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The * purpose of .this thesis is to present“a
computer proqram ‘that simulates the mocion charactex-istics

otv a Remocely Operated underwa\:er Vehicle: (ROV). In

developing this program consxderable deta:tl has been’ given
to "the basic pr1ncip1es and propertles that, are' related to;
Rov—mm:ion. This. paper is irn:enaed to qive ‘a comprehensive'

development of - tha nov characteristics thus prcv:.ding an’

overall view of, the 1n£1uencing (actors involved with the

ROV and its. environment.

The deveélopment  of “the compuéer program is’

presented by first- investigating “the mathematics of solid

budy motion and hydrodynanic influences, and thsn comblning

these ‘to manv

-general ‘ROV. ‘These ma ical expre Yonsave Ehen

. fof the ‘specific.ROV" unit 'HydroProducts RCV-225' and used

as the basis of a computer siﬁ\ulati::m of the vehicle motinn.
“ % " X

The cc 2 ) is" .

as a fortran

program’ capable of runninq -on an IBM personal computer or

. compatible equipmant. The final portion of . the thesis

illustruca;;ﬁéral case s'y:udifas of’ pcéenhiai maneuvering

procedures for the ROV. ’ . .

.

the® mntlon of a.
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rotation temsor, with components R, ,. (i and "j\

= 1+3)

e = versor, widn cu‘mponent’s,‘- e - (i ="1-3) i‘ ;

e = dyadic function. % = _‘ ' A;‘ _

I = .identity tensor.. ! ’ o T

v = angle of rotation. ' ) : Lo

P = vettoL, witl ‘cm&pnngnts By (L= 13) W @ i
tensor, with compenént‘s‘ A, y. (1 and j =7143) .

T = angular velocity temsor.’ ' e S 4

G = angular velocity vector. N . it

F = force vector,/ wit}. copponenté F,. (i = 1-3) b

F, o= folrce vector for i‘® particle. T

P, f= moméntum vector for ith pax.:ticle.

3, '= acceleration of it® pértiqlg. .

V, = velocity of it'" particle. !

X’ = position vector of ith particle. T i =,

m ' = mass of it* p;rticle. T =,

F,, = force of i** ‘particle on i Qarﬂcle.

F{ = external force on i‘h particle.l

B, = vector from body origin to it"- particle.

X, = vector fro)‘n fixed coordinate frame to body origin.

B, = vector t.rom body origin. to céntre of mass. A "

X = pusiciox;, vector of body centre of mass.’

I = momem:._ of body momentum. T !

. .
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N X. = tensor of inertia.
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v =" volume. :
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T ¥ = viscous moment (drag) .
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1.1 General '
T
. The development of .the offshore industry Jhas
cre,ated'th‘eAneed for sophisticated methods “of underwater
observation and data collection. Traditionally, the task of

= o

conducting work and testing prggrams underwater has been
pe;:fomed by commercial divers. The high cost and inherent
dangers of using divers at .the increasing depths being
invedtigated has brought about..the. developmént of the

* submersible industry.

\

The submersible concept started with.the creation
of mini-submarines and has evolved into hxghly.
-sophisticated mulki-task Remotely Og;eratad Underwater
Vehicles (ROVs). Today the ROV is ) used in a wide variety of
' marine resource and ~oceanographic study f%elds. An overview
of this industry and 1:"5 developma;\t and growth is
available in Appéndix A. -

An ROV has the capacity to observe as well as,
collect data at depths tar beyond the range of a commercial
diver. The maximum depth a ‘diver can safely work is
approximately 450 meters. The maximum depth of operation for
ROVs ranges from 1800 to 6000 meters. This, comhine;l with

. the direct access i:o data the ROV provides to the non-diver
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eng'xneer/scientist, offers a valuable work tool for offshore
application. -

The increasing growth of offshore interest
provides . opportunies for the submersible industx‘y‘ to
continually grow and develop. In the last decade ROV's have
increased frcm'%}i’y a couple of dozen units available in
1975 to over 700 available units reported in 1986(1) . The
vast applications of ROV's and continuing . advances in
capabilities assures it a place as an essential com‘ponént in
the development of the offshore industry. As a result it can
be expected that an engineer or scientist concerned with the
offshore will likely , at some time, be involved with ROV
"use and operation. »

TPhe use and operation of an ROV requiies some
knowledge of the vehicle; properties and'characteristics. To
effectively utilize these vehicles and con;'.ribute to the
process of development within tl-;is industry, it ig'assantial

that the engineer/scientist employing these units have an

ing of the 1 properties governing the
ROV. ' .

The major concepts that ‘influenca the operation of
an ROV are the general princi[:;las of solid body motion and
the hydrbdyn/amics of motion. A computer simulation of the
ROV motion is an exceptional tool for the davelo;;ment otv an

ux‘mdarstanding of these principles.
g S

. L E




In the development”of a computer .s‘inul'ation,O
vehicle motion can be illustrated as well as the principle
features of kinematic bod¥ motion and hydrodynamic motion.
An -analytic simulation can be used to demonstrate these
vehicle characteristics. This type of simulation can also be
used to evaluate des‘ign concepts and variations, in a

controlled ‘anvironment.

The use of the analytic simulator in design and

te‘stlnq, leads to a great saving in e and expense- The

. cost o: testing designs- in a prototype is reduced and the

‘time requix:ad for testing a particular alteration is a

traction of that r qulx‘ad for alterations to'a real vehicle '
or prc;totypa. i?urthernore, the analytic simulator is the
basic component for a rfl time simulator, which has great

al in operational

and training development.

