SUBMERSIBLE VEHICLE The present invention relates to a submersible vehicle; and to methods of
operating, docking, and deploying such a vehicle. It should be noted that in this specification the term
"submersible" is intended to cover surface vehicles which are only partly submerged when in use, as
well as vehicles which are fully submerged in water (or any other liquid) when in use, The invention
also relates to a submersible toy glider. An internal passage underwater vehicle is described in
US5438947. The vehicle has propellers mounted in the passage, and a rudder to control the going
direction of the vehicle. The V(Fe)hicpl)e IS%F&?WW&TS%I ct ratio to enable the vehicle to travel

at high speﬁg?.A irst.a Of t esent invention provides a submersible vehicle having an outer
hull which de ir%éggtsﬁU%Ra%%{slgénggia%%ezorsasﬁ%ggﬁ%%ﬁy ‘éer{?ﬁ%%r% e{r]13 vlré??/leo Sal%%r?é)%rgthn | axis, the
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vehicle about the duct. When in use, the vehicle may be rolled about the duct through less than one

revolution, 8t “§rGagrFR ?ﬂO’%ﬁﬂ%i"‘fi@%ﬁfﬁgﬁgyﬁ#@\i’éﬁﬁé@ﬂé@%ﬂf%ﬁﬁb‘t’ﬁéiﬂl‘l‘}:démtﬁe hull axis,

or may roll agouribendueidn AscaehRRits IeannesiPRIsUadYIf the centre of gravity is offset from the
hull axis. Conventionally, a substantially annular shape has been considered to be undesirable
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combined with prevailing ocean currents to generate magnus forces which serve to reduce lateral drift
away from M&SREf the

A first aspect of the present invention provides a submersible vehicle having an outer hull
which defines a hull axis and appears substantially annular when viewed along the hull
axis, the interior of the annulus defining a duct which is open at both ends so that when the
vehicle is submerged in a liquid, the liquid floods the duct, the vehicle further comprising

means for rolling the vehicie about the duct,

When in use, the vehicle may be rolled about the duct through less than one revolution, or
through a plurality of revoiutions. The vehicie may roll symmetrically about the hull axis,
or may roll about the duct in an eccentric manner, particularly if the centre of gravity is

offset from the hull axis,

Conventionally, a substantially annular shape has been considered to be undesirable
because it results in a vehicle which can be unstable in roll (that is, rotation about the duct).
However, the inventor has recognized that this property is not necessarily detrimental in
many applications (particularly involving un-manned or autonomous vehicles) and can be
exploited since roll generates angular momentum and offers greater stability as a
consequence. Furthermore, vehicle roll may be combined with prevailing ocean currents to
generate magnus forces which serve to reduce lateral drift away from the axis of the

vehicle, in exchange for increases in hydrodynamic lift or down-thrust, as would correspond



vehicle, in exchange for increases in hydrodynamic lift or down-thrust, as would correspond 1 to the
vectors of ocean current and vehicle roll. Such reductions in lateral drift can be valuable where
precise navigation of the vehicle between two or more way points is required. Also, vehicle roll can be
utilized to achieve two dimensional scanning of a sensor, where continuous roll in combination with
linear motion along the vehicle axis is utilized by a sensor device to capture information from a
projected rect%ngular field,of view. The wi f the rectangular field of view is determined by the
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described below, various means are
relation to its angular attitude, so that successive lines may be formed with accurate

registration between them. In a preferred embodiment, synthetic extension of the sensor’s
aperture in two dimensions is achieved by suitable processing of sensor data. In this
particular example one of the limiting factors on performance in synthetic aperture
processing is loss of resolution because of inaccuracies between estimated and actual
vehicle position throughout the data capture period. As a consequence such systems have
introduced inertial navigation equipment {o- increase the accuracy to ‘which the vehicle’s
position and attitude may be estimated. Preferred embodiments of the invention, however,
adopt instead a less costly and more elegant design that improves the basic stability of the
vehicle by increasing its angular momentum and therefore reducing the extent of drift in
either vehicle position or attitude without recourse to complex correction or estimation
algorithms. Thus in the preferred embodiments described below, various means are

provided for control of vehicle roll about the duct, and other elements of attitude control.

The means for rolling the vehicle about the duct may be for example a propulsion system
{such as a twin thrust vector propulsion system); one or more control surfaces such as fins;
an inertial control system; or a buoyancy control system which is moved to port or starboard

around the hull under motor control.
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provided for control of vehicle roll about the duct, and other elements of attitude control. The means
for rolling the vehicle about the duct may be for example a propulsion system (such as a twin thrust
vector propulsion system); one or more control surfaces such as fins; an inertial control system; or a
buoyancy control system which is moved to port or starboard around the hull under motor control. 2 A
second aspect of the invention provides a submersible vehicle having an outer hull which defines a
hull axis an ag ears substantiglly annular when viewed along the hull axis, the interior of the annulus

defining a dOCHWREATRES LG BERISTIE ShIFR SARBIFTHRLG Srhasleilagng i pytad Tk WAISH, the liquid
floods the dimdinthe heliialasfarthappempisng.ddyoyanty whairolaysiemnd thirhaspaet okthe

invention prQyi bmersi ehicleciwavi n outer hull which defines hu%ﬂaxi .and appears
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is open at bdrTsrgRs $o aHEmidh dre thesideAnsidsithestin dhrg edhivla figtiiet; ¢the pidsiics fidodsaheyduct,
wherein at leastpaytehihe outer hull is swept with respect to the hull axis. A fourth aspect of the
invention provides a submersible vehicle having an outer hull which defines a hull axis and appears

substantially annular when viewed along the hull axis, the interior of the annulus defining a duct which
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swept with respect to the hull axis,

A fourth aspect of the invention provides a submersible vehicle having an outer hull which
defines a hull axis and appears substantially annular when viewed along the hull axis, the
interior of the annulus defining a duct which is open at both ends so that when the vehicle is
submerged in a liquid, the liquid floods the duct, wherein the hull has a projected area S,
and a maximum outer diameter B normal to the hull axis, and wherein the ratio B*S is

greater than 0.5,

The relatively large diameter hull enables an array of two or more sensors o be well spaced
apart on the hull, providing 2 large sensor baseline. In this way the effective acuity of the
sensor array increases in proportion to the length of the sensor baseline. Also, the relatively
high rativ B/S gives a high ratio of Hft over drag, enabling the vehicle to be operated
efficiently as a glider.

A fifth aspect of the invention provides a submersible vehicle having an outer hull which
defines a hull axis and appears substaniially annular when viewed along the hull axis, the
interior of the annulus defining a duct which is open at both ends so that when the vehicle is

submerged in a liquid, the liguid floods the duct.



efficiently as a glider. A fifth aspect of the invention provides a submersible vehicle having an outer hull
which defines a hull axis and appears substantially annular when viewed along the hull axis, the
interior of the annulus defining a duct which is open at both ends so that when the vehicle is
submerged in a liquid, the liquid floods the duct. 3 A sixth aspect of the invention provides a propulsion
system for a submersible vehicle, the propulsion system comprising two or more axi-symmetrical drive

assemblies A\g.u%ed witEir# ?E fleijlﬁ substantially annkllar jacket. A seveFth aspect of the jnvention
provides a MEMGFISHE G RIBIERYISRS GRS SRR MG T Y hTBP SRS Fefstfc i mounted
drive assembiliegsithesysethedmoprisprising cetiproestingnthetdohieidssamblibiatiesyadmathically so as

to propel thgﬂ/gﬁ%%&ﬁ@g&ﬂg%gial}]gl%q%%ﬁkg{'ghth aspect of the invention provides a submersible vehicle

having an outer hull whic nes a axis and appears substantially annular when viewed along
the hull axis, the interior of the annulus defining a duct which is open at both ends so that when the

vehicle is %Jlg@er%ed in z%li(iu{'d the ligquid floods the duct;.an atchn thrus vectoé pro ulziion system
.. VENLL aspect O mven oanr vides g method of operaiing a su metrm 1 V@nce .
comprising one or more pairs of propulsion devices, each pair comprising a tirst propulsion” device

pivotally méariteiteie arfirstsidei oithediniidyisneunded devorrspragidsiciedeeioni popaingiounted on
a second sidebliedilexinanRasiniR he IakREARUIND deirs o funicalusachRLapyigion device

generates a thrust vector which can be varied " independéntly of the other propulsion device by pivoting
the device.hﬂﬂﬁcally each device is mounted so that it can pivot about an axis at an angle (preferably
90) to the hull axis. The propulsion devices may be, for example, rotating propellers or reciprocating

fins. The propulsion devices may be inside the duct, or outside the duct but conformal with the outer
hull. An eighth aspect of the invention provides a submersible vehicle having an outer hull which

defines a hull axis and appears substantially annular when viewed along the hull axis, the
interior of the annulus defining a duct which is open at both ends so that when the vehicle is
submerged in a liquid, the liquid floods the duct; and a twin thrust vector propulsion system
comprising one or more pairs of propulsion devices, each pair comprising 2 first propulsion
device pivotally mounted on a first side of the hull axis, and a second propulsion device

pivotally mounted on a second side of the hull axis opposite to the first propulsion device.

Typically each propulsion device generates a thrust vector which can be varied
independently of the other pfbpﬁisién device Byrpi-i'foting the rdrevice. Typically each device
is mounted so that it can pivot about an axis at an angle (preferably 90°) to the hull axis.
The propulsion devices may be, for example, rotating propellers or reciprocating fins. The
propulsion devices may be inside the duct, or outside the duct but conformal with the outer
hull,

A ninth aspect of the invention provides a submersible toy glider having an outer hull which
defines a hull axis and appears substantially annular when viewed along the hull axis, the
interior of the annulus defining a duct which is open at both ends so that when the toy glider

is submerged in a liquid, the ligquid floods the duct.

The following comments apply to all aspects of the invention.



A ninth aspect of the invention provides a submersible toy glider having an outer hull which defines a
hull axis and appears substantially annular when viewed along the hull axis, the interior of the annulus
defining a duct which is open at both ends so that when the toy glider is submerged in a liquid, the
liquid floods the duct. The following comments apply to all aspects of the invention. 4 In preferred
embodiments of the invention, the duct provides a low bow cross section area to reduce drag, while
further dra%%iuction is %195,ured bylgi duction, of induced wake vortices that would gtherwise be more

significant WhE HEUCEA8S TEHR 0 %6?1‘&[“6%#’%%} BFYSS P U ASTZEP S ASAEINAERR. The walls
of the ductiaresdreterably shapeflsheasirgenedatedtydagiyarmieiftdtuencelligientimanrelikavhich may
be used to‘%sl%isgstfﬂ%tm“(f)g{ﬁg 0(%1; éhesvettlécxlr? %Qrglrg% (t}hetlicwid..A further advantage ofit e duct is that
superstructure fsuc as propu Sion. aeewcee% carrbe ﬁ%u@eﬁi%%cga e‘fyairffcﬁﬁvée %‘i,ae%%ﬁng the outer
hull to presentga eelativiale stabiditter confeemahbuihesuathod, thihibhrtseovesfoatds sbeptidesrisk of damage
or loss throygh. im, %%. t e i I | =1 [ of the
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compared f Bihgpliplgdbe cbivéntional planar wings. This advantage may be realized either in
reduced cost or mass for a vehicle with similar hydrodynamic parameters, or in deeper dive capability
where either annular hull or toroidal pressure vessels contained within the hull will provide better
resilience t& Buchanadsawisge st thaderids ivay vedulyparsdduaioag zivwr pent dsfvieeid sgthbor partially

open with a&letdriypng.aiRNth i deagt. JhIAUCHIANBISAINGLdRSIRNS LrARERIP aasishor modify

its hydrodynamic performance under certain performance conditions. Various embodiments of the

invention vAAHER B BisE Shtace oy Al serer dpnisiierdbe dikrehdamaemer desoiosahinararawings, in

which:  upon or entanglement with other underwater objects.

Embodiments of the invention provide a substantially annular profile with increased
structural rigidity of the vehicle compared to others based upon conventional planar wings.
This advantage may be realized either in reduced cost or mass for a vehicle with similar
hydrodynamic parameters, or in deeper dive capability where either annular hull or toroidal

pressure vessels contained within the hul! will provide better resilience to buckling stresses,

The duct may be fully closed along all or part of its length, or partially open with a slot
running along its length. The duct may also include slots or ports to assist or modify its

hydrodynamic performance under certain performance conditions.

Various embodiments of the invention will now be described by way of example with

reference to the accompanying drawings, in which:

Figure 1a is a front view of a first propelled vehicle with iis propellers in a first

configuration;

Figure 1b is a cross-section of the vehicle taken along the hull axis and along a line A-A in

Figure 1;



Figure lais a front view of a first propelled vehicle with its propellers in a first -configuration; Figure Ib
is a cross-section of the vehicle taken along the hull axis and along a line A-A in Figure 1; 5 Figure 2a
is a front view of the vehicle with its propellers in a second configuration; Figure 2b is a cross-section
of the vehicle taken along a line A-A in Figure 2a; Figure 3a is a rear view of a second propelled
vehicle; Figure 3b is a cross-section of the vehicle taken along a line A-A in Figure 3a; Figure 4ais a
rear view of a third propelled vehicle, Figure 4b is a cross-section of the third propelled vehicle taken
along a line ABKSFHIY 8 D%%Wﬂr@ﬁﬁ%ﬂ%%@@éé‘éﬂﬁﬂiﬁﬁwm%%‘P«%@’r”&’i #% a line B-B in
Figure 4a; Figure 5a is a front view of a first glider vehicle; Figure 5b is a side view of the first glider
vehicle; Figure 5c is a plan view of the first glider vehicle; I;ei]gure 5d is a side view of another glider

where feathSfERAHES Sresiathirsoehibsinchisls t2hss dane elesadivhndiigsedsulus; Figure 6a is a

perspective view of an alternative pressure vessel; Figure 6b is a side view of the alternative pressure
vessel; Figure 7 is a perspective view of an alternative attitude control system; 6 Figure 8 is a front
view of a foblBHIBropE (fegayertEi T sreerriniareide isehighsss-section of the first propelled vehicle
taken along a line A-A in Figure 1, in the process of docking; Figure 9b shows the vehicle after
docking;

Figure 3b is a cross-section of the vehicle taken along a line A-A in Figure 3a;

Figure 4a is a rear view of a third propelled vehicle;

Figure 4b is a cross-section of the third propelled vehicle taken along a line A-A in Figure
4a;

Figure 4c is a cross-section of the vehicle taken along a line B-B in Figure 4a;
Figure 5a is a front view of a first glider vehicle;

- -Figure 5b is a side view of the first gfider vehicle;
Figure Sc is a plan view of the first glider vehicle;

