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Abstract

AlltonoIllOu." undcrwater \~hides (Al;VI are mpidl~' ('ltIcr~inga:; an import,ult tuol in

<x:1'1In explorarion aud llillritime dcff'llr.e S~'litClTL'" Rdiability is "Ill' of tltt' kt:y i."Sl\t~

in making thts· \'chidts viable fut st.:lt'ntific. 1:0111Illl'rcllll. and military application....

Tht, vchid.'S must he able to ,u;compIL"h the mission. or some subset of thf' mi...... ioll

The rcsc;lJ"eh ht.'f"f"in is cont.'crllt."ll with dcfillinp; vrhielr hcha\.·iOl~ ill tlit' Ii~ht nf

,1('Sign choit..-eo tbat will n~mh in imprmm \"l:h.idc pt..>rfonnam:e lmder numinal Hauh-

fr~) "peratillJ'; rontiitions and \\1th 'tUarantt."eS of ,lu:cptablc vehide hcha\.;our c\-en

\\;th control plane fau.lts. ~l1merical 'ifllcli<:.':S W\'fC pe!"fonncd using a computer model

ofrhe AL'V C-SCOl""T (Canadian Self-Colltained Off-the-shelf t.:ndCf"\.\'\ler Testooll.

Bccau.'ie it is typical of many \-chicles acti\"(' in the world today. the reiUh~ arc qual-

itatively nllid for a large munbt.-r of \·chides. Quantifying the bt.-haviours pro\·irle.s

a rotmdarion for further analysis of behaviours in various planned and unphumoo

l"ond.iriolls the \'ehide will expt::rience over the course of its Hcrive lifetilllc.



First. a numerical study was made of the effect of variations of geometry on added

mass coefficients. The results demonstrate that intuitive expectations for the effects

of geometry on added tlUlSS arc valid.

A sa'Ond numerical study .....as made of the sensiti..ity of ALv' response measurei

in turning circles and zigzag maneuvers [0 "'lU"iations in hydrodynamic PilTameters.

The r('Sults howe specific implications for the design of Ali\". and prm"idp. a ba.-;cline

of behaviollrs inherent w the ..-erudc itself.

fillaU.v" a numerical stud)' ....,,1:> made of \"f'hiclc r('SpUIL'W durin/!; holding 1.1>1lr.i.~.

diving. ,md turning......hile the vehicle is 'lxpericn<"inp; \1\riol1s al1l1;l~ nf jam nil ,-adl

of the C'Ontrol planes. and while the vehicle is lIlis."illP; une 'Jf ctw c'mtrol pllllll.';.

Thi" infllmlaliOIl was lL"iC't1 til define Ihe vchidl' lwha\";nuf. to p;eneratc cOlldusiulL"

ahollt \"Chide (untrollabilily. alld to) SUII;ge;<t safe npt.'fatioll t'uvclopt~ for ~Uil(;Ultl.'-'S

The nmtrihutions made in Ihis lA,"urk include il sy~,ematicdescription I)f the ctfl.....·ts

of ..1I.t!'ing ..-ehic!e de.ir;rl parameters and hydrorlynamiC" parameters (which re;;u..Ic hum

Cflrtain rlesign choice:;). Also included is a systematic analysis of the eff~ts '>f control

piauI.' faults on lhe response of the \"Crucle.
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trol Plane is Jammed at 25~ (I.:: = 0.07).

5--t2 Comparison of Vehicle Re;ponse in a 19ao Tum \\·heu the Lo....-er Can..

trol Plane is .JaulJllOO at -:l5° II.:: = 0.07)

.').-I:J Comparison of Vehicle Rcspon.'it.' in it 180" Turn wllt-ll the L"....-er COil"

trol Plane is .Jammed at 25' (I.:: = 0.07)

5--1-1 Comparison ,)f Vehide Reqxlilse ill a h~O~ Turn whell tll,- l"pper Con..

ftlll Plant' I:; Jammt......\ at 0" II.:: = f).Oi)

:').-15 Comparison O)f Vehicle Rt.'tipon.'it-' in Holdill~ Course when the Starhoard

COlltnll Plane is ~li$Sill!l; 11..': =' O.l1t)

:';--16 Comparisoll of Vehide ResputlSt-· ill HoldiulI; CUllrSl' wheu th,- Starbo.ard

ConTrol PhLllt~ is :\lissiulI; (k: = 0.(7)

:';--1. C'ulIl'l<u-isUII vf Vdtide Reipo.l[lSt· in Hnldin!l; CtlUJ"Sf' wh"l1 the l·pP"r

Control Plane b; \lissinF; Ik: = n.Oll

':;"'-M COUlparlscXl of Vphide Re;pul\.>;e ill a 100 til Div,~ wtlt'n th,' Starhuanl

Control Planc b; :\-fissinll; lk: =' 0.011

':;"'-19 Comparison of V('hielt> Re;pUl\.."'<' ill a 100 m Dive .....hen the Starboard

Control Plane is :\Iissing lk: =' O.ll.}

':;"'5(} Comparison of Vehicle R~ponse in 11 100 til Di\"C Il:hen the l"pPl.-'r

Control Plane L-'i \Iissin!l; (k, =II.DI)

.:;....')1 Compiuison of Vehide Responsc ill ,l 180" Turn when tilt.-' Starboard

Control PlallC L'i :'\[issiug II.:: =' 0.011

.')..~2 Comparison of Vehicle Respoll..>ie in 11 Ldlf" Turn whell the Starboard

C,mtrol Plane is :\Iissing (k: = 0.0.)

:')..')3 Comparison of Vehicle Rcspon.se in a 180e Turn whl'n the Port Control

Plane is :\lissing (k: = 0.01)
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5-5-1. Operational En\-elope Based on Control Plane .Jams for the AliV Hold­

ing Course (Depth ControUer Gain or 0.07: :'>1"0 Active RoU Compensa-

t~). lW

5-55 Operational En\-elope Based on Control Plane .Jams for the Al,,: Hold-

ing Cour.se (Depth Controller Gain ufO.O/: Aeti\'e Roll Cumpensation

\;a .-\11 Control Planes) . 1%

5-56 Operational Envelope Ba:oaI on Comrol Plane Jams for the .·n;\, Di\'-

ing IlJJm (Depth Controller Gain ofO.Oj: ::-';0 Acti\"C RoB Compt'IlS<1.1iOIlI t9·,)

.')...'), Operational Envelope Baso.:d 011 Control Plane .Jams fur the AL;V Div-

iu~ tl~1ll (Depth Coufrolh:r Gain uf n.flj': Active Roll COlllpt'II,.·-;atioll

via All COlllrnl Planes}

:).-:)8 Opcratiollnl EIl\'c!opc Based on Control PIauI' .Jams for tht~ AL'\' Turn·

ill!!; Throll~h 19ij" (Depth Contruller Gaill .)fO.Oj': :'010 .-\t"fiw Roll C<)Ill­

pensationl

5-59 OperatiOllfl1 Ellvplopc Bfl."I,.'d 011 COlltn)t Plane ,JaIlL'i ror I Ill,' AL"V TllfU­

ing Thrull~b 1M (I:k·pth COl\tmllt'f Gain of 0.0,: Acth-c Roll Cllnl­
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\\ll.o laid the foundations of the earth.

that it should not be removed for ever.

