1 "ACTIVE ADAPTIVE GYROSTABILISER CONTROL SYSTEM" Field of the Invention The
present invention relates to a gyrostabiliser control system and method for stabilising marine vessel
motion induced by wave and environmental 5 excitation forces that produce roll motion and relates
more particularly, though not axolimivaly, tn an nntivg nelnptiva gyroStahilisair control systam and
method. Background to the Invention 10 When a gyrostabiliser is used in a marine vessel to attenuate
rolling motion, the rolling motion of the vessel induces flywheel precession that in turn produces a

torque that opposes tiARTIME ABRAT IMEGYEPS TARIHE ERIGCRN TROLSYSTEEHESIon is always in
an appropriate phase to attenuate rolling motion (if the precession does not exceed 90). Depending on
the 15 resistanc&ielpefcthssinventiond by the mechanical arrangement, when the rolling rate of
rotation (roll rate) exceeds a certain level, the induced precession torque will cause the flywheel to
precess throughTrherprﬁrmmeih\(eueorpretaies)toTbigwau@ﬁlikat@biﬁtuolrsﬂeeemlbmiﬁmquue
produced by the n e S If the re5|stanc to 20 recession is great
enough to prevergtyln(tiheé-i‘hgﬁ e%%ﬂé%e?é%ﬁd@r%%eﬁ m%%tbe)(/en?s ) ta%‘Y rpdnel#i%\t during more
common evehts S¥iledicreVioreRslitheé o iods deerefbmetissiraind teiatesicnereypastiabligyr control

system 10 either RO 6FLRSER IS eletvaaBsNGY GRS dyelIRR PLgGRsgIon motion of

the gyroscope. 25 There are many known gyrostabiliser control systems, from the manua precession
axis brake actu H‘)ﬁg‘%@er 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 2 intervention to

prevent over-pr s outside a small range of design conditions. The
eﬁ‘éﬁ 'ngWn‘ﬁat\éetcﬁQYHQQngﬁn

American company Sperry t eveloped a system that addressed the problem of the Schlick

aytoscope Y UGN 1RGNS MAIGL OGRS s SRS AN aiallYgacopslpcontol the

precession o the main gyroscop e A this sy Sten (he T1ate precessmn was pro 2Mo the roll
rate of the vesséhe\lthtbughfﬂﬁ'mrﬂﬁrﬁ&nmﬁth@d@@%ﬂaﬁ%tmm&mWlmtkablmm some wave

environments, (4id@ute folorgauction offifoBERCARPRIAGTBLBKS TR ARG ABlerfR adapt to

varying wave 10 conditions, so the performance was limited by simplistic precession torque controls.
With the mvenudﬂ%ﬂﬁ%f%ﬁ?%@&ﬁé?m :ﬁaﬂM%Fs‘WﬂﬂéPW@ﬂ( iAS1Reen tosttsnsiatespeed

allowing hydrodypaidcibtierPafiesl precelyisiedints miewadBoyPsapbsRidHNes.-the

15 resistance to precession 6aused by the mechanical arrangement, when the

rolling rate of rotation (roll rate) exceeds a certain level, the induced

| precessuon torque will cause the flywheel to precess through more than 90°

(over-precess) ThlS causes instability in the roll resisting torque produced

by the flywheel as it momentarily becomes zero. If the resistance to

20 precession is great enough to prevent induced over-precession during peak

input events, the stabilising.effect during more common events will be

severely limited. It is therefore desirable to provide a gyroetabiliser control

system to either vary the resistance to precession, or actively control the
flywheel precession motion of the gyroscope.

25 There are many known gyrostabiliser control eystems, from the manual
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



Gyrostabilisers have particular benefits for applications where the vessel 15 has zero or low forward
speed, when hydrodynamics based systems have little or no effect. Several applications including, but
not limited to, patrol boats, luxury motor yachts, offshore floating production systems and offshore
work boats all have significant operational roles at low or zero speed. These applications are driving
renewed interest in revisiting 20 gyrostabilisers for controlling wave induced ship rolling motion. As a
result, there ha"%%%‘?&n%“ﬁ"%éeﬁr@v%rr‘ﬁ COIBPIS GO SYSIEIS faly ﬁ%onsr%ae%{l?eéﬁt%%@mﬁv'de
improved vessel motion attenuation performance’over a wide range or operating conditions, For
example, in WO 108 /@0@ef, desigmetaditions Akers disclose a control strategy using 25 attitude and
angular rate sensors for both the vessel and the gyrostabiliser to produce a feed forward component.
This is used alorigheiftme fieadbzwk wanyg Bpeznt them déeeiyped mdigstine thhtaddressedrttiesuch as
launching, parke, r g n [cipati f the eff f the intended
control (when a plél%)éscglgt%P t%@%r?s%ﬁ%ﬁs&@%%? r‘g) o%e%%ﬁi%ﬁ‘ 3%%@@’@%‘8 rd(é(\)/‘?'c(};ecget(cj)1 %¥od uce a
resource allozatiomilebe®randtife gyallagyessppende cernttdintbanpregeBygiantiotitheomeitiing the
precession of the gyasigbiliseiily whaehsple and Gfrelue fEH AR BRIGRS T ife finge of

operating conditions can be achieved. Active control of the precession requires sensor feedback for
use as process ¢BIrof thaixBrsR). Athqireldas pefruneasa Rt thessrEarAtxMaaIsevesthe control

system due to seaRfIrRANE IRSSEhBY AR RIWRbAMEHIS! (@18, YBaGtvereanbmPysisen will cease
to operate. For activel driveno\gl\%{rostabilisers, this will result in immediate loss of the stabilising

influence of the GYRSEEHARFANRIN HEIE TS WAE aRRloPRISMIBHAIRPO iR aYBRY B8 tHEANSSsel. 10 With
the provisiomoof iconeitiong, rsortherpefcensors Wascimiteddrg sionplitktk greasisdidiseseurirol
algorithms that a e ive to changing sea states and vessel motion, the risk of one or more
sensors failing iséﬁrgr}gg?sé&.ﬁ% crlle%p'r'ivse"enn qﬁ%ﬁ%ﬁe&gﬁ%@/ﬁ 8(5(5'% Wﬁ%%l{ﬁ%(/\srt\(l)v%%v‘l’é?ﬁ% als
gyrostabiliser conedl where@ shig scah soerdt aowing hyiedynamsukfte wh notdlugeb dstate and

vessel motion totgéomig’e ig@@g&qgl%&ggmgég%@n over a wide range of operating conditions

and that minimises the number of sensors required for deriving a process control variable(s).

References o Py a8 NsrsPRalie MnncaiE SaNENd fr Iinalhs ROHPRTGS galegnd are noto

be taken as an admission that such prior art is part of the co nowledge in"Australia or

elsewhere. Sumhgfryzerar eveftoyardsessdinyhem mrdiedynamissibasad sustamehaye there is
provided a gyrosiafailisemneoBHeteySt/er iR paibHOeE MRINGNG SBat MBliamiRd 5 dda4P excitation

forces that produce roll motion, the control system comprising: .
boats, luxury motor yachts, offshore floating production systems and

offshore work boats all have significant operational roles at low or zero
speed. These applications are driving renewed interest in revisiting
20 ngostabilisers for controlling wave induced ship rolling motion.

As a result, there have been proposed more complex control systems for

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

25 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

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

30 stabilising devices) to produce a resource allocation vector for the gyro and
any other control means.



a first sensing means for sensing the precession of a flywheel of the gyrostabiliser; a control means for
generating a control signal aimed at maximising the range of the precession of the gyrostabiliser
flywheel until it is estimated, 4 based on the sensed precession, that the precession will exceed a
predefined limit; and, an actuator responsive to the %ontrol signal for applying a precession control
torque to the gyrostabiliser flywheel whereby, in use; adaptive control of the 5 vessel motion based

only on the precession of the gyrpstabhiliser flywheel can be achjeved. Preferably the actyator applies
only a braking FPEGRYEN CRSNIBRE B ese oSt Rstarisen A ieeh sl a0dhe
requirement for efféetivel pofivenpose ratr des sapypldedangeecd cipateting aoadit®tisecsystean and this 10
is considered advantageous., Accordingl i t istiye control
torque, such thatt 'g\éggu;%w oé;sé %1{0 é%{\ﬂgeB Fr§§§§§%;\r/%§rﬂ&8%h%éﬁ§v%hee dgb@sﬁt@?pﬁrg%ession axis.
Alternatively, thasquretessespotisivaagahleontrdl sigpavsessippniviol avariatdesirconirfol torque to

the gyrostahjlisey fARAGEMEYHR RUIFR RIEERTI08 @‘E%ﬂ@&?@%r?%%?%f@yﬁ@ﬁﬁ“&%&ﬁm only to

resist the induced precession motion of thé flywheel. Alternatively or additionally, the control signal

may be a flywhéd| pfetadige dhie astivesrrirghiysiem WiisersAdyrRftiale deerastivalYo allow the

flywheel to devejppeds Gynstranilisens RIRSoRRioRaaPRSHRIReHRItS! R sEaREingabinsatsfined
maximum precession angle range. Alternatively; 20 a driving precession c?ntrol torque may be

applied. Typicall)fHeNEn P! thR AL HARASE LIRS glIR SRR ABANCRI™MHEBRIEC may work
in series (or in pealatibwigh eKeeResion rate limiting controller and/or a precession angle limiting
controller. Preferably the AGC has a precession braking gain factor that is (continuously or gradually)

10  With the provision of increasing numbers of sensors to permit more complex
gyrostabiliser control a|go\rithms that are more responsive to changing sea
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
15 gyrostabiliser control system and method that is responsive to various and
changing sea state and vessel motion to provide vessel rolling‘fnotion
attenuation over a wide range of operating conditions and that minimises
the number of sensors required for deriving a process control variable(s).