Figure 5d is a side view of another glider where feathered vanes are included within slots

about the elevations of the annulus;
Figure 6a is a perspective view of an alternative pressure vessel;
Figure 6b is a side view of the alternative pressure vessel;

Figure 7 is a perspective view of an alternative attitude control system;



Figure 9c is an enlarged view showing an inductive electrical recharge system; Figure 10 is a
cross-section showing an alternative docking structure; Figure | | is a schematic view of a towed
tethered vehicle with a further alternative docking structure; Figure 12a is a front view of a glider
vehicle; Figure 12b is a side view of the vehicle; Figure 12c is a plan view of the vehicle; Figure 13a
is a front view of a fourth propelled vehicle; Figure 13b is a side view of the vehicle; Figure 14a is a
front view oflrg\1 secqnd towed tether vg%ilcle; Figure 14b is a side view of the vehicle. Figure 15a is an
axial view of aT0roidRIHUEYAARY ebAGUIEYBEeRT!lerd prbifls ir5#8% an axial view of a helical buoyancy
control system; Figure 15c is a side view of the system of Figure 15b; and Figure 15d is a sectional
side view of g further buoyancy control system, Referring to Figures 1 a and Ib, a submersible vehicle
1 has an outgﬂgﬁ{ﬁlgf RIS errbioR ot thefirst rienaledosbipldabreiabretie {stidwh in FHigued Jb) as a
body of revolntisapasoessdadduiihaxis 3. Thus the outer hull 2 appears annular when viewed along the
hull axis as shown in Figure I a. An inner wall 4 of the annulus defines a duct 5 which is open fore and
aft so that when the vehicle is submerged in water or any other liquid, the water floods the duct and

flows throughighecduaas $hgeaiicle neveshiguah the water, generating hydrodynamic lift. As
shown in Figure Ib, the hydrofoil profile tapers outwardly gradually from a narrow bow end 6 to a

widest point 7, then tapers inwardly more rapidly to a stem end 8. In this particular embodiment the

widest pointy;daRosHionech BPRIPY RALENO AR A S ectrical recharge system,

Figure 10 is a cross-section showing an alternative docking structure;

Figure 11 is a schematic view of a towed tethered vehicle with a further alernative docking
structure;

Figure 12a is a front view of a glider vehicle;

Figure 12b is a side view of the vehicle;

Figure 12¢ 1s a plan view of the vehicle;

Figure 13a is a front view of a fourth propelled vehicle;
Figure 13b is a side view of the vehicle;

Figure 14a is a front view of a second towed tether vehicie;
Figure 14b is a side view of the vehicle.

Figure 15a is an axial view of a toroidal buoyancy control system;



distance between the bow and stern ends. The particular hydrofoil section may be modified in variants
of this and other vehicles so as to modify the coefficients of lift, drag and pitch moment in accordance
with a particular range of flow regimes as determined by the appropriate range of Reynolds numbers
that may be valid within a variety of applications. A pair of propulsors 9,10 are mounted symmetrically
on opposite sides of the hull axis. The propulsors comprise propellers 11,12 which are mounted on
L-shaped sulpport ?Qgﬁs 13,14 which in turn are mounted to the hull in line with the widest point 7 as
shown in Figurah: > T At PSRRI FEAHEHHE NRRRY SARGGLSYES™B in such a way that their
efficiency is increased. Each L-shaped shatft is pivotally mounted to the hull so that it can rotate by
360 degreeg relative to the hull about an axis parallel to the pitch axis of the vehicle, thus providing
thrust-vectof BT dp6IS T asotieHHeY S sviternef Fighiokt stk have a hydrofoil section using a ratio
between chord length and height similar to that described for the outer 8 hull. Thus for example the
propulsors 8,9 can be rotated between the co-directed configuration shown in Figures 1 a and ib, in
which they dréVide i aserEreleidsisal ohe frehibuerswasdcanidohlontthe hull axis, to the
contra-directed configuration shown in Figures 2a and 2b, in which they cause the vehicle to roll
continuously around the hull axis, Arrows V in Figure 2a illustrate movement of the vehicle, and
arrows L in \é?@m@zéo Himeesdxlow U5 theuliuachitidoitbivk thbeeforedhahtil pdribulas-eivbddiment
uses four ngtars Mtk IS RrapLwst : lectric motors to drive the
propellers, and two DC eIectricgggggs%(ﬁjﬁgg}%ﬁiﬁgﬁ%ﬁggﬁ%?ﬁ%s%a#s]r%vﬁ]cﬁﬁtt@v%%ﬁ"‘t}ﬁea propeller
motors are ﬁ‘l’&ﬁﬁ‘l‘éé SR ArEeHE CARRERFH AR AP etRIEEO Al PR thahidhatis asstda transfer

drive and loiad& hebneensthemetorand e lashaned.shalts Hiesnative Il fRes.augh.gs stepper

motors may, b? %ﬁeed or thg.l tter scheme, so long as operating, loads are consistent with the rating of

AP SRR SEShEh WY ShatoPiivicwdiibeietoe frass thesive of gravity

the motors. To providefor
and flows through the duct as the vehicle moves through the water, generating

hydrodynamic kft.

As shown in Figure 1b, the hydrofoil profile tapers outwardly gradually from a narrow bow
end 6 to a widest point 7, then tapers inwardly more rapidly to a stern end 8. In this
particular embodiment the widest point 7 is positioned approximately two-thirds of the
distance betwe:n the bow and stern ends, The particular hydrofoil section may be modified
in variants of this and other vehicles so as to modify the coefficients of lift, drag and pitch
moment in accordance with a particular fange of flow regimes as determined by the

appropriate range of Reynolds numbers that may be valid within a variety of applications.

A pair of propulsors 9,10 are mounted symmetrically on opposite sides of the hull axis. The
propulsors comprise propellers 11,12 which are mounted on L-shaped support shafts 13,14
which in turn are mounted to the hull in line with the widest point 7 as shown in Figure 1b,
The propellers are mounted within shrouds 15,16 in such a way that their efficiency is
increased. Each L-shaped shaft is pivotally mounted to the hull so that it can rotate by 360
degrees relative to the hull about an axis parallel to the pitch axis of the vehicle, thus
providing thrust-vectored propulsion. Both the shroud and L-shaped shaft have a hydrofoil

section using a ratio between chord length and height similar to that described for the outer



(CofG) is located forward of the centre of hydrodynamic pressure, where greater stability is achieved
by greater separation between these centres. However, the precise location is not critical since
additional stability may be provided by a closed loop attitude control system (not shown) that may be
combined with the vehicle's propulsion system. In such circumstances stability may be-sacrificed for
agility by operation of the vehicle with its CofG at or behind the centre of hydrodynamic pressure.

Similarly the position of the propulsars may he adjusted either forward towards the bow, or rearwards
toward the Bt SHErdAT VERIE wh%mfeaﬂﬁavbé:adfe& g@é@ﬁ@n@w@% S8t Control
system incluslefp(hadiesticedtiaRRassure slinbig haedtatdraigpinviy ealnidh dgenad axas: drd (i) a
device that measures an ula afcel atignf'n thre(g %thoggpal axes: and (i adevi%e that measures
. . T\/C%ic e 0¥W&T a aion & UI &Xﬁ,. e, C rat-dlrec ed con allon s W]Il m
orientation in two or three orthogorial axes; and’(iv) a devicé that combimes’the signals from these
devices andigaiisalzaandidbninyheil iy thusstimutiielerie afh romiémtonbtepraplistomBystem, in

accordanceui ihe: pasicler ehicle AUnARIGANER LSRRI desitarbakiatlime,Thg,orientation

device may include a gravity sensor, or a sensor that detects the earth's magnetic field vector, or

both. The véhigiarBgarbtindisida Kol hrepimentinatiisnribemeteBesimont spesd P vehicle at
any_par_ticuLabwﬂaemﬂfiﬂexﬁa@%ﬁma@m&zﬂ&al r@{ﬁr%@&m@mm- éie@ﬁ@éﬂﬁ@_@br@dmg)%%em@; such a |
navigation system includes a progessing device that operates on data provided by the attjtude contro
system deseiBECHh5Y ,t‘gﬂzjogf eﬁtﬁ’&%&tﬂjésr% NIE aétﬁ%@ﬂ?g@lgﬁtggif?@gﬁﬁg%“ﬂﬁ 6%’8vide such
data may ajsede#idnalotbedndthisuthelyehigteafarccharigdtion-puipos gsarSedivdenserhamayniniclude (i) a
Geostationar sjtioni atellite (GRS) receiver device, and.{ii) one_or mare.acQustic transponders
or communia S R B B B R A o

latitude, longitadtyrascedevvatitarpeh arsusfmesdeTisedalon Gheidattenssbomdesolosgramepaietitibns  device

transmits a%&?%%@ﬁﬁ%%%ﬂﬁﬂﬂ@ﬂﬁﬂ@ Srdertagatablish its position relative to

To provide for a minimum of open loop pitch or yaw stability the vehicle’s centre of gravity
(CofQ) is located forward of the centre of hydrodynamic pressure, where greater stability is
achieved by greater separation between these centres. However, the precise location is not
critical since additional stability may be provided by a closed loop attitude control system
(not shown) that may be combined with the vehicle’s propulsion system. In such
. circumstances stability may-be sacrificed for agility by operation of the vehicle with its
CofG at or behind the centre of hydrodynamic pressure. Similarly the position of the
propulsors may be adjusted either forward towards the bow, or rearwards toward the stern,

wherein vehicle dynamics may be adjusted accordingly.

Such an attitude control system includes (i) a device that measures linear acceleration in
three orthogonal axes; and (if) a device that measures angular acceleration in three
orthogonal axes; and (iii) a device that measures orientation in two or taree orthogonal axes;
and (iv) a device that combines the signals from these devices and calculates demand
signals that stimulate the aforementioned propulsion system, in accordance with the
particular vehicle dynamic motion or stability desired at that time. The orientation device
may include a gravity sensor, or & sensor that detects the carth’s magnetic field vector, or

both. The vehicle may also include a navigation system that estimates the position of the



one or more corresponding transponder or communications devices located within the local liquid
medium. In a preferred embodiment the processing device includes a specific algorithm described as
a kalman filter that estimates the relative or absolute position of the vehicle based upon the variable
data provided from the sensor devices of the attitude control and navigation systems. In this particular
embodiment the vehicle is designed with a small degree of positive buoyancy. The centre of buoyancy
(COPS) ma osmoned here between a minimum where, the CofB lies coincident with the
centre of gr‘g ﬁ&rﬁf ﬁ%%tWe%t R eSReG IRt A hE GLT0R e O Bin e EARBie above
the CofG, aamﬂmd:mitlné @ph)ﬂ mﬁw@mmmoindﬁhes @@i@camﬂlg/beméhhaba@aazéim dane is
subtended ?%‘t,ﬂ% r hull, | artlcular em odiment he cone i lined such
that no part of its \éjoqgr?%ggj les rearo t 5 \?éerii?cé Scfé f9h vtﬁ)"isectg? fe u@e]ﬁlc em tilgréanép %ommdes
with the Cofderpyinedifiteseaedts feat m@w’ndqhmh@h@amugisepamddﬁ@mwhm @wf@;}mtc\femde will

adopt a posifive, RiteupERs st@%m&%&%%@ngxéng@m% @%M&l&%é@%!ﬁﬂ}mg Yecsigdace under

forces derived only from the combination of positive buoyancy and hydfodynamic Tift from the annular

hull, and wHEFS 58FRE FEefSViate ral iSRS JTrumoss i€QETISd tPSRRNJEN 96 SOsRaNBIRALREe path. 10

This allowsdsi@ppamtniss @@nsefyaam@fdeﬂ%w Wi yelehkes brtterysaiarenbYatRadése of
grawtatlonritl for W|th|n |ts mlssm cycle, Th e path of the vehicle may also be im Lﬁgroved by

adopting propeters (6 G € eg\%/h(ﬁ“th"g ?ﬂa@}]ﬁgcf“ de B fECBEYSIEARSRAEALAT SAEHRHRGEE use, or by
omission ofithep topefletsshrduds;ieadvinlsttasesale cteditay swiltiaifutthersiimimizeds The vehicle
o0 e AR Ane Rl (A% SRU I BUANORC AN R OOl EP ] 1S DM} vhere

once agaln the annular roviges an-efricient implementation since
liquid mechum In a preferred embodiment the processing device includes a specific

algorithm described as a kalman filter that estimates the relative or absolute position of the
vehicle based upon the variable data provided from the sensor devices of the attitude control

and navigation systems.

In this particular embodiment the vehicle is designed with a small degree of positive
buoyancy. The centre of buoyancy (CofBB) may be positioned anywhere between a
minimam where the CofB lies coincident with the centre of gravity, and a maximum where
~ the CofB lies within the volume of an inverted Gone above the CofG, and where the apex of
the cone adjoins the CofG and where the base of the cone is subtended by the upper part of

the annular hyll

In a particular embodiment the cone is inclined such that no part of its volume lies rear of
the vertical plane that bisects the vehicle’s axis and coincides with the CofG. When the
CofB lies within this cone and is separated from the CofG, the vehicle will adopt a positive
piich under static conditions and therefore may glide from depth to the surface under forces
derived only from the combination of positive buoyancy and hydrodynamic lift from the
annular hmll, and where some useful lateral distance of travel is gained by the vehicle’s

shallow glide path.
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outer surface area is relatively large when compared to a cylindrical vehicle of similar mass. In such
an embodiment the solar cells are connected electrically to a charging circuit that replenishes the
energy stored within rechargeable cells located within the battery stores. This allows for planned and
opportunistic replenishment of vehicle energy stores using solar energy when the vehicle is operating
or stationary at or near the sea surface. In this embodiment the CofB may be fixed at some static

location within the aforementioned volumetric cone, or the CofB may be dynamically adjusted by a
control medBEMERTE B SRROFEIBITIGReRFREHRR oheartw wilhbin thadbisiB sPateishag By e location

of one or meye gogHielNdLOKRDRIRS alaments eaednithima jpipidaksqetipge aftpgignnular hull.
In the emb%cj%iment W&%,e tyo pallast el?ments are used, the elements may be co-located within the

toroid, in wiitH BALE® RS RO HA SRR T et panagitaldss by HredRieh s Bl ments may
be located arbuwticihadoivickén @uieh armsioner thapibeNahiblesds aiBwaiich Gaié bathikaiay the hull
axis, in Whi%]?ﬁé%ﬁ}%ﬁ’em%%%étaﬁc stability will be zero. Therefore the vehicle may use its
propulsion system to induce spin around its hull axis, and the vehicle may adjust the position of its
CofB in relation to its CofG. The vehicle may therefore adapt its dynamic motion when traveling

without spin,,wh aximal separation . between CofB and CofG is desjrable. However the vehicle
may also aﬁgﬁt\ﬁ%g;?r%a iecjlz’fis?n1 %ur# s gﬁ?ﬁg%ﬁ%gsu%éfqé%ﬁ@r W?ﬂ%ﬁﬁﬂ?@ﬁtﬁ S5 BN the axis
of the hull, whibn btll, wirdrnahse pgsittite ratafiveltd!the VidHsoad s fietasdmBefGnand CafBdsslesirable in
the event that.oneshould wish i oo }g g%dr} I, . The thrust.vectored propulsors provide
the means for motion alon% the iﬂlﬂ%l g(isgg?tﬁer e?%rv?ard og%dg\ll%rééygr% Ig%iﬁ%}nr%{?rgl%a%d the hull

axis, and pitetshyEncabedimpe feHele cdsfar seraegersberetonlbr iois ehanginsasitheitdhoipropulsory
may be congieliRaiarkinRiger dainusmmehiola-rUbENg ivqdRrRU SRR MAY Biga-bewasdirected.