Thou co\-eredst it with the deep as with a garment:

the waters stood above the mountain:;.

At thy rebuke they Aoo:

at the \"oice of thy thunder they hasted away.

Thl'y ~o lip by the !Ilountain,,:

they go down by the valleys

unto the pla(.~· which thou hast fouudet! for thelll

Tholl hast set a bOWld that they m;ly IIU( P,L-;'~ 0)\"('1:

that they turn lIO! again to {"over thl' l'anh.

o LORD. how manifold arc thy work:;!

ill wisdom hast I hOll made them ;\11

tlU' ,-arth ~~ flill of thy ridlt~.

So is this ~eat and widl' s('a.

wlwrf'in ar£' things creeping ilIlIlUlicrablt'.

Psalm 104: 5-9, 24-25

o LORD God of hotits,

who is a strong LORD like unto the":

or to thy faithfulness rOlmd "hoHt tht.'t~·!

Thou rulc:;t the mging of thp sea:

when tl,e wa\"CS thereof arise. tholl sfillC:;l them.

The hcan'llS are thine. the earth also is thine:

;\:i for the world and the flilnes.~ thereof. tholl tli\:it founded them.

Psalm 89: 8. 9, 11
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Abbreviation

AliV
BRC
C-$COlT
CURV
DATCO:\I
DOF
DREA
E[:\I
ERS
ESA:\I
(:\(0

LQG
:\(OTF
:\IC:--i
~AC'.-\

~RC'

:--iRqCS)
OERC
PID
P:\I:\I
RCV
ROV
SNA:\IE
SPCRV
WHOI

Table 1: Abbreviations

De6citioc

Autonomous Cnderwater Vehicle(s)
Balan('(' Resol\ing Center
Canadian Self-Containoo Off-the-shelf lndcf'\\'ater Testl)t.'tj
Cable-controlled Cndersca Rl'CO\"l'fv Vchicle
(CSAf) DATa CO:\lpendium "
OeKrees of freedom
Defence Resean::h EslablishmCIII .\lbmtil::
Environmenlal Effects :\Ionitorill';
ElllcrgclII':Y Response S:li~lelll

£,.;limalt~ Submarinc Added :\Ia....."
IlL"titult' for :\Iarinc Dymunil"ll
Lincar Quadratic Gaussian
:\Iarinc Dyuamics Test Facility
\(clIlorial linivprsitv 'If ;';t~wfuunulaud

~IHional AdvisclfV Corurnitlt.'t' 011 AefUllalllLl-s
~aliollal Rest>afril ('owldl (Canada/
~ali{)nal Research Council (liniu?l:1 Stalt'S)
()cpan Enginccrillj?; Rl'Seart'h ('PllIrt'
Prtlpo"ionalllll~itlDt>ri\";l.ti\'('
Planar :\Iotion :\(echimi."m
R('lllotch" Com rolled \"ehidc(s)
Relllotd;' Oper.lted Vehicleis)
Society.,f :-;a\"al Archilt.'CIS and :\Iilfint' Ellp;ineers
SeIf.Propelled l"ndcfll.-dll'f Rt.'SCarch Vphide
Woods Hole Oct>-dl-waphit: hLititutp



Table 2: Operator ~otation

Operation

(dOl) O\'f!f a symbol

'(prime) of a s)'mbol

subscript u. I'. II:.

p. 'I. r. U. i'. ti:,

p. 'I. or ;. applied to
X, 1". Z. n', J/. S

I(primel uf result of
prc\'iotL"; tll:>t>rfHiull

Example

iJ. = du/dt

1/1' = m!II!'2)pP

X,; = [)Xjih,

}" = (iWi8p)'
'""[)}"ta,,

XX';i

Definition

~on-dim('nsionalform uf a snnbul

Partial dcrhnti\"c with rt'l;(X'Ct Iu
subscript

~1l1l-dim(,IL..;iollal form of the
partial ot'rh:atiw \to;th [(Spt....:t
It) tl\f!suhsl.-Tipt



Symbol

A
A
A

B

B
8

c

CC.CD

C'"
CDc

CC'H""CC"",
CD,..,~.•. Cc.,...~.

Cn.If ../I,CL.II ..U

CD.F",~' CL.F.....

Table 3: Symbols

Definition

Dynamics rmuri.\: in the standard state-sp."lC'e model
Angle of attack of the hull
Simulalions of \-ehicle beha\;uUt" \\ith active mllt'om·
pensation \"ia all control plan<'S
Reference (planform) area for Ihe cuntrol plant'S
Reference (wctled snrfat"C1 area of the hull
Planform area of t he hull
Plilllform area of the hull from Ihe nose to the stalion

'"Referencr. areH (gcncral u...a~c)
(2-D) sC('tion lift·('urY!l slope at n = II for a \'omrol
plmw
EffL'I~li\"c ,\:;pt:t:1 r,llio of ,I nmtml phUIC

("mlrol input matri.\: ill the slandard Slaw-span'
model
BUIJ\"illU forl'l'
Ikxly-fixcd reft'n:lll'p fr.uut.'. lypic-aUy tt'il't:! a.';; a sul>­
serip!
Cumrul plallt.' span
SubslTipl dcnolinJ'; centrr of huoy<Uwy