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 a first aspect of the present invention there is provided a
gyrostabiliser control system for stabilising marine vessel motion induced by
25 excitation forces that produce roll motion, the control system comprising:

a first sensing means for sensing the precession of a flywheel of the
gyrostabiliser;

a control means for generating a control signal aimed at maximising the
range of the precession of the gyrostabiliser flywheel until it is estimated,



25 ramped down so as to let the gyrostabiliser flywheel develop as much precession as possible within
a predefined precession angle range. Preferably when it is estimated that a derived process control
variable (based on the precession angle and/or its derivatives) will exceed a predefined limit, the AGC
incrementally increases the gain by a set amount 30,0r by an amount proportional to an estimated
overshoot, so as to provide an increased braking precession control torque to the gyrostabiliser

flywheel 5 precgssion 8xis yih tealm Bl prexapfinadte deinprlareesssianpgledimt from being
exceeded. The control system may run & predictive model of said derived process control variable to
allow the AGC gaedefibed/iméddarngked on an estimated future state of the derived process variable. 5
A precession angle limiting control function may act in series or parallel with the AGC to prevent the

precession anglerfractuatoremsiponsipedddfinexdfitrot sigtaifat aplplping dopreneligion pardesision rate

limiting control f i ' A [ (o] jon rate from
exceeding a preﬁ%&%@%.a%%%%%l%%ﬁ/ﬁ%gg&%%ge %@%ﬁbﬁﬁgﬁeﬂ&z}ﬁgﬁ% gradually
ramps downSthevgabekoatiap dasedrenlyy msthsivecassineofdhayarremabitigeadymbsiebrecession

range as possiblgnThie SkRlsYFINg means may sense precession angle. The control means may
estimate precession rate and/or acceleration as additional process 15 control variables. Alternatively

or additionally, (he.caniER) Sis!a Ay UHIES BRIy dP KRaARG [ReeBusie anmiptaspigndale as an

additional process contro eans are provided fof sensing the precession rate, then the

control system i gwestrbiisesdlyyheslsaoihisteliibaiesatbaegyseaend fungreiiahe event of a
failure of the firsﬁﬁﬁmi%@gﬁ?@wsw%w stthpdresepapiatdeshaias estiiged in place
rdin

of the sensed pnecessiog angle. According to a second aspect of the present invention there is
EEﬁa

provided a {fro&tabRRe AR RISt ARREIHN AlkrifRey BLREE IR FAMRLP B citation

forces that produegyrek racieistive comtis) lavgiiecsaemptistinge actuator does not provide
motive power to the flywheel about a precession axis. Alternatively, the
actuator responsive to the control signal for applying a precession control |
torque to the gyrostabiliser flywheel may provide a preces'sion axis damping
15 control signal that acts only to resist the induced precession motion of the
flywheel. Alternatively or additionally, the control signal may be a flywheel
precession axis resistance gain, said gain being gradually decreased to
allow the flywheel to develop as much induced precession as possible whilst
not exceeding a predefined maximum precession angle range. Alternatively,
20 adriving precession control torque may be applied.

Typically the control means employs an automatic gain controller (AGC).
‘The AGC may work in series (or in(’ parallel) with a precession rate limiting
controller and/or a precession angle limiting controller. Preferably the AGC
has a precession braking gain factor that is (continuously or gradually)
25 rarhped down so as to let the gyrostabiliser flywheel develop as much
precession as possible within a predefined precession angle range. .

Preferably when it is estimated that a derived process control variable
(based on the precession angle and/or its derivatives) will exceed a
predefined limit, the AGC incrementally increases the gain by a set amount
30 or by an amount proportional to an estimated overshoot, so as to provide an
increased braking precession control torque to the gyrostabiliser flywheel



25 sensing the precession of a flywheel of the gyrostabiliser; generating a control signal aimed at
increasing the precession of the gyrostabiliser flywheel until it is estimated, based on the sensed
precession, that the precession will exceed a predefined limit; and, 6 applying a precession control
torgue to the gyrostabiliser flywheel responsive to thg control signal whereby, in use, active adaptive
control of the vessel motion based only on the preceSsion of the gyrostabiliser flywheel can be

achieved. 5 The step of applyin recession contro|.torgque iInclude providing.a precession axis
oraking torauie. FTEFRSSALoKS HUTORe e S BIBRICE 5 ORI DPLEERaRAAeS FE Crep of
generating a coffitveh Seied reegeededoy Aeitoomitst Sgiteomiagl (UGE prdddtioparatdsl with a gain
factor that is oragh gl dereased de allow 19 (3 HEeLi I5HEIRAS muich nducsg rpcession as
possible within a pre gfrine. recession angle range. The AGC may neIdde the step of increasing the
(damping) gain tzasedwheanzsématet fubsesstataiables denviedripersa Yanetie of precession angle

and/or rate) exceeds a predefined limit, then continues to ramp the gain 15 down until the process
variable excéed# theebigssiagaangkhkindting comtedh fuhotian imaly dettressteesodrparatiglavgredictive
model of the derj SS: VAl t | (n.f I vari . on estimated
e state of oG Degort e B A oR e U e A ming tne
precession angléier@beelpo(ordditienallyl ar piesesFianctrRin) imihng cemipbfunstiamsnay or increasing

the AGC gain fagiaritp Y ¥e YrpaBIRFSHICthaNMUSC RTprevent the precession rate from

exceeding a predefined limit.

10 Preferably, after the AGC has increased the gain, it again gradually ramps
down the gain so as to allow the gyrostabiliser flywheel to again develop as
much precession range as possible.

The first sensing means may sense precession angle. The control means
may estimate precession rate and/or acceleration as additional process

156 control variables. Alternatively or additionally, the control system may
further include means for sensing the precession rate as an additional
process control variable. If means are provided for sensing the brecession
rate, then the control system may use»the sensed precession rate to
estimate the precession angle in the évent of a failure of the first sensing

20 means, said. estimate of the precession angle being substituted in place of
the sensed precession angle.

According to a second aspect of the present invention there is provided a
gyrostabiliser control method for stabilising marine vessel motion induced by
excitation forces that produce roll motion, the control method comprising:

25 sensing the precession of a flywheel of the gyrostabiliser;

generating a control signal aimed at increasing the précession of the
gyrostabiliser flywheel until it is estimated, based on the sensed prebession,
that the precession will exceed a predefined limit; and,



exceeding a predefined limit. Additionally or alternatively, the control method may include the step of
limiting the precession rate in series (or in parallel or in any other function) with the step of decreasing
or increasing 25 the AGC gain factor to prevent the precession rate from exceeding a predefined limit.
For example when the precession angle or rate (or gfunction of precession angle and/or rate) exceeds
a predefined limit, a high gain signal may be added (in series or in parallel or in any other function) to

the AGC gain factor revent the precession angle and/or raje from 30.exceeding predefined limits.
Thisis to protecgﬁﬁ’(‘e} g]ﬁosﬁa&ﬁé%?%& a%l)z\rtﬁ roqrﬁr ver p}roeCEeﬁsesi (rn?%%ﬁ%%rne%ﬁ&ejn excessive
force and permireshen3ivadmiten GBI Lsignel whiebyaynnaséisatitiespdagtiepidbntobofyh to large

random occureliies, B HBRE BIRERSSRY 208 tnd UGB gy Beapfeg only vnen

the precession angle Is approaching a predefined limit, preventing the ping resulting from a
high gain commBnuhselgaa bearhieyeshg the precession angle returning to a preferred range.
According to a third aspect of the present invention there is provided a hydraulic circuit for controlling
the precessibn dbie ditepgpfoappliing 12 theepgesianicontcoittontupriviay:includecpravigiaghadraulic

cylinder connecigd ahul ihe R anaRRIgNGRISLT el B¥EesTABIRBE RN ASREPHiIng MY precession
motion of the gyrostabiliser, ' ,
about the precession axis.
The step of generating a control signal may employ Automatic Gain Control
(AGC) which operates with a gain factor that is gradually decreased to allow
10 the flywheel to develop as much induced precession as possible within a

predefined precession angle range.