For . - .
This allows for planned and opportunistic replenishment of vehicle energy stores using

solar energy when the vehicle is operating or stationary at or near the sea surface.

In this embodiment the CofB may be fixed at some static location within the
aforementioned volumetric cone, or the CofB may be dynamically adjusted by a control
mechanism to positions around the cone. In either case the CofB is coniroiled by the
location of one or more positively buoyant ballast elements located within a toroidal section
of the annular hull. In the embodiment where two ballast elements are used, tiié “elements
may be co-located within the toroid, in which case the vehicle’s static buovancy will be a
maximum; or the two ballast elements may be located around the toroid in such a manner
that the vehicle’s CofB and CofG both lie on the hull axis, in which case the vehicle's static

stability will be zero.

Therefore the vehicle may use ifs propulsion system to induce spin around its hull axis, and
the vehicle may adjust the position of its CofB in relation to its CofG. The vehicle may
therefore adapt its dynamic motion when traveling without spin, when maximal separation
between CofB and CofG is desirable. However the vehicle may also adapt its dynamic

motion when spin is induced, either with or without motion along the axis of the hull, when
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instance when both are directed down so that their thrust vectors lies above the CofG, then the
vehicle will pitch nose down. Similarly when the two propulsors are directed up so that their thrust
vector lies below the CofG, then the vehicle will pitch nose up. It is also clear that varying degrees of
propulsor pitch in relation to the vehicle and each other may be used to achieve vehicle pitch, roll and
yaw. Yaw may also be induced by differential thrust application when differential propeller revolution
rates are adopted. Thus it can be seen that the vehicle is able to dive, turn, roll and surface under its

own autondiHBHRA SeRrEIIThElrENIe hehwbarineivsor Sedciand/ayRrieAesiatie idkeigvepinning and

when the pisitier cidhg @Qiﬁdsxﬁmﬂ@r@demmi{pmpulsor axis of rotation. Referring to Figure 2b,
if we define a vertical direction being vertical on the page, then in the position shown in Figure -l a the

vehicle is at a roll angle of O degrees with the propulsor 9 directed up and the propulser 10 directed

down. If dowpevaies: eMerae i ébReHIrBrbviRe D S.REBP YRR rsn PisEARD heR, it thewehicle is

between 350 degrees.and 10 degrees, (or some other limited arc in which the propulsor 9 is directed

generally ufWERIS) AR TRESHRFReroID & peisatpn! Wadmbharienek rivetnean 2hoidhfees and
190 degreessticlsanGafiheAlnddediass knrkdnighithepropeisoe 10 s dipaiedsaaneradlsmwards). The
vehicle integrates,the thrust vector around the arc, and experiences a linear acceleratjon that induces
travel norma %S?teﬁemhoﬁ eéi{?sl ?#lt fig %%gfe]e *'oﬂm%vié‘i’réié“ﬁ H’ﬂ%%ﬁ‘éso’i%%ytﬁ OSB?n?ﬁFfﬁr%ﬁ%:IeF {8 be
precisely movtdcsrdpldnhthet diesctedrioalitedtbah thbmtisuit isctherefesebleartiteal i, vekticle has a
high degreg@f ManQuUEN aRlitY o SiNgS s e IS] y. be.arranged for.high turn
rates under dynamic cont?lgl. It Ec, also Izgglﬁefglr‘r%ﬁ%&%% %gok{n&c%ﬁ f?ég@ ﬁ%gﬁedﬁé?ég%?ps?ggﬁﬁg. In the

first instancd@SHHBRFhEEPAT FeaRmgtiBedxadGf tia Hinl wliplecrilivbtohhighestreclidsmisy blsachieved
with contrathetatinginprepeliersthaiaanselininced franviiie soataAursiad MAPHSNs provide for

further roll stabg}'% In the secogd in?tancfe when spin motion around the hull axis is induced, then
to acheve vehicle pitch, roll and yaw. Yaw may also be induced by differential thrust
application when differential propeller revolution rates are adopted. Thus it can be seen that

the vehicle is able to dive, tumn, roll and surface under its own autonomous control.

The vehicle can be driven in a special way when the vehicle is spinning and when the-
position of the CofG is co-aligned with the propulsor axis of rotation. Referring to Figure
2b, if we define a vertical direction being vertical on the page, then in the position shown in _
- Figure 1a the vehicle is at a roll angle of 0 degrees with the propulsor é-direcféd_ub anci the |

propulser 10 directed down. If downwards movement is required, then the propulsor 9 is
pulsed on when it the vehicle is between 350 degrees and 10 degrees (or some other limited
arc in which the propulsor 9 is directed generally upwards) and the propeller 10 is pulsed on
when the vehicle is between 170 degrees and 190 degrees (or some other limited arc in
which the propulsor 10 is directed generally upwards). The vehicle integrates the thrust
vector around the arc, and experiences a linear acceleration that induces travel normal to the
hull axis (in this case downwards). This enables the spinning vehicle to be precisely moved

in a plane that lies normal to the hull axis,

It is therefore clear that the vehicle has a high degree of manouevrability, since its thrust

vectored propulsion may be arranged for high turn rates under dynamic control. It is also
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angular momentum is increased and once again the stability of the vehicle is increased, where this
may be measured as a reduction in vehicle attitude or position errors when subject to external forces.
The bow of the vehicle carries a pair of video cameras 17,18 for collision avoidance and imaging
applications. The relatively large diameter of the hull enables the cameras to be well spaced apart,
thus providing a long stereoscopic baseline that provides for accurate range estimation by
measurement of par IIax§$etw en objects Iocat%%withi,n both camera  fields of view. A sonar
transmitter ilﬁaéﬁgag B4 IRIESIoR A et Ae8FaT itle A iEondR Ry JRsim e HGRY MRS Sthe wide
baseline is domgittantagef Themiltdichul2icehtaizg qrdisengr bpackwvbiclvicnodagsaganFigure la.
This outer hull is,preferentially manufactured from a stiff composite material usi lags_or carbon
fibre filameﬁfgpséfr%lrl‘u’na ed %lfternlgfg %eé)aé?\f\%lghwa%%rgoggreab%%c%éé noRtternativel 3? ga%ﬁégé%%? less
resilient hutbthsigbletyndulbeddrond insaitebiehhambipohatier suchdtpblyursthanadchigthdensity
polyethylengii4s AlsARASAILIe R eao (el e AH Bl LY ShoYid hsedull be

pressurised. The interior space may be flooded by means of small perforations (not shown) in the
outer hull, sy this RBERFimsasarad MteriGepite Rordidm PEPT BatRos) iR B1YEE A pair of
stern sensafig #3134 cafechiPwsteEoidal pressure vessels 25-28 spaced apart along the hull axis. The
pressure vessels contain the vehicle electronics, some propulsion sub-system elements and other
items, and are joined by axial struts (not shown). In this particular embodiment the toroidal pressure

vessels areyeigreniialy maniacimeds Fom S EQMBARIES USIRGSIBSTGIRS S Garkombbre

filaments wound helically around the toroid and alternately laminated between layers of epoxy resin.
Alternative " G fBRESAPES shhe velakkrhnaneh dinmateraiire drorablsithp ierBider 'Brihetal such
as aluminiweil Staicdass et oalvapizetisical leiditaaiivob Dassleroiinobibeitudlfatongdhe:hull axis

Correspondlsar'[soget ré%n%'i'%&%%ﬂ%%%%%% ga?rgiiax between objects located within both camera

fields of view. A sonar transmitter 19 and a sonar receiver 20 are provided for sonar
imaging and sensing. Again, the wide baseline is an advantage. The outer hull 2 contains
an interior space which can be seen in Figure la. This outer hull is preferentially
manufactured from a stiff composite material using plass or carbon fibre filaments
laminated alternately between layers of epoxy resin. Alternatively a cheaper, less resilient
hull may be moulded from a suvitable hard polymer such as polyurethane or high density
. polyethylene. It is also-possible to manufacture the outer hull from aluminium, should the
hull be pressurised. The interior space may be flooded by means of small perforations (not
shown) in the outer bull, or may be pressurized. The interior space houses & pair of battery
packs 21,22, a pair of stern sensors 23,24, and four toroidal pressure vessels 25-28 spaced
apart along the hull ax.ié. The pressure vessels contain the vehicle electronics, some
propulsion sub-system elements and other items, and are joined by axial struts (not shown).
In this particular embodiment the toroidal pressure vessels are preferentially manufactured
from stiff composites using either glass or carbon fibre filaments wound helically around
the toroid and alternately laminated between layers of epoxy resin. Alternafively the
toroidal pressure vessels may be manufactured from a suitable grade of metal such as

aluminium, stainless or galvanized steel, or titanium.
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and this is indicated at (a) in Figure 2a, while the diameter or span across the duct at its two ends is
indicated at (b). The aspect ratio (AR) of the hull is described as follows: AR = 2B2/S where B is the
span of the hull (defined by the maximum outer diameter of the hull) and where S is the projected
area of the hull. If we take the span B as being approximately equal to (b), and the area S as being
approximately equal to (b) x (a), then AR is approximately 2(b)/(a). In the vehicle of Figure 2b, the AR

is approximately 1.42, althqugh this number may be modified in other embodiments where the
application ﬁ?ﬁ%&gﬂﬁé}f th@% ﬂjﬁﬂﬁﬁ? R S RO P ARSI B P hiBS B diitEEH A% simple
variation ofts thioidahdiiamedter( ielieatroasovhieicléamuhere aspesai-tatithisdaw apitéaweflect broad

vehicles where aspect ratio is high. In either..c ific advantages may. be gained under certain

circumstangléss, %ﬁ%e‘%f’aﬁ%}? hig ¥ %88?&5?8%@2@? %%%/1%%1%0 %%%e%g?fr?g %‘gtsdroidal form with low

aspect ratio, while optimal glide slope ratios, or equivalent ratios of lift over drag may be achieved

using a toroidal form with Eigl%ﬁg?gect ratio. The outer hull is designed to minimize its drag coefficient
er

within the fluid flow regimAe de ined by the range of Reynolds numbers that describe the operation

of the vehicle within particular scenarios, The outer hull includes an underlayer (shown in Figure Ib
with cross hatching), and an outer skin layer (not shown). A second vehicle 30 is shown in Figures 3a
and 3b. ThE BERiLIdS aéﬁﬁgaﬂ?@ﬁ&l}éﬁﬁf@eﬁ%ﬁmsmmm s PR Y bstbctor
propulsion sysierd ingie ach plad ropadiehdwifi thrust vector propulsion system. In this case the
propulsion system consists of a pair of fins 31,32 which are pivotally mounted to the outer hull towards
the stern end, and can rotate by just under 180 degrees between a first (stow) position shown in solid

line in 14 RiguwiesaBa dnd anapd.a sepenehpasitianahownan dagheddiners highe gbpEagh of the
approximately equal to (b) x (a), then AR is approximately 2(b)/(a). In the vehicle of
Figure 2b, the AR is approximately 1.42, although this number may be modified in other
embodiments where the application may demand other ratios. It is evident that the vehicle
form may be adjusted by simple vartation of its toroidal diameter to reflect narrow vehicles
where aspect ratio is low, or to reflect broad vehicies where aspect ratio is high. In either
case specific advantages may be gained under certain circumstances, since relatively high
coefficients of lift may be achieved using a toroidal form with low aspect ratio, while
optimal glide slope ratios, or equivalent ratios of lift over drag may be achieved using a

‘toroidal form with high aspect ratio.

The outer hull is designed to minimize its drag coefficient within the fluid flow regime
determined by the range of Reynolds numbers that describe the operation of the vehicle
within particular scenarios. The outer hull includes an underiayer (shown in Figure 1b with

cross hatching), and an outer skin layer (not shown).

A second vehicle 30 is shown in Figures 3a and 3b, The vehicle is identical to the vehicle
1, but employs a bio-mimetic fin twin thrast vector propulsion system instead of a propelier
twin thrust vector propulsion system. In this case the propulsion system consists of a pair
of fins 31,32 which are pivotally mounted to the outer hull towards the stern end, and can

rotate by just under 180 degrees between a first (stow) position shown in solid line in
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fins is rotated by a separate electric DC brushless motor and mechanical gear reduction mechanism
which preferentially would include a helical worm drive (not shown), and can be driven in a number of
modes. In this configuration the fins are manufactured from a particular grade of polyurethane to
provide for some flexure while under load in reciprocating motion, where such flexure serves to direct
a propulsive wave vortex rearwards from each fin more efficiently. In one mode the fins are
reciprocated out of phase to generate a paddling motion that drives the vehicle forwards along the hull

axis. In anofhBFRicdeha hirfdd b AR ARSI YR clsvar At shahies BuFisietthe Faphaddhkith each
other againfiesdiivethedvehiclecfarnsaedsriomche it axisolor andtheicmadgithetinsmegishiven in a

reciprocating manner but this time with the centres .of thejr reciprocating arcs displaced,above and
below the hlgﬁré}éarllltig D algﬁg@ ré?é%glé%a E;E’iﬁ%&%ﬁﬂ%% Snﬁi{ﬁg ﬁf?%%?&%@oéﬁgﬁﬁﬁoeﬁ‘giﬁ&o drive the
vehicle forwegrdrves indacenditr whensies!liméyibevirfigitrasioditbetfin dependifycurdhcdiretative
displacemept afthe « Eggrqﬁat%'gg‘g% anot made the fi re driven. in a reciprocating manner
but this timg in phas‘eﬁvvith each other, %Hr?d c?n?gggggin?ﬁitﬁ%ﬁg (?léer%[‘rﬂle’éo%&%% %@%ﬁc@%ﬁgnagrc
displaced aBSGURE WG BRIoROtIRa XA DivEER Prfecdeeaitbed elirier. aTmrophbsiice prayels s ehicle

forward butralsR£RUBSS PilghHRlabR:AReMtne CofG, and so may be used for vehicle dive or rise.
When used in combination with the vehicle's roll mode, then this mode will couple and produce

vehicle yaw. This bio-mimetic propulsion design allows for continuously variable frequency and

magnitude of eXCHANRMNIRIGNRIS O EAGR IR ARUFGR NS BSRARL acyazi&%@a%%ﬁ?g@rﬁ%ecﬁon of

reciprocating centres of fin arcs, for either fin, and also for continuousl| asing between

fins. This d8¥ighehidelugadsralors, BeotrErasinsivie erripsicirode, the fins are driven in a

reciprocating manner but this time in phase with each other again to drive the vehicle

forwards along the hull axis,

In another mode the fins are driven in a reciprocating manner but this time with the centres
of their reciprocating arcs displaced above and below the horizontal plane described by the
hull axis and the fin pivot axis, and in so doing to drive the vehicle forward and induce roll,
where roll may be in either direction depending on the relative displacement of the

reciprocating fins.

