Bletssdicts miABA KL b e Efaditive sensss Hhage

gyr ost abi | i set0. prTéEeést contrajtrnode 20gypically pravideseactivs seuntrbl of THY gyreecond
t ] t t f th t [ i

b ecessi on otk 8L sfer BEing Tnd BréGRshion i shSbeiesisting Gampinsa ey

unavai | abl e. rbﬂ indluced il pretassidrief the BPRHe & & Yo dtﬁ@édé@lr&aﬁr&é@sl&?

signal fromthe &reﬁegm on m)tl on sensor 10 an or its derivatives
cal cul ate pr 08t &ives3e! peiiRn sensasdlidspramides eorall agle sigmahdsd fwe ~ t he

gyr o- act uat or $tabifisere bk raa sC hod wth

or without a a%(t)l ve' capg %&F?Ieﬁeﬂbﬁém\e@ggérogg @tgr\ﬂﬁ%ol Qné%%iéj?% ure 3

can be, for &ignahtee Cﬁﬁtfﬁbﬁalstﬁmé2®entdiﬂﬂremthﬁser@gldnagealgnabeﬁét@té t he

precessi o n d. i vat,.v f .such an

adapti ve Eggﬁ%{ﬁonavﬁ %tla%gtr'a e'sf E"ié "gr%fjrol Pgtleﬁ}?élveyo fon ofe “r’i'gaﬂ%)frpl ng of

t he gyrg iact Lmidmonalrl]y,aam andide aalc?iefatlefasseﬁsor@%ﬁrf B}e ibEIOGBLE il thel %‘sc?el

gyrostabilis e AGC coptroller .of the i cant's. co-pendi ng

I nt ernati onaﬁ{'%borﬁ gﬁ PEEBRHAN MO seﬂég‘g?q) s Asfacggleatiaf ean

i ncor por at ed Heanmgratbu to gfv@rr@té:end ahgle AG ORI §bh&all rege%theélcyfwes the
i1t s

prece55| on darrp‘ 0 i ncrease the precession axis noti on unt
sensed that t318'%r @ SRCAUREAtEONopigPak 6ani be wivvided by pthedwessebdand mit, at

whi ch poi 14 tohecesaIBn Ribtioh SeKIoRESEAn el 14 In
Fi gure 3, thgﬂvessel not i on. sensor\‘ﬁlgtl1 tﬁgl ai@rgﬁﬂ&?é)\b%rrlge%%l&fa?&?fq? ﬂf%e :
precession meontial Ysterer signal is avail abl e. Conversel y, the precession
notion sensor signal can be |l ost and only the vessel notion sensor signal

is avail abl e'l(rreoﬁrstldoln&br aictd) mayninclude PaRsportidhal MMRERT SDERANDE | ( P'ib\)can be 5
lve

esti mat ed fromfﬂ‘gq npti on sensor signal and/or its derivat sto
generate an &SP R uﬁ?%lﬁ%‘sf:?m"?pﬁﬁ eusal medrorki contiol, rebesiisontroliare, for t he
| ost actual jﬁé@lﬁtl\!?@tcbﬁﬂolsﬁié?f%dss'a‘a?B ive -Egg oleﬁ%kﬂ%eﬂcluﬁﬂxggs gute
signal can be used to enabl e operation of aceor to a frrst con roI ‘node

20. Al t er¢#fut AeRatia ofgainer Coptiel cAGGRt cantipliet eobi Appimmtsn coqrendingsi gnal
be 10 {
Sonal presermeirethRel ABPicatin 363 BET/ABIGHIRONK! BF 2 EoRRinADL 8 dieE e ona

cont rol node apd/or other contrdl afpreathesel y when precessi on notion sensor signal
i's unavail abl e but the vessel notion sensor signal is present. Miltiple

second contr @s m@ﬁﬁa%snﬁgrbé%&eb%w%chdsnrﬁcfb%ré’ LRI, ff&éi'@éﬁtbﬁ;erﬂunjn% c;ont rol

system 12. As h the first control 0, an operator [nput or
i nput can bet%vtra@wmﬂap@andmweebbetmﬂnat WIS@bemmdad ipoaddition tloo be

adj usted 2y e yyPAtABiNHrC4 CHY Rt BEMRRIR08E 20 IR4Y (REBorE!tS 4 Flice’ O

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



exanple to suit the sea state. or change the power consunption of the
stabiliser system The or one of the second control node(s) 22 can also 20
control awdi2nilomety7st abili sing devices such as flune tark3/aarommesbl e