The AGC may include the step of increasing the (damping) gain factor when
a derived process variable (which may be a function of precession angle
and/or rate) exceeds a predefined limit, then continues to ramp the éain

16 down until the process variable exceeds the limit again. The control method
may include the step of running a predictive model of the derived process
variable to allow the AGC gain factor to be varied based on estimated future
state of the derived process variable. |

The control method may include the step of limiting the precession angle in
20 series (or in parallel or in any function) with the step of decreasing or
increasing the AGC gain factor to prevent the precession angle from
exceeding a predefined limit. Additionally or alternatively, the control
method may include the step of limiting the precession rate in series (or in
parallel or in any other function) with the step of decreasing or increasing
25 the AGC gain factor to prevent the precession rate from exceeding a
predefined limit. For example when the precession angle or rate (or a
function of precession angle and/or rate) exceeds a predefined limit, a high
gain signal may be added (in series or in parallel or in any other function) to
the AGC gain factor to prevent the precession angle and/or rate from
30 ‘exceeding predefined limits. This is to protect the gyrostabiliser mechanism
from over preéession or from generating an excessive force and permits the



a damping pressure portion; a flow control portion; and a fluid supply portion, wherein the at least one
hydraulic cylinder is connected to the. flow control 15 portion of the hydraulic circuit by the damping
pressure portion of the hydraulic circuit such that fluid flows in a single direction from the hydraulic
cylinder to the flow control portion, and the flow .contyol portion of the hydraulic circuit is connected to
the hydraulic cylinder by the fluid supply portion of the hydraulic circuit such that fluid flows in a single

direction from 20 {he fday geouralperian s Lydreulie pyladsr Advaniageausty g provides a
circuit in which oscillatory mofion of the precessron axis causes the c;‘/)lln era 10 Hct as Slngle flow
direction hydraufengempctirsefiisessoMaepdiridingneigoesiside angleradhefigntgalivaigesl The array of

25 control valves mAK gl ArgAsh e aeL Lok Pafite T&Ts[@reacﬂfhﬁg%ﬁ% figq O a least

one of said flow paths may includ roportional control valve flow throd ow control
portion of the cifédit nRi9¥RItiagidhectiehifaTeiagdasetigaifromnal figh Sairsaameed control
system. The prepEeRahtRidingine pravdsleaigricatirsrgite!le k@ ried psRgase to a control

gain signal). A normally closed type flow control valve may be provided in series with the proportional

control valve. Duiagaaimeb oparaiiPadReiosmaly plesertvalvertsy Brrionalied iaggmpin open, S

including the electronically controlled proportional flow rate control valve in the flow circuit, but closes
in the event of a¥SLBIHETEY LI CHER]iBgntRG BjRESSP R AXIPNEl Argyrastahitienrvdies, or at least
one of said flow ppathsulieadiraatustsvibfigig.or manually adjustable flow rate control valve to allow a
default flow 10 damping level to be defined. A normally open type flow control valve may be provided

in series with thefixagobeanydibuneiepialle fRnradeaoaBMl iy e ResEoRCExa! Grg@tion the

normally open valve may be si na{lil‘%i to.remain closed, so that the fixed or manually adjustable flow
rate control1\9alvgyi§°§3f§{@8rfﬁ?m erting With:pEesGaRiParmatien of iraxrestaRiisersensing of a
control error, the normally open valve will open and introduce the fixed or manually adjustable valve
into the flow circifaMNGIRISSFHERPAIRRE may provide a pressure relief valve that provides

a flow control portion; and
a fluid supply portion,

wherein the at least one hydraulic cylinder is connected to the. flow control
15 portion of the hydraulic circuit by the damping pressure portion of the

hydraulic circuit such thét fluid flows in a single direction from the hydraulic

cylinder to the flow control portion, and the flow .control portion of the

hydraulic circuit is connected to the hydraulic cylinder by the fluid supply

portion of the hydraulic circuit such that fluid flows in a single direction from
20 the flow control portion to the hydraulic cylinder.

Advantageously this provides a circuit in which oscillatory motion of the
precession axis causes the cylinders to act as a single flow direction
hydraulic pump.

- The flow control portion may include an array of control valves. The array of

25 control valves may include at least two parallel flow paths. The array of

control valves, or at least one of said flow paths may include a proportional

control valve. The flow through the flow control portion of the circuit may be

varied according to a control gain signal from a gyrostabiliser control
system.



over-pressure protection for the hydraulic circuit in the event that the pressure drop created across
either the fixed or manually adjustable valve 20 or the electronically controlled valve exceeds a
predefined safe level. This hydraulic circuit enables the fault tolerant fall-back to a fixed or manually
adjustable damping level in the event that a sensor Eult is detected, or that power to the control

system is lost. Throughout the specification, unless

"comprise" or valrli]aetions such as "corﬂpr'ses" ar "com rlsmﬁe"gwnl.bernder to%c?i (o] lmpll}é

of a stated integer or%rrocf)uop 5 |ﬁke8%

ut/ ﬁ’gte the Schisic V%‘H&?%' He??ﬁé& or('g?o

e context requires otherwise, the 25 word

the inclusion
of integers.

Likewise the worestmesertbb/'Contvalgaiorsgnath s npreiiyeddsedlthpaifloerstoda toaivgly that a

sated integer o fIOKR BFANIBAE" BdeS AR brddsRaraLIRdn iGN aaG A digdpventon. 9

Brief Description 0

rawings The nature of t vention will be better un ood

rom the

following detailceP@Eaiieiptibe oremalinl elosedicvalveomayehs @i’%é'@ﬁrd@;d@'ﬂﬁéﬁ copeml system and
method, given By e SedRigBRalyiBIRISIRACE-Bh SR ACHOR PR RUHERYANS idn Which:

Figure 1 is a schematic diagram illustrating the general architecture of a gyrostabiliser control system;

Figure 2 is a togfidiPiEHiSitaibrioses IR giraBheLR log5rekpavmpsciria 88RsraARARlith the

invention;

10

15

20

25

30

system error.

The array of control valves, or at least one of said flow paths may include a

fixed or manually adjustable flow rate control valve to allow a default flow

damping level to be defined. A normally open type flow control valve may
be provided in series with the fixed or manually adjustable flow rate control
valve. During normal operation the normally open valve may be signalled to
remain closed, so that the fixed or manually’ adjustable flow rate control
valve is isolated from the circuit. In the event of a loss of power or the
sensing of a control error, the normally open valve will open and introduce
the fixed or manually adjustable valve into the flow circuit. ‘

One of said flow paths may provide a pressure relief valve that provides
over-pressure protection for the hydraulic circuit in the event that ihe
pressure drop created across either the fixed or manually adjustable valve
or the electronically controlied valve exceeds a predefined safe level.

This hydraulic circuit enables the fault tolerant fall-back to a fixed or
manually adjustable damping level in the event that a sensor fault is
detected, or that power to the control system is lost.

Throughout the speciﬁcafion, unless the context requires otherwise, the
word “comprise” or variations such as “compriseé" or “comprising”, will be
understood to imply the inclusion of a stated integer or group of integers but
not the exclusion of any other integer or group of integers. Likewise the
word “preferably” or 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. |



10Figure 3 is a top rear perspective view of the gyrostabiliser of Figure 2; Figure 4 is similar to Figure
3 except that some of the components of the gyrostabiliser are shown in exploded view for clarity;
Figure 5 (a), (b) and (c) are top front perspective views of the gyrostabiliser of Figure 2 showing the
gyroscope at three different 15precession angles, ngmely +70, 0, and -70 respectively; Figure 6 is a
simplified circuit diagram of a hydraulic control circuit for the gyrostabiliser of Figure 2; Figure 7 is a
control block dia%[arfl | Iustratiﬁg thj rgﬁe:‘ﬁrred.embodiment of a control system for a gyrostabiliser in
accordance with eﬁrcergg MRS 18%%sed on active adaptive control using only measured
precession angl(i_ﬁl&tnd it's calculated derivatives ai igrocess control variables; Figure 8 illustrates

adaptive gain evoi§iSAHRIR] ANSnYERIR PR RSTRE WiRrstosdplres - dpLowiag of Figure 7;
25Figure 9 illustdwrii¢heduytinptisyseins eidrig uspetific @ipdmiing ats ade thangleestdbingemonitoring

system which monitors and limits precession.angle onl ecession rate only or.both; 10 controllers.
Figure 11 iIIustreft%gﬁﬂesgg(i:] %lagﬁ{grenﬁ\(%dp 'M?ég 8 anﬁgigé%%@%%t ghdvf:{gnr &?6%%%]%?toring system
effectively aéts dbengueppsioyirgndteviimgrirFihied: 12 illustrates the control system of Figure 9 in

which the safety and condition monitoring system effectively acts as both .a procession angle limiter
and precession rate |Figtee Figueesthematidaliagimyridlustatiegtie gepeeakatahitactire ibfst example of

an AGC adaptive pregesalon A9ME@in @iy stem;

Figure 2 is a top plan view of a preferred embodiment of a
gyrostabiliser in accordance with the invention;

10 Figure 3 is a top rear perspective view of the gyrostabiliser of Figure 2;

Figure 4 is similar to Figure 3 except that some of the components of
the gyrostabiliser are shown in exploded view for clarity;

, Figure 5 (a), (b) and (c) are top front perspective views of the
gyrostabiliser of Figure 2 showing the gyroscope at three different
15 precession angles, namely +70°, 0°, and -70° respectively;

Figure 6 is a simplified circuit diagram of a hydraulic control circuit for
the gyrostabiliser of Figure 2;

Figure 7 is a control block diagram illustrating the preferred
embodiment of a control system for a gyrostabiliser in accordance with

20 the present invention that is based on active adaptive control using
only measured precession angle and it's calculated derivatives as
process control variables;

Figure 8 illustrates adaptive gain evolution during a simulation scenario
for the active adaptive control system of Figure 7,

25 Figure 9 illustrates the control system of Figure 7 incorporating a safety
and condition monitoring system which monitors and limits precession
angle only, precession rate only or both;

Figure 10 illustrates three possible error event types resulting from
implementation of the AGC without the angle and rate limiting



10Figure 14 is a block diagram schematic representation of a second example of an AGC adaptive
precession controller. Detailed Description of Preferred Embodiments Throughout this specification the
term "vessel" refers to a marine floating 15 platform, typically a boat, yacht, barge, ship or submarine,
which is subject to oscillating motion due to environgentally 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 brog d%éﬁ%‘grs to any oscillating motion of the vessel that it is desired to be

S

attenuated. Figure 1 whf¥ rast'es in simplified form the typical architecture of a gyrostabiliser control

system utilising both wegzel (MOfigBARGPIRCR3MED By stanFRFHIGTIENISIAWRAIERQRE Sapifp! variables.