Slale te) OlHplit Ill/uri.\: in Ihe standard siale-spal'"
model
Lift and llra,l(; l,\)('tfkients respectivdy (general usage)
Dral!: l"OCfru:icm ,II zero ;\Jlgle of a!lack
C~flulA.· drag (:oefficient (general tL'iage)
Drag ,uld lift n~fficients for Ihe hull
Drag and lift t-ucffiC'ienr:; for Ihe LUmrol plancs
DraK tuld lift coefficients for the hull tE:<cel rJt plolSl
Drag and lift t'oefficiellts for the comrol planl'S
(E-weIT .lt plots)
Pilching momenl coetficiem (generaillsagel
Pitching lIloment cuctficiclll aboul the quarrer-dlord
,L'ciS of (he control plane

xxviii



Symbol

Cs
CE
CP
CPc

CP.s

'.,

D

Definition

:'oionnal force cot'ffici(~1lI (gencrnl usage)
Center of effort (for the hull)
Cl-'tlter of pres...urc (for the rolllmi planes)
Location of the ('elller of prcso;lU"e <)ft~ rontrol plane.
chord-wise ill t h(' (:On! rol plane rcferel\(oc framc
Lx;lt ion 'If rill' t:CILter of PR'SSIU"C of the co(Jf rnl plane.
span-wise in the eulIlrol plane n'fcrelln~ fmme
Control plane dl<lrd
Control plallt' dlord at the root
Cnntrnl planc ch()fd ,It the tip

(nplIt to our put lIwrrix ill lilt' ~talLdard stat''-''p,WI'
model
Drag fort;{' (j;!;ClL"ralll....I~t')
Dra~ forn'olllllw hull
Oral!,; fOf(~' Oil thl' Ituri:wlltalculllrol phUles
Dra~ forre ,)1\ rllt' \,'nkal ('onlrol plan.'S
Hull diamNcr
A !UNril" of 1"'lIgth rrpn~ntilll; a mOlllt'1lt arm

Simulatioll." of \'ehidt' ho.'h,wiour wit h ,u.:tivc roillourn·
pcnsarion Vi,l dC'.1llor.i

Os\l;ald·s dfiricncy f1.lC'lor for a (ountrol phlllt'

ForreR'CtOr.F=f X Y Z jr
Control forces' .
En\;ronmental fon.....,; - 11.';\\'(',;. ("urrent. ete.
Ideal fluid forreo; - "Added ~Iass~

Reod.1 fluid forc~ - ··Oall1ping-
Static (hydrostalic) force:; - \\-ei~ht anti huuyanq;
A 6 >( 2 malrix rcprc:;cnting rhc weight and bllo~';tncy

contributions to the C(].uations uf motion



Symbol

F,
F',
F.
F'.
f(o./J)

G

H

[

I

lu· I'I'I'{

Iz~. 1z~. I,:

K

K~

K.,

Definition

Augmented matri.\( of hydrodynamic deri\<tti...cs
~Iatrb:: of hydnxl}'laJuic dcrimli\-ei
Augmented lIlarri.x of \'irtual added mas... derh-atiR'S
~larri.x of \;rtuallldded mass deri\""ath-es
Traditional transformatioll matri.x for all~ular \"{'Iuci­
tics from inertial 10 lxKI\'-fi;'l:t,.'l:1 reference framp
:"ioml.l1 force un the hull at a particular :."talioll along
1IIf'Iength

\Ioment \"e(:Wf. G = ~ K ~( N Jr
Sub:icript denOliu)!; centf'r of gra\'ity (m.I.":;)

,-\ngnlar lILUIlIt>lltUlll "'l:'I'lf, H=Iv.~

~(aTri.x of illl'rtial prop.'nips
[Ilertial refercnce fmlll('. typil-ally lI:,c.1 ,I."; a :mhs<Tipt
:\Ionl<'uta of inertia ahollt Ill<' .cll. !lB' aud =/1 :I.xis
r~pt.'Cti ...cly
Pnxlucts of illt"Ttia ahout Ihe .cB-!lfl' .cW=/f' alit! 1111"

=u phUlt.'S te'IJ'{'('th1'!Y

~IOlllelll aoom til\' .ru :l.xis, ,Icscriht.'<i in rtl<' h'Mly­
fixed refcrl'lIep friUllt·
2 x 6 matri.'( of kincmatic equal ions fur augmclltilll;
I he linear model
2 x 2 malrix of killt'limlic equations for atl~llclltillg

the linear Illoolel
Cnit \"l'Cl'or that dclint.':' Ihc (equi\"alentl a.xi:; ab.mt
wruch frame B is rotated with respect 10 I
Deri\""athuo of roll n}()lIIcnt ..,;tll Tf'Spc<'1 ttl illl)tu.lar
\'Clocities (rota", moment dcri\"i\ti\-ei)
Sondimensiollui dcrhllti\"ei of roll lIIomelll with ft.'­

speer to angular n:lot"itics (rotary mOlilellt dcri\ll­
ri\"cs)
Deri\<l.tivcs of roll lIlotlLcnt with respect to angular
acceleration:; (ma:>s-1ll0IIlcnt of inertia l1)efficicllIS)

:"iolldimcnsional dcri\1l!in~:i of rol.l mUlIlC!lt with rt.'­

spect 10 ungu.lar accelerations trn<lSS-moment of iner­
tia coefficients)



Symbol

h·n
h'~al' f.:'oP' l\.·~".•.
h'~,,~

A-,
A-
I.:,

M

M._!

M"I

M.
M,·
.\lp• .\1,/, .\{,

.\1;. .\1.; . .\1;

Definition

Derivatives of roll mOlllent with respect to tran..'i!a­
tional velocities (:;tatic tllomellt dcri\,ltives)
~olldimcn:;illnalderivative:; of roll lIlotllcm with re­
~pecr to tf<ulSlatiomt! velocitics (Slatic moment deriv­
ativcs)
Deri\1\tivco of roll moment with n~p(.'Ct 10 tran.,,!a­
tional acceleration." (ma.....'i-nJoItlCnt of inertia coeffi­
dent:;)
~()ndillleIL-;iona! deri\1\tl\"l~ of roll lllUlI\Cllt with [L'­

~pect to tralL"latiullal ,\{"('e1eratiOl~ (m<l:;s--ruolIlent of
incrtia coeffit:ient:;)
Derivatln' of roll with n~pect to thrtL-;h'r output. CT

Dt'ri\,ltiv('S of roll with rl,=,[>Cct 10 I"lllltrul plall'~ 111'­

Hcc:·rioIL". ""Ii' b"p. 0"•. t,,~
Apparent lIIa.."s factor ill tlH' IOliKitlldillal ;L'tis
App,U"CTlt miL..." factor ill th!' rralLsve~e ,L'tis
Gain of dept h ('unt roller

Line,l[ 1II01llemUm ve("tor. L =mvl

HlIlllcn~h

Lift forn: (Kellt:rallll:;a,gt')
Lift forn' on the hull
Lift forn' 011 the hori1.ulIWI control plalll:-:;
Lift force 011 the vertiGl1 control plam'S
Reference lellgth

~Iomcnt about the.tlB ;L'tis tk~cril>ed in tht' body-fixed
reference frame
Augmented apparent ma.-.;s matrix (Sl1l11 of real <Ind

virtual added lIlass m,ltrin~,

App,U"ellt 1II,L"''' lllauL't (sum of [I:al 'Illd \·it1ual added
llIassmatrke;)
Real (phyliiC<ll) rmlSl'; llIat rLx
Virtual added mass matrix
Derivative; 'If pitch moment with r~pel;t to "ngular
velocities (rotary moment deri\'lrin.'s)
:\"ondimel1sional derivatinl:i of pitch moment with fL'­

spect to angular velucities (rotary moment deriva­
tives)



S)'lJlbol

.\fl" .\l,. .\f,

.\1;. .\l~ . .\1;

.\f... .\fT:' .\f",

.\f~. .\1; . .\f:'

.\1" . .\f,.. .\1...