ball ast. Figure 4 shows the third control node 24 of the vessel stabiliser
control system 12 where neither the veggel notion sensor nor the precession
axi s notion sensor_signals are available. The third control node 24 is

therefore a o ; : ﬁm mEXSHTRY in the
third controﬁgﬁnyr% ghggﬁtehbghlcnénéro“ﬁs)r\ég% ﬁ‘%(r)‘r?‘le? e gyrag-@angt uat'o.rHaa’Ets can be
a pre-set filewel ofapoentt npematepabvordeven whatititee predicied seacstatel isnatdanpi ng.:
Such a passive,.caontt.ol provides |ow perfo e _because fi evel of
precession a&?’yc’@?%&?’ﬁg Eﬁeé'é Tt ohﬁgotdeb%%s%? \?@? [ e?eyggaété"{ég%t%m't
precessi on afigt aontrdll/ rabdénr eash Wiehbiring abpthe debsele eolr amgle gyrostabiltser num
design sea state qr 30 expected gnge of- tg(ger%ﬁig condi th{éns. The  passi ve
Cont ol mBdePRERISIFRMARBINENAT he I EoNTI NS SRNSRINEITEAYEY son
states becaugRckésisi9asgis ahd 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.



not adapt or vary the precession torque directly. To overcone this
limtation, potentially at the risk of not limting over-precession, a
manual adyvobnent7ef the danping | evel can be provi ded taTpdannitoootse
gyrostabiliser 4 to provide adequate or at |east inproved performance in

| ow sea states. Where 5 additional stabylising devices are provided, the
third control node 24 can include | ocking the additional stabilising device

o ol FE T ea iy BlgRF 5 b yebsr ARIRH derlpy BB i€ ok dibLont TP ety e > 2

simplified c 0one "possi cur t to
provi de pr ecmeésmommh@trdnr sdnsoy shgnaﬂasrmvag;able)r oﬂ)en\femsela, ther pseicabsion ser 4.
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in the direction indicated he arrows. An electronically controlled
propor t i ofal egtisnated e WoW%‘rtW@!OWQFWFSQQn%?WOF dtsneerivatives de osed

(when not ehgér?ésrérgg%% eegﬁmééd' preg &ord Pndtrbﬂ%en%?r Qgﬁ% él%r@&év il thge

hydraul i ¢ oi acr oss e proportiona ow control ve 32,
whi ch restri lossactual rireoessumn moeam eeasor&rgr@lbl iéhw@nmﬂ:eubotltpte@gmii on.
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danped. The proport naI control, val ve .32 controll.ed b di cat ed
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system (or i jn fi§6reSy STRI Jetmits nfdhySfivaFioSs §hes of sécoriar cunbrol inedal22aent r ol
val ve 32 cl oses preventing flow across it. At the sane tine

el ect roni cal bg usediefigctivelp whenrrseesssinn mpligRseRsArIgnal it U@a‘(‘iﬁ'gPGfW 34
opens to all &é@%e%latr#r?#ﬂ%‘?’s@&%?ﬁfpr@sﬁnual | y adj ustabl e pressure
v

conpensat ed proportiona oW contro e 36. The directional flow

control valve 34 is conpected in serjes th th ] bl e
propor t i onal Multiple $8RPRM coplpl, modgs Zgn‘aa%FHnﬁ' ge%d?rﬂg%t"éas?q é{ 'ﬁ% paral | el
to the elgect EBﬁ‘t\'&aé))sten‘?OI'Z”Ab'\ﬂﬂw HeORat bb@t’?@'mob@\ao?:(éncwérawr wmrt\m 32. The
directional control’ valve 34 is normally open (when n

other input can be provided to permif 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 contro! 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 control 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-actuator 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



energised). To maintain this valve closed for normal gyrostabiliser
operation, 16 a solenoid coil is required to be energised with, for
exanpl e, wo2uMdar9suppl y at 0. 9anps. A manual |y set preesua2odalioefsoval ve
38 is also provided in-line, parallel to the electronically controlled
proportional flow control valve 32, tojgensure that the 5 pressure drop
across the control val ves does not exceed the hydraulic system design
pressure. The gint of this sure . rel ’ ﬁ.va ve effec |veﬁgncaps t he
1
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circuit. gw red, an hydraulic I d heat exchanghyr 42 and an hydraulic