1.2 Objective of this Study . )
~ =

This " paper is the result wof the need for a
comprehensive 1n\(aatigat1nn of the hrpperties and principles

that apply to’ ROV \motlnn. Although there have been many

-investigations_conducted on spaciﬂé aspects of the ROV,

there is a A le . lack of dealing with the

motion churnctatiu:ics in. a form understandabla to the
engineer/aclentiut. not: directly involved in the ROV
industry. ) - ‘
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This thesis is the result of a desire to develop a

computer simulator program capable of evaluating .the ROV
motion characteristics and computing the ROV path and
orientation . A project of this nature must start with an
analytic ‘simulator which strictly avaluat‘es the motion of
the vehicle. The natural proq’ress}on after developing the
analytic program, -is to produce a rgal.-tim,a simulator. The

real-time unit provid%s the vehiclezpath and orientation at

the same rate that the rdal vehicle would travel. Wj.tilin the

scope nf this study the development of, the upalytic

simulation will be tha primary nbjective. N

The two abjectives of ‘this invastigati.on are’

easily ébmh:.ned and can be obtai&ed by presenting the basic

dsvelopl'n—ent procedure for the computer program of the °

analytic simulator.

& 3 !

1.3 Thesis Structure .
This thesis will first ‘fressntl the cgeneral

properties that influence the ROV and then apply them so as

to obtain mathsm{tical expressions. to describe the vehicle

motion. chapter‘two w111 deal ‘specifically with  the:

principles of solid bedy motion and chaﬁter thrgé‘wnl
discuss the hydredynamic’ ‘influence on a bod in a“fluid.
‘The remaining portion of the thesis will deal
dxreccly with the application of the motiop equatlons within
a}z.\jqalytic simulator. chapter four  /will cambina the
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equations found in the previous chapters and modify them for
the general ROV and for the specific case of the ROV unit,
"Hydro Products RCV-225", Lo

Chapter five outl:mes the stmcture and operation
‘of "the computéy program with details to the -method of
salutlen being employed. .

In chapter\ six, sever‘aﬂxamples of motion
simulation attained from the program derived within this

study, are cfamonsttatéd, These cases represént"nmrneuvering

r:ommanly pe by the ROV.
The £inal chapter of the thesis will' contain tha

summar;izatien ‘and concluding remarks to the study.®




2.1 General !
The intent of this chapter is to present the
- mathemdtical* model of ROV motion to an engineer/scientist

. unfamiliar with motion dynamics and £luid properties.
-~

Although there is a reasonsble amount of material available
on ROVs and their operatian, there is very little material
g av_ailable that ciescribes the mathematical principles of
N motion for theselunit's. . f

- s This chapter will deal strictly with the rigid )
body .mation kinematics. The development of these equations

of motion will be derived from Newton's first principles..

2.2 Coordinate Systems _

The development of . t}ge equations of motion of ;
tigid —l‘:ody_,’requires that a p‘articular system of reference be
designated . to relate each feature of motion. The choice :;t

this system will ‘}ary depending on the nature of the problem

d, and the istics being considered.

The system of xsference best suited t‘or dsrivinq
the equations df motion for’ An underwatsr vehlcle 15 that of
a double coordinate retexjenca frame system. This system uses
twn; coordinate frames, one ° ttame(cauad the ncn’-primed :

system) that is fixed with raqards to the earth, and a

'
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second frame (called the primed system) that is 1linked to

7

the vehicle. Figure 2.1 illustrates the relationship between
these coordinate frames.

The vector b represents the position of the J‘tth'
particle of the rigid body with respect to the px_':l\med/linkad
frame.’ The vector X, represents the position ofkths same
pér!:icle with® respect to’ the 'non-p_rimed reféref‘ée frame.
These two Vectors combined with the vector X,, which relates
the 'pos_itionr of the primed origin to the noﬂwprimed systen{,
describe the overall configuration c\f the body and are the
basia-m‘eai‘ss of- describing the body notion.

2.3 Derivation of Body Motion Equations

The fundamental basis of any kinematic study are
Newton's laws of motion. The key statement‘of these laws is
that the force 'acting on a particle is equal to the product
_of the particle mass and the particle acceleration. This law
is uttgn referred to as the 'body mo‘m’entum equ;ticm' and is
represented as’: ) ' ’

F, = ma N . 2.1
. where 1 represents the ith particle of a rig_i.d body. The
particie momahtum is the product of the particles mass and

particle velocity and is dencted as p.:
a ¥

\
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. - .
B o=y [ ] 2.2

Therefore Newton's law (2.1) states that the force is equal
to the time rate of changesof the particle momentum, written
e in the following manner: L /
i & T e
o 10T & W™V m g

wﬁere the second aquivalanca"is due to the particle _lnéss
being constant( rigid body). - ' .

A second aap‘ecr. of Newton's law is the concépt of
the moment caused by a force on a particle. This law simply
states that any moment caus;d by an exterior fcrfze must be
equal to the moment of the particle momentum. This requires” , °
that the moment be iefe'renced to some point so as to
) estabiiah a moment arm. The representation of this seco‘

equation is:
' _ 4 o a = s
# P xX = GG xX)] = om 5V xX) 2.4

with the vector X, representing the moment arm.
équations 2.3 ané 2.4 are the two equations that

describe the particle l‘dne\-natlc motion. The -task ig to

“derive these two aquutfonn into a form that 339 be used t!o
= 4
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mathematically describe the motion qi\;'en«:he dynamic input

-tp the body.

& The derivation of an applicable form of these
Pl

equations starts with finding the form ot these . equations”
that represents the full body and not just the ith particle.
\To do this three features of the rigld body must be
1. Fu = -F;, :the force of the ith particle on the

jth particle is equal and dpposite to
the force of the jth- particla on the ith

considered:

particle.
2. F, =0 :the ith -particle cannot act on itse}}.
- 3. (R -R)xF, =0 iparticle forces are centrally

opposed (act through centres)..