The motion of the vessel 2 is transferred to the flywheel 12 of a gyrostabiliser 10, and the precession
action of the flywheePDg SROIRE BeRjtBERERYSILMREREIYEONASHE ARAJYESRIER Efhoment 25
induced by the wavegpfggroscopic flywheels have two degrees of freedom: spin and precession. By
conservation of angular momentum due to spin and

5 . Figure 12 illustrates the control system of Figure 9 in which the safety

and condition monitoring system effectively acts as both.a procession
angle limiter and precession rate limiter;

Figure 13 is a block diagram schematic representation of a first
example of an AGC adaptive precession controller; and,

10 Figure 14 is a block diagram schematic representation of a second
example of an AGC adaptive precession controller.

Detailed Description of Preferred Embodiments

Throughout this specification the term “vessel” refers to a marine floating

15 platform, typically a boat, yacht, barge, ship or submarine, which is subject
to oscillating motion due to environmentally 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 desired to be attenuated. Figure 1

20 illustrates in simplified form the typical architecture of a gyrostabiliser control
system utilising both vessel motion and precession axis measurements as
process control variables. The motion of the vessel 2 is transferred to the
flywheel 12 of a gyrostabiliser 10, and the precession action of the fiywheel

12 produces a gyroscopic stabilising moment that counteracts the moment

25 induced by the waves. Gyroscopic flywheels have two degrees of freedom:
spin and precession. By conservation of angular momentum due to spin and

the location of the vessel hull, the flywheel 12 prdduces a gyroscopic roll
moment proportional to the product of the flywheel's spin 'angﬁlar
momentum (inertia x angular velocity) and precession rate. The spin rate is

30 generally constant, but this can also be controlled. Hence the larger the



the location of the vessel hull, the flywheel 12 produces a gyroscopic roll moment proportional to the
product of the flywheel's spin angular momentum (inertia x angular velocity) and precession rate. The
spin rate is 30 generally constant, but this can also be controlled. Hence the larger the 11 precession
rate of the flywheel, the larger the gyroscopic stabiliﬂng moment _produced on the vessel. However,
the precession must be limited to ensure maximum mechanical loads and other physical constraints

are not exceeded, and to reven} &éCﬁsswee recession zﬁ%;_les where th% %n‘ectlve 5 staqmsmg torque

is reduced but rPJﬁ?l?sséfa t(r)ar(tqeugs N othar plahes bacome Sighincant. TRE Nt r‘(3?‘fﬁeenprecession is

achieyed by thepqupm}ilmdheae'shel,gvmmaweﬂQSQWMImmtm ﬁrrﬂigauaqlm;sum:hanicgl,
electrical or a Cgﬁ%’%ﬂﬂﬂﬂ“ ﬁ¥é&%§t})\¥9§\t %%THQ?%RdtO(?IHSra | E/EFE‘Q p%%‘i?s?ﬁéﬂﬂsaxé?e_l%y‘e action of

the gyro-actuat Is regulated by a monitoring and control system 6. A vessel motion sensor 4
provides roll an§RCeeasH raBthieRieNaNeAcEsINE RIGSREFING ARg'esriRts denetedtivgro motion

sensor 8 prayidgpBIRGRGHOR RO W SIERSHBIIGNIS- IR 4AA TBRIIYIROGIRE: GRAHAL Diigmed. The

monitoring and control system 6 processes the 15 measurement information and produces appropriate

control commartignti¢RBtgRetmiting ohths REacrfsitnre pr¥@sLRYhe aXiREasMatRAlsing the roll
reduction. A preferreghemigoebiraefiiabe agrogiaiisenio ditrmacadapacaid) thegerrFfRealinvention is

illustrated in Figures 1 to 4. The gyrostahiliser 10 20 cogmprises g flywheel 12 (which may be sealed
inside an enclo ?é’)tr\'ﬁﬁ‘i QR/e?u%'EBiﬂﬁ\?& aiYéﬁ%'ﬂe %}ﬂﬁrﬁf@'@ﬁg\% réf’éﬂ'l’é% lﬁl—b%ﬁnt Sarings 14
located below apreabssiertaxidywheel 12. The flywheel 12 and its spin bearings 14 are mounted within
a structural flywheel cage 16, which is itself -

10 The action of the gyro-actuator 22 is regulated by a monitoring and control
system 6. A vessel motion sensor 4‘ provides roll angle or roll rate
measurements to the monitoring and control system 6. A gyro motion
sensor 8 provides precession angle measurements to the monitoring and
control system 6. The monitoring and control system 6 processes the

15 measurement information and produces appropriate control commands to
the gyro-agtuator 22 so as to limit the precession rate whilst maximising the

roll reduction.

A preferred embodiment of a gyrostabiliser 10 in accordance with the
present invention is illustrated in Figures 1 to 4. The gyrostabiliser 10
20 comprises a flywheel 12 (w'hich may be sealed inside an enclosure) with a
vertical spinning axis. The spinning axis is retained by spin bearings 14
located below and above the flywheel 12. The flywheel 12 and its spin |
bearings 14 are mounted within a structural flywheel cage 16, which is itself
mounted on a set of gimbal bearings 18 which provide a single axis degree
25 of rotational freedom (precession axis). The gyrostabiliser 10 is .,eith’er
mounted on a vessel such that the flywheel spinning axis is vertical at zero
precession angle, and the precession axis is aligned such that it lies in a
plane containing the roll motion to be attenuated (athwartships on a ship), or
such that the flywheel spinning axis is horizontal at zero precession angle,
30 and the precession axis is aligned such that it lies in the plane containing
the roll motion to be attenuated (vertical in a ship when roll motion is being



mounted on a set of gimbal bearings 18 which provide a single axis degree 25 of rotational freedom
(precession axis). The gyrostabiliser '10 is .either mounted on a vessel such that the flywheel spinning
axis is vertical at zero precession angle, and the precession axis is aligned such that it lies in a plane
containing the roll motion to be attenuated (athwartslry'ps on e ship), or such that the flywheel spinning
axis is horizontal at zero precession angle, 30 and the precession axis is aligned such that it lies in the

plane containing the rol tion to be attepuated (yegtical in a ship when roll motion is being 12
attenuated by tr?%%{/%as{t%r%?ﬁge%?B%'t‘r?%}rarg}r':%ggtg?shc N %%qgcg}l#éﬁe%aﬂy ecﬂ?g[%%ecgs scribed in

this specificatiorth@ meetipeds] defscribgdnirofhikes figoifieatiate is controlled by an electric motor controller.
Due to the gyro-dynamics of the gyrostabiliser 10, vessel rolling 5 motion induces the flywheel cage 16
to 'precess'. TheTine speadpreCesimtionnodithe BynhaehdR usticdheolEstdlyr@lingleotiitomotsrthe cage 16

Contaiming the potbalh BUET0 e SRR U e BB R i e as
noted above$ thengjantinduees the ghopoeed cate thaprockesss tHddywwieedd piraoessioant of inertia,
the SDITING sPSRBBIIR et el IMATHIRLIE Qe RARY 98 plapgian defined by
a torque is generated by the spinning flywheel 12, which is perpendicular to
the plane containing the precession axis and the spinning axis. This will be
referred to as the “gyro-torque”. As noted above, the gyro-torque is
10 proportional to the product of the flywheel polar moment of inertia, the

spinning speed and the rate of precession.

It follows that for a given period of motion defined by the vessel rolling
period, an increased angular range of precession will produce an increased
maximum precession rate and therefore a maximum gyro-torque. As the
15 precession rotation passes through zero precession angle, the gyro-torque
acts completely in the opposite sense to the roll motion of the vessel. The
gyro-torque will act to reduce the roll motion. However as the cage 16
precesses away from zero precession angle the gyro-tofque will have
components acting in the plane of the roll motion, and also in an orthogonal
20 plane (the yaw plane for a vertical axis flywheel configured for roll reduction,
and the pitch plane for‘ a horizontal axis flywheel configured for roll
reduction). If the precession motion is not controlled or is poorly controlled,
in some circumstances, the component acting in the yaw axis does not
contribute to rolling motion reduction and may have negative impacts on the
25 directional control of the vessel, or cause undesirable pitching motion.

In some circumstances the range of precession oscillation will exceed +/-
90°. When the precession angle reaches 90°, the torque generated by the
precessing flywheel 12 acts entirely in the yaw axis and therefore does not
oppose the wave and induced rolling torque acting on the vessel. So it can
30 be seen that there is a compromise between achieving maximum torque in
the opposite sense to the roll motion, and limiting the precession angular



period, an increased angular range of precession will produce an increased maximum precession rate
and therefore a maximum gyro-torque. As the 15 precession rotation passes through zero precession
angle, the gyro-torque acts completely in the opposite sense to the roll motion of the vessel. The
gyro-torque will act to reduce the roll motion. Howeygr as the cage 16 precesses away from zero
precession angle the gyro-torque will have components acting in the plane of the roll motion, and also

