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I nvention The present invention relates to a gyrostabiliser control system
and met hoatof2or/®ombi | | si ng nmari ne vessel notion i nducedPoy/Alaud/@ngs
environmental 5 excitation forces that produce roll motion and rel ates nore
particul arly, though not exclusively, to an active adaptive gyrostabiliser
control system and nethod. Background to the Invention 10 Wien a
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peak input exgdhfethddie stabilising effect during nore conmon events will be
severely limted. It is therefore desirable to provide a gyrostabiliser
control systemto either vary the resistance to precession, or actively
control the flywheel precession notion of the gyroscope. 25 There are many

known gyr ost gackgfstind- @ iHedhvex@iéss, fromthe manual precession axis brake
actuated by a | ever to active control of the precession angle in dependence
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precession torque will cause the flywheel to precess through more than 90°
(over-pfecess). Thié 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 gyroétabiliser 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 éystems, 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



10 conditions, so the performance was limted by sinplistic precession
torque controls. Wth the invention of lighter and cheaper fin stabilisers,
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gyrostabiliser contral system for stabilising marine vessel not| i nduced
by 25 excit.aPY¥hn q‘o‘?’@ssr P98 9fr SREL nQOF?nC"P@ﬂ]SOH, Pﬁee@m?'ﬁol'"s;\/gﬁem

conprising: 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 neans for sensing the precession of a flywheel of the
gyrostabiliser; 4 based on the sensed precession, that the precession wll
exceed a woeddgfion®d |imt; and, an actuator responsive POTIATRITNN0T6S]
signal for applying a precession control torque to the gyrostabiliser

f | ywheel whereby, in use, adaptive conBrol of the 5 vessel notion based
only on the precession of the gyrostabiliser flywheel can be achieved.
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The present invention was developed with a view to provudmg 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,



(based on the precession angle and/or its derivatives) wll exceed a
predefined limt, the AGC increnentally increases the gain by a set anount
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an increased braking precession control torque to the gyrostabiliser
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exceed pre
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 ratnped 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



6 applying a precession control torque to the gyrostabiliser flywheel
responsive to the control signal whereby, in use, active adaptive control
of - the woezedl10nm96i on based only on the precession of wrh@/Ageoodgvetss| i ser
fl ywheel can be achieved. 5 The step of applying a precession control
torque may include providing a precession axis braking torque. In this
case, no notive power is supplied about the precession axis. The step of
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limt, then continues to ranp the gain 15 down until the process variable

exceeds tpe Aipiédesaibni é‘nglJ mutmgrziombl fmttisrdmaRact incderide drparalfeemithf runni ng
a predictive nodel of the derived Frgrocess vari abl e to all the AGC gain

factor to bethgAGEdopsREN fie BECPRIPRANEIEI AT excegding A pcrﬁ el il process
vari abl e. TthtfrﬂanFé% oF%HH@i@nW d &@he%ﬁ Pﬁeﬁhﬂ%g)f:orht'rél‘fhh&%nt M3y

precession angle 1n 20 series &ara i'n any function) " wth the
step of decr@qgmﬁgzr@s Qrmﬁfél‘ﬁélmﬂj\ theeA @GOgareﬁemta&reoprepeswrewﬁtfrqme

precessi on aé@e%ﬁ évhfe;a%ﬁﬁgd pﬂta predefined limt. Additionally or
rol” e

alternatively, od may include the step of limting the
recession rate i
P 10 Preferagly, after tshe(R(rBC 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,
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In any other function) with the step of decreasing or

I ncreasing 25 the AGC gain factor to prevent the precession rate from
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(or a function of precession angle and/or rate) exceeds a predefined limt,
a high gain signal nmay be added (in sefies or in parallel or in any other
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conpri sing: about tid plekdsdiopagishydraul i ¢ cylinder connected about the
precession axis of the 10 gyrostabiliser and deflecting with precession

notion of t
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cylinder is
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@@ewbiet dperdthe withlaogaic dattorcthat is gradually decreased to allow
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
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
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
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
exceeding predefined limits. This is to protect the gyrostabiliser mechanism
from over preéession or from generating an excessive force and permits the

ontr ol
aulic



15 portion of the hydraulic circuit by the danping pressure portion of the
hydraulic circuit such that fluid flows in a single direction fromthe
hydr aul i cwoybiwvi@erdet o t he fl ow control portion, and thePCraw2eormesB
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 from20 the flow control portion to the hydraulic
cylinder. Adwsenofaare G gontil svhictomiagewmt itself respond irapidlyi erfoughdo lldrgeor y

notion of the precession axis,,causes the cylinders t ct as. a.single flow
direction hy @A eCHTRRCSSH VT B EBREraTeSs IR ansie 1S Nioh BaBeShPlar r ay of
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parallel flow paths. The array of control valves, or at |east one of said
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gain signal froma gyrost i ser contr syste e proportional control
val ve may be,electronically controlled (i.e, .in resppnse.to a control gain
sranal ) A rsieEsing B b REct PLARCataseBt bBrieR HB5 s Prideden | n
series wth mftRa@icopifduit fnadonteNhg Qhe \HrésessioRUhti ®f FOgRLtaBRAREAItheN t he
normal |y cl osed val ve may be signalled to remain open, 5 including t he

el ect r oni cal MXATRYIGGGHItEAMPrISHEr t i onal flow rate control valve in the flow
circuit, but closes in the event of a | oss of power or a sensed control

syst em errorat [Ehst ene Aydratlic oplinder conheated aboutathel presessiore amis ofahd f | ow
pat hs may,.i ncl ude j xe nual |y adjustable flow rate . .control valve to
all ow a égf a rgg‘FP'ﬁ#']l%}“g%%c rglgy@bgfec%eg's@g ra%tfqrh%fjdgeﬂngfqpéllsp{, open type
fl ow control valve nmay be provided in series with the fixed or manual ly

adj ust abl e & d@mpingerressrediontialive. During normal operation the nornally
open valve may be signalled to remain closed, so that the fixed or manually
adj ust abl e f& @owrcahocportiomlandal ve is isolated fromthe circuit. In the
event of a | oss of power or the 15 sensing of a control error, the normally

open val ve W hLidoR@plyasttiost roduce the fixed or manual ly adjustable valve
into the flowcircuit. One of said flow paths nay provide a pressure relief
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manual | y 1adj patiab| ¢f thel edralliorcirttie byl ted dampirg) byessars rpalrlicrd of 2hge exceeds
a predef nedhfd%&licl §>/c%llt'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.