. . \
'ljhes‘e' characteristics indicate that-the forces applied to

the ith particle are of“two typés. One type, are those

forces from the surrounding particles of the body. The

second type are from 1 origins. Th et

. 2 @
Substituting this expanded term for the forces in the two

.motion equations results in:

o " 7 -
R+Z Ry = B 2i6
% x(Fy + =)\ Fy) =Z)T\(‘x§‘ Vi J / 2.7




Before summing these forces over the entire body, these
’ equations can be represented in terms of ’the vectors X, , X,

and b, ' as shown in figure 2.2 where:

X = position of the linked axis criqin wrt fived
: \axis origin.
¥ X = position/ of the ith particle wrt fixed axis
or:.gin.
b, = pcsitiun of th} ith particle wrt 1inked axi;.

The ‘dia‘qra'm shows the relationship. betweeh®the two
.

. 5
/ coordinate axis systems and illustrates how to relate the ™

_position vectors in the following manner:

X -% = B : 2.8
‘where: R= rotation tensor (see Milne-Thomson(2))
\ -

‘Therefore the position of the ith particle becomes:

X = R + 3 . 2.9-

**  The momentum B, of the pa!‘ticle has already been
described as the product of the particle mass and particle
velocity. The particle ,velocity can be obtalned from the

time Aifferentiation of the position vector (2.9).:

T o= HRo= X+ - 2.10

(B, is constant wrt the body)




¢ 0
-
|

L] 2
Figure 2.2: Rigid.Body Translation/Rotation
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This new velocity expression combined with the momentum
equations yields the new form of thé force equation : !

Fp + 3F,, = m, (X + RB,) 2.11

and summation over the entire body yields:

SUM LHS = 3P + 3F, + 3K, AR, = F - i

SUM RHS & 3Im,X, + zm BB, = M(X, + RB,) 2.12
where: '
». “ . .
M = zm 2:13 =
o . .
B, = g =mB . v 2.14

>

i
The resylt is a force equation for the entire rigid ‘body:’

F o= N, + 85, 2.8

To complete this equation, the position vector B, B
and the tensor R must be represented in terms of the fixed
reference position vectors X, and X, and ‘the angular
velocity vector . To do this, the 2nd time vdeirivat‘ive of
the rotation tensor is derived tru;l\ the angular velocity

tensor @ .:

Rt = @+ : 2.16



Referring back to figure 2.2 the vector B, can be written

as:

X - % = R 2527
b, = B -

where:

X = FoEmE : 2.18

From this course of manipulation the force equation can be
written in- full form (using the relation betyeen {i and & and
)

the triple product rule) as: Y -

F o= n%, +fx(2_ -%) +5

(X, = %)) 2.19

ECRICaER B )

The derivation of the moment equation is conducted
in the same manner . However first the moment of the body

morientum is given the following notatian:

Evaluating the tim& derivative of this term will provide the
right hand side of equation 2.7, however, first it is

necessary to express this equation in terms of the position
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vectors in figure 2.2 . The particle position vector and ‘the

_momentum are written utilizing these position vectors:

X = X, + B, 2:21
- = = °
P, = m(X, + Rb,) )
J
\ and the cross product of these two vectors yields :
X xP, = m[(% x%) + (% x RB,) - (X, x Rb,) 2.22

+(’B, x RB, )]

The first _simplification of this equation comes about by

recognizing the role of the inertia tensor in the -last term

of the e‘xpression.:

BB, xRb, = (% - %) x RR(Y, - %) ' 2.23
Eay = R -%) XTx (R - %) “

Reducing this expression using the triple cross product and

" ayadic(2) format results in:

ﬁB, xﬁE‘ = [(X -

= (X, - F%)e (X -X)le 2.24

and now returning this expression to a foim utilizing B,

gives :

RB, x%zﬁ, = Ri(5,)":T - B,eB, 1R 5 2.25
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The expression within the square brackets in this result,
when summed over the entire rigid body with the mass product
included, "is the Tensor of Inertia. This tensor combines the
products of -inertia and moments of inertia in one identity.
The tensor of inertia is represented by A' . Using this

notation the equation 2.22 becomes: ¢

N s
X, xB, = m[(Xx %) + (X,x RB,) - (X,x ﬁsk)]f 2.26

+ X1

éompletinq the summation over the rigid body .gives:

L = M[(X,x X)) + (%xR, - X,x R):B,1 + X'-% J 2.27
Now that the expression for the moment of the body momentum
has been establishdd, the time derivative must be found to

apply this to equatidn 2.7:

L = (;xf')-5+f'-ﬁ+iaxi+‘n[(2, -Rn)x'ﬁn)' 2.28
‘where _the rules for differentiating tensors have been
applied. i . .
The remaining step'in completing the second
equation of motion is to combine’L with the left hand side

of equation 2.7,:

SR, x(F + xF”)\) “Xx F o= (@ xX')e5 + X' 2.29

+HIR, - )% %)
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and using the condition of the rigid body this.becomes: ¢

Ty = 5% %o 4 X'es + MK - K )x X, 2.30
where: &
T, = 2(% -%,) xF} 2.31

!

Therefore, the two equations of mo’tion have hee‘n
derived from the first principles of Newton's }aws of
motion. Equations 2.19 and 2.30 represent the icinemjxtic
motion characteristics of a tig.id body subject to some
7 external forces and moments.

2.3.1 System of Referefice

¢ . . -~ !
The two equations of motion must be specified in a
particular reference frame in order to be applicable to the
problem.- However, before this is done, there.is an important
simplification that can be utilized, that will reduce these
two equations significantly. This simplification is with
’regards to the placement of the body linked coordinate
syst:em’ wlth’in the rigid body. One can see from equatiéns
2.19land 2.30 that if the (X, = X,) ,terms were to be
'elimln'ated, the resulting equa[tions would be consi_derably
more manageable. To eliminate.th‘is term,” the origin of the
linked frame must be placed at the centre of mass of the
jrigid body. Therefore, employing thi_s convention results in

the rgllowing motion equations.:




il

=

Finally the rigid body equation® must be expressed
in vector/tensor notation by specifying a coordinate system
for each gq:mtion. To determine the -coox?inate‘ frame for
these equations to be expressed , careful “consideration of
‘the problem and‘application is required. In the case of t‘hi

appliéat—ion, the computer application &ill be most

. convenient 'if both motion equations are expressed in terms

of
T

Ey o= we

of the ‘ébordinate_ frame ﬂxed with the body. Therefore the

motion equations are expressed in matrix form:

¥ 2.34
(Tg)' = "(0)}'X[A]'+ 0] + [A]'+(a)" : ©2.35
Equation 2.34 is expanded by using : -
k' = {uy o 2.36
and: .
(' = ggg(ull' + (o)'x (u)' 2.37

us the components of the force equation can be written as

follows: .