[ th I ' IS fI ' d: | tion, and
the pitch plane 101 oS e I R e e hoon s
not controlled oPrPESEAD BASIRICEiIMgIBelotirddneseitte kethtasksrpfdhemontiMgyatere yaw axis
does not contribfl&etf.% @Su,iggtm;@ qug)gw éﬂgﬁé@@é@dﬁegﬁgvgpm@%%qgt{ber@,ﬁtdirectional

control of the vessel, of Cause undesirable pitching motion. In some circumstances the range of

precession oscifRRiFIeFRSSIQR snation FNAMIAE fahgepte Witkin PRk lidisnardte srsteque

generated by thenarese satadbflprdrertiba asissamstrekede g prwetxigiged therefore does not oppose
the wave and induced rolling torque acting on the vessel. So it can 30 be seen that there is a

compromise befeeR-AHYRYING SASKITELITHIEEHEING e QRBesES SeRFane lsnejiof, and limiting
the precession angular 13 range to ensure that a significant component of the gyro-torque is acting to

oppose the vesSEPVIRHIMEWIPTDIRE B indwelve,sRg YRIRPEEIONAWIRE 05 @GRS abiliser 10 is
to apply a precegaiyiaeds tOHOLMREIUA thEnpitdbsspimeessitremptignainmilesnapgedogvithin preset
limits and to ensure 5 that the rate, of precession dogs not exceed a preset value. A gyro motion
sensor 8, for seﬂ%?ﬁ'&tﬁ %@igs@igﬁegﬂﬁgﬁ@\ﬁﬁgﬁ 2, is provided in the form of an inductive angular

position sensor 20. A magnetic trapsducer is mounted in the precession ghaft end, and the sensor 20
is mounted'Sxial )p%ltgm@%?&:af%géh%ﬁ_rowdeg L#or applying g torque to flywheel cage 16
about the precession axis. In this embodiment the gyro-actuator 22 is an

hydraulic system comprising a pair of hydraulic cylinders 24 connected
between a quadrant mounted on the precession shaft and the foundation
supports for the gyrostabiliser 10. The two hydraulic cylinders 24 are valved

15 such that as the cage 16 oscillates about the precession axis, the pair of
cylinders 24 acts as a hydraulic pump, which pumps the hydraulic fluid
around a hydraulic control circuit. By controlling the restriction of a flow
control valve, the to‘rque load on the precession axis required to pump the
fluid across the valve varies. An hydraulic contrdl manifold 26 is provided for

20. controlling the flow of hydraulic fluid, and contains two electrically controlled
valves. By varying the flow control setting the precession axis damping can
be varied. '

Figure 6 is a simplified circuit diagram of a hydraulic ‘control circuit for the
gyrostabiliser. The hydraulic control circuit is designed such that the
25 hydraulic cylinders 24 pump fluid around a circuit in the direction indicated
by the arrows. An electronically controlled propbrtional (or servo) flow
control valve 28, which ié normally closed (when not energised), is located
in-line. In normal operation the hydraulic oil is pumped across the
proportional flow control valve 28, which restricts oil flow to create a variable
30 resistance to precession. During normal operétion of the gyrostabiliser 10
the proportional control valve 28 will be energised open by an amount



TO The gyro-actuator 22 is provided for applying a torque to flywheel cage 16 about the precession
axis. In this embodiment the gyro-actuator 22 is an hydraulic system comprising a pair of hydraulic
cylinders 24 connected between a quadrant mounted on the precession shaft and the foundation
supports for the gyrostabiliser 10. The two hydraulic, ¢ylinders 24 are valved 15 such that as the cage
16 oscillates about the precession axis, the pair of cylinders 24 acts as a hydraulic pump, which

he hydrgulic fluid h li | circyit. lling th fafl
Contol vaive, traSTETa e Lo G SRl 0 SERB R e atRE e valve varies
An hydraqlic contthmlﬂuwniéomsaﬁdtepravid‘etdéop@@esnnodfng\mflmelf hyqubedlufﬂ:eand c_ontains
two electrically :8?§H8H%q]¥%%i%§éf§m¥°w mt@g a‘éo#/é%@@ré;alljﬁ?té@r% é%ea%rg% ﬂffgrams damping can

be varied. Figu IS a sim circuit diagram o 0 cwcwﬁ? Ke gyrostabiliser. The

hydraulic contro}\cirgu[' i signed such,that the. 25 hydr c'%li ders 24ﬁﬁum flui arc%und a circuit
[ 0

itisd ayli
in the direction indica (aegl'%?/%h'g%?rso%es’. AR YEEnieE P)}/ ?:gn{:r% le %rS%?)% ARGl s (5) flow control

valve 28, which tisensystelly Soirecitvdreor relate)ethzquippisrimrmedantlioleyvaivac28 alloges ation the
hydraulic ol is RURRSHAGTRRNEREGRCRIoRE LR SR ahE i 2B auhis dapiisig ol lgw o create &
variable 30 resistance to precession. During normal operation of the gyrostabiliser € proportional

control valve 28diRichiensdiepseanife valyeatramtLa® areastiamlievdtby eibtedlomoierosy varying the
flow settings on hayaiun Sy dressific eshpRadhr asopishal flos banbeslisdamped. The

proportional flow control valve 28 is controlled by a dedicated amplifier. As a fail-safe measure, if
power is removed frRPudresiRnal SlRvesopiFgt valve 30 is connected in series with the

10 manually adjustable proportional flow control valve 32, and both are
connected in-line parallel to the electronically controlled proportional flow
control valve 28. The directional control valve 30 is normally open (when not
energised). To maintain this valve closed for normal gyrostabiliser
operation, a solenoid coil is required to be energised.

15 A manually set pressure relief valve 34 is also provided in-line, parallel to
the electronically controlled proportional flow control valve 28, to ensure that
the 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

20 precession axis. A pressure filter 36 removes impurities from the hydraulic
fluid in the circuit. If required, an hydraulic fluid heat exchanger 38 and an
hydraulic fluid pressure accumulator 40 may be provided. In addition, an
optional manual hydraulic fluid pump system 42 with inbuilt filtering, may be
connected to a hydraulic control fluid storage device 44, to allow initial

25 hydraulic system filling and system fluid refill or replacement as required.

The control of precession axis braking torque is. -executed in this
embodirﬁent within a mini-PLC (or equivalent) processor module. Electrical
IO is managed with IO modules connected to the controller processor
module. The proportional hydraulic flow control valve is preferably driven by

30 an IO module, containing the Halcyon precession control algorithms which
preferably uses roll angle and/or precession angle as feedback.



5 the system is in an error state), the proportional control valve 28 closes preventing flow across it. At
the same time an electronically activated directional flow control valve (on/off) 30 opens to allow the oil
to flow across a manually adjustable pressure compensated proportional flow control valve 32. The
directional flow control valve 30 is connected in seri1e§ with the 10 manually adjustable proportional
flow control valve 32, and both are connected in-line“parallel to the electronically controlled

proportional flowy control valve 28. The,directionagl control valye 30 is normally open (when not
energised). To \%larﬁfgine ?%O\sérl\’/%nllo%fe@ f@ryﬁ%%ﬂg%aﬁog ﬂ?fe%%gpétiaﬁ,ga%&%’l&gid”&oil is required
to be energisedadéonianmeuatithstheressmmtiorelieilivabe Ikisdesaipeaviditipestdiericsthe electronically
controlled propeyti fl trol v. 2 ur t ressure drop across the control valves
does not excee%n#e%yd?\;\{lﬁi?léyﬂe% gs%ﬂr‘l5 %tfé%sgu%ég%ét;%'tpﬁgﬁrmoﬁ S 6?3 s@r%{ rgﬁef valve
effectively capsaviaiiphiecissithe copnionhaypienthakiguipplicis te teh2optiscdiagoanaxdd. #npressure filter

36 removesympyiesdaaptiae iyt i RdlayiodldBulPdoRRdI AR eat

exchanger 38 and an hydraulic fluid pressure accumula may be provided. In addition, an optional

manual hydraulKSEdSYinBregeRsHP A INRIMRIRN MY Rty fesdhank cSinubtising entydhgulic control
fluid storage defisgréei tprattessibiiadmidyi@uts exrdemddineansticystery Buighéalilyreplacement

as required. The control of precession, axis braking torque is, -executed in this embodiment within a
mini-PLC (or edfiRSRS%)Sortels ¥araRLiRe saRtrRls qg‘n‘i‘é’i‘?&g@@v&ﬁﬂ"ﬂ@ iamatieBnnected to
the controller prédesasisingtii envitonpranariconaitioreyaliits flionts ohé elurabes i6f preifeeably driven by
30 an 10 madulg,.containing.the Halcyon precession control algorithms which preferably uses roll
angle and%% prgdc'tla‘usrsﬁbr? '5“%1@%35 Bgdi)egcﬁgeig% K i %%Fbga?rgu c%']t{o 'l y":%&%&' @%‘P‘ trol system
and method in &xeeittanionation tatenvaticioperfid moanbe. dispeindidgvith théerenistancEiguires 1 to 9. In

some situation L collinf l j e r s Eilgure 7 is a
schematic diagram o a‘ré% %%’f%/geag& a&%ﬁ%@%@@ﬁ%ﬁ w %Eh\g@%sit}gﬁ?@eﬁﬁo%@o i?s maintained

using gyro precEXaiRniRYTRIGd MIRgiisTosdpitlews) theidnyerPrrsanaiafetargkscedsion angle
and its calculated giesivrd VIR 8l MEPREESS HINSREH FABRECINGHIBIRke (dhercoraicab sy sigir does not

require information describing the environmental conditions. This limits the number of paints of 10
failure, simplifieS3458$0BARITY T4 SPihrasiRtsh iR RrRdHESAIRY e dhevieabastattenuation

performance. Depenelitaripntibeorasistaroe The refasea contdst € jeyaincans efsthisdlofitingement,
when the roIIing"qa e 0 rotaticin ‘rol{ﬁat cee[\ds a certain I%vel the induced recessiqn torque will
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cause the flwvheeﬁto preces s?ability in the
roll resisting torqum@cedibmetﬂmmqae nniyoﬂ’nieistisrtjgbif_mmt@ziéajiﬁhatwefli?rred_ control
system and meiaei M6 AR R BeeetrRession e PralpaIR, orate
precession axis resistance torque only. This is significant as it eliminates the requirément to provide
motive povedr tPIRESEIeR@XEoFRiBliMy fHsXePuses bR POVET feqiised Thikesyrpdsdie power

required to be sgPypbieathifsay AsiARElzer maRdianaf e dR&idhmore efficient. The control system of
Figure 7 employs an Automatic Gain Control (AGC) :