In another mode the fins are driven in a reciprocating manner but this time in phase with
each other, and once again with the centre of the reciprocating arc displaced above or below
the axial- pivotal plane described earlier. This mode propels the vehicle forward but also
causes pitch rotation about the CofG, and so may be used for vehicle dive or rise. When
used in combination with the vehicle’s roll mode, then this mode will couple and produce

vehicle yaw.

This bio-mimetic propulsion design allows for continuously variable frequency and
magnitude of excifation signals to each fin propulsor, and also for continnously variable

selection of reciprocating centres of fin arcs, for either fin, and also for continuously

15



at slow speeds, and also good propulsive efficiency at high speed. Another embodiment of this
scheme uses similar reciprocating fins, but in this particular design an additional three knuckle hinges
are included approximately half way between the fin pivot and the fin tail. These knuckle hinges are
manufactured from stainless steel and driven in a reciprocating manner with careful phasing in
relation to excitation provided at the fin pivot. This design produces a traveling wave that commences
at the fin pivot with amplitude x at the knuckle hinge, which then proceeds to the fin tail with amplitude
y, and wher&§hle glasiag frifsenduing! s deeier Ak o e drisparadananlirnn effisisnret are
replicated, assiv® theitgdwanlagesdt mpeiniancidtdereinig greulsive efficiency is improved by
careful phasing of the pivot and knuckle hinge excitation drive signals in order to achieve a traveling
propulsive wave. A third propelled vehicle 40 is shown in Figures 4a-c. The vehicle is similar to the

vehicle showptitigiesBanaad 3 ahdalsesemploys aBigrsimeliafin inthiusty eetar.propulsion
system. A pair, of axi-ggmrgéﬁh%ﬂnﬁllf are moug}tﬁg to the stem of, and conformal with the
annular hulf°F88 fhadsras A R G T R T T WERurodEemEsin layer of
the outer hiih tginnirate thatdtabut These halecldy difpdiate haaddegse dofflexibility)sedesnds around
the fin, whe e.underlayer.comprises an .elastgmeric material such as polyurethane, The fin
contains a é?rh%u#a %ﬁggg%r% r%fir%mar%ﬁ%x??ﬁ%%&g%[fgsglf éﬁéeg%?snté? ﬁfgctiegﬂgnj&lhoé’édg g%pivot 46. A
pair of ridgéeedm48vehgdls dsimsinedidestofranelidisubplatepennofesvhyhal fngpitotenith. A line 49

s attached gy R anaislo KGRI AR, AH-AIRSEHANELR HETHRUIRK AR Rlinadhe ey SO

causes the proximal plate 44 to rotate about the rid%%s 47,48, and the distal plates to Totate about the
i

pivot 46, as*SRewh heerFetmes. Byinediptslataiglinanodnepbopernsien descaiae reslisioustes. Two
further lineseiabeid0 W asy andseddeRRBbOLINe IRBN 2B | DWemlith i GRIBRES 89:tBatthe fin tail

corners may be steered in ndently within each propulsor, and jndependently of either propulsor, in
such a way ar{)%c%)%;wv%atg gagxgt%\gﬁ éﬁv%?éYPMHS lgmﬁclfe hinge excttatmg drive Si%’lﬁls in orde? P

to achieve a traveling propulsive wave.

A third propelled vehicle 40 is shown in Figures 4a-c. The vehicle is similar to the vehicle
shown in Figures 3a and 3b, and also employs a bio-mimetic fin twin thrust vector
propulsion system. A pair of axi-symmetric fins 41, 42 are mounted to the stern of, and
conformal with the annular hull. The fins are identical and one 42 is shown in cross section
in Figure 4c. The skiri layer of the outer hull terminates at 43, but the undéﬂa&er (which
has a degree of flexibility) extends around the fin, where the underlayer comprises an
clastomeric material such as polyurethane. The fin contains a structural frame comprising a
proximal plate 44 and a distal plate 45 joined at a pivot 46. A pair of ridges 47,48 engage
opposite sides of the distal plaie part of the way along its length. A line 49 is attached at
both ends to the pivot 46, and passes over a driven pulley 50. Driving the pulley 50 causes
the proximal plate 44 to rotate about the ridges 47,48, and the distal plates to rotate about
the pivot 46, as shown in dashed lines. By reciprocating the pulley 50, the fin 42 also
reciprocates. Two further lines (not shown) are used to control the upper and lower fin tail
corners, so that the fin tail corners may be steered independently within each propulsor, and
independently of either propulsor, in such a way that positive or negative hydrofoil wing
twist is effectively imparted at any fin tip using this method, This method provides the
vehicle with substantial agility,
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twist is effectively imparted at any fin tip using this method. This method provides the vehicle with
substantial agility. 16 An alternative embodiment of this propulsor drive mechanism uses two
electromagnets 51, 52 located on either side of the distal plate, which are stimulated by injection of
electric current around coils located at the electromagnets, so that alternate phasing of such signals
in either electromagnet induces a reciprocating action in the proximal plate. A control device (not
shown) controls the excitation of the electromagnets, and also controls the excitation of the motor that

drives the ptificd)&er By rieabedmert ol RSP LRl  Stis Brechaplsmcess, IRrersFomreReiatNe phasing
of the recipiadingpraxidabasddistaiolites isaearefidly smeiniainaedying;eantobereeiso that a
travelling propulsjve waye is deliver. the propulsor. It i clear that other variants may be
implemented in- {i%r%% eﬁwog,s d]i%% beﬁfll%gt Xee%%%‘\‘@i%%l%ig ’ra?ea&ﬁﬁeﬁ%?ﬂhﬁlﬂ%%@é’é‘o%gﬁ?gsproximal
plate, and @c@@@lmﬂﬁ@mre thepositiopsacfionainéis armkistertpbmeagnetmand reversed.
A primary CHESTED ol SR SMaAe ALY 61 e SRR qe R alian alif ey nnutar hull
is that fin strokes may be executed axi-symetrically, which increases the propulsive efficiency of the

vehicle. On&&cHaEM tHdhsrmetnsidal sidussheaniimeyf eadidistehalplsevidpicirslvieinmsatiagign with

the exceptiQgibat Metictd rolk isdRdveqshim asyrimetsisAovaiRt findrikeerasl idbe platgsinay be

rigid, or they may be designed to_flex, so long as flexure is accounted for in the phasing of excitation

signals. Oneg%%ﬁygyﬁnﬁ?ﬁt@?@ﬁﬂ%%tbﬁlg‘?é}ﬁ%%ﬁ?@\?@&hﬁgf‘g’e‘%ﬁﬁaﬁ RERRYSHSS G &R esHBFBEmal and

distal platesyatist tadofinisarnkr lineesuthithaka resipracahpaibefimiisyeeetic tayelifempropulsive

waves are tlr]'glrllséerre%from the bas§ of each fin to each fin tail, As de%ﬁribed earier this dlgcfign of
CLH . L

bio-mimetic prop%ﬂgion it E%Vﬁ%bqlﬁa%oﬁaﬁtﬁatﬁe annu afra%ma%iﬁiilserosnma%f ﬁ)é{é%a spgﬁtﬁ’eg m in
tuning its prspiksion aftoraesntitshaalthdpositensthfittign ety mbkdleftfimpenptlsorssassediated with the
annular hull as
A primary difference in this embodiment of bio-mimetic propulsion in combination with the
annular hull is that fin strokes may be executed axi-symeirically, which increases the
propuisive efficiency of the vehicle. Once again the propulsion modes described earlier
may be replicated with this design with the exception that vehicle roll is induced by
asymmetric drive of fin tail corners. The plates may be rigid, or they may be designed to
flex, so long as flexure is accounted for in the phasing of excitation signals. Once again
efficient propulsion is achieved by excitation and phasing drive of proximal and distal
plates and tai) fin comner lines such that a reciprocal pair of axi-symmetric traveling

propulsive waves are fransferred from the base of each fin to each fin tail.

As described earlier, this design of bio-mimetic propulsion in combination with the annular

hull delivers many degrees of freedom in tuning its propulsion efficiency.

It should be clear that the number of fin propulsors associated with the annular hull as
shown in Figures 4a, 4b and 4c may easily be extended to some larger number n, where in
the limiting case the fin propulsors merge around the tail circumference of the vehicle to

form a continuous and conformal, flexible, annular bio-mimetic propuisor.
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shown in Figures 4a, 4b and 4c may easily be extended to some larger number n, where in the
limiting case the fin propulsors merge around the tail circumference of the vehicle to form a
continuous and conformal, flexible, annular bio-mimetic propulsor. 17 A particular embodiment of such
a conformal, flexible, annular bio-mimetic propulsor is described as follows. The drive assemblies
described above for the axi-symetric dual fin propulsor vehicle are replicated around the rear of the
annulus so that n.= Lg:h that thg o tal and_proxal plates are housed within a conformal elastic

polyuretha Pfﬁﬂ%‘f 8051 A FHIHEE . DR RERAE PAPARERTTST tail comer
fins are inclsstethedinsdfdliese iteairiey adundais wbenitee Hpopeopgey ixfuhneyR\rdime a flexible

and conforml%r??psoyl\lrue% (;li rox mE%le&rflgog'sal?h glates eﬁ%%\éﬁ Uéag\? g gcfgt; Xiqtegé é}}s?l%tc that a

progressive’ propulsive. CoRtiNUOUS ARd axl-syrmetrc ’base of
the flexibledifitiutas tordratapiaiesas tchdrisesl thathishicleoidowastl dtotig iwelyutbanis @Gokttabaf pitch and

yaw becomadiiuia) i Hisembediinseainse il riccutersailapntl 9hhe Iexlblennplus i

possible, and excitation of proximal and distal plates in an indepen ent manner may ne. A glider
vehicle 10068ty $ieEiGare d srme TRdmAS iben & cfin narsrinsan A Bl o smetveétisioas shown in

Figure 5a, #ngipdensaFwapi bagk:shape to minimize vehicle drag; to reduce residual energy
released into wake vortices; to provide for pitch and yaw stability, and to provide a novel mechanism
for attitude control. Figure 5b is a view of the vehicle's port elevation, while 5¢ describes a plan view of

the vehicle wiiysiashad dineaisariaaiac e, hapg. oLIbEYCLOIAULRIRIand e UV lises Similar

construction, and houses various sensors, battery packs, and pressure vessels in common with the

vehicles SRERRH veigariEous gd f@’t“c?gﬁ’l‘iﬂ?ﬁegévﬁlﬂégﬂ&’taé’ﬁo\ﬁ/ﬁxw Hiprhdkerdarbetvibertices
101-104 angkfdble sieinlvetticRdi0by HI8HOB ake eaRMEatRe ard along its hull axis. Control of

pitch and yaw become trivial in this embodiment since full circumferential confrol of the
flexible annulus is possible, and excitation of proximal and distal plates in an independent

manner may be done,

A glider vehicle 100 is shown in Figures 5a-c. The hull of the vehicle has an annular
construction as shown in Figure 5a, and adopts a swept-back shape to minimize vehicle
drag; to reduce residual energy released into wake vortices; to prowde for p1tch and yaw
- stability; and to provide a novel mechanism for attitude control. Fxgure Sb is a view of the
vehicle’s port elevation, while 5¢ describes a plan view of the vehicle with dashed lines
indicating the shape of the hydrofoil profile. The outer hull uses similar construction, and
houses various sensors, batiery packs, and pressure vessels in common with the vehicles

shown in Figures 1-4, but for clarity these are not shown.

The hull has four bow vertices 101-104 and four stern vertices 105-108 which are separated
by 90 degrees around the periphery of the hull.

A buoyancy engine (not shown) is housed within the outer hull and can be driven cyclically
so that the vehicle alternately sinks and rises, By careful adjustment of the relative position

of the CofB and CofG the vehicle may be inclined as it sinks and rises, and so lift forces are
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by 90 degrees around the periphery of the hull. A buoyancy engine (not shown) is housed within the

outer hull and can be driven cyclically so that the vehicle alternately sinks and rises. By careful

adjustment of the relative position of the CofB and CofG the vehicle maybe inclined as it sinks and

rises, and so lift forces are 18 generated by the outer hull shape so as to impart a component of

forward motion. This enables the vehicle 100 to operate as a buoyancy powered glider, which may be

used singly orin sel -mé%r;itoring fleets and be programmed to sample large areas of ocean or seabed
t

or coastlinéRFE SR ENTIRRG P 5 PO rirEarh e SRS GEdREar Beitent e vehicle
adopts a vetyalsies énevey configusatinntsince bhydacy pented i ds mintnined bangeaatiyous motor
propulsion igrrlxrci)ts [I,Qvide sinc eiéfc‘s m&)%\ée force is (?%ia ived fr% a buo arg)?éen ine th tghanges its

[

-HonIotR PEORIAMING & BRRTicEPEAE g ISt?S?‘I 5 &iso

state only twice during each®ive andrise*cytle, an
minimized. Wthsas dhssitdatoeetordglidermeabdifptraraimsoyancy and adjust the position of mass
along their hull axis, this particular embodiment maintains fixed mass and modifies its buoyancy and
CofB location by adjustment of its buoyancy engine along a ring (not shown) that sits within the
vehicle's arinuiis malftenthfattoedthenhulits wivizpt béekshapey Asithaevghiclefipmvtisnitbe buoyancy
engine is | gﬂi@. the. %ﬁp w.fin 101, so that the CofB lies f rwar%o the CofG,
resulting ir??;'&ﬁgi e-upigcﬁé?ﬁbgulr%éﬁgﬁg b%%%cgf#hnéi OBlSJIon)?g%rc@m %?isﬁ%ntlos Bgr or Star Sérécr%lgsround the
hull under rastérecenaoisnviitbioth fsimirebveriaty arairedties shirees insatsontyovedhuTinfB aft of the

CofG, at whighh ARk 8 eele Wil Rednelinepsiiose ST busyanGyengine is then made

negatively buoyant and the vehicle will glide down into the ocean. At some pre-determined time or
depth the buoyancy engine traverses around its ring and the vehicle commences rotation around its

null axs, andribieC ol may R darviale Ao b ety auan. e A aiesieB atapich point
the vehicle will be inclined nose up, buoyancy will beconie positive
along their hull axis, this particular embodiment maintains fixed mass and modifies its

buoyancy and CofB location by adjustment of iis buoyancy engine along a ring (not shown)
that sits within the vehicle’s annular hull and follows the hull’s swept back shape, As the
vehicle moves up, the buoyancy engine is located adjacent to the upper bow fin 101, so that
the CofB lies forward of the Cof(3, resulting in a “nose-up” configuration. Motion of the
buoyancy engine to port or starboard around the hull under motor control will both roll the
vehicle around its hull axis and also move the CofB aft of the CofG, at which point the
‘vehicle will be inclined “nose-down”. The budyancﬁ engine is then méxde néga‘fiveiy
buoyant and the vehicle will glide down futo the ocean. At some pre-determined time or
depth the buoyancy engine traverses around its ring and the vehicle commences rotation
around its hull axis, and the CofB moves forwards above the hull axis through 90° in hull
rotation, at wlnch point the vehicle will be inclined nose up, buovancy will become positive

and the vehicle will glide towards the ocean surface.