.\f~. .\1;.. .\f~,

.\I~T

.\I~.,J.. .\f~"" . .ll~"•.

.ll~....

N

"
:"\R

XI" X,. X,

X;. .\',;. X:

XI" .Y'/. X,

X;. X;. .V:

Definition

Derivatives of pitch moment !;\itll re;pcct to angular
accelerations (mass-moment of inenia coefficients)
~ondimensional deri\1ui\-e; ofpitdl. momem ..,,;jrll re-­
spcoct 10 angular a~lerations (mass-marm_'fl.! of iner­
tia COf'fficicnts)
Derh;ath-e; of pitch mOllu.'f1t with rl'Spcl·t ro tmnsla­
tional \"elocities (siaric moment dcri\1I.tin.'S1
~olldilUcnsional dcri"1I.li,,~ of pitch momclll wilh reo
:<plx:t to tralls!llliomil n'lodril'S (Slaric mumeur dt.'fi,,·­
;l,tiR'>I)
Deri\1ltivcs 'If pirdl. mOllll:nt with rl"Spt"Ct to fran.....
lational <In.-derations (tna.......... llloment uf inertia l"l)Cffi­

<"iellts)
~"llllilllcllsional dl'ri\1I.ti\"l~ I)f pill:h lllOlllellf wirh w­
:<1X'(·t to tralL'illltiOlml <I{'C'c1cratiolls {lI.l'l.SSomomcnt Olf
im:nial·odticil·ntS}
Dt'ri\1Uivl' of pitch with [l"SP''{'1 In th.n\,.~It'r output.

'r
Dt'ri\"atin~ of pitrh ..,dlh tl'SplJl·t III nmrrtl! plant'dl'"

t!t'l·riuns. ""J.. ""P. ".... i'" ..
:\lass of I hI' hudy

:\Iomcm abo\l.l Itw;8 a."(is t1cscrihcd in the bocly-fixrd
rMl'rcna> frame
SilllUladolLi uf vehide heh<wiour ....ith nu al:thl' 111m­
!X'l.I.s;uion: i.e. only passh-e roU stabilization
~o range of acceptable beha\-iuur indit'ated by simu­
lalions
Dcl-j'I,1I.ti'l.'"ei of yaw lIIOll.lell.l with reipt.'C1 10 angular
\-dtJ('ilics (totar:-' moment derivatives)
Xondimension;lJ dcrh1\lives of yaw m()I~lI.t with ft....

speet 10 angular velocitil':'i (rul~' moment deri\~I.­

lives)
Dcrl\~uiws of yaw moment ",irh rcspt.'<.:t to angular
aCl:e!cralioll..'i (m:l.SO-lIlomcnt of inertia coefficients)
~ondimell.sion:ll deri\1\tin'S of vaw momcnl with rl.....
spec:t 10 ,mgu!;1[ accelerlltions (-m:l.SS-rllomellt of iner­
tiit l.."Oefficientsl



Symbol

-'"... .V". .v'"

s~. X~. .V~.

.V",. 'Yo • •VOf:

.v~ . .v;.. .v~

XtT

.VtoJ . .'V'd'.S....... .v......

p
p
p­
p. '/. ,.

R

'rr

R

R
R",,",

Definition

Deri\1\tin,'s of ynw moment with respect to tmnsla­
tional \-elocities (static moment dcri\.ui\l!:»
:\"ondimcnsional det"i\1\tivcs of .'1\W moment \";th re­
spectlO triUlSlationa! velocities (static moment deriv.
ati\l!:»
Dcri\1\ti\"l'S uf yaw mument with rl.'Spl.'Ct to rran.-;la­
tiona! accelcrations (mass-mOlllcnt ,)f incrtia oreffi·
..:ients)
:\"ondimcllsional dcri\1ltivcs of yaw moment with rt'­

speet to translational aCl'eleratiOllS (nlilss·momcnt of
inertiil t.uefficients)
Dcri\-.Hin' of .'·l\W wilh rcspccf to tltnL.;tcr output. tT
Dcrivativl.-'S of ."lW with respt...·t tn l.-'lIIlrul plane de­
Hcetions. to",. l'..,. I!.u' " ....
Subscript rcferrin,; tn hulllift...lra~ p[<lIlC
Generic input pilrantctl'f
~nmin<ll \"<t!uc <If 111.- g"IIC'rk input parartlf>u'r
Rull (about .l"HI. pitch (ilbcllit UlJ)' ,U1d .'l\W (abullt
':lJl ;lIlKWar \'CloritifOS r~PN·ti\"f'ly

O\"l'rshoot width of I><\tlt "f th.. \l,!tidc in a li~za~

Rl)tatinn lIl;ltrix mappillj!; the dt...·oruposition of a
given \"C('lOr in D to a J('Cumpo.;irioll in I
:\n arbitral'''' wetor
Denotes lh~ \'f'Ctnr. r. d~ribc..1 (or "da'urup<)!;E'trl
ill the hocly frame
DcnOll'15 the vectur. r. described (or "decompuit."frJ
ill the inertial frame
Position \1.'rtor describing the location of the I.-"E'llter
of clio" of the hull in rhe body frame
Plk'iition vector describing thl' locatiun of the I.-'enter
of prc:iSurc of a ("Qutrol plane in the budy fr;uile
Simulations of vehicle heh;l\;our with ;lcti..'C roU com­
pellS;lt ion via rudders
Generic output parameter
~ollliIlal mlue uf the generic Olllput parameter
Hull radius al slillion.£
Hu.1l rildius at station.£o

:c::c<iii



Symbol

s
S'
Str)

5
S.
S••

T

T

U
U'

..

w

x

XI/u/l

Definition

Augmented matr1.x of rigid-body coupling l-oefficiems
:\tatr1.x of rigid-body coupling coefficiems
A skcw-synulletric matr1.x representing the crossprod.
uct r x·
Sensiti\;t\"
Cross-scrtiOlllll arf"U of the hull at st.uion L

Cross-sct:tiOlUt! af"Ci1 of the hull at station LO]

Tnlditional transformatiou lIIalr1.x frnlll incni",1 10

hut!y-fi..x('d refere!l(,c frame
Superscript dellotill)!; the transpc6t' of a \"l~lOr or llIil­

tr1.'(

Au~n\l~ntl'(l nHllt,}1 input Illiltrix
('olltrol input matrix
Surl!;c laloll,!!; .£n). swa~' (aloll~ !l1/). allOl hl'a\"t~ (aloul!;
::1/) lillcar \·l'lo<.'itilosrL'Spl:!t·ti\"d....