The control system of Figure 7 employs an Automatic Gain Control (AGC)
precession controller 60. AGC assumes a sinusoidal motion input with a
fixed period (typically the natural period of roll motion of the vessel factored
25 down to provide some conservatism) to enable estimation of the maximum
precession rate. This means that AGC is good at estimating medium term
gain, but not so good from cycle to cycle where in use the motion is not pure
harmonic motion, but actually random motion in a narrow band of periods.
For example, when the vessel changes heading, speed or when the wave
30 height and/or period change, the roll motion chénges, resulting in random
precession motions. To accommodate or react to the random precession
motions present in use, while the AGC precession controller 60 generates a



precession controller 60. AGC assumes a sinusoidal motion input with a fixed period (typically the
natural period of roll motion of the vessel factored 25 down to provide some conservatism) to enable
estimation of the maximum precession rate. This means that AGC is good at estimating medium term
gain, but not so good from cycle to cycle where in u§§ the motion is not pure harmonic motion, but
actually random motion in a narrow band of periods. For example, when the vessel changes heading,

speed or when the wave 30 he| t and/or period chan e,rollmotion changes, resuylting in random
precession moti T 8'%%05% da?eg%?'r S HReS ra'ﬁ é]mt%r(&:-%ees S m%'tlonsapg?esliént in use, while

the AGC precegsiecessitirodeg@0aysliersgds is 1seprtzadaphtiiscgaircontalware feopaveonal to the
precession rate recession angle and/or rate is used to adapt this gain on a wave to wave basis.
On initialisation, the system of Figure 7 starts up with a predefined gain 5 factor that is set to a high

level to protect th qxrt?asi athJ(I)Snel’ ttngm e pg zzhua emaxsl{g r{)eg&asgnﬁa&%g E' e%gver in use the

system of Figure opera =5 With'a ga n or tha IS alway radually minimiz or ramped
down) so as&o lfsdies tjya‘olﬂyse\thea higbdee&iﬁmfmaehfbwﬂszﬁtﬂbmsﬁdmmIexq(h@mgher the

precession, the figher i rall 40 StRRIBSNg GO ewd i3, RSy WhahAROeiplYIGes adaptation

to changes in sea state and sailing conditions. The system effectively predicts the likelihood of
maximum prece2BRSABEINGtReacal GirdeN iRt 'év@Mﬁyé G %f@ﬂ"é/ AdipE_E48on controller

60, then the gaipgmpRRIdNOINAIESSCASAGSIER RFRVigRre BRAkKEBIesesHealBfIUe Gsghthe event
has precession as possible -~ the higher the precession, the higher the roll
10 stabilising moment. This continuous gain change provides adaptation to
changes in sea state and sailing conditions. The system effectively predicts
the likelihood of maximum precession being reached. Should this event be
detected by the AGC precession controller 60, then the gain is rapidly
increased so as to provide a braking precession torque. Once the event has
|15 passed, the system again attempts to gradually decrease the gain. This

results in the saw-tooth characteristic illustrated in Figure 8.

The detection of a potential maximum allowed precession angle (typically
60° to 70°) is done by monitoring the rate of precession and comparing it
with a threshold value. Since the precession rate leads the angle, this

20 achieves a prediction mechanism for the event of potential precession
constraint violation. If the threshold value is reached and overshot, then the
gain of the control system is increased in proportion to how much the
threshold is overshot. However if the precession rate threshold in the AGC
precession controller 60 is set to a conservative low level to avoid the

25 precession angle exceeding the maximum allowed precession angle (for
example to protect the gyrostabiliser mechanism from reaching the end of
travel of the cylinders 24 in Figure 6), then the actual precession angle
during use is very limited, limiting thé amount of motion attenuation provided
by the gyrostabiliser. '

30 Additionally, it should be noted that in the embodiment of the gyrostabiliser
control system shown in Figure 7, the AGC controller only predicts the



15 passed, the system again attempts to gradually decrease the gain. This results in the saw-tooth
characteristic illustrated in Figure 8. The detection of a potential maximum allowed precession angle
(typically 600 to 700) is done by monitoring the rate of precession and comparing it with a threshold

value. Since the precession rate leads the angle, thi 20 achieves a prediction mechanism for the
event of potential precession constraint violation. If the threshold value is reached and overshot, then

h in of the ¢ I isi di ' h ; hold i hot.
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low level to avotnhtfmrﬂéqnecmsﬁmalmgiareﬂgeedmgsthmeakaummlloamWneCMiomar!gle (for .
example to protec.t J&%&}fé%?t%"%ﬁé %%h ism Jﬁ%ﬁﬂ orS’a(g}lr’{ﬁ éhg egsl%%koi?ggyﬁépfi éhetﬁ: linders 24 in

Figure 6), then %A precession angle during use’is very limite the amount of motion
attenuation provndieemsetiof e deesibitickstruztikelnfdbe systemviemadakemiptesaerpuatession

feedback intor Oaﬁ%mégsﬁﬁ%?f 99ﬁc?éég‘é§%rﬁﬁ8ﬁrﬂfb%ﬁ&oﬁﬁkiﬁé@@&CSRUF&:t%E

e
gyrostabiliser 1 behaviour of the vessel 2. That is, the influence of the feegt;ack structure
of the system isai@fmzhesh Migs e dRieetisngnoring these effects increases the likelihood of two types of
errors: false alarm and missed detection. In order to: a) permit the precession rate threshold in the
AGC controller Boatdpetset to a more relaxed, higher lever to give more motion attenuation 10where
possible, and b) monitor for errors such as false alarm and/or missed detection, a safety and
condition monitoring)spstenit 8Reippecoasienaaishbveshoiddorthe. AGE sifatiolgid@diteliien monitoring

system may monitor agd, il REeGeSRRISNIMAMRY IVECRSYNE KAk OMOREPafedmalitgire 10 shows

three types of events which each exceed at least a rate or an angle threshold, including the false alarm
and missed @etection ¥#eFe. RRESIRIAL 3%he 1, both the rate and angle overshoot their respective
thresholds. In Event Type 2, the case of a false alarm, the rate overshoots the threshold

b) monitor for errors such as false alarm and/or missed detection,
a safety and condition monitoring system 62 is provided as shown in Figure
9. The safety and condition monitoring system may monitor and limit
precession angle only, precession rate only or both.

15 Figure 10 shows three types of events which each exceed at least a rate or
an angle threshold, including the false alarm and missed detection errors.
In Event Type 1, both the rate and angle overshoot their respective
thresholds.

In Event Type 2, the case of a false alarm, the rate overshoqts the threshold
20 but the angle does not, so if the safety and condition monitor 62 is only
monitoring precession rate the gain will be increased unnecessarily. This
would temporarily reduce the performance of the system with regards to roll
reduction. However it can still be desirable to monitor and limit precession
rate to limit pgak torque and protect the gyrostabiliser mechanism from

25 excessive loads.

However Event Type 3, a missed-detection error (where the rate does not
overshoot the threshold, but the angle does) may lead to the gyro flywheel
reaching the precession travel limits. Therefore, the safety and condition
monitoring systém 62 should at least monitor precession angle as shown in



20 but the angle does not, so if the safety and condition monitor 62 is only monitoring precession rate
the gain will be increased unnecessarily. This would temporarily reduce the performance of the system
with regards to roll reduction. However it can still be desirable to monitor and limit precession rate to
limit peak torque and protect the gyrostabiliser meclpg\nism from 25 excessive loads. However Event
Type 3, a missed-detection error (where the rate does not overshoot the threshold, but the angle does)

may lead to the fl ing t ession t limits. Therefore, the, safety and condition
monitoring syst([eqr% [§§ ﬁ?ﬁ?éﬁ%@@%ﬁ%ﬁ?ﬁ%&ﬁsﬁ%ﬁ%ﬁ%#ﬁ?%xé% 2 (5§vrr? m T@rll—qg%g 9 to detect this
condition and inepehse braktertiegynnanecgarion ditiythisakengemeniesatatpsiod. With this
arrangement e saffb-ARbARBAD LRI USRS R Acigas Bprargrsion andle
limiter 62. Preferably the safety and condition monitoring’system 62 5 monitors both precession angle

and precession!i@iteasBholireiemalirdhe , safathapeorecrdifrittimapiieiing Y96 Herecession
angle limite562maRAdisPHRNE PTEELERISHIBNEE G2t prd iR S10H P 4 S AIRJIATAG RRAE gLfunction

blocks capture these errars producing a robust adaptive controller in conjunction with the AGC control
10 function blod 4 e EiRE '§W€8ﬂ¥ﬁibﬂ%ﬁ8r§%%§£@ﬁe@§'%t§ aiiegsré2R @asor 22 only in
the event wheresthrepeeersisiateangife@poaches a maximum (70) at high speed, and the AGC
precession controller 60 has not increased the actuator command to the necessary level (missed

fletection err())r)ﬁbea?r@@amha@dewﬁmm@n é?ﬁﬂ'tlpff@fs’ﬂibﬁ imtﬂg(” ﬁues%m theeeér?@rﬂfrgperalte (hat
east in effect) in seyies or as shown in parallel, since it typically will produce g high gain signal when
required, whichR{f Hcgfﬁn%@}@ ﬁ?@&Yﬁrﬁﬁ@ﬂé}%&% ?B}Ué{? 'ﬁ{bl\@{jtulimed?é BAMERY gain from
the AGC pradudesaidndblakin which signals an increase in precession control torque. 20 A sensor
and filter 64 provides measurements of the precession angle only. These measurements are filtered to

reduce noise arthalsafisheshtathilitodativalisargpegsteiadalans ibe tignprosattgatsed2When the
gyrostabiliser is cqntrolled by (gnly) braking of the precession axis, the active adaptiv, ntrol
discussed herei%’ﬁ%h“éeﬁ%c?%%('\‘(}e‘gﬂu%ﬁ&838&%%%?8%%% ﬁﬁ Sﬁﬁ/r%%%%ﬁ mafjmg)%gg?gcession axis
is driven howevat,l'it_g'b geeedalndebesAG n_mneasiore@m_w fitbtian ob_aiactem thech as roll
angle and/or ratg.Gigyre L 3aNs @ *%I‘Eé?'ﬁg@e%’éﬂ%‘ék}_gﬂ@fﬂi%gééirﬁé RN firstggample of the

AGC active adaptive precession controller (item 60°in Figures 11 and 12). When the precession rate is
less than tH& raf@fety and condition monitor can be integrated with the AGC or operate (at

least in effect) in series or as shown in parallel, since it typically will produce
a high gain signal when required, which when summed (by the summing
block 64 for example) with the command gain from the AGC produces a

high gain which signals an increase in precession control torque.