Ff = M(Q) + ofu - ofuf) 2.38

F} = M(Q + ofu} - ofu]) : " 2.39
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P} = M + ofu) - wjuy) 2.40

Similarly the expansion of the moment equation to component

form yielgs:
Tof = Al00 + A0,00 + Aly0f + A, 0le) + A,0lef 2.41
+ Apeded = Aefe - Alpefed -2 eded
Tod = A0,00 +Af,0) + %;3&; + 20 0]e) + A) wded 2.42
T afieied = adelel = ALetel = Mool
Tod "= A58 + AJ,00 + A0 + AJ 0le! + Af,ele) T
FAdyeled - Al ele] = Apeje] - Ajzeded

Thetef,ot’a equations constitute the
comp-onents of the kinematic reaction.to !orceszactinq on a
rigid body with 6 degrees of motion freedom. In specific,
these equations .are' debelop}d to represent the motion of an :
underwater vehicle , where the external forces are a result
of propulsion thrusters and fiuia dynami\; forces.

The next chapter will concentrate on the dynamic
forces that. act on an ROV and how these forces can be
expressed mati\ematieally, as ihe left hand components of the
motion equatiox/;s. E A




3.1 General

? The equations of motion for a rigid body have been
derived in the previous chapter. These equations relaté the
mechanical/geometric reagtion of a rigid body, to external
forces ‘acting on the body. Therefore, in order to"ﬂaﬁply 2
these equations '‘to a - particular situation, the axtarnai
forces present must be establxshed in a mathematical form.
Thisj) chapter 'will deve]cp the nathem ical formulae that
express the forces that act on a submerged rigid body as a
result of the surrounding fluid. .

The most common approach to fluid flow analysis is

’t‘o study the problem using two different assumptions and

then, superimpose the results to form the generalised

solution. The two assumptions used are.: -
1 Non-viscous fluid assumption
2. Viscous fluid assumption

To study the problem in' this method allows the scientist to
first neglect the internal shear stress caused by ‘the
viscosity of the fluid, and obtain mathematical solutions
for describing the f£luid motion »and .characteriscics. After
these expressions nave’ been established; the effect of

viscosity can be determined by theorétical and empirical
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study and combined with the non-viscous solution to provide
a generalised solition to the real fluid problem.

S /In this chapter the 'ideal fluid' assumption (non-
viscous) will be implied, ~and the force and moment

contribution to the rigid body motion equations formulated.

In a separate derivation, the effect of the fluid viscosity ¢

will be analyzed and incorporated into the motion eguations.
- R .

3.2 Fluid Pioperties . -~
The prupertie.s of fluid flow are governed lﬁ four

basic relations. These relations .are stated ‘as follows

(quoted from Streeter and Wylie(3)):

1. Newton's laws of motion, which st hold true for‘s
every particle at every instant.

2. The continuity relation, i.e., the law of
conservation of mass.

- FTTThe FiFst and sécond laws of thermodynamics

4. Boundary conditions; analytical statements that a
real fluid has zero velocity relative to a
boundary at a or that frictionless fluids
cannot penetrate a bo\mdary. 5

These relations are fundamental properties that

govern any fluid motion. As a result, they each play an o

important role in the development of the fluid contribution
to the solid body motion equations being derived in this

study.




22

3.3 Hydrodynamic Forces - Ideal Fluid

The force on a rigid body within a fluid domain
can be expressed in terms of the pressure within the fluid
by using ‘the Bernoulli equation (which comes from the
ifitegration of the Navier-stokes equation with viscosity
r{eglected, over the space coordinates) in the following

form.:

P = -p[giwfé(a% 1+ [ F ax, 31
Where the symbol ¢ ' represents the fluid velacitir potential.
This is a scalar potential whose grédians expressas. the
fluid velocity vector. The velocity potential is dependent
on the three®space coordinates and tims,. The advantage of
applying this potential is that it represents one unknown
function rather than four unknown variables. A full
expla.inat;on and derivation of the velocity potential is
available in Streeter and W}ie chapter seven section

7.303),

The force due to the pressure is equivalent to the

integral of the pressure over the area on which it acts.

Thus to find the force on a body submerged in a fluid, the
integral of the pressure describeq in equation 3.1 must be
evaluated over the body norma’l area., In doing this it is
best to separate the pressure equation into two expressions
and deal with each compcnem.: individually. Therefore , first

a
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the hydrodynamic term of the Bernoulli equation will be
considered. This term is the expression within the square
brackets in equation 3.1. The hydrostatic term, concerning
the exter‘nal force F , will be  ,dealt with in a later
section. )
The force and moment Kj to the hydrodynamic
pressure term, are found from the fallowinq"
intsgral’s.(equations‘ 81 and 82 from Newmgn“) 1)
5 i 6

, Ph ds . 3.2
B, = [fg P(EXA) as . 3.3
In these expressions, the normal vector is considered to be
positive out of the fluid, and thus, into the body (see
figure 3.1). The substitution of the hydrodynamic term of
the pressure in these equations results in (equations 83 and .\