Vt!l·tor of linear aud angular \"dodtit'S e)(prl~'(1 in
rt\l' ht.. I\"-n.wl! rt'fer('IL('C frame.

v = ~ v[ vf 1r = [u " 't' I' 'I ,.: r
\'t'{"tur of tr~ltlSlati"lIal.\iludti('5alon~ Ihe htkly-fi.xed
,l.XCS. VI = I" I' ,,' I

~~~~~::o~ t:w.~ "\J~itiCS abollt the hod....-!i.xed

~~:>ci~~[ I~~£ :~~ :~:%) Ofj'rC:~~ ? hotly frame.

Vdodt.': at tht' C'Cmer of prcst;ure in ~he bod.... frame.
Vrp = 1"n,IL) j'r/,(yl "('pi::)]
Vclocit\: Ist'alarl .
:\Iagni;ude of Ihe n~locity ilt tltt> C1!nter uf dfon
:\Iagnitude of Ih(' \l~locit .... ilt tlte ('('uter uf prlSSlU'e

Weight fon'e

Force along the.£1J axis. described in the ht){ly-n..'u'(l
reference frame
Force ou the hull along rhe L{J axis. d('SCribcd in the
body-fi.xed reference frUIIlC



Symbol

X HCP

X"cP

X

X,. Xq • X r

X;. X~. "
X" X". X.

X;. X.;. X;

X~. X,.. X,.,

X:. X;., X:.<

X~. X~, X ...

X~. X~. X~.

r"

r.

LB· Ye·:::8
Lf'E' geE, ;'T

Definition

Forl"e on the horizonlal oonlrol planes along dIe Le
<Lu... de>cribed in the body-fi.·Rxl reference frame
Force on the vertical control plant'S a1on~ the LO ,l.Xl".
dl'Sl"ribed in the lxxh'-fi.xt:'d reference framc
Stale vector in the s;andard St;lle-Sprt('C model
Derivativcs of surge force with rt'Spcct to angular Il'­

lod.ties (rotaI)' fon.-e ,lerh-alh\."S)
:':ondimeruiiomd derh~lIil-es of surge fun."C .....ith rL'­
speet to angular \'c1ocitics (rotary forn' dl.'rh~lIin."S)

Dl.'riv<ltiv('S of s,U'~e force with rf:;pt.'l't f<) all~lllar <1,'­
o!lcrations (iner-ia L'OCtticicnts)
~olldiml!nsiutlal derilmil'l'l; of SUf:;!;C forn' with ff'­
Spl:'l:t 10 <I11J!;ular a('(·.. lf'r;uilllls {inenia {"ol,tfki.'nr,;!
Derh~uivcs of ,;ur,l!;l' force with ro>sp.ocl to tran....laliollal
velocities (static fllrl·.' dl'ril1ltil"{"S1
;.iondimensiOlLaJ dcrh111 i\"'l~ of SIlIJ!;C for,f' wit II rp..
"p.!(:t to InllL'ilaricmal 1'Clodti.'S (slali<' fnrC'.' d.'ril~l­

I h'CS I
l:krivali\'CS .,f Slll"~l' flln't! with respl:'l't ttl Ir;Ul....lalilllll'l
an.-elerali.m.s (illl'ftia I:uctfki..ntsl
:--;ondimeIL"ionai d('rh~lth'ts of sur~f' [or,'t' .....illl re­
spert to trouL...lalinll,l! aet:c!.!riuiotls \inerti" nll'tfi·
t'iems)
Hu.lI station (hat is tiM' limit ofilllcgratioll in Pf'rkiIL... ·
meth.xl for tleterminill~ the lift t'Oefficiem
Hull station Il,hcrc the mte nf change or CnJIiS.­
sectional are-.t. first reaches its maximum Ilt"garil"t!
\1l.luc

Linf'.af roorcJinatcs ill !he bocJv-fixoo referen'\.' fraull'
Linear coordinates of the l"ent~r of dfon (hulll in Ih<.'
horlV-fi.XL'ti referf'ncc fmOle
Lin~ar coordinates of the celltcr of prcssnrc (fins) ill
!he lxxh'-fixed referen'..... fraUll'
Linear ~rdinatcs in the inertiitl refercncc frame
Distance from th.· llose 10 the quartcr·dlOrd 'L'<..is .If
the after control plant.':;
Linear coordinates of Ihe ,cnter of ouuval\Cv in the
body-fixed reference frame .-



Symbol

II'ICa

X'dl. '\"'dP' .\",,~.

,\'",U

\.

}"/U'I'

Definition

DistanCf' from the IlOSe to tbe quaner,hord i\..xis of
the forward l.'OlUroi plallt'S
Lineae nJOrdimues of the cenler of 111<"\.......; (gm'l.;ty) in
the body"fi.xoo reference frame
Distance from the nose to the quarter-cho.xd axis of
rhe control planes
Distance In momem l."Cmer
Vaeiable of inr\;.'grat iot!
Distam:e to Iiluit of imew-ation
Ot>ri\1lti\"P. tlf sl1r~c force .....ith rl'liIX'f'! to thnL'ih'r nllf,
put. "r
Dt'rivativL's 'lf Sllr~{' forn' wifh f!'Spt'l.·1 III ('ontrol
plallL' dcftectlollS. bill. ",d. {I,d. b,d

Force aloll!!; the Yll i\..xis. df'S{'fihed in fhe hnd:,-·"fi.xt~1

rderenct.' frame
Fllr("t~ 011 t he hull alnng f ht~ lin a,xi...;. dt'SCritwd ill the
hody,fix(,<1 rt'ff'fenn' fralll.~

FoCl."~ 011 tltt' hori7.CIIl1al t"OUlTol phllles along fhe Yll
axis. descrihed in fhe body-fi.xoo referellC!' frame
F'lr('{' on I he \"t"rt iCltl (umrol plant'S along Ihe YIJ ;Lxi..;.

desc-ribcrl in the bod:y,fi.xed reference frame
Output \1..'('Tor in the standard statt:'-space model
Dcri\-arive; of S\\-a~' fora' with rcspect [Q 'Ulgular \'eo

lociti\;.~ (rotlU')" force derl'l.1\ti\""CS)
~olldilUensiollal dcri'l.1ui\"CS of S\\1ty fOCl."e with respa't
ro angular 'I."elocities {rorary force derivatives}
Dcri\OltiVei of S\\-ay force ",.. ith respect In angular al',
relerarions (inenia coefficients)
Sondimensiollal dcri\1Uive> of S\\-.ty fon"e with rcspt."Ct
fO ,",ngulae accelerations (inertia o..lCffkiellisl
Deri'l."ati\"(~ of sway force \\;th respt.'Ct 10 franslatiOlHiI
\"elocities (statiC" force deri\llti\"(.~)