20 A sensor and filter 64 provides measurements of the precession angle only.
These measurements are filtered to reduce noise and also to estimate the
derivatives and integrals of the signal as required. When the gyrostabiliser
is controlled by (only) braking of the precession axis, the active adaptive
control discussed herein can be achieved using precession motion only as

25 an input. If the precession axis is driven however, it is generally necessary
to measure a vessel motion characteristic such as roll angle and/or rate.

Figure 13 shows a block diagram schematic representation of a first
example of the AGC active adaptive precession controlier (iterﬁ 60 in
Figures 11 and 12). When the precession rate is less than the rate
36 “threshold, the angle overshoot will be negative. In this case the integrator is
connected in a negative feedback loop and the gain will decay



30 threshold, the angle overshoot will be negative. In this case the integrator is connected in a
negative feedback loop and the gain will decay 19 exponentially. However, if the precession rate
overshoots the threshold, then the integrator is connected in a positive feedback loop while the rate
overshoots. This is achieved by using the magnitudg.of the overshoot as a factor to compute the input
of the integrator. The positive feedback ensures 5 a very fast growth of the damping gain (B) which
slows the precession of thﬁ z;ﬂ and re\{pr&t]s it from reachin%aoerec sslgntﬁqu? li it]é#deally the

controller only JEEsy eemp')% five 1eadback for%igﬁe(:oeffr?{%é?gam g5 Oeoprece55|6?1saﬂ eis

approaching a Ithen theeiniegratoke iy easingoted ibwearqsitivepfagiibadk dsopevpilectissitateangle is

receding from RGO FgHESC AN B 5las Hack dpRiaID 6 dhassandiaTgls of the AGC

active adaptive precession controller 60 using-a ¢ proceéss variable that is a function of the
precession angf@neteraempite Mecinpuheffheciiemsatadte hrirepityectesdbasibrRNSHEshold in place

of the precessiog yafg Fé‘é?ﬁf&kﬂh 'Btiite gaﬁ?piﬁgegéfﬁ?éﬁ%@ﬁ%WE GRIDIBCESINAGRA fhe 15 derived

process variable exceeds the predefined process variable threshold. Optionally the control system

runs a predictivER @b PR AL B eaching & Rresestif R ale digihin tdealbidhse varied

based on estimatadrbifer vplptasidhrdl pdeer @ rezbavrIiabrigh (danmigihghaniksystem of
Figure 7 may also be su&glied with 20 information rel ted to roll angle, to provide a mechanism for

precession sen&PFAGH' c%?ﬂ’ﬁdﬁaﬁ&%?ﬁ?w{g%l' rati ,'%prtﬂg(ﬁ '&iSﬁ%ﬂﬁY&ebrovided by

the sensor 64 a(dhthpingligaitcakttecpssiessiateanglelzecsdimg drdmsthatbmitfail, information related
to roll angle and rate can be used by an observer to model and estimate the precession motion, and

the 25 estintatedigatees4candimsusathiildheldch@ipkransdpa eestadantinpletbtaasaGibe roll sensor
is only used to re onstrléctpéh precession infor ut not to huild a mathematical model for

i |
o o e S e o R b S A e S SR i o
redundancy, i.ethitoisgla tifienstiorisioh thenprigipds sivacesgilen ardkorsat2Oienplackmeitipovides a

number of advepiages et iie LB e lplowine fcihesire

rﬁggég'glsqo%ontrol module
provides good precession axis control based on recession angle signal only, removing

rate threshold. In this case, the AGC increases the gain factor when the

15 derived process variable exceeds the predefined process variable threshold.

Optionally the control system runs a predictive model of the derived process

* variable to allow the AGC gain factor to be varied based on estimated future
state of the derived process variable.

Optionally, the control system of Figure 7 may also be supplied with
20 informatién related to roll angle, to provide a mechanism for precession
sensor fault accommodation. In normal operation, only the precession angle
provided by the sensor 64 and the estimated precession rate are used.
Should this sensor fail, information related to roll angle and rate can be used
by an observer to model and estimate the precession motion, and the
25 estimated values can be used in the AGC precession controller 60. In this
case, the roll sensor is only used to reconstruct the precession information,
but not to build a mathematical model for prediction. However it can:be
preferable to provide sensor fault tolerance. sirﬁply through sensor
redundancy, i.e. through the provision of multiple precession sensors.

30 Now that a preferred embodiment of the gyrostabiliser control system and
‘method have been described in detail, it will be apparent that the described



5_the requirement for a vessel motion sensor. This removes a point of failure from the system,
simplifies the system and reduces cost. (i) The control strategy of maximising precession angles in ,
pha;e with vessel rolling motion without exceeding precession angle or rate limits ensures that
maximum gyro torque is generated without 10introducing spurious torques out of phase with the
unstabilised rolling motion. This ensures that as effironmental conditions change (waves, wind
encounter angle etc), and as vessel Ioading configuration and speed change, thge}@ ro-stabiliser

control systemesekQAMen provides ma

phadiABtAgsToAVEE HEHIRAT ¢ d0%hilst avoiding

undesiraple efiggt%%g\n@s out of phase accelerations, discontinuities at precession angles
approaching 90 degrees and control system instability. (iii)The control strategy of maximising

precession anglesjin phagewiBivessghpalgcamianmekaut proaeengpecessiesssiogle or 20 rate

limits is achieved without complex numerical predictions, providir‘gt a.ro%i
%8

solution that is able to beifispfamMEpkBasad LUile RIFGESSIIB\F

rs 'ﬁ?’npdf 8rlei%]\l,?]er]‘ormance

t
f% sso?s. 25 It will be

lcy

readilg app%re?t :ﬁ p?rsqné_ %&ilafiemésheftﬁlevmusattmmeemmmicmﬁoneaa¢mmrovements
may be made to the foregoing embo iments, in addition.to those alre ihed, without departing
from the basic inventive g&&%‘ﬁ% BB RS ﬁﬂh?/'énrﬁl%ﬁr?s Qﬁeg é%’fgavﬁgig%?fs%%&r control

system for stabilising floating vessel motion i [ ising:
(iig g ion mdyced by.wave action,.the co&ggliﬁys‘;%‘gecompnsmg.
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The control strategy of maximising precession an

with vessel rolling motion without exceeding precession angle or
rate limits ensures that maximum gyro torque is generated without
introducing spurious torques out of phase with the unstabilised
rolling motion. This ensures that as environmental conditions
change (waves, wind encounter ‘angle etc), and as vessel loading
configuration and speed change, the gyro-stabiliser control
system adapts and provides maximum possible motion
attenuating torque whilst avoiding undesirable effects such as out
of phasé accelerations, discontinuities at precession angles

approaching 90 degrees and control system instability.

(i)  The control strategy of maximising precession angles in phase
’ with vessel rolling motion without exceeding precession angle or
rate limits is achieved without complex numerical predictions,
providing a robust and high performance solution that is able to

be implemented on a wide range of low cost numerical

processors.

It will be readily apparent to persons skilled in the relevant arts that various
modifications and improvements may be made to the foregoing
embodiments, in addition to those already described, without departing from
the basic inventive concepts of the present invention. |



a first sensing means for sensing the precession of a flywheel of the gyrostabiliser; a control means
for generating a control signal aimed at increasing the 10 precession of the gyrostabiliser flywheel until
it is estimated, based on the sensed precession, that the precession will exceed a predefined limit;
and, an actuator responsive to the control signal forgpplying a precession control torque to the
gyrostabiliser flywheel whereby, in use, adaptive control of the vessel motion based only on the
precession of the gyrostabiliser flywheel 15 can be achieved. 2. A gyrostabiliser control system as
defined in claim 1, wherein the precession contropiiphie is a resistive control torque, such that the
actuator does not provide motive power to the flywheel about a precession axis. 3. A gyrostabiliser
control system as defined in claim 1, wherein the actuator 20 responsive to the control signal for

applying a psecesssiangieosiabinserecntie ayasmbibresfhoning] HOXINRS fdrkFerRingRXis damping
control signal that acts pnly to resist. the induced precession motion of the flywheel. 4. A gyrostabiliser
control system a9 d’eqﬁqgl?ifilﬁv aﬁﬁﬁgﬂ'éhﬁrﬁgwg YRR EShtrol signal is a flywheel
precession axis resistance ?ain, said 25 gain being gradually decreased to allow the flywheel to

develop as much ifERicEENSTRge BaNS JYoSERIING, HIG: RFeesssieninf 2 pfuwbmetihemum

precession anglgyraisgebilised gyrostabiliser control system as defined in claim 1, wherein the control
means employs an automatic gain controller (AGC). 22 6. A gyrostabiliser control system as defined

in claim 5, wheraircBirréiGhanas ddprgenssiandrakbaateainigrirr diabds samerskdmynisg as to let the
gyrostabiliser flywheel develop, as much precession as possible within a predefined precession angle
F Die AR e b

range. 5 7. R gyPoEEESHEE: oHtFoP¥(Rs §5h Ltihit ds wRlmatednkasek Asihtated that a

derived processsemsed|pradabiiofhabatitbe phecpsstmsitirerogiel ansheddinddnivaitvasa will exceed a
predefined limit, the AGC incrementally increases the precession braking gain factor by a set amount

or by an amounapragtogtoneesp ensivetto dieconeos BirialSforso g viderédession control
torque to the gyrostabiliser flywheel whereby, in use, adaptive control of the
vessel motion based only on the precession of the gyrdstabiliser flywheel

15 can be achieved.