fluid pr esstt.h% ampingclenel %ﬁfbbezﬂfo‘ﬁﬁw b PeFroil itk @yrostabiliser i enproxideopt i onal
manual hydr%Ugdﬁi;at% & 4t RUER PR 3@5: oWhaflcd rm bivt sééléts{esngwnaxé be

connected t raultc contro storage eV| ce 48, to allowinitial
hydraul i & spddmcmall sthbitigingndievicest are prayided; dhe [thirdrcontspl modleeMd cas

required. To provide a hydraulic,. emt ' LN axi S tion, a
Cont ol 15 TR lohpf M ciiioss) SRR Mol foit O RREBERY hESRG e "

control ci r gefdultafr didaplescestate 0 a driving hydraulic control circuit shown in
Figure 6. In Figure 6, the hydraulic cylinders 30 are cross-connected (in a

quadrant, bagie 299 i ardibiidy chclidgham A Re Hos B bl bl br | ar to

t hat used, exa p st erl ng an | ser a_c_t,uatlon.
Hydraulic f Itoupnbwda dremﬁsmncanmbmkmgl orcdaropihp dprfjueafiok a5@/r0$tabug¢r 4uction

f||ter5 b Xxe f vnbythe
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hydr auI I € pties sydr@auic contrblatirouitc 6The h dwlldecoatreummwt lsfddsuggiedpmmhsur e
fluid for c ntrv ropor.t i onag derC% gnal cgntrol .v onnects t he
suppl y of h tﬁﬁé&@uél&'%%‘"dea B &um IP'(‘} doHRd @ CHEuh! r’bﬁ}e[ trgc Xt uate the
25 cr 0ss- coimfiedted byweeaittdvis. CN\'éléétf@né”éil%td@ndbllétﬁpfdi!fbrﬂlf@@@rsse?%)axl s in
one direction, or the B port to actuate the crass-connected hydraulic :

cylinders 3@lowocentralevalye 33; ek iivmogwally iclosede(wiishospt S"Eigt'%@?-l Bn. When
f ot B | 68 |
one o {(;beto grrt]e;ﬂ ?}]ﬁ’r{rﬁ) 1P ol ﬁ B tk@‘@«}%rg}xﬁceg |§g§}np%€"5cfr8§h s ! ve I's

connecte i n eac drau t he ot her chanber:
of each cyl |pmtmﬁ|mr:;alﬂOwcmnﬂ@tvddet3ﬂ whechprostncts oibflowte create @i variablet he t ank

56 and permt _.the h ulic cy t 17 The
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20 valve 32, the flow is damped. The. 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 ae 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 directie‘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
eneréiéed). To maintain this valve closed for normal gyrostabiliser operation,



Thr oughout this specification, when the angle of precession or roll is 5
neasured it is inplied that the derivatives of this signal then becone
avai | abl ewban1umwerdas process control variabl es, as diffecemtzativoogied he
angle signal is a sinple task for a processor in the control system Now
that preferred enbodi nents of the vessqg stabiliser control systemand 10
nmet hod ‘have been described in-detail, it wll be apparent that the

descri bed enbodi r.ovi de unbe t art,

i ncl udi ng the % '\b‘imcﬂg 1S rfﬂ')"r%/?%rbgv%ﬁh'sga “ﬁaﬁ’zns °n I%fggzr‘gyggs cont rol
vari abl es ors@mp@trwgampd usi ng the sensed nunber of avail abl e process -
control variables to activate a 15 tiered systemof control nodes, it is

possible 10 RGMHRNF36LoRIER!ERGAR SPR ALY Brbvm‘eotm.néeeéf%h?ﬁbapél i ser

that is tolera SER S power suppl D fferent
| evel s of coeiemod)nlq:miyfcmnmtle@pmmrﬁmlabeW|Q¢ett0|f\(ﬁlve ae, tﬂ@ﬂ!ﬁurﬁ!ﬁm’ltﬂ%pendl ng

on avail abl'e resources and se | B [ nor e of
the contrdl REGEYe |§{ﬂp0\?85)s1sa Pt C?"(gtr"ér q(i 8825 %tagggee@eﬁ% %Wragfl? be.
regd:‘ ly ?ppaéy%térgfd@slgﬂr;ﬁémwkrrhéfsét-pﬂlnt gﬁhlsqireyanb religfvaiveadffectivélpus -

nodi fications and i nprovenents eto e enbod nts, in
addition to ‘E%@ed?r%%?ﬂprhég’gquaﬁéﬂ HB@PPE%ggﬁ B'%PPB%’QQ 'Fh basi ¢ |

i nventive CO@%@E’&r‘é fier ﬁb‘?eﬁfo%@%pur‘iﬂé%mdlﬁ%e hydraafi©naid ihthevclrtuierf

appreci at ed he scope of the invention is ' not limted to the specific

enbodi nent s wavired, tﬁ!dhmauﬂ%ﬂttl@) hpat exshapgerfiiand amhya@ulie feiddsasrai ms. WO