:'\llndlillcusional deri\1lfi\"t~of sway forcc with respect
to translational \"P.lociti(.'O; (static forl"C dcrimtin'Sl



Symbol

Zp. Z.,. Z.

Z~. z:,. z;

z~. z:,. z;

z•. z•. z•.

z•. z•. z~

z:. z;. z:

Definition

Derivatives of sway fon:e v.;th respect 10 translational
accclC'l"ations (illertia coefficicms)
:\""ondiOlen...;ional derivatives of sway force with respecl
10 lransl:uional attderatiOiL" (ille"ii\ codfideUls)
Deri\<ui\~orSW'ly fort-e with rCSpN."t tn IhnL'i[('r nut4

put.15 r
Dcri'-,ltivl'S of sway force with rt'Spt.'i.:t to comrol plane
dcHcclions. 1f,,1. o...p. {:<,,~. {:<,.~

forl'e along the =0 iL,<:is. dl"s<Ti~! in rlU' body-n.'<:t'(l
reference frame
force on the hull aloll~ the =0 a_,<:is. t1~Tihcrt in rill'
hody-fixcd referelll't-· frame
Force on Inc horizolllal 'OOfltrnl plam}o; aklll~ rhe =R
axi.". dl'SCriht~! ill llil' btKh··n.'(L"! rt'ft'fClln' rrall~

F"orceon the vl,"kill nml~l pbl.lIt'S illou//: rhe:" axis.
t1cscribt.,,1 in rhe btxl...·-n.'>;t'(! rf'fcrf'f)t'(! frallIP
Dt.'t"i\lIti\"l~ of nca'"C filrl'C Il,ith rl':'ipr't~ 1<1 angnlar ,......
lucities (rulan: forn'dcri\-ati,,'S)
:-;ollllimensilll;iu df'ri\~Ifi\"CS or !It!i\''' rorn' with rt'­
sJl(.'i.:t III ilnll:ulaI "I~IO('iti~ (rowry f"rl'c d,'ri\lui\"f'S)
Deri\llti\"l'S of hl!i,,"l' forl'l! with rl'SpL't:1 to afll!;ular ae­
,·dl'taTioll." (ilwrtiilll)+,'fficients)
\ft)fJdilllcn...;ional ,It'ri\~ltives of hea\"e fnrel' wiTb reo
"Pl'cl to aUKular 11CCl'lerittions (inenia I'\M'!ficients)
Deri....ti\1.'li of heiwe force with rcsJX.'C1 ro transla­
tional \"clodlics 'stallc force dcri.....lIi\1.'li)
~olldilllensional dt,rimlives or heil\l.' forte with re­
spect to translational \1.'locilieo (static foree rleri\1l.­
ri\"CS)
Deri\<l.ri\u> of hca\"(' force Il.-ith n'Spt.'C1 ro trausla­
tional accelerations (lIll,rtiit l.ucfficiclllSI
:\""ondimcnsional deri\1l.liveo of hca\1.' fOfl-e wirh tl'­

speet to rranslatiOllitl iu:celerilliol1..'i (inertia l.'(>effi­
denls)
Deprh error
Dcrivitti,·c or hcu\'e force \\;th re;p.~·t to thruster out·
put. t r
Deri,-ati\"es of heave force with respect to ('omrol
plane deflections. ~g/. 6"". cu _~,,~



Symbol

0.0'

J . .J
o

",

"

"

Definition

Angle of aHack in radian:; wdess ot herwlse specifit.>d
Angle of sidC'::ilip in radians wuess otherwise spt"l:ifiC'd
Overshoot anglf' of the \"t'hicle in a zigzag Ulaneuver
Difference operator
Control input
("Imtrol planc 1,;onullilnUs f<}r aftcr lowp.r. after port.
aftp.rstaroollrd, and after uppt>r tin... fl'Spl"'Cti\'c1y
Ikoflc<:tion of thl' horizomal t..'ontrol. planes
Thrust input command
Iktlet.'tion "ftho' \"crticall'Ontrnl plant.'S
Small perturbation
\-('{"Inr nf pl"l:iitinn and orif'ntatioH ,'xpfl'S,o<el"1 in rho.'
illl."rtial ["l'frn!Il('" frame.

'1 = ~ '1i '1.[] r = [.r .II :: oJ 1/ t'; r
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Chapter 1

Introduction

The surface of dIP. i'arth I...; two tturds water. ym \w kllow \l!ry linl£' ahout what is

l'olltained ill vas! aIf!1\S of nccans and St"IS. In Cllcr. Wt' kllOw llIon' about "hjt~'rs ill

space millions or kilnr1lI'Iers away than \\"t' Jo abollt rh.- 'Wl',U! which has il. Jcpth or

<lttl;.; 11 kihmwlers at its dt:ocpe;t point. YPl the'lt"p'lI!.'; IWty hold a wI'allh 'lfrf'S<lllf"''S

Wf' may fleetl in fhl' fllfun', undersea f'xplo~atit)n is the kC'y to lappill~ ,Ill'S" rt':'tlllrn.':i.

Wr abo know that tht.'SC' hu~c masses of Wiltt.'r I'lil~' a lIIiljor loll- in t1lel·'l.Clh·s WClHtll't

paltl..'tl1.'i. hut mofC informalkm mliSI ~ uhtalltCCl ill lIttler to unrl('rsrand and IUtldcl

thdr rule in Ibe ~Arth·.s ,"t....y~tt:lllS. In additi,m. knowledgt' 1)£ whal is haPlX'njll/l;

under the ....<t\'PS i.. a major l"t.mcern for defe~ of any l"OWllr:--" ,,';In a ol<\Sllinc.

1.1 Necessity of Ocean Exploration

III 19lJI. the .\(arinc BolU'd ,)f lhe Cnited Stale; :':ational Rcseart:h Cuwlcil set .lUl t.)

fann 11 strategy for (hl~ development and dcpl~'mcnl ,)f umkrwatcr vehides for work

and research under fhe S<'l\. The results of their study were rclcll:;C(\ in 19'-J6 under

the title -l"ndcn;ca Vch.idl'S and \"i.Hional \"ct..-ds,oll!. One of their wnclusioll:; wa:;

the follO\\ing {po "i}:

Conclusion 1: The nation has vilaJ economic and :;cienrific needs to



significantly advance its capabilities for working. monitoring. and mea­

suring in the ocean. ThOl>e needs in\uh-e national ,;()Curily. environme!llal