This hydraulic circuit enables the fault tolerant fall-back to a fixed or
manual | y adj ustabl e danping level in the event that a sensor fault is

det ect ed,wonotimabv79power to the control systemis |ost. Paorougbawnotske
specification, unless the context requires otherw se, the 25 word
"conprise" or variations such as "conpfises" or "conprising", will be
understood to inply the inclusion of a stated integer or group of integers
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with reference to acconpan raw n I gur e

schemati ¢ ditagflam ditcuiishutaiaseg in tie eyentota loas ofipowet ar a sehsed cpntwst ab| li ser
control syste ure 2 is atop plan view of a preferred enbodi nent of a
gyrostabili ¥ €3"?1‘3§53’E:ordance with the invention; 10Figure 3 is a top rear
perspective view of the gyrostabiliser of Figure 2; Figure 4 is simlar to
Fi gure 3 excHis atranef §@?f@'dﬁ'V?ﬁe0f@3ﬁ®iﬁ@ﬁ?§f(§ﬁ'dtﬂ@VQ?ﬂ‘@smabmqllwra are shown

in expl oded wee%rfmgneﬂgé@ustame f vﬂﬁ&‘rc‘% @Ive(tg)all I ffouy OP 1 ont

perspective Views 0 rostabi 1| ser ure e gyr oscope
at threeldi fdamping le_\abrt@(besdzafmadalﬁghermallmanmlnytypé@bw cr)nta:rhdalvé(may

control o r o PPt s T beE e Biaril, Bl SO B B SR o 1 o
bl ock di agr amaivé. Iltleninigahbmgaltoberambaftleé nmha&llyhménmme Wy deaigralied teéyst em f or
a gyrostabi Ir'ersnearm ic os% 'cor dtﬁgtc ?newﬁxed or manually adjustable flow rate control
valve is isolated from the circuit. In the event of a loss of power or the
15 sensing of a control error, the normally open vaive 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
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 fault is
detected, or that power to the control system is lost.

Throughout the speciﬁcafion, unless the context requires otherwise, the
25  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
30 to the working of the invention. |



20 the present invention that is based on active adaptive control using
only neasured precession angle and it's cal cul ated derivatives as process
control wapi2atl/@8796Fi gure 8 illustrates adaptive gai n ewvorwutuzon/durssng a
simul ati on scenario for the active adaptive control systemof Figure 7,
25Figure 9 illustrates the control system of Figure 7 incorporating a
safety and condition nonitoring systemwhich nonitors and Iimts precession

angl e only, BrietPeschptioniof tienDyawingsoth; 10 controllers. Figure 11
illustrates the control systemof Figure 9 in which the safety and

condition mphd Natite & e heh winv%yb&&;ﬁ@%r&oeg%fogﬁ SheMofiiihg | LM Ler:

Figure 12 ustrates t contr system o ure e”safety
and condi ti odeteted descngiopysft sevesdlf mlfmeembadlmnzess obdhér gyeospatuilises si on

angle limtef e t ter ilgqure 13 1S ock |agram
schematic rep?es iﬁ?&? %%O&EQ‘Q% S'VFhreE&M(g #Hﬁ)eﬂ& \gﬁ@ﬁ%ﬂfé‘cﬁ Bcessi on
control | e6; thechccoMpagying didwings,anblhictk di agram schematic representation of
a second exanple of an AGC adaptive precession controller. Detailed

Description of '?ﬁ@ir@rf Rda EHP%ﬂ%thfgi%graﬁﬂlgFg%t%%*’t\{e’?we?é%%ﬂ:ﬁde% b Qp the term

"vessel" refers t0 a marine ypl ca oat, yacht,
barge, ship or amnastiahﬂi$ewttﬁn¢fbl s$ysteyubj ect to oscillating notion due to
envi ronrrent ally induced excitation forces that

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



produce roll nmotion. The term"roll notion" refers to the rolling notion of
the vessel including any or all derivatives thereof, but nore broadly
refers tovargiio®eidl ati ng noti on of the vessel that it iPSTaRITI®EOt68 be
attenuated. Figure 1 20 illustrates in sinplified formthe typical
architecture of a gyrostabiliser contr#i systemutilising both vessel
notion and precession axis neasurenents as process control variables. The
notion of the veeskdlleélsi s transferred to the flywheel 12 of a
gyrostabiliser 10, and the precession action of the flywheel 12 produces a
gyroscopi ¢ st abiFigwerd itlosteatés thmtomwusyﬁemcd)stighm nimavhich2tbeisatbtged by t he
waves. Gyroscop reedom

f ]
b ecessi on. By COREPILBRATOYRNEA SYREM TN UACR.ES AdTErrar e

| ocati on of themm%s,el hul I, the flywheel 12 produces a gyroscopic roll
nonent proportional to the product of the flywheel's spin angul ar nomentum

(inertia g angul@uréalzomuétvéteﬁmb SOrRESF SHtEm deaFl?ureT@% Which thatsdfdty 30
general |y const but this can al so be contro Hence the | arger the
11 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



precession rate of the flywheel, the |arger the gyroscopic stabilising
nmonent _produced on the vessel. However, the precession nust be limted to
ensure nmewOreonvwe™hani cal | oads and ot her physical consPCaiAl2e11awe1680t
exceeded, and to prevent excessive precession angles where the effective 5
stabilisi'ng torque is reduced but non- lisef ul torques in other planes becone
significant. The limting of the precession is achieved by the

gyr o- act uat qre@ksiorhmate pf thedlyivhatbtheBrges theg giyoatopic etatdilsingamibyramaul i c,

mechani cal, electirjcal or a i natipn system that  provid a torque about
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a nonitori ngnanmuePNinehadiyalt ¢Bads dhdvesithdl pgHysican MREaInts? &eo\Hoties rol |

angle or roll rate neasurenents to the nonitoring and controlf@sci/.stem 6. A
i

gyro noti on &X6A8ERd. RNk B PEMENMAXSEESIKE BrRRsSIoR ansipfuvbaiEnths effedtive
O N 'S . T - ey 6
moni tor| “@t ﬁ%@ﬂ@gﬁ%é@h“ﬂﬂm}:ﬁ? bl RofB8APY, rdplg;gg;ﬂ%tﬁ%léﬁ’és BYSdrhEn