2011/ 100787P%UM%|1 9%&& %61&0\%3& mfn addition, an optional manual hydrauhc

fluid pump system 46, with inbuilt fi Itenng, may be connected to a hydraulic
control fluid storage device 48, to allow initial hydraulic system filling and

system fluid refill or replacement as required.

To provide a hydraulic system to drive precession axis motion, a control

15 manifold can be used to switch from the damping hydraulic control circuit of

Figure 5 to a driving hydraulic control circuit shown in Figure 6. In Figure 6,

the hydraulic cylinders 30 are cross-connected (in a duadrant 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 connects

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

25 crosS—connected hydraulic cylinders 30 to drive the precession axis in one

direction, 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 contro! valve 68 is connected 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. |



1. A stabiliser control nethod for stabilising marine vessel notion induced
5 by excitation wave forces, the nethod conprising the steps of: detecting
t he avai |abi2bittpo™r ot herwi se of a precession notion sersorAlRgradbicand t he
availability. or otherwise of a vessel roll notion sensor signal; selecting
a first control node when both the sensgr signals are avail abl e;

sel ecting a second control node when only one of the sensor signals is 10

avai l abl e; d, .selectin third control de when hoth.sensor ,signals are
v ani o TSRS ROfed itk SolSRcE 0T BRm Rl Bariith oS ke P °

ci rcunst an.CelSiﬁ'Uﬁe 5ehRg tesl hiydrapli® ¢osteol ondhit for mrecédiiors Hewing icoatrok Itfet i s
tolerant to the unavailability of the ﬁ)recessi on notign sensor si-gnal

| y Pr
and/ or the vexasapleohFigurebhean Bathdke Ryt ite gpingle hydraplic magipldser cont r ol

met hod as defined in claim1, wherein the precession notion sensor signal

i s obt ai ned Byrosghautnthis hepquifications,i wheof the gpngtestafibplecessiorngd ogledsi n a
vessel stabilising . systemfor, stabjlising.the vegsel . 2 . Lliser
control ngt h@&aﬁgr%8e¥i 'ﬁeﬁ"‘?lf?dcﬁ'éﬂ%rdhf, aﬁﬂ‘%}%{?ﬁ ?fﬁ ¥ isr'%?a(ic@‘ﬁpfgéé%%e

i nvol ves act awslabRNfar AlseOhs tpi6cadisesstiml variables has alifferehtidiingi ther angié ng bot h
sensor signals and/or derivatives of the Sensor signals as process control
vari abl es bysignaliga sippleitagk tor@ RIPeRsSSsindhe GPnkieh syt resisting the rol |

i nduced free precession of the flywheel to produce a desired precession 25

nmotion. 4. A stabiliser control nmethod as defined in claim2, wherein the
second cont r Nbwrthdepiefercdd embadimerts ob the véssef stabdispr eomtsd isysteot atthe

t abi | i i i t her, the qy. il ' ' -
2 Gnal oo reUEEkAve bee fesatbsoin RRtaT, Ll He Siaast Bl e ResT " Fhe
signal . as' a @meedifentd) prsvide @l nuraberdl advantajdsheverahe \wrivg drfangludingssi on or

actively danPi ng the roll WD 2011/ 100797PCT/ AU2011/ 000169 19°
o he following: - - ‘

(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 Iim'ifed to the specific
embodiments described and is to be determined from the appended claims.



I nduced free precession of the flywheel to produce a desired precession
notion. 5. A stabiliser control nethod as defined in claim?2, wherein the
second combroli/mwome | ncl udes the step of: 5 cal cul at i ngrappprivead w9
precession axis driving or danping control comrands using either predictive
or reactive control nethods with or w yfout adaptive capability, based on
the gyrostabiliser precession notion sensor signal and/or its cal cul ated
derivatives. 6. A stabiliser congfgg thod as defined in claim 2,
wherein the second 10 control node i é' es-the step S of: estimating the
precession notion fromthe vessel roll notion sensor signal; and