prote<:tion. resource exploitation. and science. lind('~ \'ehides can con­

tribute ,.nongly [0 these capabiliriffi by giving hlUuan bcill}!;S acCt-'SS to

new kinds of informarion about little known areas of rhe oc-ean and the

seabed - inform.uion tlmt llIay ha\-e a major illlpa~t 011 rhe well-being of

large fX.lpulat ions.

In ternL" of national securifY. military applications for uuderwatl'r \1.'hidtS illdudc

lIlIJW detection mu! mapping. ('O\1:rt operations in hostile watt'n;. and Illonitorifl~ the

lmffk: ill fri{,lldl~' \\~HCrs. The military haw' rom. ullfil n!t.:I'utly. tlte only OUt'S with

mlmey and indinaliull [0 dl'vdop rhe tl:'1:hnoloRY l"fhers ha\1' had fhe inclination.

hut money wa.s hard to come hy).

(n the :;cicntifk n~ahll. applicatio[L" illdudc profilill,ll; icebcr~s (21. wafer COIIUlIII and

hem hie surv..y and samplillll; [:JI. In addition. Illldl~r"'''lHt'r H'hidt.'S prtwid.. vil'Ilo."S of

ofjl;ani:mlS unavailable hy ally oth..r IIlt'.ulS. They abo providl' 11 (0<,1 fllr 1'1I\"irUUlIlI'llfal

monitorin:; 1-11.

CllmmcrdaUy. thl!re arc l1St.'S fur- underwater \'chides in lIIany areas. For example.

nudear pollo.-er plant nJOl.ill1l; tWUle! inspecrions ('f,uld 1)(' ,Iorll' with IlIldt.'f·watcr \-ehidcs

(15! Sttggffits using autonomous \-etude> because the tether nf a rt'lIlofl'iy opcnl.trr!

\'chide would be a mUKlicap in [he long rWUle!s). Further examples in tht' offshore

oil industr:'" indu<.le \"Chidl'S as undento1l.tCf" -e:-"e( for ri~ inst:,lIarion. piPf""litying.

ell". {61. Wider il'(' slJ.l"\~-S. llIlderwater profiling of it-eber@'i. irlSpectioll of structtrrl'S

and dC\'kcs (e.g. Kon IltYall'Sl !j'l
It is importam that lIlall bto able 10 opl..'raw 1l1ldt'I"\\',ul"r: he Ileet'!s -eyt.'S" and

"hitnds- to accolllpli:>h <I wide variety of mililary. scientific. aud commercial !".,,}.:s.



1.2 Brief History of Underwater Operations

:',lan has llistorically been curious as to what goes on under the wavp.s. Legend has

it that Alexander the Great (35&.323 B.C.) was lowered into the '-\cgC<l1l Se,l in a

glass diving bdl. It wa.s not until 1620. however. that an actual submersible boat

wa:> successfully built and tested by Dr. Corneliu:; Van Drp-hbel (1.')72-163-1). It was

it lcather co\~red rowboat that made scveral trips nnder tht~ Thalllt~ river. Liter. ill

1600. Edmund Halley (discoverer of Halley's Comet) patented a divill.l1; hell t1Hlt was

capable of sllblllcr~cllcc to (j{) feet (La Ill) for 90 lIlimllt~. In 1715. EI\~lishmall John

Lethbridge huilt the "Ji\"ing engine". which was used for man)' )'t'ars. It \Va,..; ,Ul oak

("ylindcr reinforced with iron hoops. It had a glass vicw pon. and The operat()r's arlm;

protruded throll~h ~rease(l leather ruffs. The div('r could stay ul\(kr for ;jO millutp.s

at 60 fl't't (I~ mI. Th~' \n:n' mw~tors of lllllClt:rn submariue;. df"l:p ';lIblllcr~cllc(,

rl':iCUC vehicles. and (ml.'-iltlllU'ipht:n' divill,l1; suils

1.2.1 Manned. Vehicles

Submarines

The dcn:lopmcilts in submersible fl,•..'ImoJog:y in tilt' .veans that followP.t! wen: drin:u

hy military ,l1;oak although thc \1lrioll.'i navies did not llcc!'S:;aril.\" think there wa.>; a

need for su(:h contraptions. American David Bushnell built tilt: Turtl.. whkh was nsed

uIlSlIlTeisfnlly against the British ship HM5 £agl~ in :'-Jew York harbour ill 1776. [n

ltiOO. Robert Fulton of steamship fame (. Cknnollt in 1807). built the .Valltjlu.~ for the

Frelll:h govenullcut. hut was unable to com;nce them of its u.scfuln~ as a militllry

tool. In the 1850s a Pn~ian corporal. \Vilhehn Bauer. built submarines first for the

Germaus. then for the RlI.s,..,ians when the Germans dismissed his work. Submariue>

were again used \\;th dubious SlICC\.'SS ill the American Ch'il \\'ar - the C55 Hunley

sank t\\;(e 011 training missions (the second time taking all hands including its backer.

cotton broker H. L Hunley). iwd finally sa.nk a third time after ~inking the C55



How<J.tonic. h was disco...ered in 1995 and subsequently rai5e\.l. In 187-1. .John Phillip

HoUand submiued a design for a submarine to the US Secretary of the ~i\"'Y. His

efforts. after lIlany discouragements. e...entually lead 10 lbe fiNt practical subm,lrtlle

(the Holland \il. huer the L"55 Holland when thf' l;5 Xa\")' bought it in 19())j that

used a gasoline engine for tra...elling on the surfa['C ami charging hattmC'>. anti an

electric mo{(x for submer~ uperation. Later suhlllarinf'S (starting ""ith the French