processes rement ormation an uces appropriate control
commands t o sigrefieant.oTbe tiouatingr o2thespreagssion Isi achievdteby the gywi-actuatar e whi | st

maxi m sing t I reduction. Pr rned. . odi pent rostabiliser
10 in accoro%czﬁﬁ/i 9¥|r%ﬁcgu?)t?res t'gi ﬁ@%ﬁ[‘fo‘?{ﬁ‘fég gl Fﬁ%r??"@{’eﬁ"l afylcé'res 1to
4. The gyrosdladtiitalser dOccthbinatige isystera thay weedesl 2 (tohjueh atieyt hike seal ed

i nsi de an enclosure) with a vertical spinning axis. The spinning axis is
retai ned by RBFeeSRE*X'fgs 14 | ocat ed bel ow and above the flywheel 12. The
flywheel 12 and its spin bearings 14 are nounted within a structural

f | ywheel 1@aghel gctiomhofcthei gyro-askiatorrdist regdulatedabys atmeritagingtand eeral ngs 18

whi ch provi i _gl.e ' e faor tiongl d r ssion

axi o). he gyPRl BT SBEE AREORT AR 4 Able8 R BREBCRPLEL AR he

fl ywheel spimeasgements its thermonitdringt anéraontmobcgstenor®. ahgdywo @motlon he

precession axis i I gned such.that it lies in t% @It%ge cont ai ni n(g the roll
r

| .
Mot ion to beseheph R BIoNes ArRsEssiah Angle JReastisments © the mARterng BhE 1 yuheel
spi nni ng axigontrd! RYEletP 8. aThAtmaSHRIng" 868 OGB! 8Pk 6 processes the

15 measurement information and produces appropriate control commands to
the gyro-actuator 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



30 and the precession axis is aligned such that it lies in the plane
containing the roll notion to be attenuated (vertical in a ship when rol
notion i swbehnigloog attenuated by the gyrostabiliser). BoTw@srizoegesents
can be controlled by the nethods described in this specification. The speed
of rotation of the flywheel 12 is conttdlled by an electric notor
controller. Due to the gyro-dynanics of the gyrostabiliser 10, vessel
rolling 5 nodttenuatetdbydise tglymstaitytdee)eIBottageaﬂl@ementspcmbesdontrﬂilm bpduced

precessi on t|o ase essel rolling notion. As the cage
16 precesses! eé"‘?@Paﬁge?‘g'bﬁgd’ém{?§Be%§:a¥‘ﬂ@z spi nning flywheel 12, which is
perpendicular to the plane containing the precession axis and the spi nni ng
axi s. This wihe speed of eotation 106 thes flywieeel dyris-aonitrglied by/an alectiic mbtove, t he

0y -t o7 aue. L5 ARePTAROLS HagleolnbbsPHAAY Shrdliabileer {0/ WagEL phgr moment

of inertia, € spi'nning spe precess on ws t hat
for a given metiowihducesthe dipwteéli cage tfytd Ipeecassséﬂher ipduced) prevessidn  an

d f duc d
bt ecess: on rHPEhiinEssEPERg YEase dllibe eBoR oA e Cage 16 B LB w e sst on
rotation pasg %qh@ﬁ@@éﬁbré@d%}@ﬁﬁ%ﬁ%@ﬂmeﬁ? A2t bmmy.g Do

conpletely in the opposite sense to the roll notion of the vessel. The
gyr o- tor que HeIRIaRg EORMBININGIe T RSB 3XiNBRd Hie spiBNEgeinasThinavithge 16

precesses avgye rié@%zsiqhergg &ﬁ;’angise nbR %BQetmd@a rawdrhu@%?

conponents acting in e roll notion SO |
or t hogondp zmwpama( ﬁméhqa!mqiﬂlt‘arﬁ fh@r flywhesl tnadar mnn@twfyumeea tbenf i gur ed

for roll red%%#'ggispgggaw éattgp e gg\sKM)r a horizontal axis flywheel

configured f educ € precession notion is not controlled

or is poorly controlle In sone C|rcunstance the co onent acting in the
yaw axi s doel ﬁ“ﬁwscg?ﬂt fiobLﬁ givep pelod; algmedien fingd X 1@) vesee! relingave

L gl R
oscill ati on MiakimwRr qeeeession 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



90. Wien the precession angle reaches 900, the torque generated by the
precessing flywheel 12 acts entirely in the yaw axis and therefore does not
oppose t hwowaueloarsd | nduced rolling torque acting on thecradeel1/00868it can
30 be seen that there is a conprom se between achi eving nmaxi nrumtorque in
the opposite sense to the roll notion,'3nd linting the precession angul ar
13 range to ensure that a significant conponent of the gyro-torque is
acting to oppogete Resuredbal asignificagt canpanent of theofyroHerdueyis taating taf t he

control systemfor, th iliser 10.i.S I recession axis
control tor ibos the WEssY FMGiRRtiors "ané el e AN o Re BREESRISGM iy
preset |im tfer mwg)tr@stebmsém@nst lmaépptlhe preteéssin axiecontolaorqleetd IMit exceed a
preset val ue, % ro noti on sensor 8, recessi on of the

t he
fl ywheel 12 th?s‘" F%H‘Oit'ﬁ“t%‘éu'@br’ﬂwﬁ t%W'tPWdQI@g? 5%0?;# Y58’ i on
sensor 20g Ahmeeéﬂe%ftdr@éb%@wwoeg%mm breskigalg ecessi on shaft end,

and the sensor 20 I1s nounted axially at the end of the shaft. 10 The

gyro-actuatoy 22 is provided,f a a torque f I cae 16
about the- pradia iREIRS! 8 f SABIGLAR b of e VR 02 %, < e
hydraul i c sysbeides e firmdofanpadictat dngdrarposition sehsstez® R hagastiect ed
bet ween a quadrgnt nount ed aon ttngdﬁr ecessi on shaft and the foundation

supports fortransguess sseHMedsar eqeRsiqn,8nafl gpdupnd e SERSRIT 0 3 are

val ved 15 syghyttBataxidy b theleHifoftfe R4kt | | at es about the precession axis,
the pair of cylinders 54 acts as a hydraulic punp, which punps the