The vehicle may also include one or more devices that will extract emergy from the
thermocline through dive to depth and ciimb to the sea surface, where temperature gradients
of 20° C or more may be anticipated in many oceans between 0 and 600m in depih, and
where 75% of ocean volume has temperatures of 4°C or less, while ocean surface

temperatures may exceed 30° C or more.
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and the vehicle will glide towards the ocean surface. The vehicle may also include one or more
devices that will extract energy from the thermocline through dive to depth and climb to the sea
surface, where temperature gradients of 20 C or more may be anticipated in many oceans between 0
and 600m in depth, and where 75% of ocean volume has temperatures of 4C or less, while ocean
surface temperatures may exceed 30 C or more. 19 One such energy harvesting device is a particular

embodiment of a Quoyancy control system, 900 as descriped in figure 15a or 15d wherein a

tem peraturr:aégg ﬁ%%éy?fﬁ%@%ﬁ%eé/?ﬁ%’ﬁ& DESERIT BPROABOHE PIAPHA S UHEARES. (35178t forms
part of a toi¥i0ak passbed relgale afdondre kerinmbempbigmidahaitivaipies thbeg.(Rhalsa reside
within this er, The wall of the chamber js,also made of aluminium, and is enclosed within an
insulating ccg?mp éi{g 1% ruic ﬁérgi’ zltéf/%? such as @r?#éa(c%tfé]%%%a%rg #35%}?%1%‘%1 gﬁ%f%‘ﬁ%)‘éfls Fggi%n ombined
with glass ovbemrbarmibee dideneidel winavaisochfitartio nisovesith bathialitadyheobed dfoumdithe

chamber's Jogidalfoms, Andwhers Sech.mateHRsmA %}@f&égw(ggﬁ{gﬁa%q%g%%g%ﬁwgen the

inner and outer surfaces. Two other insulating toroidal chambers (c), _ | ere such
chambers BB ESF S horo RYatartin &apeos premsreradsmmey ivsigowhi wilsglienne maybe

divided intocHaves BbaAIasRel QiR ouldilsioraidalaxis Sdrpbardadnierases wilhapart that
opens to th&??)%%rn@l sea \ﬁ]at r, so that sea water may enter a section of this chamber which also
I

includes a X B 1R SERIS RS B AR A A aeh omRaretbatio bebirraithan
insulating physicatdanter betivesn Tohanthar {aubnih thememlatemehamherdpralsadni@daces with a

separated B Sl o B R e BRI BB and two
valves (h) ilatashieotap hdizidedimitnthrabes mathisechememdE)s Theidelaixial pressure vessel may
also include an optional low pressure gas chamber (k) with a flexible membrane assembly

Chamber (a) interfaces with a port that opens to the external sea water, so that sea water

may enter a section of this chamber which also includes a flexible low thermal conductivity

membrane or piston seal interface to maintain an insulating physical barrier between

chamber (a) and the seawater. Chamber (2) also interfaces with a high pressure gas chamber

(), which also connects to the seawater via two flexible membranes separated by a volume

of liquid, and by another valve. Chamber (c) interfaces with two ports and two valves (h)

that connect to the alumininm tubes within chamber (). The toroidal pressure vessel may

also include an optional low pressure gas chamber (k) with a flexible membrane assembly

and an interface port to the external liquid. Chamber (d) also interfaces with two ports and

two valves (h) that connect to the same aluminium tubes, and may also include an array of

thermo-electric semiconductor (TES) peltier effect devices (€), where either side of such

devices would maintain a low thermal resistance path to the external seawaier or the

internal fluid. Chambers (¢) and (d) also include ports and valves that open to the sea water.

A control device (f) and one or more fluid pumps (g) are used to open and controf the
valves and ports in sequence with the operation of the vehicle. Chamber (c) is filled or
replenished with warm water when near the surface, while chamber (d) is filled or
replenished with cold seawater when deep. The control device (f) may also be used to

stimulate the TES (e) device with a potential difference applied to its two semiconductor
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and an interface port to the external liquid. Chamber (d) also interfaces with two ports and two valves
(h) that connect to the same aluminium tubes, and may also include an array of thermo-electric
semiconductor (TES) peltier effect devices (e), where either side of such devices would maintain a
low thermal resistance path to the external seawater or the internal fluid. Chambers (c) and (d) also
include ports and valves that open to the sea water. A control device (f) and one or more fluid pumps
(g) are used to Qﬁ)en,and control the valves and ports in sequence with the operation of the vehicle.

Chamber (CFRERIBS Bronass EhiHSH TR P Al A RS AL SURRE R HAAERR (d) is filled
or replenishédwitehicle séawaterathgmerehe Ihesaehteol davieat{fmaysatandiglisadidoicstimulate
the TES (e) ice with a.potential differen lied to its two, semiconductor 20 junctions in order to
lower the teﬁ el?gtlﬁ\%égi%? %ﬁ@%ﬁ%?nvg%*g% %?rr%%?&%%{g%?ﬁttaeﬁ%aﬁon of the vehicle, when operating
near the sea surface. Alternatively a simple ballast device may be used to initiate the vehicle's first

dive cycle instead. The, cantrol devic operates the ports, valves and pump when close to the liquid
surface to E‘?é‘“‘s‘s’%l%ﬁ"te} g Qe eﬁ(sqﬁr?g% és’e%‘é?’?a%‘é \%TH%‘@%’&WH %ﬁgs%ecg%‘ﬁ éurﬂ%‘f%rial (i)
which is gxﬁ@s&@mﬁt\@mmm@a@mﬁhﬁw@mwmmﬁ drdptheendemgreseredil (€) and the
extornal lauid iechusssiialanoh e chADRSL LA A5 16 VAl s g.clased sp dyat eneroy
is stored. The vehicle'may descend using quiescent negative buoyancy, or using a transient ballast

device, or bh8usRsReO fiteide Aidisr Bycesystzatipe of the ONDE) G0 rowh BemPisurdsaasing the
control devigr 4y ans the r&fe‘?iﬁéfﬁ@i’@@e"r@ WhitkeSH8) cicemBinatigns;thares!. lngigferred

embodimerrgs the reservoijrs (c), (d) and tubes (b) and pump assist in_circulation of the 'seawater in

order to mifiTZRfefidEsy G SetrithsyicrariBYgredidAio med dis dsam P US98 Aberature
around the RS (Haintainecheifiaianityuby close el he ek ipal minivmivhesibeitan the PCM

L TR Rt G AR S AR TR A RS
tubes (b) and pump assist in circulation of the seawater in order to minimize inefficiency
due to local temperature gradients. The resulting drop in temperature around the PCM is
maintained efficiently by close coupling of the aluminium tubes (b) within the PCM
volume, which causes a phase change from liquid to solid in the PCM and a corresponding
reduction in volume which increases the density of the vehicle so that it becomes heavier

than seawater and therefore descends.

When a pre-determined depth is achieved the control device (f) operates the ports, valve and
pump to release the pressurized gas (1) so as to move and fill a flexible membrane and
displace a certain volume of external liquid, so that the density of the vehicle becomes
positive compared to the external liquid, so that the vehicle commences its ascent. During

. ascent the control device (f) operates the ports, valves and pump to transfer warm sea water
from chamber (¢} into chamber (2) via tubes (b), and once again to circulate the seawater
between these two chambers. The resulting increase in temperature around the PCM causes

25  a phase transition from solid to liquid, and a corresponding increase in volume which

lowers the density of the vehicle further so that its ascent may be accelerated.
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reduction in volume which increases the density of the vehicle so that it becomes heavier than
seawater and therefore descends. When a pre-determined depth is achieved the control device (f)
operates the ports, valve and pump to release the pressurized gas (1) so as to move and fill a flexible
membrane and displace a certain volume of external liquid, so that the density of the vehicle becomes
positive compared to the external liquid, so that the vehicle commences its ascent. During ascent the
control devie%e ]eg%\g%er tes the ports, valves and pump to transfer warm sea water from chamber (c)

|

into chamb YA SHREEIAS O Lt THE R SuRhA S iR TREh AHRAEETDS chambers.

The resultinftincredserivale mpksaiuteharothathifierRC haysescdbanphase dRpsiieniemselid to
i ft ehicle further so that

liquid, and ' [ | hich | the densj

ot (i e ST e R R R e
device, suckds wmﬁhﬁszeda@lanid@desighﬁ%thmMmemmﬁeﬁ@ﬁwmeopﬁr_ﬁicmmma]xture of
materials wahi BR.GRe AR Bl RLIEY B0 ARASE 6N ARgR A 5%%0&*5&{'%%}@%%‘1 of

temperaturés to be encountered within the designated thermocline, and more typically'so that material
phase changjEbEnkibes SisTcabel sriertedvisumaie ik anfidepiaitdsnd redtilestrnddpealecsracise range
would be selggiegigdgatch the anticipated depth profiles and local ocean temperatures. This
invention secures advantage over alternative buoyancy control devices through integration of the
phase change material within a toroidal pressure vessel, where local geometries and materials

combine to Piavige adiahbesffisientsiise femadualian ofyehicle densiy Sing taRgikihrough the

thermocline. A further embodiment of this energy harvesting device extracts additional energy from the

thermoclind P&t RS TspsranBiiaid meiBicy APwidabaramsses orerelyarhiere. lerathis
alternative geabaginentidhaatdRi{aolabaiedatchamber (@) vegicrntrobdeyied Bodulation of

vehicle density during transit through the thermocline.

A further embodiment of this energy harvesting device extracts additional energy from the
thermocline in order fo improve the operational efficiency and endurance of the vehicle. In
this alternative embodiment the TES (e) located at chamber (d) and control device (f)
combine to generate a potential difference between the two semiconductor junctions of the
TES when a temperature differential is maintained between its opposite sides, which of
~course is achieved sequentially during successive dive and rise cycles. This pbtAeﬁt-ial
difference is routed to an array of super-capacitors and then to the vehicie battery store via -
some high frequency switching DC to DC convertor that minimizes its electrical losses and
achieves a transfer efficiency in excess of 90%. This additional energy harvesting device
may also be modified such that the TES occupies a barrier between cold chamber (@) and

warm chamber (¢}, as shown in figures 15a and 15d..

The vehicle may instead accommeodate one of many alternative buoyancy control devices,
including pressurized gas and tank systems, or hydraulic pump, or electric motor drive and
piston valve systems where stored energy is used to physically evacuate the seawater from a

prescribed volume within the vehicle,

22



combine to generate a potential difference between the two semiconductor junctions of the TES when
a temperature differential is maintained between its opposite sides, which of course is achieved
sequentially during successive dive and rise cycles. This potential difference is routed to an array of
super-capacitors and then to the vehicle battery store via some high frequency switching DC to DC
convertor that minimizes its electrical losses and achieves a transfer efficiency in excess of 90%. This
additional ene%gFéharvesting device may also be modified such that the TES occupies a barrier

between cold BHAR RS taEER @R eisRerqey chs whawisisHeubdils b e toreidaehicle may

instead acqamMmasite.onREMaNLAeIMatve:-RUMANGHELNHRLAEYIEe he RsldIpGRIGSSHEized gas
and tank syste or. hydraulic E%Jurz%)e r electric motor drive and pjston valve systems where stored

S,
energy is U %Sﬁ%ef}h%i % bATRRHERER QT pHes FRISES oTiRhEeHvithtn T8 ¢8hicle. 22 A
further advantggeptthisd deyracy csantrolsfigiea s éxieadiblitsvibestbticdidigigal 1Eymiay be

evolved to di ers, and where torai ay be used in groups as gescr'bed in figure 15d. A
further emb%grifénngt c()%ji’#]llﬂsn‘shc1 é(ljtrﬁlél 5§v8|v%“81 %%%i%ng aﬁlgyag%cflegon?% ! él}/?%rgyaes}{tseﬁév%ﬁsin figure
15a into a lesisciy dekiskibesvies figupesyiiBblenndrepbe. dikpéasolutivrvainmeaimstite torsidsiform and

basic architgeiie LB A@XIRAGSALE GARARIHGYRIETLI8TBHLAIPONIAS (aFQraaieriisplacement

volumes within an efficient structure which would otherwise be cumbersome and difficult within large
underwatetifles. Although the embodiment described above uses only buoyancy as its source of
motive propulsion, it is clear that other embodiments may be disclosed that augment the low energy
vehicle with bio-mimetic fin or circumferential propulsion devices as described for the vehicles 30,40

above. Alseusty BacTgh e dusepddtaiimensnbe wyarsktad by sprsiseéresiépropulsor
devices asgisalpssd inyeRigiehehfMesmbodiments may be disclosed that angment the low energy

vehicie with bio-mimetic fin or circumnferential propulsion devices as described for the
vehicles 30,40 above. Also the low energy vehicle described herein may be augmented by

propelier and propulsor devices as disclosed in vehicle ] above.

In another embodiment of the low energy glider vehicle, the buoyancy engine may be fixed,
and mass 18 moved instead around a pressure vessel under motor control, to effectively
move the CofG forward or rearwards and consequently to induce pitch up or pitch down
attitudes. In a further embodiment, both the mass and the buo&éncﬁ engine may be moved

around the ring.

The vehicle may also be augmented by solar energy cells as described earlier for other
vehicles, so as to replenish its internal energy store when close to the sea surface and

therefore to extend its mission period at sea.

It is also clear that the vehicle may be modified to implement ocean gliders of varying size.
The annular construction is advantageous in this regard and offers structural resilience and

so vehicles of this form may be constructed with spans of 30m or 60m or more.