submarine :tl~tt~ in 190-1) IIsed diescl engines mth...'!' than g'l...oline fur 'lb...iuliS safety

teilMms. FrulIl thete, submarim>:; hil\~ de...e1oped such thill then' L.. a ""'ide \1\riC1..... If

nulitar)' ,-er.;ions liP to ;utcl including Illidear powered mis...ilf' dcli pr.... syslenL", a..;

well iI." mallY lunHllilitary sublllariuL'S fur tourist l Plltpu;t'S and pri atl· 'L"il'.

Submersibles

For scientific llli. ~ions. The wurk Oll s\lhll1er.;ihll,J Tl'('hIlOIOK,)' ~;UI in "arnl'St (Jlll:-'

tf'lati,'c1y reL"t'lItl In 19;i11. William rkf'hL·. a zool()fo!;L~1. ,ll'l'iI.:cndNI to 1-126 fllt>! (-I:i.',j

m) in a hathysphL'rt' ("dt"'p spllPrt'"'). a hnll<l\" SII..·I :iplll'rt· with all irL... idl' di,unel,'r <If

.'}.I iucht'S. 'U1d J..ineh thil:k gla............iewp<lf'ts. Th.. 1I(.'<I\·y hall W'l.o; lnwefl'(! fmlll it bar,v;t:

to depth with it stI..'Cl "lIllle, If lilt"' I'ahl.· snapp<'(!. tht' hath:-~ph..n· ""l)ltld sink 10 rh.,

boltoltl. PO\\.~r fur telephone ami Ii~hts ""~lS pNl\'id.....1 mllli Ihe siltface ,'i.a a St:l"l"md

(~ablc. alld an air h,~' ....l\S also 11Sf'd. In 193-1. Beetle aUlI Oti.o; BartOli d('S('.'!\l!t.....1 to

J02g feet (9?-:J m). Barton ,Ie,exuded 10 -I5OJ ft..'Ct (lJ7"1I1l) in a modified balhy~phcn"

off Califomia in 1941:l. Swis::; balloonist Auguste Pin:ard and his son, JaL-ques. built (I

bathyscaphe (-deep boat") ill 195-1. The F.VR5.. .!·1 mnsistL't1 of a steel ball sllspcndt.'tl

from it lIIetal ftt."lt 611t.....1with .v;l\S()linc, BuoY.Joey '01.";'1." ildjuslL'li b:-' rl'lca:iing iron hallil."t

in 11 L'lJlltrolled ffiiUUler. In Fcbrwu'Y of that yl!ar. Grorge:; HOliOI and Picrr..... Hcnri

WHim de;ccmlcd to 1~27 frel (-10.50 rnl in this bath.l's<:apht·, PitTard and hL.. Sill!

'.Janel l·ndef"\\....t~r T,,<,IUlo!oto, 2000-200I~~! lL~ts 1:J ly\>t'S ..f lourisl submarin.-.l in <,pcratiutL
world ,,;dc.

:Submersibles. unlike submarines. lend 10 lack Ih~ ahility to perfonn long-range op<'ratiO!~o;, Th..y
are t~"picaUy tra.n.spon~ 10 the site of interesl lUId IaWlcbr.d from" support ,-e:;:;el.

J F.VRS./ "..n" a high-lt.Ititudc blilloou.



buih the Trie.!t~ in 1952-3. This bathyscaphe achieved world-wide fame in 1960 when

Jacques Pittard and liS :'Iiavy Lieutenant Don Walsh descended 3.'>.$00 feet (10.911

m) to the bottom of the Challenger Deep in the ~IarianasTrench of the P,lcific Ocean.

the deepest knO\\"1\ part of the ocean's Hocx. In 1953. Jacques Cousteau designed the

Dll,ng SauCf':r foc scicmific obsen:ations in \\1\rers up to ItXJO feer dt.."Cp. In 1962 rhe

A.L\/IN (named after Wood's Hole Ocr>anographic Institute IWHOI) re;cilJ"l'her Allyn

Vine who had Chdlllpiolled t he need foc it) wa... flmdcd. It ......,\S launched in 196-1 and

is still in sen.·icc luday. in spite of having sunk in 5500 fCCl ((6.6 m) of walC'r in 19t)g

(it ......,\S rccO\"P.red less Ihan a year later). This fanlOlL"; slltmll~rsible has been ill\'"ol~"Cd

in finding ;l I~t H·bl.llllb off thc Spanish l'oasr in 1966. di.scllwrinp; rhL' CxlSfl'lLCC of

rlwrm,ll \"I'llts ill 1!J". and I'xJlltlrill~ rill' HMS Titfllill' in (9I':l6. .Janc·s (8] lists :2.5

rypL~ of milllllL'<1 SUbllLt'rsih(t"S. indlldillJ!; AL~T'i. <:Hrrellt(~· ao.:ti\'l'.

1.2.2 Unmanned Vehicles

To ;l(;(.'olllpli:ih Ihf' nL'N'ssary under\\1\tt~r \\1Irk. 1tI1\IIIU~ sllhlll;lrint~ h,I\'f" rradilionally

I>ccll the IOo( of (:hniCf' SillC(' Ihey allowed hllflialL'; f() ~I'I 110\\"11 rht't"t' and ha\1' 11 look

for Ihemsehn>. They art'. howc\'m". expt~r\Si\'t' and ill\'Ulw risk for the ,X-'c·lIpantS.

Sc\-cral :mbmarincs haw 1)!..'Cn lUit O\"l'r Ihl' ~·l~.us \\;th ;ll'C1Jlllpan~;ng 10tIl> Ilf lif('.

There have heen some suo.:cest;ful fl'SCue,. In 1939. I~ Sf(I«IiIu.~ rescue using ,I new

di~'iDg bell. the ~lcCann Rl'$:llC ChaJu!>t-'I". sa\\' J;j mcn rt'S('lIed from 2-13 ft't'l t,l 1"1I)

[91. To redure CQ;ts lUld risks. ClUTt'tlt Icclu\OI~' is l'UIIL-cnrrating Oil <It.'\-eloprnenl

of Immannoo submersible;. MAny S:--Slem rhat will rClllov(' mall from fit(' ......,lIer alld

can do rhe job ....ilh cfficiency is preferred.- litil p. 2~O) There ,Iff.' sc\-eral t~~ .)f

lUUlIaJUlcd subn\()rsiblcs ill use roday.

Remotely Operated. Vebicles (ROV)

Remotely operared. \"ehidcs all' lUunalUied submersibles thai lire operared from a ship

\ia a tether through which power aud cotWllWlicalions arc available 10 the vehicle.
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