lei ng. o1 tar 1+ RrabAlsareone! PESad 1 SahiEsns MREROVSSR] PR Vgh M hout

adaptive gapppekdifation WavedorRs! A8 reethbdBbRPrising ©9s 81ep8 ofdtion and/or its
cal cul ated derivatives.. 7. A stabiliser control nmethod as defined in claim

el v ng t raCiepE i SP4HaRAl. G AReRRG B e ARH MR RES) RBFANCT (e

precessi on oénd the ARilgpilitysdratthénwise offd yedsektollumdtidn sensobesigaal mat ed, based
on a process control variable derived fromthe gyrostabiliser precession

axi s motion. <4iBdting & frs¥¥oMP4IFREdd WAEN BOMARE SeAoridrtaldBid Abiltblel exceed a

predefined I1Tmt; “and, applying a precession control torque about the
gyrostabiliser, precessi on axi esponsjve to the trol signal,whereby, in
use, active ﬁ%lﬁgtma/@ ?ﬁ?ﬁ’f‘fjo‘?on%g[ mda‘#%h\ghe'éQQ& oﬂﬁt‘ﬁg ecsqﬁ?SBre%!?@ﬁlse%d based
only on tpe avaleRs apg@ntrol variable derived fromthe gyrostabiliser
precession axis notion. 20 ‘ '

- 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



roll notion sensor signal and/or its derivatives may be used to generate an
estimated precession signal corresponding to an estinate of the

gyr ost abiwpzeri/pomecessi on axi s notion, the estinated precesdizon/®igna

bei ng substituted for the gyrostabiliser precession notion sensor signal in
the 5 second control node. 9. A stabikgyser control nethod as defined in
claim2, wherein the third control node provides passive control of the

f .th t abi |. t I | of
br aki ng. or APy RS Biraopiel L MRRFY BlefofBR Y gRhed Prefelibhsi on °
angles to wfationa predefined limt in up to 10 a maxi num design sea state
over the expected range of operating condi tions. 10 A stabiliser control

rethod as deb! Redabilsdi! Gl méted s bitRdPneen ;@&erein Peaddpao

danpi ng appl e precession axisS 1S nmanua Jjusta
stabiliser cmmmmowtlhdddestrw&ftemeﬁ in claim 2, V\,herel n the vessel control
stabilising systemincludes an additi onal vessel stabilising device. 12. A

stabi |l iseg C@é]&ulﬁimf*ab&@p%ted%rbﬂ@é%tdm §J(|§~' 'ﬂ'nil‘ﬂag vdierdinmpih§e cbhtr§t control

node includes the of controlling t ditional stabilising device
si mul taneousﬁqmmaﬂﬁstlh%n@cﬁitheél preflictive @yf@%‘ri‘%lwf‘é@l‘ raathods wigh aﬂfl ocat ed

b 20 f
dgf ?ned iﬁrg 'ﬂ%dti V\Igg c%?ﬁ fﬁﬁ)é bg%%%r?ﬁ ﬁ%ﬁtﬁﬁﬁlg@oﬁeﬁﬁéﬂgﬁ e step of

control ling sdmsoadlgn'al amrﬂbrﬂseaicmlatedrdyrldetwa%. . 14. A stabi I i ser. control
net hod as defined in-claim1l, wherein the third 25 control npbde incl udes

the step of gl Acstasunéé}ecévﬂﬁbltmeﬂhab & abfinddSinnelafeVd, Ghéraimathéesésdrid or
di sabl ed st at e. A stabiliser control nethod as defined in claim11,

i ncl udi nd Ot h@ontmlmf&elgsléﬁgsme%h%phg the availability of the
gyrostabiliser and of any additional stabilising devices and nodifying a
force al | ocakstimating thei pretéssioroamtioh frafi treeveedsebidlli mptiomsensaoresigra;i on in
performance of ,one or nore of the stabilising devices. 16. A stabiliser
control syst@ﬂﬁ’for stabilising.nmarine vessel notion induced by excitation
wave forces, the system conprising:
calculating appropriate precession . axis driving or damping control

commands using either 'predlctlve or’ reactive control methods W|th 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 motion can be achieved based only on the process control

variable 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



5 fault detecting neans for detecting the availability or otherw se of a
precession notion sensor signal and the availability or otherw se of a
vessel rowDb 2notioory7sensor signal; control node sel ecti n@CmAdRNe11f000169
selecting a first control node when both the sensor signals are avail abl e,
sel ecting a second control node when oppy 10 one of the sensor signals is
avai l abl e, and selecting a third control node when both sensor signals are