23



In another embodiment of the low energy glider vehicle, the buoyancy engine may be fixed, and mass
is moved instead around a pressure vessel under motor control, to effectively move the CofG forward
or rearwards and consequently to induce pitch up or pitch down attitudes. In a further embodiment,
both the mass and the buoyancy engine may be moved around the ring. The vehicle may also be
augmented by solar energy cells as described earlier for other vehicles, so as to replenish its internal
energy sto[%when lose tg the sea surface and éherefore to extend its mission period at sea. It is also

clear that tHESBRICIE ARy Ve FToRRTRRGTR NG mighit SRR G AR S A55Eye. vasse dnfular

constructioniisiavanfiag eassuire thissd gdwokani difprsstiucindlitesilienes aid-kaivekidiegeof this form
maybe consiiyciad Wit spansal 30m s S0m ot mere. 23 Louies 08 and ob e perspectie and side
views of an alternative pressure vessel 525, similar ott%e pressure essell shown'n Figures 1a and Ib.
A pair of reigaiveRriatechoroislhitprbdslipecsnes elessd 1532 S8eavoprittedd doeaendathierfdipeaxial struts

153156 Mgl AtisiAVElRMSIL IRl RIRRANE weaskisdad 136 AIF PaR/oNrdae.and aft of the

large pressure vessels 151,152, and connected by axial struts 159-164. The axial struts may

themselvesPRISHEES e prsswrs, Estiat Ihdiehive sHiicisiaprBoiaey Sy Rnebmeptiduvessel, or

the axial stragsenay bR selid skustpl Rambesunudiskeass thedaieids:ierm: fon;&epanate
partitioned pressure vessels, The toroidal shape enables deep give Withﬁe%t excessive mass or cost.
Figure 7 is & PerSpEatR B THASF S SRSy Siftdde %8&?8@?}3? RO B g{ﬁ%ﬁf'esﬁﬁrg%‘ﬂing frame

201 is mountecsiisideasner obthe toroidal pressure vessels.. The system 200 is illustrated with a "flat”
frame, suitable to be fitted in a correspondingly "flat" toroidal pressure vessel, for instance in one of
the vessels 1, 30 or 40. However the system may be adapted to fit into one of the "swept" vessel
configuratiGiguetesciibedagfeiniby sishalkl an inertial attitude control system 200. An annular

supporting frame 201 is mounted inside one of the toroidal pressure vessels.. The system
200 is illustrated with a “flat” frame, suitable o be fitted in a correspondingly “flat” toroidal
pressure vessel, for instance in one of the vessels 1, 30 or 40. However the system may be
adapted to fit into one of the “swept” vessel configurations described herein by suitable

adinstment of the shape of the frame 200.

A. first pair of masses 202,203 are mounted on the frame by respective axes \_Jvhirch lie
- perpendicular to the hull axis. A second pair of masses 204,205 are 1“noﬁz;1ted on the frame
by respective axes which He parallel to the hull axis. Each mass can be rotated
independently by a respective motor (not shown) about its respective axis. By accelerating
the masses 202,203, an equal and opposite angular acceleration is imparted to the vehicle,
giving pitch control. By accelerating the masses 204,205, an equal and opposite angular
acceleration is imparted to the vehicle, giving roll control in the configuration of Figure 7.

The combination of pitch and roll provides yaw control,

Figure § shows a vehicle 210 which is a variant of the first vehicle 1. The vehicle 210 is
identical to the vehicle 1, but further incorporates a sonic transmitter 211 and sensor 212, A
perspective view of a surface 213 is shown below the vehicle. The surface 213 is parallel to

the hull axis. The vehicle is translated in the direction of the hull axis as indicated by arrow
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adjustment of the shape of the frame 200. A first pair of masses 202,203 are mounted on the frame by
respective axes which lie perpendicular to the hull axis. A second pair of masses 204,205 are
mounted on the frame by respective axes which lie parallel to the hull axis. Each mass can be rotated
independently by a respective motor (not shown) about its respective axis. By accelerating the
masses 202,203, an equal and opposite angular acceleration is imparted to the vehicle, giving pitch
control. By accelerating the masses 204,205, an eglual and opposite angular acceleration is imparted

to the vehicle 2GR TOISEEREOES the Moy GlaibAS: okt contimeidy Mk thsntelien &nd roll

provides yaindtenstobyFaguve & siowsraveiieler21 qwhicibisg yauantied thedirshRiicephaml he vehicle

210 is identical to the vehicle 1, but further incorporates a sonic_transmitter 211 and sensor 212. A
B S A TRt ST AU (PR A7 Sk SRS tha ol

perspective view 6FR Surface ot
axis. The vehislehghrdridated inthepdirdatiorebéshpatiy bakis:esps digcied dyspondutg 24riénekt to the
surface 213, The yehiclg isalseJolle i hull axis,.as -ndicated by .arrows V. The
transmitter 211 emits a beam%legl \;}Gh%%%af%}l%v{\gg g%ﬁ%%%ﬁﬁ?%ﬁ%%&ég@%ﬁ? éegcér‘%éelg% %évtripes 215
across the Stirfaase TRBivEEEhvebe Sonprista Sbr shogesids thhisenioldale Swomessesvirgripslical path,

and sweepsQuhfosyaaRandingrsesies alc SHRSSsaGRRIINS W BRR-AGRNtrOl device (not shown)
improves the effective resolution of the image captured by the sensor 212 by processing the sensor

data from successive stripes to achieve synthetic extension of the sensor's aperture in two

dimensions imi incip! ved.i | i ' h i ich the
transmitter gnpsdﬁé%?ﬁglﬁg?eﬁ 1c?ri‘?éar%‘l?el{;'c? bv%t]%ﬁ?r?éé% @eﬁ?n?%gﬁ%i%t %{ghIL g)%gb,qua the \xlgll"lﬁue

translates pPATRHEITEr 2 FrAEY AtSoTisRlR Tl ko rassparrtinkte seltrb Bésaans Siweubistst a curved

path insteagafskaepRaDiiSipesARIResUface ke latkekexemaksubsistuisivegables the

vehicle | to be docked.as shown.in Figures
a cuwe& path 1Snsteac¥\g} a sertes of siripes on the surface,

The lack of external supersiructure enables the vehicle 1 to be docked as shown in Figures
9a and 9b. A dock has a cylindrical inner wall 230 shown in cross-section. The dock may
be formed in a ship’s hull below the water line, or in a fixed structure such as harbour or
offshore structure. The vehicle ] moves into the dock by moving (as indicated by arrow V)
along its hull axis until the vehicle is enclosed within the dock as shown in Figure 9b.
Rolling the vehicle as it {ranslaies into the dock provides added stability and enables
accurate positioning, The vehicle can be deployed by reversing its propeliers so that it exits
the dock.

Figure 9c shows part of an inductive electrical recharge system. An anrular primary coil
231 1n the dock couples inductively with an annular secondary coil 232 in the vehicle to

recharge the vehicle batteries.

In a second docking arrangement shown in Figure 10, the dock has a projection 240 which

is received in the duct 5 and bears against the inner wall of the hull to secure it in place.
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9a and 9b. A dock has a cylindrical inner wall 230 shown in cross-section. The dock may be formed in
a ship's hull below the water line, or in a fixed structure such as harbour or offshore structure. The
vehicle | moves into the dock by moving (as indicated by arrow V) along its hull axis until the vehicle is
enclosed within the dock as shown in Figure 9b. Rolling the vehicle as it translates into the dock
provides added stability and enables accurate positioning. The vehicle can be deployed by reversing

its propeller SFE,t t %&ﬁ?xits the dock, Figure 9c shows i/)art of an inductive electrical recharge system.
An annular éfi BH P RETISIT AR IO LCRBUPIBS iR bRy ohlamatirurahse At aitsiina2 in the

vehicle to rebhsrge the vehicle bedteriies iz asecard doakngadangemenlsbowy in kiguie 10, the
dock has a prejection 240 which.js received in the duct 5 and b against the inner.wall of the hull to
secure it in g@:“éf“f%i Rrﬁlnef\gi %gﬁf’;‘é’ éﬁiéﬁ’g%r%\g% 1% Séﬁ%é%}?’%ﬁifﬁ& ‘i%ﬁ%? éfghé?%%é}i{?é‘%hicle 260,
similar in sﬁhp@'ﬁéﬂmhw@_lmol‘h@ thigjodse 2 dylmetiead dodieidueapiadeahy aghiatiothe cylindrical
projection 250, whigh i shawn io %8%‘&%&%‘?&&?‘EH 9Qaﬁée{]ygbéﬁk%@%%3'53&\%9&’%%} of

cross-section). The projection 250 is received in the duct and bears against the inner wall of the hull to

secure it in PECEVAPLRE 82 desise veliewe Bovithades Yatiakedrdtie theep AR$2dSigne of Figure

5b with a tetbeio2fpeaitached tohRdawdlindfRiekNaranly RO BURRKSIHGRY SRk iRz aRee propellers or
fins) in the duct so the projection 250 can pass completely through the duct. The vehicle is deployed
by angling ﬁ%%?&f@@f%p?[}a W%o&iﬁ %hi%}?é’ﬁ&écéedﬁ%W&Xiﬁ?&ﬂﬂﬂé@eﬁ@iﬁ%@“&@%ity. An

inductive reshahgevcbidtestiduaytb ere mipleyseshinmiaimitaforeanferiifyigute Seubineragtdge 12b and
12c are fro %gﬁ %%%a%%gignegi%v%ss%ﬁ six%y&% > 6099;'he hull of the vehicle is swept with
respect to the hull axis S01 i Common with the vehicle Sehowh in Figures 5a-5c, but in this case the
hull has a swept forward portion carrying a bow

Figures 12a, 12b and 12c¢ are front, port side and plan views of a sixth vehicle 600. The

hult of the vehicle is swept with respect to the hul! axis 601, in common with the vehicle

shown in Figures 5a-5c, but in this case the hull has & swept forward portion carrying a bow

fin 602 and a stern fin 603; and a swept back portion carrying a bow fin 604 and stern fin

605. The vehicle operates as a glider and carries a buoyancy engine (not shown) and an

inertial attitude control system (not shown) similar in structure fo the system shown in

Figure 7. Thus the vehicle has a fully conformal outer shape with no superstructure either

inside the duct or projecting from the exterior of the vehicle.

Figures 13a and 13b are front and port side views of a vehicle 700. The vehicle is shown
with a propulsion system of the kind shown in Figure 1, with twin thrust vector propulsors
705,706, one of the shrouds 708 being visible in Figure 13b. The vehicle is tethered to a
mother ship (not shown} by a harness tether system inciuding a port tether 701 shown in
Figure 17b and a starboard tether (not shown) attached to the hull at an equivalent position
on the starboard side. The tethers combine to form a single tether harness that provides
data transfer. and transfer of drag loads during operation. The vehicle has an additional
pair of propulsion devices 702,703 which are fixedly mounted flush with the external
surface of the outer hull, and provide pitch control. A sensor 704 is shown at the stern of

the vehicle.
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fin 602 and a stem fin 603; and a swept back portion carrying a bow fin 604 and stem fin 605. The
vehicle operates as a glider and carries a buoyancy engine (not shown) and an inertial attitude control
system (not shown) similar in structure to the system shown in Figure 7. Thus the vehicle has a fully
conformal outer shape with no superstructure either inside the duct or projecting from the exterior of
the vehicle. Figures 13a and 13b are front and port side views of a vehicle 700. The vehicle is shown

with a propulsion system of the kind shown in Figure 1, with twin thrust vector propulsory 705,706,
one of the éﬂ%ﬁ&%%%%%@%&ﬁ@lﬁﬁ%{% 46, VieRs genikridasierddty ighorhiathsed (not

shown) by amamﬁhertéthﬁ(rnsystemi]wlddh?@a poitdamereittl ShowRiiA friguig ik and @gtarboard
tether (not ow ached to h ata alent osmo on the starboard |de The tethers
combine tos%%rmgéb gl%g% ?mfher a?nuélls%etﬁp erWdégr 5@“?3 8 tratherr Péir%@ll‘f?éds during
operation. Tietvilkieie, b euphdditbeahtpai baﬁbredudm@rmﬁg\alseéaé’@@eﬂ%mmm@ﬁ fix@gly mounted
flush with the.exteraaksurfacesebihg auer,ul ng Qﬁ?\é@f 1?%} ¢on dg(% A dsen % |s shown at

the stern of the vehicle. 26 FI%UI‘ES 14a an re front an port side view a Vehiclé'800. The

vehicle is tethavadBigrrddteburihs Gﬁ@bgﬁ@\ﬁmféﬁéﬁ@@‘ﬂ/eﬁdﬁy of éh@gf@téihépfaohewtﬂm@My also

~ transmit datadtessiadioadsac the vehisle sThestathee B0l inaraicrsatialy-aiiached tethe Rull by a pivot
(not shown) althou H%ﬁ? ‘?L?B% ernatlve bnc\{ﬁ e scheme may also be used satisfactorily. Four fins are fitted

at the stern‘Sf 9L PRSP HOWLP e St (ham: #irY soingrdt éhalin wom gifsient but the

starboard fithis hiddewing dsfvafstheffauw finghead lieapivatedhateidiGaicd inashasdingdandins 802,
803 to effec&ﬂ.%:%la ”é%ﬁ“ﬁ’q control The vehicle 800 is more rigid and less susceptible to wing flutter
than a V-wing. It Is also more & C|emig?han a V-wing because of low induced drag and increased pitch
stability because the corrective pitch moment is larger.

The vehicles described above can be used for autonomous unmanned undersea exploration,
imaging, inspection, mapping and ocean science monitoring. In this case, the propelled
vehicles may be of the order of 500mm in diameter and 600mm long, and the glider
versions may be two to four times bigger. However the basic vehicle design is scaleable
and may be uvtilized in very small vehicles with spans measured in a few centimeters, to
very large ocean vehicles with spans measured in tens of metres. The vehicles can
accommodate & variety of sensor configurations, including: lasers; geophones;

hydrophones; low frequency, mid frequency and high frequency sonar fransducer
projectors; electro-magnetic sensors, linescan and two dimensional imaging sensors. The
vehicles are also suitable for: docking, or parking in tubes, or ports, or garage; or touch-

down, or lift-off oi)erations on liquid beds.

The stability induced by continuous rolling enables the vehicle to “hover”: that is, to
maintain substantially no franslational movement. ‘This is in contrast to conventional
autonomous underwater vehicles which lose stability at low speed. Whilst operating in
“hover” mode, a feedback system may sense the proximity of the vehicle to an external
object and control the position of the vehicle in response to the sensed proximity, for
instance generating small amounts of thrust as required to keep the vehicle a fixed distance

away from the object.
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The vehicles described above can be used for autonomous unmanned undersea exploration, imaging,
inspection, mapping and ocean science monitoring. In this case, the propelled vehicles may be of the
order of 500mm in diameter and 600mm long, and the glider versions may be two to four times bigger.
However the basic vehicle design is scaleable and may be utilized in very small vehicles with spans
measured in a few centimeters, to very large ocean vehicles with spans measured in tens of metres.