84 Newman(4)):

7 8 1

Fix Il -rfge et 5(—-— #)")R ds ' 3.4
H, 'J‘Is.-ﬂ(g%_é+%%¢)b(rxn)ds 3.5

(
-

Application of the basic principles of the law of

conservation of mass and using the divergence and transport

theorems along with careful consideration of the fluid



7
rigid body

g

Figure 3.1: Rigid Body and Control Surfaces
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Jboundary conditions leads to the following form of the force

and moment equaticns in terms of the body fixed coordinate

system. (equatiGns 110 and 111 from Newman(4))(see Newman

for full-derivation.):

5 L4 .
e
L
Fyo= - e [fspd,md5 = pejy 00, [fpé,n a8
My = = peya W [fspé,mas = ply [fiy6, (E1xA), ds

= pegn 1 Wo flspé (T'x0), dS

(see figure 3.2 for coordinate representation)

Jo

3.7

These two equations are seen to be dependent

on the potentials ¢, in terms of the integrals over the body

surface. The contribution of ¢, and these integrals are

solely dependent on the body shape’ and can be.evaluated

separately as coeffjcients to the equation. These integrals

'
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Fidgure 3.2: Vector Representation for Moment Arm

.

. ) ,"l‘\,\ . v : )
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are called the added-mass coefficients. The added-mass

tensor is expressed as (equation 114 from Ne\w\an“)):

3 N
n, = effeati s, as 3.8

and therefore the force and mass equations can now be

written utilizing this tensor. (equation 115 and 116 from

“ Newman(4)):
FJ. = ulmll - (Jklulukmli 3.9
Moo= s epauiumy - Oimpg, - ey uem g, 3.10

wher; j=1 to 3, and i=1 to 5 and:_
‘(t',..hk = 1 -if i, j, k +'* cyclic (123, 231, 312)
= -1 ifi, j, k =¥* cyclic (321, 213, 132)
= 0 ifi=3,j=kori=k

. i .

These two equations come as a result of carefully -
considering the, hydrodynamic terms . of the Bernoulli equation
integrated over the body surface. The derivation of this
form Of.the force and *homent equations is only possible when
particular conditions have been imgosed on the fluid domain.

The limiting conditions used thus far are:
e Fluid is Ideal and Irrotational.

2. The body is rigid (constant volume) with six
degrees of motion. freedom. i
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3. The fluid domain is unbounded.

3.3.1 Added-Mass Coefficiénts

The development of the force and moment equations
in a form that utilizes the added mass coefficients is a
significant simplification to the problem. The decomposition
of the fluid velocity potential. and thus the development of
-the added-~mass terms as integrations of geometrict}ly
- dependent potentials over the body surface prov;de solvable
expressions for the idéal vfluid influence on the body.

] The expression 'geometrically dependent
potentials"' refers to the fact -that these potentials are,
independent of time and are strictly a function of the quy
shape. This means ti'nat the added-mass coefficients can be
evaluated for a body shape without concern 'for time or the
fluid characteristics.

These coefficients do have an important analytlcai
sig,ruific:nce that. should he noted. The added-mass terms, as*
indicafed by the name, represent a mass of volume that moves
with the body as a result of the body motion. This mass is
not lxke the solld mass that Newton's equations deal with,
in that thi\s volume is not dependent on the direction of the
body accel\:ération. That is to say, the addéd-mass
coefficients differ for different directions of motion, and
therefore for cl)ulﬂed motions, coupled added-masses must be

employed.



3.4 Hydrostatic Force

The previous sections dealt with the hydrodynamic
forces acting on a submerged body. It remains to consider
the other term of the Bernoulli pressure expression. This
term represents the exterior forces acting within the fluid.
In the case of open sea, the only exterior force acting on
the fluid domain is the gravitational force of the earth.

-Therefore, the' hydrostatic force and moment are
comprised of the body mass and buoyancy expressed here in

terms of the space fixed coordinate frame.:

Fo = Fpy = (pV - M)g 3.11

M, = (pgVX,)xX, . 3,22
where:

V= body volume
M= body mass
Where the vector X, represents the vegtor to the centre of
. buoyancy in the space fixed reference frame.
3.5 viscous Effects (Drag Force) ot

The contribution that the fluid stress makes to
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the body forces in the fluid appears in the Navier-Stokes
equation for the fluid domain. To analysis this contribution
scientists have made many attempts to relate tée Elul.d
properties’ to the  forces applied through mathematical
theory. However, thus far, the only truly successful means
of representing the v/sgous effecfy of the fluid has co;vle
from empirical metybds of avaluatl:k .

Newton attempted to express the viscous
contribution of the fluid in his first law of resistance. In
this theory Newton conceptualized the force. caused by the
£1uid viscosity as’ being the result of particles of fluid
impacting against the body and thus the body imparting a
measure of momentum to the fluid particle. Newton ;xpx’assqd

this in the following manner: i

D= fapu’ 3.13
L3
where: u = velocity
A = projected area in u direction
p = fluid density
£ = factor of porportionality

noting:  pAd,= mass of fluid mpacung/uma
pBu’ = momentum imparted/time
‘Newtun's consideration has been found to be
unsatisfactory for most gemeral flow situations. This
relation fails to consider the conditions around the body
other tha‘_n the front (area perpendicular to direction of

mbti‘nn). Firther work in this study has utilized' Newton's
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tomulae to develop -equations that can apply to a wider
scope f problems.
The forces of viscous origin are called the draq
forces and can be dlvided into three ‘major components. H -
1. Deformation Draq

2. Friction Drag .
v 3. Pressure Drag

5 Deformation drag is pre\;ominant in cases where the

. reynolds nuiber is very low. That is, the fluid viscosity is
very high or the. body velnci::\y and/or size are very sm;ll.
This <type of motiu_n, known as 'creeping motion', exhibits-
viscous forces being predominant over tl;a inertia forces '
discusséd in the previous.chapter. In marine engineering,
this type of motion is seldom’ encountered.