hydraul i It roll the
restriction IE atprai el b Plhvdee By mbBliskLA thbe S ENFERY Gosc B on axi s
r equ:c r Ie(cjll t2 g ahumptlhélepéé%esfs@na@ﬂ@sla mtseerrlabdlmer\ﬁnhfgyr&@?tbama a2l 1scan:]9|nt r gl
mani 1o | rovi or contro e ow 0 yaraul I c ui

and cont ai nsh%f\g"”kgl P EPTHNLShtd &a,regf ng"%léc Cﬂj‘q%ﬁ ﬁ GORPRESY ow
control settidi@ebRe QLGRS HUNRY 6n ARETRVEL@SSBR PRfVAID B fdundHtiéh 6 is a
sinplified circuit diagramof a hydraulic control circuit for the

gyr Ost abi | | SBIPPOTREOTHPRARSRbIISSRTPoll Neityie fyeraulc adkdgruat AR AN t he 25
hydraul i G5 CydcRUREE adthe taBe Mo bsbiftd Bdodt the gibbdssidh bR, fe! S&iF bPN

i ndi cat ed
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



by the arrows. An electronically controlled proportional (or servo) flow
control valve 28, which is normally cl osed (when not energised), is |ocated
in-1ine. Wo2oormweidsoperation the hydraulic oil is punpe@CacNiasH/inss
proportional flow control valve 28, which restricts oil flowto create a
vari abl e 30 resistance to precession. Buring normal operation of the
gyrostabiliser 10 the proportional control valve 28 will be energi sed open
by an ampuntdetdrnided &yrtheadbnbylldrh 8ycanying thee flowByetiraysyomend haivé 28w settings
on the valve 28 the flowis rea)tricted,and t he gﬂrN%cessi n of the flywheel

i s danped. THE flavborestasias andoihecBiecesiion &f Je Sywheel isndampeedThy a

dedi cated amgpbpbitiehal kv Soritdl Vawale ifBaftIRd byfa B8YiBAtel BV ed from the
control system (or iIf 5 the systemis in an error state), the proportional

control valv | gse reventing flo cr it,. At the sanme,tine an
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proportional flow control valve 32. The directional] flow control valve 30
i s connect edPPHERIRNG HQW\PERSS HE gé theursaae y%jaﬁs?kﬁ‘rﬁn'ﬁ? Getivaledl 1 ow
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el ectronically control |l ed proportional flow control valve 28. Th%s

di recti onal &b@nually gdjustabBopressyieceaipepsaipd pProparional flowesantrgl ¥l . To
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34 is al $0 pnenuallyd adjustabhes, prpporibhall flow tomtradl ealve 082 candy botntarel | ed

proportional fla ontrol valve 28, to ensure that the pressure,drop across

the control ?Pzg'ln\?\éif%d'{)‘é@en ?rah?cté’e@'etﬂgc%%?ﬂ W?P%Q%')E{’]e%ga% PEA fessure.

The set - poi ndontrol VAlve 2Br Tsé directionll &ntrohlalge 8DTieabinvallyYopemns/heheopr ecessi on

control torque t,haé)ei %_Pap lied to the 20 precession axis. A pressure filter
S

36 renoves i$AI9SE ré’ﬁ?if‘tﬁé‘ hr Aalvee §0sRdd fon Parandl; gyiastabiliser r equi r ed,

an hydraul i coddratiich, Aeifleroid BENEeqARABbeddhdiyidedqul i ¢ fluid pressure
accunul ator 40 may be provided. In addition, an optional manual hydraulic

fluid pu S ' | L1t Tl | npect ed a
hydr aul i g?co t%'ﬁ%maﬁlgLﬁg&tpg?goslﬁgéjgéél'&g%i\,’é%ﬂ@g?lggy?\a%qcﬁ]'{'] ealpaéqu(ﬂ%r aulic
system fil | ithg eteutronicallg oofitralied preporional flowapntrobvane 28storegurg that The
control of precession,, axi s braking torque i -executed .in this enbodi ment
WEhin o m HNSATESTEE didR PoiaRs 1S CHPBRCChGS THAs e SHEPBRHS DYTaVtE | o
managed Wit heybferADdedigs pRIEERL eThé OséthipimoRE I Pid eirebsRecsaiRf VARl e. The
proportional hydraulic flow control valve is preferably driven b

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.



30 an 10 nodul e, containing the Hal cyon precession control algorithns which
preferably uses roll angle and/or precession angle as feedback. 15 A first
enbodi mrerwoabtiaogiwsost abi | i ser control system and net ho#Craenawamsce w t h
the invention will now be described with reference to Figures 1 to 9. In
sonme situations, vessel roll informati¥h nay not be available to the
control system Figure 7 is a schematic diagramof an 5 active-adaptive
control sysfrﬁe][ﬂrs'stn embodimentr QStaa]E;jykdasltseﬂSillimgbdsquli _§y§_@hnbﬁ? nm@}]ﬂbﬁ; lﬁkﬂwﬁyrﬁ
precession information on]y .as feedback. utilising only the flywhee
precessi on A4GPERRT Witk tbéwew&toedweibﬂpwa ?v‘i“sscélge% with JBfeEengs: d2ess
control varirgdlres {18 9o rs@he%ﬁ&éi_f@ngp%sééﬂroﬂ?iﬁfﬂrh%tihﬁ‘frﬂéggﬁdt ,
describing the environnental conditions. This limts the nunhber of points
of 10 fai | uravailahledpi theegonirad systemeEigurre 7cisse sthematisudisgmm ofhan st
mai nt ai niyng excel : ' ' F endi t he

ot st ance s 2 BB R RN PR YRR T E R | e

rol l'ing ratessofyg gyoapiecesgionlinforraatedn erlyeasl eamibaek.t By rutilisingl only tiee i nduced
precession tglorﬂue will cause the fléwhetfl Itto precess through nore than 900
(over - pr eced¥yVNes, precession, anale jand; i) qaiquiated, qariativas ap & ineasied or que
produced by grbsess! yorias|vanablel tHeRBALET sysYerh edueFeRotZ@RigRire TAR rABEdE! I ed
control system and nethod of the invention controls the flywheel precession
by appl yi ng d&ﬁc’&iﬁﬁg dhe eayieonmentalcangiions bhis digtitsitha rwmbar O8RS 9T This i s
Significant tafure! sPAPIMS ARE rddiRes QA ERIRAprbQudtionY WviifisiPhdiN@idqyer to the
actuator controlling the 20 precession axis rotation, This reduces the
power requi rexgeliant weotinmpitenuation peermgness tReneandingr omthe resistanemkes it nore