The vehicles can accommogate a variety of sensor configurations, including: lasers; geophones;
hydrophones? I8&?W@Hﬂ%ﬁ%§ﬁ?ﬁ?ﬁ?r@dd§ﬁ¥%ﬂ8§ kﬁﬁ‘f?wgé}é‘?ﬁw SO INNLFARER BBl SFRSRBIAS;
electro-magnekicratarioisutihascaniantl)wovwdiloe asianatisnaging seNsorsiciRa Y elicigsaAke also
suitable for: ing..or parking. in or.ports, .or garage; or touch- down, ar lift-off operations on
liquid beds#ﬁg}%;&agﬁg}%ﬁ%%ﬂ%%gaﬁtﬁ@ﬁﬁ‘ oﬁ%a?’ohf’ngi gﬁ?@s‘fﬁé&j?/ Q85 cg%"?(’5’\’/%?": TS, to
maintain subetaiRiakg fo tPamsiztiondhewaemignts Thisisdh edintrasithindanventiofal petonemous
underwater yReeswhiehlesensia ity ahlow speed Whistapealng Iy Bevenmodaya leedback

system may sense the proximity of the vehicle to an external” object and control the position of the

vehicle in reRf5A%E & trgWEscHopoRimRY herersiarascvgbicks aasityahmetdato batsaofictrast as
required to keepddiepiehisdesefixedlittaneenAnRYIRM theiehieel R4 Adaliernative arpligation for

the vehicles described herein{%ﬁ long range bulk trans;gé)rt of bulk material (such as crude oil), in which
the interior SPHEHTR RSl €T AR e ThatBRALPS hiTiR 51 IResethaIXFIHEIR s deghnerhgt B8 20
metres, whiteghetoatepciametesnéy behichnsiraihe 66f Lounetieshd benaterial dsscani@ingd either
within inner i re vessels, or the.outer hyll, or both. The size and/or aspect ratio of the
vehicle will gE%%%ggé@eédg gst%r%aﬁ?gc‘f ?ESIFEin%‘[t%Vﬁ%‘éG{N r%’lﬁllré"}% Sl\)’éﬁ?ﬁ’égpafgf}%éﬂci%@d’élwsoe carried,
an extende¥igaifio adseetiolorsoultdsted bnfthemsdeascartonbmtalrbdyctdatinmedd, e fittecfatsome

are generated which tend to drive the vehicle up or down, but not to the side.

A further alternative application for vehicles of this type is to submerge the vehicle in a
liquid-filled pipe (for instance a utility water pipe, or an oil pipe) for inspection, repair or
other purposes. In this case the diameter of the vehicle will be chosen to be sufficiently

small {o be accommodated in the pipe.

- Alternatively; in an undersea cable lay application a much larger vehicle may be specified
so that long cables may be carried inside the outer hull and deploved from the vehicle. For
example such a vehicle would carry an open toroidal stowage bay around which the heavy
submarine tow cable would be wound, where such a bay would form one toroidal section
within a large vehicle. A particular embodiment of this vehicle, therefore, employs an
anpular hull with length 5.6 metres, and an outer diameter of 4 metres, The propulsion
system is as described earlier for the smaller vehicle, and spin is induced together with axial

motion in order to deploy and lay the submarine cable autonomously.

Instead of being operated as a fully submersible submerged vehicle, the vehicles described
above may be designed to operate as surface vehicles which are only partly submerged

when in use. In this case, cameras and radio sensors are fixed at the top of the outer annular
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point along the vehicle axis. In applications of this type, where the vehicle is inclined at an angle to an
ocean current the vehicle can drift off course to the side, due to drag and lift forces induced by the
ocean current. However, by continuously rolling the vehicle about its axis, the sideways forces created
by the ocean current are reduced. Instead, magnus forces are generated which tend to drive the
vehicle up or down, but not to the side. A firther alternative application for vehicles of this type is to

spoctionsFob AR bToUh STLTb B NP LSS P TP T YOTILAS o BEECHBG8A to b
inspection; . [ chosen to be
sufficientlyvemad 16s hesascaroesiadeck arib erpidsicA lte thativiady vein des deseiseteedise fag¢ application
a much larger vehicle may be specified s that long cables m e ied.insi : hull and
deployed f?&arﬁ eu%ehl %XiE%P %%%% e %%({:% gﬁgﬁigfeu\?v% %:yggﬁid%?\%%%% t?ﬁ(ﬁ ] é?g\%gge bay
around whichahtedeesiared biyrharineioniomblef ieliet e swbenmgdwinbiél s iRl acpaAREAE frm one

toroidal seclgn WRin, g lafe Vel dtodPafis AL BRORP IR WasHRRIG ISR @Mploys an

annular hull' with Tength 5.6 metres, and an outer diameter of 4 metres. The propulsion System is as

described efiveptaratreriprane MBI highispia e iR dPBgapRrar BN SR SR  rder to

deploy andyay: the.sHbRwEine tahleauippomausiyd nsiead afibangupreieséds. aTullyiswimersible
submerged vehicle, the vehicles described.. above may be designed to 0 e[)ate %%%ur@gﬁ&/ehicles

which are BRIJSSHIy CRBHBGed \heHTHTHER  n (Bl TARE Ea e REPRR A0 SER oS Are fixed at the
top of the eufierdanbiaccadekinsantd sonaredinsdes amsdocateidmroising thetowerparted e toroidal

hull . The surface vehicle has a similar co i Ion. t F glﬂg% gescribed
earlier, anc'f’wr%awgcl?hgﬁemgn o ué?ng g%%%?%%%%@v% t%%yugﬁg\%é%t%%rggg ?grms. The significant
advantage Gifdreddyade alioldefedivontme elindsidarencaasaBniampriaedseatrighsiedr near the

surface, W%&%é%gigﬁlfggém with low CofG and distributed mass provides an

Tn further alternative embodiments of each of the aforesaid vehicles the annulus may
include ports, or slots 110, 111, and feathered vanes 112, 113, 114 on either side of its two
elevations. In one example described in figure 5d, the feathered vanes may be rotated
around hinges 115, 116 which are located on toroidal bar sections which form part of the
vehicle structure, where three such vanes may be used on each of two or more such toroidal
bar.sections on each of port and starboard annulus sides. Althongh figure 5d describes a
particular embodiment where the slots and-vanes are contained within the annulus, it should
be clear ;[hat this pﬁnciple may also be applied in the inverse configuration (not shown)

where the vanes form part of the leading and trailing edges of the annulus.

An associated control device is used to independently drive or relax the vanes according to
the immediate goals of the vehicle and the prevailing local conditions, When relaxed the
vanes reduce the effects of cross-flow currents by allowing for efficient fluid flow around
the vanes and through the annulus. The upper and lower vanes may be adjusted
dynamically by the control device to effectively introduce positive or negative wingtwist
into any or all quartiles of the toroid, which modulates the pitch, roll and yaw mements of
the wingform and therefore can be used either to stabilize the vehicle or to induce rapid

pitch, or yaw, or roll. In one example the vanes are driven by an electric brushiess motor
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efficient wave piercing motion which is resilient to disturbances caused by waves, wind or swell, much
more so than would be achieved by conventional surface vessels. This is of particular importance
when surveillance, or imaging, or mapping operations would otherwise be compromised by
unpredictable sensor motion arising from wave, wind or swell impact. Furthermore the twin thrust
vector propulsor schemes shown in Figures 2a,2b 3a,3b and 4a-4c allow for adjustment of vehicle top

surface anqha§s?tciatn?§i sensor t&elegﬁ? above.the se?} surface.t.ln further aétfr.native mbodiments of
each of the"&toresald vehities ]tehe it Hﬁﬁg théfi 8%“88&& ‘BrafH U T, Bn o diEred vanes
112, 113, ldeuetioaithihiside WP it tivoekblavdtio ashibvahwickampiecdésetthe d. insfigurés 5dt tise feathered
vanes may he.r ro i i ate tarai ar sectigns yhich form
part of the J\?)e‘?rﬁ?c e@t%u%% r%%?ﬂe%%%%}égs gl%% ﬁ%}ggﬁﬁfégﬁj ésegucg g% 13%;%%@%? egrrmn%%reﬂsuch
toroidal batséetionesnledehibitpoedrimetabosettamenad sideadt Khivbugletienied Beraektribes a

particular empRdiTeRLYREI & SIeS AR YRANAS 215 SANARSEHIEY the AIRULIS.E Spauld be clear

that this principle may also be applied in_the inverse configuration (not shown where the vanes form

part of the EEITHG i Ngasinsiateds frthsrrduraechir s adetab et itisr e dbicess aidwth
independenrtyfgrivdend elasdbR \waves aaedrdivg: thethecinunboinit ghniscofiiheyabick ang the

prevailing local conditions.. When relaxed the . yanes reduce the effects of cross-flow currents by
allowing fofeesﬁfsategqt ﬁu?’(ftﬁlg\%} r%ﬁ%?‘ %go G%%e%saﬁgﬁhglgu%ﬁ%h%?a{ﬁ%l]’l%ﬁs].c he ﬂ%epgg%ﬂ(ﬁ? wer vanes
may be adjiestberedyvanssioatly by tiebuoshiteo| Hevioeyobeftbctisrelsointrddusevpdbitideridr megative

wingtwist 1GRa% QLALAAIEHOLIN iRl ANDAUtes e R SOl AN aYHaments of

the wingform and therefore can be used eitherto s ize the vehicle or to inducerapid pitch, or yaw,

or roll. In oferBREah YREthe TRafis exaniin t Beatharedocanes siisplels motde Joverdsraliibtin a sealed
enclosure usiagiadedGHNBSRTNIRMAMNECHRAMSN 80 Ha) VARP be driven indirectly using a

mechanical gear reduction ratio mechanism.

The high rotational symmeiry of the hull shapes (as viewed along the hull axis) described
herein pives advantages where the vehicle is to be operated in a continuous roll mode.
However, the invention also covers alternative embodiments of the invention (not shown)

including:

¢ embodiments in which the inner and/or outer walls of the outer hull do not
appear circular as viewed along the hull axis. For instance the outer hull may

have a polygonal annular shape (square, hexagonal etc)

¢ embodiments in which the duct 1s divided into two or more separate ducts by

suitabie partitions
» embodiments in which the outer hull itseif defines two or more separate ducts

e embodiments in which the outer hull is evolved from a laminar flow hydrofoil as

a body of revolution around the hull axis by an angle less than 360 degrees. In
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actuation within 90 of travel can be achieved within approximately 0.5 seconds. It is obvious that the
central feathered vanes pairs may also be used in a similar manner. In another example the feathered
vanes may rotate around a shaft which is oriented normal to the toroid surface, and which
approximately bi-sects the CofG of the vehicle, and where two such shafts and associated feathered
vanes are included, and where the axes of both shafts subtend an angle of 90 , and where the axes of
both shafts are aligneg.to 45 with res {?to a velrtical plane that coincijdes with the axis of the vehicle.
Once again the feath Ve%a%\é\ﬁé%%%fﬁ&c SI%%&IQSPH%)YW%? B dHTRRE Bl RedsHoetthE¥uid in any
direction subtended byafhiegplanengdiseriaed hythéhiesakthadwethails dswadmed dedhes, feathered
vanes. Imthis examplt% ql%ﬁe@meraerg %agu%%tar}ga h%gg urlrgi';l)éobesdtriven dcife th bX associ teg brushless
DC electric motors, or they may be driven indirec y using a mechanica e"g%*%lrr PEUERSH At
mechanism. The higheprdaaf sgnmetry of the hull shapes (as viewed along the hull axis) described
herein gives advantages where the vehicle is to be operated in a continuous roll mode. However, the
invention also covers alternative embodiments of the invention (not shown) including: e embodiments
in which theFigness daci omdutds-wzd| okt cutabhelite mitiappiandieylacgscoiewdgiang the hull
axis. Forin I ar xagopal.etc)

em bodimerﬁ?ﬁlﬁ%ﬁ?ﬁ%ﬁgg{ﬁ%ﬁ%ﬁggﬁ%ﬁ%@é@% ogr% sep%ﬁ%%%é L%{%g l%?ﬁ%ﬁ%s é] g‘Fa%ions
embodimerfiih Ririerttie o abrmunbseirelides wed.ofombrimepaimte svioinisgnbedim@hts in which
the outer hyltdgievaiurd:fram i laminaydfiouuixaiaiohas) 3ol plrenaliionaraungthe hull axis by
an angle less than 360 degrees. In 30 this case, the duct will be partially open with a slot running
along its length. By
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making the angle greater than 180 degrees, and preferably close to 360 degrees, the hull will remain
substantially annular so as to provide hydrodynamic lift at any angle of roll. Figures 5a-d and 12a-12c
illustrate a submersible glider with a buoyancy control engine, but in an alternative embodiment the
hull profiles shown in Figures 5a-5d or Figures 5a-5¢c may be used in a submersible toy glider used,
for instance, in a swimming pool. The profile of the glider of Figure 5d (without the vanes) is most
preferred in this application. 31 CLAIMS 1. A submersible vehicle having an outer hull which defines a
hull axis and-app@ass substantially annular when viewed along the hull axis, the interior of the annulus
defining a duct which is open at both ends so that when the vehicle is submerged in a liquid, the liquid
floods the duct, the vehicle further comprising means for rolling the vehicle about the duct. 2. A

vehicle accqrding toanyseceding ciaim rein the means for. rolling the yehicle about the duct is
positioned in the duct. 3. A vehicle %c%??ﬁ%%%tc%%%%?e}c‘g fﬁ% gf’éel P dPEAHE AREARP8Frolling the
vehicle about tR&8aBHebmpmses avbespuision syistsnthe halebisliethcdoteing td dheimmavkierein the

propulsion systeeriag fational sy mmain: shLihe Qb A AVEhiCk acordingdoiglaim 3 or 4
wherein the propulsjon system comprises one or more pairs of propulsion devices, €ach pair
comprising a fir ﬂ'&lév%’(? %@ﬁ@?ﬂ%ﬁ?ﬁé&%ﬁhﬁ Hpbtclsd dhen eomnrisios, memateecolidgiteice

pivotally mounteehtricalsacaneldicle of the hull axis opposite to the first device. 6. A vehicle according
to any preceding claim wherein the means for rolling the vehicle about the duct comprises one or
more control surfaces.

2. A vehicle according to any preceding claim wherein the means for rolling the vehicle

about the duct is positioned in the duct.

3. A vehicle according to any preceding claim wherein the means for rolling the vehicie

about the duct comprises a propulsion systern,

4. A vehicle according to claim 3 wherein the propulsion system has rotational symmetry

about the hull axis.