In the general marine environment the drag force
on the body will consist of a combination of friction drag
and viscous pressure drag. In these si.f_uations the flui'd
viscosity is relatively small and the body dimensions large.
As a result the inertia forces are predominant for this type
of motion. It is important, however, to consider ‘the drag
contribution and not rely entirely on the inertia result.

Friction drag, or skin friction, is caused by the
fluid undergoing a rapid change in veloc\ity from the fluid
velocity in the outer fluid region to the bodx velocity at
the body surface. This cha‘nge in velocity occurs over a very

small 1a'yer called the boundary layer. The ‘sudden change
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gives rise to the shear stresses which in{sqrated‘ovar the
body surface constitute the friction drag.

Viscous pressure drag is a result of the aow
pattern about a body being altered due to the fluid
viscosity. Any change in the flow pa}:tern will alter the
pr’essure distribution about the body, and ultimately produce
a furthey force due to'pressure on the body.

The viscous pressure drag is largely qependant on
the shape of the body, whereas tfie friction dr?q is
dependent on the surface ar.Ea of the body. Therefore, the
primary factors concerning the total drag are: '

1. size, shape and position of. the body

2.  velocity of the body

3. fluid properties (density, viscosity)
where the second and third come from the consideration of-
Newton's formula expressing drag.

Aléh‘ouqh ideally these cumponentg should be
evaluated separately and then combined to :spresent the
total drag, this has not been possible for ‘most cases.
Instead, work has concentrated on £inding a generalized
solution to the total drag. Thus far ‘the most effective

means of obtaining satisfactory results for these forces is

g

through empirical testing in the laboratory. ;nur’ ‘

experimental work centres around finding coe: ﬂ/cients
U
(factors of proportionality in Newton's formulae) to

represent bodies and shapes. The general format for the
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expression is similar to that of Newton's formulae, and is
derived from simple dimensional analysis.:

F, = cpalu|’ . 3.4
Furthermore the moment.due to this drag force can be written

ast

M, = corlul® x X, ' 3.15

where X, is the vector from the body origin to the, centre of
drag for the body. - o

In both these expressions the coaffici’ents are
dependent on the body shape and the Réynold's number. The
expr;ssions can be modified to be in terms of the dyna_mic

pxlessure as follows:
ca(p|ul?/2) 3.16
M, = cA(plul?/2) x ¥, 3.17

The Reynold's number is a funct;_icn of the body
velocity, shape and the fluid viscosity. The coefficient ‘of
drag is a function of the reynolds number Qnd, by means of
experimental work, the coefficients can be found for a given

shape for -a wide range of reynolds numbers. Once : the
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relationship between the coefficient and reynolds number for
a pa;:ticular shape has been' found, the size, velocity, and
or fluid properties can ha. altered without having to find a
new relationship‘ for the coefficients and reynolds
number. (as lohg as the body shape doesn't vary)

"In any work with ROVs, laboratory testing would
have to be carried out with the real ROV or a scale model in

order to.find the relationship for the coefficients of drag.

3.6 Summary . "

: This chapter has dealt with the fluid forces that
a submerged body will be influenced by. The three ;nain
catagories of forces are:

1.  Hydrodynamic Ideal Fluid
2. Hydrostatic .
3. Hydrodynamic Viscous Fluid
The application of these equations will require
that they be combined with the equations derived in chapter
two, and that the chatacterﬁstics of the ROV be determined
so as to establish the value of the coefficlents required.
The result of combining these equations with those from the -
previous chapter will be a system of differential -equation
that are solvable by means of .numerical integration.
The remaining chapters of this thesis will deal
‘with the combination o;’; these equations and their

application to a particular ROV, ‘as well as ‘the development



of a computer program

of a motion simulator.
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to solve these equations in the form

Gy -
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v : U.
EOV_MOTION EQUATIONS

4.1 Combined Body Motion Equationh
) The equations of motions found in chapters 2 and
3, must be used to describe the motion of an ROV. In
combining these equations, careful consideration has to be
given to the 1!.il\\i.ting conditions already- expressed in the
derivatior; of these formulae, as well as the limitations of
the ROV in terms of motion and configuration. This chapter
will finalize the equations of motion for a general ROV unit
a)jd also apply these equacions-to- the specific case of the

ROV unit "RCV-225".

4.2 ROV Motion

In the common sl‘nall ROV the motion of the vehicle
does not extend in all six degrees of freedom. The general
format allows for'all three translational motions and only
one rc;tational motion. Figure 4.1 shows th_e typical ROV
motion configuration. This limitation of motion comes about
as a result of the ROV tether resfrictions and the need for
conservation of control requirements. This format of motion
allows for all forms of maneﬁverinq required witr;cut
introducing extra thrusc‘ers and controls that would add

unnecessary complexity to the ROV.
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Figure 4.1: ROV Motion Configuration
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These, limitations are helpful in simplifying the
eSquations of motion by eliminating two angular velocity

conponents and thus the body velocity vectors becone. :

el

= {u, U, ) ’ 4“1
@ = (0,0, o)

Utilizing this condition the equations of -

kinematic motion can be rewritten from chapter two as

follows:

MY - wiu) = ‘F_’, 4.3
M + wlyl) = FY, 4.4
M) = Fly 4.5
Aasd - el o = T w6
2230 = Alyef of = Tyf . 457
Adsel = Tod AR

Likewise the dynamic fluid force equations from chapter

three can be simplified to cnmjponant form. :

Fy o= -bfmy - dgmy, - Ggm, - G, A3

+ (o (ufmy + uim, WM, 4 wim,) ]




Fpo= —hm, - im, - Wgm, - Simy, )
- fed(uimy, + ugm, +oumg +eimgg)) 4.10
Fy = -ijm, - imy, - Oymy, - Gfm, 4.1
My, = (-uulimy - oulum, S wludng - wedmg) d.12
x ;

- (my0f 4 om0 4w U +om, go)