efficient. r ' S ' in Control
(AGC) pr eceﬁ?%%gcwgnﬁugﬁpg)&q%%%\éélqugggaﬁae’g@ @*nﬂ@g?@ﬁ P‘”mf?’ﬁ %ﬁec;?t\put W th
a fixed per irotion ypilcate) gxtcdexisrencertaih lgyvel, ithelindficedptecessiontorqie wile vessel
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termgai 16 lause®instabipan tiie eon @pRtiAg torqal Predwdeer iy thie Maehddiasnption is
not pure harnonic, nption, but acﬁu&al I,¥ random notion in a narrow band of
peri ods. ForMYRSHEIYY beRomes e  Haseter roh gyt RANISped &f thhen t he

Wave invention controls the flywheel precession by applying an appropriate

precession axis resistance torque only. This is significant as it eliminates the
requirement to provide motive power to the actuator controlling the

20 precession axis rotation. This reduces the power required to be supplied to
the gyrostabiliser and hence makes it more efficient.

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



30 height and/or period change, the roll notion changes, resulting in
random precessi on notions. To accombdate or react to the random precession
noti ons pvesemnt10dTeéuse, while the AGC precession controlPCBAROIgenssat es a
16 precession torque control gain proportional to the precession rate, the
precession angle and/or rate is used t¥ adapt this gain on a wave to wave
basis. On initialisation, the systemof Figure 7 starts up with a

pr edef i ned gaéaeé‘sldracmrquet baitral syt propordiomal gto Ittm/eﬂred:essinmtraet théne

gyrostabiliser fromexceedin e. max r ssi on _angl e. wever, in use
The eyt em GTeR SR ansI8 it dat o fhes G AdPY i S AaG eV THBYS bei ng
gradual Iy myydgig zed (or ranped down) so as to let the gyro fly wheel 12
devel op as nuch precession as possible - the higher the precession, the

hi gher the r u - provi des
adapt ati on t ﬂég%%ilgpn eéysq?ate E&?Hrsal ég:q'ttnon |Rti§ é}?%ga@g'gtem
effectiveby fackeditedtds sbetd a lkigh lboeldoqirotﬁamhmw@stabmsm fm“mtwbegjm@ac hed.
Shoul d this tgvent be detected b gi rJ'@W Er eceSS| controII r t hen the
%ili n It?\ r api P)}“ﬁﬁ'&“&é@é@eﬁw&?&q % &YE" A" H‘fs& g W%’f\e%fy Sﬁéetf)quue

ce the evesher RAgaRdfac etnav 8Way8 Bdin SdWI iz y
decr ease thgd%al n. This r§esul ts in the saa?\'/-toot%tgghar a?t eristi cu(?l | ustrated

in Figure 8. faﬂf@ddépé@i i $h asf tQa '9fot“lfthYéFP fyehegin B dexelPpABC®YSH on angl e
(typically %I:Q.ehs? res'ﬁﬁ'?]ﬁ érqngﬁé?wheg?ﬂeessé.aa ey g%{h%?ftﬁé'@l‘ and

conparing it Since the precessi rate | eads the
angl e, tHDs erdwhg ememeat p'ﬂaashannlttonouaegamnch;angeoprQ\MeSeadmtatwn got ent i al

precessi Ontﬁ ?}g ’Sé?% sﬁ%tgtahgggmnb chSutuBn %ﬂté’rﬁléf%ch IY ﬁ?&ﬁ&&' and

overshot, sys ‘e Yo Aeregsed proportion to
how nmuch t hethehiketittadddofi agivems Ipoécesbbmmemg re‘achlae Pheud ks mventbe
threshold in,the A ec I on controll s, set ,to a conseryative | ow
| evel to avoiietisd )SQ{B é%éés’?'@ﬁe%ﬁﬁﬂ é’°8§8' ¢1 theRe e RRIRuIR Eﬁq'%

precessi on aReleRAséd 8b a1 HRbAIE @ mémhggtecbbﬁolquaéa@hbe R eVt Ragi sm from
reaching the end of travel O the cylinders 24 in Figure 6), then the

act ual pri8ceRassed. Hirys¥stany ?ﬁ@'“u%téem%ts\ﬁerq)'afji’?ﬂﬁ @ﬁcreﬁ‘?"?ntw rﬂj’"l hEigmount  of
motion attenyRpiOm tﬂé%‘ébﬂl‘é@trp%atrsﬁeﬂéﬁcqwsﬁg{éd in Higure 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



17 likelihood of an event occurring using precession feedback information.
The performance of the controller does not take into account that the

gyr ost abiwp=er1/1079q0di fi es t he behavi our of the vessel PCT/RRDI1/®168he

i nfluence of the feedback structure of the systemis not taken into
account. 5 Ignoring these effects incrases the likelihood of two types of
errors: false alarmand m ssed detection. In order to: a) permt the

pr Ieceszi on rlnaélmoltoldrcﬁsehoévbrit Rctirend\GEingqrecadlsioer feBbaak u?gavr\z\etnom Ol'tee mglr e g
rel axe er lever to give nore notion at uati on ere pOSSI e, an
b) rmonitor %@m&mm@s %fuéﬁe §°’ft%9"§bn§‘?eo§r rHOén% NP s 600t dhati e

safety and @gfwtéb.mrmlh@ameg thY ShEBVRAIr 6f IO WedSél 25 THAEWE ki Fi gure 9.
The safety and condition nonitoring systemmay nonitor and limt precession
angl e onl y upﬁt@@@wfcthe feadbagistfueirerot the system gunet t@be@msmcpwu;e types of
events cl udi ng
the fal se aI ﬁ@n%ggeeqfeg{sd'h? %%%e%‘rt]ﬁegbfegﬁéo@%f vé\mets'r&eaj;l , ‘Jfér: the rate
and angl e O\mmhamﬂ mi¢smidrdetetipect i ve threshol ds. In Event Type 2, the case
of a false alarm the rate overshoots the threshold 20 but the angl e does
not, so if the sty and condition nonitor 62 is only nonitoring
precession rate the gain will be increased unnecessarily. This would

I d h f |1
ottt von. " vorl BB e R BRI S IRP I PR Paf ARG 4D ke ©
precession .rate tset kd @i rofeftaxed; higheansleptoghet mbrnangmbosawmhbimer

mechani sm from 25 excessi ve | oads. However Event Type 3, a m ssed-detection
error (Where the W@ PasRiBlendfd gver shoot the threshol d, but the angle does)
may | ead to the gyro flywheel reaching the precession travel limts.