unavai |l abl e; -stabilisi ' » '
generati ng aroi‘t ?)tf‘ﬁ-\ géfﬂf’ ’%W} éﬁ@/&é%&ﬁ%@gcc rgé%gag\? g%ﬁ?%éé gél ected
control nodeestieatedy précession, digreal nestresyTding | tt ea oestimatenvofe the t he
circunstances is selected to 15 proyvjde vessel ,stabilisation at is
tolerant to QYT@S@EQ%PT H”&ﬁ??q'?’ilaﬂg Wﬂ@npp@c%g'm%ﬂé RERSESH'C8 é‘r'gé'@ﬁ B§'i"'8nal
and/or the vagsetutéd!fbr B iQfostatinsel ibeskdion mbfion/sérisdpidigrieirinCgt r ol
system as defined in claim-16, wherein the precession notion sensor signal
i s obtai néd $gcondeontigl MREepr ecessi on of a gyrostabiliser enployed in a

vessel stabilising systemfor stabilising the 20 vessel. 18. A stabiliser
control syst@nAstbilizer oentrol methad as Heéfined ey @aim 2 hwhereirbihei third goutooit r ol

d ted in the first. ol - nod I deg act i trol of th
pr eCossi on OMOBRCTYABS RASPIVBSRMAL I DA FPSSRtP DIGAMCSERIBRODY

derivatives gfpljiRg aS@nservative Prdset RvePsiAsiaRiAg &P dhmping/@rthepresesbivnei t her 25
driving the precession or. actively resisting the roll| induced free

precessi on o@xis designgdiedmitrepessiricanglesita vt pedefisedimitdniupio 19, A
stabilisgh con S sgéefdined 4 hai d'"ahgk Nof sdtmBi 11 si ng
cont rol ggméné{qgm@a?gﬁbﬁnsﬁeé%%cgr\llgr goﬁt% n%de p?ov?dgjz,eac?‘?ve
control of tobenditicsessi on of the gyrostabiliser using either the
gyrostabiliser 22 ' '

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 stébilising‘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



precessi on notion sensor signal or the vessel roll notion sensor signal

and/ or derivatives of the signal as a process control variable by either
driving twe 2prigwme®3i on or actively danping the roll indecedif2oa@opreecessi on
of the flywheel to produce a desired precession notion. 20. A stabiliser
control system as defined in claim17,p4herein the stabilising control
comand generating means conprises means for cal cul ati ng appropriate

ode usi ng. chEnapY BhRRyERT I Beriohe of BPETEN el at ¥, SRERMMG o0t

adaptive capgdvidesty, based on the 10 gyrostabiliser precession notion
sensor signal and/or its calculated derivatives. 21. A stabiliser control

system as defd NRdblliset 8ol systhiP i dtabifising hridtine! vesae) ffibA Maueagmmand

generating nmeans conpris nmeans r estimating the precession
not i on frombmexovtaholeiNaweIf¢rca$ittheisy$§ms@mmﬂg gnal in the second control
node; and neans for cal cul ating appropriate precession axis driving or

danpi ng cgntfagit &&SEBEIY MEshdGoriddigdtingr & GivaNsbikty o€ asthémese @it &0l
met hods with or wi thout adaptive capability, based on the E?tl mat ed

precessi on nRfEFeFighaOlen seasAighal af‘%lh%léY?'l?Qt"FX/@rsmr‘QO'V'%° avessdli | i ser

control met hod ne&%ts%%blaghoalas herein described with reference to and as
illustrated in any one or re of the acconpanyl ng draw ngs. 21. A vessel

stabiliser contr m, subst ant ein described wth reference
to and as i I‘I’%E"?Hf % eciing @ﬁ@"%korn’etﬁy%cﬁﬂ q h@t 889@%’38 £ NS85 awi ngs.
~ the sensor signals are available, selectlng a second control mode when only
10 one of the sensor signals is available, and selecting a third controi 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
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- 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. '

| 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
commands in the second control mode using either predictive or reactive

_ contrcl 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, whereln the stabilising

control command generatlng means comprises:

. means for estlmatlng the precess:on 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
without adaptive capability, based on the estimated _precession motion
and/or its calculated derivatives.

20. A stabiliser control meth_od substantially .as herein described with

- reference to and as illustrated in any one or more of the accompanying

~ drawings.

25

21. A vessel stabiliser control system substantially as herein described with
reference to and as illustrated in any one or more of the accompanying
drawings. ' '
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