T+ (udulmy, +ujurm,, + ufuim,, +
b %
+ (0 uimy, +udmg, +ouing + uingg )
M, = (wulm, - uwjum, -ufudm; - ueim) 4.13
- (mg B+ om, B+ om0y 4wy gdy)
+ (uuimy, +uluim, + ufuym,, + ufeln,)

- (effuim,, +uim,, + uim, + onge])

= (-uuimy, - wlum, - uluim, - ueim,,) 4.2

- (mg @) + om0 + mgy Ty + mggd))

g oo 2
+(ujuih,, +ujuim, + ujuim, + ujein,)

It remains to do the same for the equations of
hydrostatic and viscous forces and moments. In the case of

the hydrostatic force and moment it is obvious that these

\
forces and s are not p on the body velocity

and thus, they do not change.:(expanded to ,ccm;ponent' form)

Fpby = O 4.15
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Fo,r = 0 4.16 .
F; = (pV-M)g X 4.17
My, = (paVl%, ) 4.18
M, = -(pqV|%,,|) . .o 4.9
: » A
M, =0 4.20
. >

The forces and moments due to the viscosity of the water
found from dimensional analysis are dependent on the
translation velocity of the vehicle and thus are not subject

to any change due to the lose of two rotational freedoms.

These equations arewritten in component t‘e'rzrbf;w:

¥,, = -Cc,a/2|uf|u} 4.21
F,, = -C,ap/2[u}|u} : 4.22
F, = -Cibp/2|uyluy 4.23
. ‘ '
Myoo= (Gl WX, = G lufful X,5)A 02 . 4.24
M, = =(CluluiX, = Gluglud Xa1)A p/2 . 4:25;

=(C,luflufx,, = ¢ lutfuf X,;)A p/2 © 4026

L
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where : A= projected body area .

Therefore, the dquations of motion for the
generalized ROV can now be written in their final form by
combining the kinematic, dynamic, hydrostatic, and viscous
contributions into-ene set of equations in component form.
This is easily accomplished for all except the case of the
hydrostatic formulae. The hydrostatic equa'tions are written
in te;ms of the space fixed coordinates wheré the other

terms are written in the body fixed coordinates. The best

way to deal with this situation is to evaluate the

hy ic forces ly and use the rotation tensor to

transform this contribution into the body fixed system of
L 2
.reference. - )
Therefore, the generalized equations of motion for

an ROV are:
M+ m )0+ om0, +om by om0, 4.27

@
= WYy k(M m, ) uey km e, + Mgy

- CiAp/2]u |uy + By o+ Fpy

Myl b (M4m0l w4 g, . 4.28
= (f 4wy =m0 - B U6 - meey0
Y -gm/2lyylu, + Ry + R,

my, Ok My, 0, + (M 4 myy )0, + mygo, L. 4.29

g "‘“\ - = =Cyhp/2|y

LT PP R L T B YR YO N 4.30

Uy + Fly + Fpy
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= W WU < M, W S MUl - My Upey oM, U,y
MU0y F MUy My Uy M, Uy My, W0,
*omgy ey (Mg + X5 ugey = (G lugluy Xy,
= Clug lu Xy )Ap/2 + MY+ My

me U, 4+ om0, om0y 4 (A, + myg)ay 4.31

= TE U T M, WUyt MmUYy Mgy om0
om0, om0+ MW, - M Wey S MU,
S mgWey - Oy +omg)e;ey = (G lu, | X,

- Clu lu X )Ae/z + 4 M,

me b, + me,l, Mg,y (A, +.mgg)d, 4.32
= TR M T M, WY, T om0y M Wyep tom U,
MUl P MUy MU0y - (G Uy [0y Xy,

= Colug Juy X, )Be/2 + My + My ¢

Where the like terms have been grouped and the equations
have been arranged in a general differential aquatloq
format. . '

Equations 4.27-4.32 represent the component form
of the general‘ eciuations of motion for a fully submerged
body. This form of the ‘equaticns are seldom ex'pr:as.sea in
texts and technicalhpresentations due to there length and
«complexity. The ccmpuf:et simulation for motion of the bod_y
is based .on these equations where they have first been
simplified for the.apecific case of the "Hydrn-Pr.:oduccs RCV=-

225" relnot7]-y operated underwater vehicle.
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Prior to discussing the program for motion
simulation, the specific case of the RCV-225 will be
considered and simplifications that the body configuration’
of this unit allows will be used to modify the generalized

equations of motion.

4.3 RCV-225 .

‘The advantage in choosing the RCV-225 for a first
attempt | simulngion‘ study is., in the particular
simplifications that come about as a result of the sphere
like shape of this unit.(see figure 4.2) The body
coefficients vtt:or .this shape have been acientltic‘ully v
researched for many Iyears and thus these values can be
obtained without having to carry out extensive experimental
procedures. :

Using the condition stipulated earlier , placing
the body fixed coordinate frame at the centre of mass ,
combined with the condition that the vehicle weight be
evenly distributed through out the body will eliminate the
moment due to i:uoyancy and simplify the tefisor of inertia.
These two,conditions will result in the hc:dy fixed reference
frame being located at the centre of the sphere. -

Wwith the body re}erence frame at the centre of the
sphere, it is coincident with the location of the centre of
buoyancy for a sphere and thus the vector x, is eliminated
-and the moment due to the buoyancy is equal to zero.

/
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Figure 4.2: HydroProducts RCV-225 .

(taken from product information brochure)
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The' placement of the body reference frame as
described above will reduce the tensor of inertia to simply
diagonal terms (moments of inertia). The value for the
moments of inertia for a sphere are the same for each axis

and are written as:

Ayy = A3 = Ayy = 2/5 m rad’ . 4.33
where: m = body mass _
rad = body radius . -

o ;.
and A,, is equal to zero for all i not equ‘l to 3.