Therefore, thebpanhenitorforceromsdich anfalsmalaon iand/os yyssad dteelitbul d at | east
noni tor precession angle as shown in 18 Figure 11 to detect this condition

and i ncreasep shRtyCANd EOhdifGNRAREYR System B2Mb Yrovidedke showh e Fgure
precession. Wth this arrangenent the saf etgy and condi tlgn rmnl torl ng

systemis ef% ecTW“?/e‘ia}ffet&c@W%Qoﬁg‘t'ﬁn gReritasiag osysierg) way; mopdor gbd Iispikt o abI y
the safety %}Qc@&vf{ hhge bFé&bbé]Qn%téfoﬂW&%o'@h noni tors both precession

angl e and pr'ecession rate as shown in Figure 12, and therefore is

ef fecti vely aActingh 85,h0kled oS HTEULAR ANEH Babh Bldc §28adk e BF CesSi O

rate Iim
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



The angle and rate limting control function bl ocks capture these errors
produci ng a robust adaptive controller in conjunction with the AGC control
10 functiwo 2bl10k796 The safety and condition nonitoring ®¢IAAINBAGGES ON
the gyro actuator 22 only in the event where the precession angle
approaches a maxi mum (70) at high spee®, and the AGC precession controller
60 has not increased the.actuator command to the necessary level (m ssed
det ecti on erfigure.11Tioedet&ctshisetopditiod andrinicreasan theocoriton commard gain &gr at ed
with the AGC or oper,at at least in effect). in series or as, sho in
paral | el siarﬁ)c?@? rake1oc P|%Y’?A/Pr?°e;§?'8au\€§tﬁa1?‘ﬁi%WW’E?%&W?@M@” equi red,
whi ch when syehtiign (Mgnitdrings Bpsteny idletfebtivedy eting el plecekdibn tdigyecomand
gain fromthe AGC é)roduces a high fgai n which signals_an increase in
precessi on ¢BHEF b2t firgfigeablyothe” saiebo rangdn gonditie r menitering, isystemeli& ur enent s

of the precessiRis 8O ﬁfeQBJss)fcma Eﬂ@é%n@%@é’éﬁm as e.iht)?‘ltsﬁtitgw.ﬁé qoreduce

noise and also to estimte t rivatives and integra e signal as
requi red. Waad therefergris effattivelysaating asdwth aprécagsiop grgie miténeda and of t he

precessi on %bég?éﬁifggﬁ%ﬁ%ﬁ%ﬁg tive control discussed herein can be

achi eved using 1 h only as 25 an input. If the precession
axis is driven however i.s.generally necessary to neasure a vessel

it , [
motion char ddeeAngle; and Jate iiting| sondtqyifunclion; Blpcksicapture dhese e¥0hons a
bl ock di agr g adiegrate tRhtro j GC active
adaptive pr ?g%ssilon Cﬂgﬁg%ﬁﬁ%ﬁﬁ%ﬁ%@%@%ﬁh@n dg&?%%%@@%?qg)gﬁ@\ﬁﬁn t he
precessi th rfunrgiondlodss than the rate 30 threshol d, the angle overshoot
will be negative. In this case the integrator is connected in a negative

f eedback | ooheagufetyimdocorditioinl thoritsting syé@neBRareNén ed yyrokdenener22 i f the
precessi on rat| e,@g%er shootg the threshold, then the integrator is_ connected
in a positi WO BdAsRMEN WOB" | IeEeRSI9n-2701R, ARPIOAGHES 2 iU ("9chi eved by

usi ng the nmegmHighigsedd, dndahevess peddesaidnaohBEi’6d Ras ABPHERALEE theput  Of
the integrator.” The positive feedback ensures 5 a very fast growth of the

danpi ng gai rActygtoRBPEMaNdotls thenBegrssans iveh (missed delgationagidonr elient s i t

: . . i I X

the pos; 15 v SLRHECERRIRR, AORIS cahBe micfaByluin! (e AEC Srbrerbtetl Y, °F
appr oachi ng leastiimeffect) svsaricsrmy asshownrieparaligl, smce it typeally dillpoddgde gai n as

h i on. l.e | di { limt. i h
Simi | ar bl ock ragnaand L B el oible whed hhmady IO dhmiR Ve °
precessi on dnodk 64 Ifer eRmpk) wgthathdeconm@dng rgaire fiony thd ABE prddces a a

function of the precession angle and/or rate.in place of the precession
rate and a 6}'5}85'9 Which Q'SP@'Stag‘r'BEWBF%I'W RIepPSRQD “tfoigorﬂﬁ‘%cessi on rate

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



15 derived process variabl e exceeds the predefined process variable
threshold. Optionally the control systemruns a predictive nodel of the
derived pwocessl00%ari able to all ow the AGC gain factor tProTha2varicedsbased
on estimated future state of the derived process variable. Optionally, the
control systemof Figure 7 may al so be!'Supplied with 20 i nformation rel ated
to roll angle, to provide a nmechanismfor precession sensor fault
accomuodat i expohentially maHowpegratifi the, preckysidimeater ecarskoats thagheshollyi ded by

t he sensor 64 and the estimted precession. rate ar sed., . Shoul d this

sensor Tai | et [HESTaIPTIEIEARREAER 1 & PO, teedhck 506 WAl e ®ed by an
observer to gveeHool dTRiSt$ ABlhievéd By RERGEAE infdhnilE @ the2BertR6otZds £st i nat ed
val ues can be used in the AGC precession controller 60. In this case, the

rol | sensor factopiq gompete the innst shiherintegratae Phaepestivefeedhpet pRsureh, but not

to build [ rs L ey Vi ef erabl e
to provi dsg g‘?@i%‘ﬁﬁﬂ“%ﬁﬁ% gé@gu@{ﬁi}T @%‘ﬁ%ﬁgﬁ’\o@eﬁé rréc}é(;sg@rqﬁr%@é, I.e.