5. A vehiclé according to claim 3 or 4 wherein the -propulsion system comprises one or
more pairs of propulsion devices, each pair comprising a first device pivotally mounted
on a first side of the hull axis, and a second device pivotally mounted on a second side

of the hull axis opposite to the first device.

6. A vehicle according to any preceding claim wherein the means for rolling the vehicle

about the duct comprises one or more control surfaces.

7. A vehicle according to claim 6 wherein the means for rolling vehicle about the duct
comprises one or more pairs of control surfaces, each comprising a first control surface
on a first side of the hull axis, and a second control surface on a second side of the hull

axis opposite to the first control surface.
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7. A vehicle according to claim 6 wherein the means for rolling vehicle about the duct comprises one
or more pairs of control surfaces, each comprising a first control surface on a first side of the hull axis,
and a second control surface on a second side of the hull axis opposite to the first control surface. 32
S. A vehicle according to claim 6 or 7 wherein the or each control surface comprises a fin. 9. A vehicle
according to any preceding claim wherein the means for rolling the vehicle about the duct comprises
an inertial control system comprising one or more masses, each of which can be accelerated so as to
impart an ec%ua Yrrslsgsetiagde b tHECURIAIbIE 0 BAoR GRMIOIS WAt 4RTBPRS SR e ceding
claim further comprising a buoyancy control system. 11. A submersible vehicle having an outer hull
which defines a hull axis and appears substantially annular when viewed along the hull axis, the

interior of tle afin(AtSlRIRIYE BURWIRISd 8 s&inttsnsie tbe wemmiRdinadhyerrbidss

submerged in abliayide thectiquishtredarthe-asiat chaayveligefuthercaiprising ahuayaney control
system. 12. A ve%cliafc?zrdinggto claim 10 or 11 wherein the bugyancy control system has rotational
hits:

p i§2 3° ASGEMIRIE LI AR A RIS SAREE B RRAFHSMTERIATA SR A st part of

symmetry abodft
the outer hull ishswaptiwith respect to the hull axis. 14. A submersible vehicle having an outer hull
which defines a hull axis and appears substantially annular when viewed along the hull axis, the
interior of the annulus defining a duct which is open at both ends so that when the vehicle is

submerged in a ligiidlcthechetiic: floogls theschihandigiteiuathleassppitRibthernbiRh by bdsmyrept with
respect to the Q%k gnzl(is.

11. A submersible vehicle having an outer hull which defines a hull axis and appears
substantially annular when viewed along the hull axis, the interior of the annulus
defining a duct which is open at both ends so that when the vehicle is submerged in a
liguid, the liquid floods the duct, the vehicle further comprising a buoyancy control

system,

12. A vehicle according to claim 10 or 11 wherein the buoyancy control system has

rotational symmetry about the hul} axis.

13. A vehicle according to any preceding claim wherein at least part of the outer hull is

swept with respect to the hulf axis.

14. A submersible vehicle having an ouvter hull which defines a hull axis and appears
substantially annular when viewed along the hull axis, the interior of the annulus
defining a duct which is open at both ends so that when the vehicle is submerged in a
liquid, the liguid floods the duct, wherein at least part of the outer hull is swept with

respect to the hull axis.
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33 15. A vehicle according to any preceding claim wherein the hull has a projected area S, and an
maximum outer diameter B normal to the hull axis, and wherein the ratio B2/S is less than 1. 16. A
vehicle according to any preceding claim wherein the hull has a projected area S, and a maximum
outer diameter B normal to the hull axis, and wherein the ratio B2/S is greater than 0.5. 17. A
submersible vehicle having an outer hull which defines a hull axis and appears substantially annular
when vieweriisalgg\nge fllﬁ hull axis, the interior of the annujus defining a duct which is open at both ends

&8 1SS BRI R RS hERA S 3R Waerem hs garainskdmcme Bl has a

so that when'the vehic
projected area 8} amkbnumaxinm ot dameteid B rtherhalltaxisedadlhends; ame whaygifvthg ratio B2/S
is greater than Q2 #18; A vehicle according to any preceding claim wherein the interior of the annulus
is shaped so as to appear at least partly curved when viewed in a cross section taken along the hull
axis. 19. A vehicle according to any preceding claim wherein the interior and exterior of the annulus

are shaped i hydrofoil profile when viewed. in a cr section taken along the hull
axis. 20. A \ﬁic j %]ggorgg%%én%%}l %H?[g) r\?v??(eﬁxé Cfﬁlénh%;c?f& Flﬁ)arg‘ﬁ?gaﬁé BrPASSHRIePaiI& ™ ection at
an intermediate?yBaiianalonesTHamsicats parmslslative luhianrisy settiorsciforkeandaisof the

intermediate pogifing: &in A yehicle according to any preceding claim further comprising one or more
pressure vessels housed inside the outer hull. 34 22. A vehicle according to claim 21 wherein at least

one of the pressure vessels appears
17. A submersible vehicle having an outer hull which defines a hull axis and appears

substantially annular when viewed along the hull axis, the interior of the annulus
defining a duct which is open at both ends so that when the vehicle is submerged in a
liquid, the Jiguid fioods the duct, wherein the hull has a projected area S, and a
maximum outer diameter B normal to the hull axis, and wherein the ratio B¥S is

greater than 0.5,

18. A vehicle according to any preceding claim wherein the interior of the annulus is

shaped so as to appear at least partly curved when viewed in a cross section taken along
the hull axis.

19. A vehicle according to any preceding claim wherein the interior and exterior of the
annulus are shaped so as to provide a hydrofoil profile when viewed in a cross section

taken along the hull axis.

20. A vehicle according to claim 19 wherein the hydrofoil profile has a relatively wide
section at an intermediate position along the hull axis, and relatively narrow sections

fore and aft of the intermediate position,

21. A vehicle according to any preceding claim further COMPpIiSINg ORE OF MOre pressure

vessels housed inside the outer hull.
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substantially annular when viewed along the hull axis. 23. A vehicle according to claim 21 or 22
comprising two or more pressure vessels spaced apart along the hull axis. 24. A vehicle according to
claim 21, 22 or 23 wherein an interior space between the pressure vessel(s) and the outer hull is
flooded when in use. 25. A vehicle according to any preceding claim further comprising an energy
source housed at least partially inside the outer hull. 26. A vehicle according to any preceding claim

further comyprising one or more sensars. 27. A vehicle according to claim 26 wherejn at least one of
the sensord o AEKLCc SRESTAR 7 SR 2 BPR R I6 2 Brih g Yo PEISC2 ¥ F5Fth PG prising a

propulsion systemstantlly feedhackmeshanistodgriadiugtivgsthe propulsion system in response to a
signal from the proximity sensor. 29. A vehicle according to any preceding claim wherein the vehicle
has a center of gravity located in the duct and a center of buoyancy located in the duct. 30. A vehicle

according sany wisickoineoedain tobarein the vekisieHasa1eee hl-g ayikrtosatet aprigximately on

the hull axis and gﬁceintertgfg%?\%ancy located approximately on the hull axis. 31. A submersible
vehicle having A6 GEThUY WhicK Gefines a hull axis and appears substantially annular when viewed

along the hull axis, the interior of the annulus 35 defining a duct which is open at both ends so that
when the v%pi(%ga IS.Su mergg&j in a liquid, the liquid floods the duct; and a twin thrust vector
propulsion &ystant CoHfHASTAEBR DB paité 8F FroptHEISH VLRI AR A P B0l g a first
propulsion devjeesspreotedhgliapamielt enter findt 8dpafdheiuiliaxs. and a second propulsion device
pivotally mounted on a second side of the hull axis opposite to the first propulsion

25, A vehicle according to any preceding claim further comprising an energy source

housed at least partially inside the outer hull.
26. A vehicle according to any preceding claim further comprising one or more sensors,

27. A vehicle according to claim 26 wherein at least one of the sensors comprises a

proximity sensor.

28. A vehicle according to.claim 27 further comprising a propulsion system; and a
feedback mechanism for adjusting the propulsion system in response to & signal from

the proximity sensor.

29. A vehicle according to any preceding claim wherein the vehicle has a center of gravity

located in the duct and a center of buoyancy located in the duct,

30. A vehicle according to any preceding claim wherein the vehicle has a center of gravity
located approximately on the hull axis and a center of buoyancy located approximately

on the hull axis.

31. A submersible vehicle having an outer hull which defines a hull axis and appears

substantially annular when viewed along the hull axis, the interior of the annulus
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device. 32, A submersible vehicle having an outer hull which defines a hull axis and appears
substantially annular when viewed along the hull axis, the interior of the annulus defining a duct which
is open at both ends so that when the vehicle is submerged in a liquid, the liquid floods the duct. 33. A
method of operating a vehicle according to any preceding claim, the method comprising: submerging
the vehicle in a liquid whereby the liquid floods the duct, and rolling the vehicle about its hull axis

through a plurality of revolutions..34. A method according to claim 33 further comprising maintaining
the vehicle Witﬁegﬁgﬁgn‘%‘ﬁﬁ)Wr%c}t’réﬁwg?gﬁcﬁ@f)?ﬁ %%ﬁ%ﬁé%%ﬁi@%&?&@%&%ﬁ?}&%m 35. A
method accordiqgitp kalguaBiivothahedmfrisihg iwalitingtvecahieledtian Spghe tontptdignt in the
liquid whilst rollj i t its. axis, thereby generating magnus forces.,36. A method
according to clg]gr% ?’%&t e%%%?%hgﬁa%ﬁlu?semge%n% p%ﬁ%f&%%ré% %rtﬁ%{\j%rro gﬁ}i%ﬁ){é F3re of
revolution of tHeivgé#iclenamiad methofirsiceidediigthe dldine83, whéreisethed ehivldstomgrises a sensor,

and the methoguinehcRmRESSS Irensiadingither Ghislm WRilSLraling heyehinle abpiilils axis, and

acquiring sensor data from the sensor more than once per revolution. 36 38. A method according to
claim 37 furthe‘?eé’éﬁ?rprising processing the sensor data from successive revolutions to achieve
synthetic extension of the sensor's aperture in two dimensions. 39. A method according to claim 33
further comprising sensing the proximity of the vehicle to an external object and controlling the

position of he $efibiBesiRie pehisdethaipresth sBteh fafintich olefine th by hestr @i whem 33 further
comprising layingsa.saale amithenahiciewed along the hull axis, the interior of the annulus

defining a duct which is open at both ends so that when the vehicle is submerged in a
liquid, the liquid floods the duct.

33. A method of operating a vehicle according to any preceding claim, the method
comprising: submerging the vehicle in a liquid whereby the liquid floods the duct, and

rolling the vehicle about its hull axis through a plurality of revolutions.

34. A method according to claim 33 further comprising maintaining the vehicle with

substantially no translational movement whilst rolling the vehicle about its axis.

35. A method according to claim 33 further comprising inclining the vehicle at an angle to
a current in the hiquid whiist rolling the vehicle about its axis, thereby generating

magnus forces,

36. A method according to claim 33 further comprising pulsing on a propulsion system

over a limited arc of revoluiion of the vehicle.

37. A method according to claim 33 wherein the vehicle comprises a sensor, and the
method further comprises translating the vehicle whilst rolling the vehicle about its

axis, and acquiring sensor data from the sensor more than once per revolution.
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41. The use of a vehicle according to any of claims 1 to 32 comprising submerging the vehicle in a
liquid-filled pipe for inspection, repair or other purposes. 42. A method of docking a vehicle according
to any of claims 1 to 32, the method comprising inserting the vehicle into a substantially cylindrical
dock. 43. A method of docking a vehicle according to any of claims | to 32, the method comprising
inserting a dock projection into the duct. 44. A method of deploying a vehicle according to any of
claims 1 to 32, the method comprisin _deployiril%the vehicle from a substantially cylindrical dock. 45.

A method oFdepIBYinGhArERiEiata i Sifgto )51 CYRRRS T BoPEocaHE R SERSEB MR deploying
the vehicle frormacdatieniajckiiony eseideii shatdct cdGnidprepulsicensystemdana submersible
vehicle, the pro(ﬁl%lslilo%g stem comprising two or more axi-symmetrical drive assemblies housed
within a flexible’ SUBSAN ially annular jacket. 37 47. A method of operating a submersible vehicle
having two or more axi-symmetrically mounted drive assemblies, the method comprising reciprocating

the drive a% er%blies axi-symmetrically so as tg pgopel the vehicle through a liquid, 48. A method
cl

according AP ATEIRIRE (iR A B RO FIREISHRE ACRTHYR GRS BESTEY B ciBfm 47

wherein the drivehirdsémbliesiaralhshjsechudttonteol Haxitle sedistaniibite ashiclanjarkptnsSO 1A

submersible to glégl%r Q@}/ig{gnap outer hull which defines a hull axis and appears substantially annular
t u

when viewed along 8 axfs?"the interior of the annulus defining a duct which is open at both ends

so that when the toy glider is submerged in a liquid, the liquid floods the duct. 51. A toy glider

according tg.claim herein the hull h ojected area S, and a imum outer. diameter B
e e S M0 B 18 201 SRR U

41, The use of a vehicle according to any of claims 1 to 32 comprising submerging the

vehicle in a liquid-filled pipe for inspection, repair or other purposes.

42, A method of docking a vehicle according to any of claims 1 to 32, the method

comprising inserting the vehicle into a substantially cylindrical dock.

43. A method of docking a vehicle according to any of claims 1 fo 32, the method

comprising inserting a dock projection into the duct.

44. A method of deploying a vehicle according io any of claims 1 to 32, the method

comprising deploying the vehicle from a substantially cylindrical dock.

45. A method of deploying a vehicle according to any of claims 1 to 32, the method

comprising deploying the vehicle from a dock projection received in the duct.

46. A propulsion system for a submersible vehicle, the propulsion system comprising two
or more axi-symmetrical drive assemblies housed within a flexible substantially

annular jacket.
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greater than 0.5. 52. A toy glider according to claim 50 or 51, wherein at least part of the outer hull is
swept with respect to the hull axis. 38

47. A method of operating a submersible vehicle having two or more axi-symmetrically
mounted drive assemblies, the method comprising reciprocating the drive assemblies

axi-symmetrically so as to propel the vehicle through a liquid.
48. A method according to claim 47 wherein the drive assemblies are fins,

49. A method according to claim 47 wherein the drive assemblies are housed within a

flexible substantially annular jacket,

50. A submersible toy glider having an ovter hull which defines a hull axis and appears
substantially annular when viewed along the hull axis, the interior of the annulus
defining a duct which is open at both ends so that when the toy glider is submerged in a

liquid, the liquid floods the duct.

51. A toy glider according to claim 50, wherein the hull has a projecied area S, and a
maximum outer diameter B normal to the hull axis, and wherein the ratio B/S is

greater than 0.5.

52. A toy glider according to claim 50 or 51, wherein at least part of the outer hull is swept
with respect to the hull axis.
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