2. A gyrostabiliser control system as defined in claim 1, wherein the
precession control torque is a resistive control torque, such that the actuator
does not provide motive power to the flywheel about a precession axis.

3. A gyrostabiliser control system as defined in claim 1, wherein the actuator
20 responsive to the control signal for applying a precession control torque to

the gyrostabiliser flywheel provides a precession axis damping control

signal that acts only to resist the induced precession motion of the flywheel,

4. A gyrostabiliser control system as defined in anyone of claims 1 to 3,
wherein the control signal is a flywheel precession axis resistance gain, said

25 gain being gradually decreased to allow the flywheel to develop as much
‘induced precession as possible whilst not exceeding a predefined maximum
precession angle range.

5 A gyrostabilisér control system as defined in claim 1, wherein the control
means employs an automatic gain controller (AGC).

30



10 increased braking precession control torque to the gyrostabiliser flywheel precession axis with the
aim of preventing a predefined precession angle limit from being exceeded. 8. A gyrostabiliser control
system as defined in claim 7, wherein the control system runs a predictive model of the derived
process variable to allow the 15 AGO precession brgking gain factor to be varied based on an
estimated future state of the derived process variablé. 9. A gyrostabiliser control system as defined in

claim 6, whereirya precessiqgn angle limiting control function acts in series or parallel yith the AGC to
prevent the precessi r imit. o abi ntrol system
o preBd N ERAE RTh ELERRY BB B GEE o A o ASTE LB AControl
as defined in cldias G wheessiorpbeakisg ayaiattatitoitihgtcisntaoh fieactiowacss sskriks theparallel with
the AGC to prev, he precession rate from exceeding a predefined limit. 11. A gyrastabiliser control
system as defingeg']%ng té%gﬁir'ﬁef, V\Wéag@l t%%v :Pg sé%s%%%n 5%%5gssg'n°snesa Brgggggllc?n %Xr{ﬁ'fé.azs 12. A
gyrostabiliser caigdetipetbpreessifinangiectangel 1, wherein the control means estimates precession
rate and/or acceleration as additional process control variables. 23 13. A gyrostabiliser control
system as définéd i glastabilisdrecontriil esgstetmobsydedimetlithelaincBidehaersiangien seissing the
precession rate gs: itiopal S rQl Vari . iliser control system as
defined in claim 1 ‘, wt%e%i{lnngtﬁl% gégﬁgtﬁm??é%é%m}%ﬁﬁ%?%% §£\%%%%ﬁ%;a?%r%%ré%aeﬁé%recession
acceleration as angaidansier piscdes\iives) valhipacees. A gitedediitidelicintribiesy’teth as defined

in claim 13, whefein Hen ey b SEIEEINS 7SR BARIRF SaNPMENE 19 Sskigals dipiprecession

angle in the event of a failure of the first sensing means, said estimate of the 10 precession angle

being substituteBiRYRLaBPHE B@%ﬂ%é@s@%?ﬁﬂﬂ@@d PEEISROPLAASI REGNIASR Afethod for
stabilising floatingcressed rediang neieeedsuynvedtrattiorubas ARl Ahyreshastisemfiyishxe the steps of:
sensing the precession of a flywheel of the gyrostabiliser; gener t;@ control signal aimed at
increasing the p?é%%%%?b%o? evi'égg %s?gﬁil e‘?rﬁ‘y\/\?ﬁ]\t&ﬂ L%ﬁf?t‘% P A #%¥She sensed

precession, thatithi froesdssianexdeededed a predefined limit; and,

8. A gyrostabiliser control system as defined in claim 7, wherein the control

system runs a predictive model of the derived process variable to allow the

15 AGC precession braking gain factor to be varied based on an estimated
~ future state of the derived process variable.

9. A gyrostabiliser control system as defined in claim 6, wherein a
precession angle limiting control function acts in series or parallel with the
AGC to prevent the precession angle from exceeding a predefined limit.

20 10. A gyrostabiliser control system as defined ‘in claim 6, wherein a
precession rate limiting control function acts in series or parallel with the
. AGC to prevent the precession rate from exceeding a predefined limit.

- 11. A gyrostabiliser control system as defined in claim 1, wherein the first
sensing means senses precession angle.

25 12. A gyrostabiliser control system as defined in-claim 11, wherein the
control means estimates precession rate and/or acceleration as additional
process control variables.



applying a precession control torque to the gyrostabiliser flywheel responsive to the control signal
whereby, in use, active adaptive control of the vessel motion based only on the precession of the
gyrostabiliser 20 flywheel can be achieved. 17. A gyrostabiliser control method as defined in claim 16,
wherein the step of applying a precession control to, que includes providing a precession axis braking
torque and does not include supplying motive power about.the precession axis. 25 18. A gyrostabiliser

| hod gg defined in claim 16 in th f ' | signal I
Automatc Gain ConoIGHERTRNER RISl R s AR (e BrAdustF R et oo as o

let the flywheel dentrhisestenu dhrieciestidessspassifie semsingthecpieftesdionngte aidd. A
gyrostabiliser co%wimgl}%é%ssg%gﬂﬁ an‘f‘ QHE]. 18, wherein the AGC includes the step of increasing
Y ra

the gain factor when a derived process 5 va e exceeds a predefined limit, then continues to ramp
the gain factor dPANn Kntil Fge§§' Fesrsc\éa}]rti% Ig esxc%eds tgeflimﬁiJ: a aip.. 20, {0\ rostabijliser control
method as definéd in' ¢l T ) URRer |nclrudin6 fﬁe s?esp ot IR ihrg %%F%dktiv 6d81 BFthe derived
process variableeiatibnsistenG Juthinrfadtotudebemeaies! Hasedensingestiwatprbtessierstate of 10the
derived processa\é%[%iaeqa-logJagéégygggmﬁ%rr&%oanﬁm% geefined in claim 18 or claim 19,

po

including the ste limiting a precession angle in series with the steps of decreasing or increasing the

AGC gain factor,to prgv ‘ecess| ngle from exceeding.a predefined limit, 1522 A
gyrostabiliser chE‘%[)'rol'gngﬂggk%@[@e%?ngcﬁpﬁ%%%@] oargcl(g?rﬁnf , nc LEa mg é\gﬂéﬁe&‘li&ﬁing a
precession rate ¢anRiEvicsyaliemtivsesdpe staeedeprsingssioncaiadingstimale thgaireteassioto prevent the

precession rate froim, ¢X¢RE YRR Hre4ailahiRL: first sensing means, said estimate of the

10 precession angle being substituted in place of the sensed precession angle.

16. A gyrostabiliser control method for stabilising floating vessel motion
induced by wave action, the control method comprising the steps of:

sensing the precession of a flywheel of the gyrostabiliser;

generating a control signal aimed at increasing the precession of the
15 gyrostabiliser flywheel until it is estimated, based on the sensed precession,
that the precession will exceed a predefined limit; and,

applying a précession control torque to the gyrostabiliser flywheel

responsive to the control signal whereby, in use, active adaptive control of

the vessel motion based only on the precession of the gyrostabiliser
20 flywheel can be achieved.

17. A gyrostabiliser control method as defined in claim 16, wherein the step
of applying a precession control torque includes providing a precession axis
braking torque and does not include supplying motive power about the

precession axis.

25 18. A gyrostabiliser control method as defined in claim 16, wherein the step
of genérating a control signal employs Automatic Gain Control (AGC) which
operates with a gain factor that is gradually decreased so as to let the
flywheel develop as much precession as possible within a predefined range.
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19. A gyrostabiliser control method as defined in claim 18, wherein the AGC
includes the step of increasing the gain factor when a derived process
variable exceeds a predefined limit, then continues to ramp the gain factor

down until the process variable exceeds the limit again.

20. A gyrostabiliser control method as defined in claim 19, further including
the step of running a predictive model of the derived process variable to
allow the AGC gain factor to be varied based on an estimated future state of

the derived process variable.

21. A gyrostabiliser control method as defined in claim 18 or claim 19,
including the step of limiting a precession angle in series with the steps of
decreasing or increasing the AGC gain factor to prevent the precession
angle from exceeding a predefined limit.

22. A gyrostabiliser control method as defined in claim 18 or claim 19,
including the step of limiting a precession rate in series with the steps of
decreasing or increasing the AGC gain factor to prevent the precession rate

from exceeding a predefined limit.