t hr ough t he gyr@\aingdi prevefitsnitiiftoinpireaghing @spicsassiemsmgte limidO [deally the

2011/ 100796P: 2011/ 000163 20 odli rqovid a_n er of .advant ages
over the pric In(rﬁ{qur, Ori%?ﬂc s% itﬁﬁ R%@%o‘??ggﬁ%&?}ﬁh %“8'85?38‘-’%@%66 ve
control nodtdreclzewsmri d@?ieggledpwaenmgsei mitavﬁ@nmmrdzécr@@a?@ opa loWwer |
precessi on e.signal only, rempving 5the requirenent for a vessel notion
Sensor . Thi SORBRISG: 93 Foihsirresession ISr6RE 'ﬂ%ffev‘snﬁ‘éwm inplifies the
system and reduces cost. (ii) The control strategy of maxi m sing precession
angl es i 10, Fitureeldbhowy assimilar biotk dipgnamicddra secdnduexample of ity AGQ cessi on

angle or rate,|imdgs,. es.tha ' o.tor ' enerated w t hout
107 Frtr odudichl® SaPHE SR ab  os NGB s B o SRR ol ' o
nmoti on. Thi Shiamwraesurtdtiah afs then précessient angle oavt/or oate Thalepe OfVaves, W nd
encounter angle etc and ,as vessel |oadjng .configuratign and speed change,
Che gyt o- st ATPrRSSiAT AT PSS AL BresP D LaPaeS! e RERTIDEs! bl o
notion 15 ghiecthiadiold lRTtREcash! tHe ABCinttetBes e Yaimildtorevhes ttise such as
out of phase accel erations, discontinuities at precession angles

appr oachithg dr0ivad precess yaHaklgexeesdssthstriadsfined asp¢essyvariable 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



(i1i) The control strategy of maxim sing precession angles in phase with
vessel rolling notion wthout exceeding precession angle or 20 rate limts
i s achi ews0 20ittt0o196 conpl ex numeri cal predictions, provipdirag2eivoomsst and
hi gh performance solution that is able to be inplenmented on a w de range of
| ow cost nunerical processors. 25 |t 2011 be readily apparent to persons
skilled in the relevant arts that various nodifications and i nprovenents

may be ”adeerﬁt‘t?%&nl?n%n EFC%HES“Q n@ﬁ%‘é@"oﬂ%ﬂfléntagéh s thieqstidr art, iesieding r eady

descri bed out departing fromthe basic inventive concepts of the
present i nuwbaffoltowing:21 Clains 5 1. A gyrostabiliser control system for
stabilising floating vessel notion induced by wave action, the control

system conpri gj ng: The f adtivk-aeRPpEVE Gontran snddute wmsdmg gdoel premessishon of a

fl ywheel of the rostabiliser trol rrea erating._a control
si )g;nal ai med at ?%éx'gé@ﬂ%g'l gﬁ‘f@dl‘lﬂ &%@8&%%%9{‘ B?QF@W?’S& é%’PbY'ggr f I ywheel

until itgis esti ”ailfedrquﬁﬁﬁﬁnpﬁrTa%s%@ﬂﬁ@ﬁbrpéé}wsms,remmés ahwimr ecessi on
Wil exceed a prede t; an act uat or respon5| ve to the control

signal for applyingf failprecicen she aysiom: sigIplifiey esysten Aad §53Uses 295 i ser
flywheel whereby, in use, adaptive control of the vessel notion based only

on the precesgjon Crhetd&'tﬁwt@}'rsﬁate@bldﬁl mekinfilingieeteskiorcanglkee ingifiaseed. 2. A
gyrostabiliser control system as defi n precession

control torque is ¥ithewassel RP@'”@dHP?Qﬂ g?*dfueexcegﬁ'gﬁ qrﬁﬁ?ssﬁ{t%@?ﬁt or does
not provide motive payis!éhsg thbmfa%ﬁ{una@mttoﬂ;uyug@eaerawu aithsut 3. A

gyrostabi i ser control systemas defined in claimai, V\/R n.the actuator
10 introducing spurious torques out of phase with the unstablllsed
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
15 attenuating torque whilst avoiding undesirable effects such as out
of phase 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

20 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.

25 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.



20 responsive to the control signal for applying a precession control
torque to the gyrostabiliser flywheel provides a precession axis danping
control sworali/mob®s acts only to resist the i nduced preeessiamimooiodn of
the flywheel. 4. A gyrostabiliser confrol system as defined in anyone of
claims 1 to 3, wherein the control si g?‘nbl is a flywheel precession axis
resi stance gain, said 25 gain being gradually decreased to allow the

fl ywheel to devel op as nmuch induced precession as possible whilst not
exceedi ng a predefined maxi mum preceS#ims angl e range. 5. A gyrostabiliser
control systemas defined in claim1, wherein the control means enploys an
automatic gain controller (AGC. 22 6. A gyrostabiliser control system as
defined i & cl.aAnggrostatdiser rcankrel AgSiehasora stabiichys foatity akkewl @atien f act or
that is rarrpea dé;dgg so as to |et th %/rostabi | i ser flywheel develop as
much pr ecess'BHCEEPLWELS BFUONtIGFOD 'é?'g Ye®rGARRIISH% cessi on angl e range. 5
7. A gyrostabiliser control systemas defined in claim6, wherein when it

i s estimated tfifst sensieg i weangp fecsersind the direvessiabiof 4 Hiywbdebof tthe

precessi on 3@953 gmgléror its derivatives) will exceed a predefined limt,
the AGC incr £ y'increases the precession braking gain factor by a set
anount or by an anpunt proportional to an estinmated overshoot, so as to

provi de an 19 GORKP H‘se@ﬂsbngHeﬁaraé'f‘éc%@FEﬂ' gigRal amed Aty increasing dhe

gyr ost abii £ it j i ; i [ a
predefi neg ;@ggééésés(%g fathneglég%Igt?r§1|llt'.gé]r1c W(rr%t?muhgl "ei}gggtg‘g%lt.%' gégélﬁeg@rﬂg%t abi | i ser
control syst¥ansgd paegsssion, that Heprerassiotheilleixaeedhe peedefined limjtsaedn r uns a
predi ctive nodel of the derived process variable to allow the 15 AGC

precessi on hareéétogtog eespohsive @6 tHeocditrov sigh@idobasfivinga pracasidmaingd f ut ure
state of the deriyved proc ss,variagl e. 9. A gyrostabiliser control system
as defined i'ArEO %,QVW%Q&'?%?@YW Rl vderehy. dhype adaptive sentedafthe functi on
acts in seriwssél mpadorlgagkd Wni) ioRl &Vigat : ' angl e
from exceeding a pr edefqaﬁe?ivqn?%p? .hﬁeZ?%Cgsggagﬁrﬁgtgaﬁﬁfgg%mh%g, system
as defindd iGanctesp¢hievedaherein a precession rate limting control function
acts in series or parallel with the AGC to prevent the precession rate from
exceedi ng a 2r Adgyrostathiliserr dontrdll sydteqy aestiefiridd werclgiontlr ovhergmt €48 as
defined in claiml Whrﬁr?%n the first sens{r&%{)msans enses precession

1

angl e. 25 1PreGESRANE rgus IS FRsISive Sp8 egaiehibat he aqtuatas 11,

wher ei n t he duRtrio? broviddfotitd poREEH the ARARSE ABoliBS Brex@ddioh adgcel eration as
addi tional process control vari ables.

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



23 13. A gyrostabiliser control systemas defined in claim21l, wherein the
control system further includes neans for sensing the precession rate as an
addi ti onawoppucws®econt rol vari abl e. 14. A gyrost abi PCITaU200/001GB Syst em
as defined in claim11l, wherein the 5 control system further include neans
for sensing the precession accel erati o#2 as an additional process control
variable. 15. A gyrostabiliser control systemas defined in claim 13,

wher ei n t he & Qigyastabilidet MorBeISsyishem srNGefthedriacisin 6Nwhaidn tite ASC mat e t he
precession angle in the event of ;a_failure of the first sensi n? nmeans, said

estimate of Nave? PHRISSELASRAERIARD LAt hat Supsinadidennise 3t teletdhe the
sensed pr ece@fééwbewl fywhelP -defle @y’ 88 tnAlkin b?e%sézentésopgaﬁna?gnﬁsﬂra

stabilising oating vessel notion Induced by wave action, e control
met hod conprAredefinedrrrecessinn aigle sangsi ng t he precession of a flywheel of the
gyrostabiliser; generating a control signal ainmed at increasing the

precessi 0§ of, Ahgrd&tabisersdonbiol bptemfidydéirel intldim 6 twhereRsvhérmitggl, based
on the sensed precession,: recessi on w exceed a predefined

that the p |
limt; and, SSYRARhYA PAYLESABFEOTRNG! Varrkie £3sed oo R PiesesH i ser
flywheel Tespons! #Rueo itshachaives) wil WiabedhersBienindy i, Mol Wt adaptive
control of the vessel notion based only on the precession of the
gyr ost abi | i geerep@ntallyinerepsesatheprreaessieny brakingigain fagior by aast laimaeint cont r ol

met hod as defigied, %Hgﬁh?ﬁﬁh&&gn&ﬂ%rﬁi &ti%e@&?&s%ot?gglaéitggr iy ggesst on
control torque’includes providing a precession axis'braking torque and does
not i ncl ddle iscnepbgd mgaking iprecgseiver calimlttorphe tprtbe epsostabiisersflywtteel 8. A

gyrostabiliser contral. nethgd as defined.in claim16, wherein the step of
Generating EEFTIY SEPGRLT TenArDy L PITEDNRY (P EIRHned AT PRES ouni o
oper at es Wi tlimigfromi beih@exsdedebat is gradually decreased so as to let the
fl ywheel devel op as nuch precession as possible within a predefined range.

24 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.



19. A gyrostabiliser control nethod as defined in claim18, wherein the AGC
I ncl udes the step of increasing the gain factor when a derived process

vari abl e wecendwomepr edefined limt, then continues to praFaha/ogedes fact or
down until the process variable exceeds the Iimt again. 5 20. A
gyrostabiliser control nmethod as defin& in claim19, further including the
step of running a predictive nodel of the derived process variable to allow
t he AGC gai mM3¥. a gyrdstabiitserasontdl bpstech ag defined tin radied 11 uvhereisttaée of the
derived pr oces? ariable. 21. A rost?{gi | iser control pethod as-defined
'n cl ai m 18 @il SysiETduthe MEufeRiMegne fr snapadhe Prerassiog aleasaessi on

angl e in seridffitioMal BrdcBSs sbMRS vafiallecr easi ng or increasing the AGC gain
factor to prevent the precession angle fromexceeding a predefined limt.

22. A gyrostgpiljser nt ol t hod efjned i.n cl.aim 18 or .claim 19,

i ncl udi ng th@fst@%‘?ﬁf‘?'@ﬁﬁ?i“f?g‘?’ahg}‘%‘%’i“sg? (#r?ﬁﬁﬁ? én‘i‘iia'g’eﬂeg’hﬂe['?\t fie steps
of 15 decs easintrgl osystemr efasthay ihbedéGmaisn foACkefisih® eV prtcesdion
precession rate from exceegi ,ng a‘ predefined [i rrht 23. A gyrostabiliser
control syst3aFREAANAR PAPAJtiGRalipEpcEss caatiehvasigRlen th reference to and as

illustrated in any one or nore of the acconpanying draw ngs. 20 24. A
gyrost abi | i sHr. dogyrastabilgsenobntrobsystemi as |defingd heradaim d3s whietsénl the t h

Eire];\?\n'r ﬁgge ~t205co%'f'l%l gﬁstéljnl S RE &b dy Broee88i6n Ut B & tiHatd B praeddighy! nd
angle in the event of a failure of the 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 pregjictive 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.

23. A gyrostabiliser control system substantially as herein described with
reference to and as illustrated in any one or more of the accompanying
drawings.

24. A gyrostabiliser control method substantially as herein described with
reference to and as illustrated in any one or more of the accompanying

drawings.
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