The value of the added mass coefficients have been

determined for a sphere with the coordinates through the

axis of symmetry in Newman(4) as:

m, = m, = my, = 1/2 pV 4.34
m, =0 it 1=3 5 4.35
m, = my, < m, = 0 - 4.36
where: ’
vV = volume of sphere = 4/3 rrad’ : 4.37
13 - density of water 4.38

Finally, the value of the drag coefficients can be

obtained from work carried out by ncl-r{éists in the past.
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Commonly drag coefficients are presented in the form of a
graph as shown in figure 4.3 . The use of the graphs of this
nature in computer applications requires some form of
numerical interpolation from the graph.

Numerical perturbation tonlulaeA for drag
coefficients have been found by Oseen, Stokes and others for
spheresgin low reynolds number regions(5). These values are
helpful for that limited ;'ange of velocities, however, the
normal velocity range of the ROV goes well peyond the
.effective range of the Oseen or stokes approximations.
Therefore, the coefficient yalues must be obtained tzjov;: ‘tihe'
gr‘aph and generalized -over specifich—ranges of reynolds
number. Prandtl(6) recommends the following values for the

coefficients of drag on a sshere:

Re < 0.4 Stokes approx. Cd = 24/R
Re < 1.0 cd = 28 .

Re < 10.0 cd = 4.4

Re < 100.0 cd = 1.1

Re < 1000.0 Cd = 0.46 =
Re < 10000.0 cd = 0.42

Re < 100000.0 Cd = 0.49

Re < =

1000000.0 cd 0.14

These values are approximatiqns and would not be
satisfactory for a final solution. However, considering cost
and time required to establish these values for the x‘enl‘
vehicle these values will suffice for the needs of this
study.

,. Now as a result of ukillzing the sphere shape of

the RCV-225 and the extensive data already collected for the

\

\:
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motion of spheres in fluid, the generalized equations of
motion for an ROV found previously can be reduced further.

The result of this simplification is:

(M +m )0 = M+ m,)ue, - A 2|y |y, 4.39
+ Fl, + Fp,
M+ my,)0, = =(M+m,)ue, - CAp/2|y, |y, ~ 4.40

+ Fy, + Fy,

M+ myy )0 = =CAp/2|uy|u, + By + Fp, 4.41

= M, 4.42

Considering that there would be no moment due to drag
because the force of drag acts through the centre of the

sphere. .

4.3.1 Thruster Forces and Moments

The determination of the forces and noments
created by the vehicle _thrustex's will be unique to each
vehicle considered , due To the configuration of the
thruster layout. Furthermore,‘the type of thruster used will
be an important consideration. )

To evaluate the performance characteristics of the
vehicle thrusters a test with the vehicle or a, single
mﬁster unit would have to be conducted and the relation

found for the thrust produced for a given power input. This
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relation is the fundamental factor in correctly simulating
the pilot control system. A
Another important characteristic of thegvehicle

that must be determined <is the i tion of the thr .

In a paper by Fyfe and Russell(?), this investigation for
the ROV Angus 002 ot;mnd an unexpected d{ag force created by
the operation of the vertical thftisters. The determination
of this type of interaction between motion and ﬁué‘te?
operation can only be obtained through testing with the real
vehicle or a scale model. %

The purpose of this study 15' to develope a working
computer simulation of the motion charficteristics of the
ROV. The details of the pilot control system and the
thruster interactions are best left to a later study that
will allow for experimental testing to be carried out with
the ROV unit being considered. .Therefore, in the study
presented here the basic thruster inputs will be considered
as direct thrust (Newton) values and the body response wﬂl
be determined strictly from the thruster layout in the ROV
body. Any extra interactions that may occur due to the close
proximity of thrusters will not be considered at this level
of development.

In the case of the RCV-225, the thruster iayouc is’
as shown in figure 4.4 . The two side mounted thrusters (1
and 2) control the furward/bickward motion (surge) and the

heading rotation (yaw). The other two thrusters (3 and 4)
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PORT STARBOARD

=¥ye

REAR VIEW

(7he arrows indicate the thrust direction)
. )

Figure 4.4: Hydr d RCV-225 Layout
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control the up/down motion (heave) and the port/staan
motion. (sway). Thrusters 3 and 4 arel mounted in such a way
that there axis of force acts through the centre of the
sphere shape ( through the centre of mass) and thus these
thru;ters do. not produce any moment.

The vehicle moticns are achieved through the
combination of the thruster actions. Table 4.1 illustrates
how each motion can be obtained and what thrusters are used
in each case. )
4.3.2 Forces Not Considered e

The forces and moments distussed thus -far
represent the main influences on the motion- of ‘an ROV.
Although these should not be considered the only source of
force and moments they do represent the major operating
‘ components on the body. ) N

There are two other sources of forci d moment
that may act-on thé ROV and should at least be acknowledged.
The effect of the sea state on the vehicle hydrodynamics is
an important consideration when the :Jehicle‘ is operating
near to the water surface. These forces are also of concern
if the deployment syséem being used transmits the wave
effect on the mother ship to the ROV. The w3ve forces are
not taken into account in this study mainly due to the fact
that at ‘the ave'rpge depth that the ROV operates the wave

effects are greatly reduced and thus can be neglected.
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Table 4.1: RCV-225 Thruster Operations for Maneuvering

f‘

Thruster Actuation i —

Maneuvre # . #2 .3 #4
forward + + o o
: reverse - - 0 o .
i up o 0 o + +
down o o = T
tranglate .
po! 0 [ + - X
translate -
. starboard 0 o - +
rotate ~ =
ccw + - o o
rotate -
=i - + 0 0 .




%3

The second force/moment contribution that is not
considered, yet should bg 4cknowledged, is the effect of the
umbilical cord on the ROV. Work is being carried out by
researchers in an .al:tempt to establish the drag, lift and
tangential to;ces the umbilical cord experiences and >
transmits to the Rov(8).- As would be expected these forces
Jincrease with the length of the umbilical to the point where
the oparati’é)nal feasibility ot_the'unit: is compromised. .

The ROV considered for this simulation operates
from a garage type deployment system and thus the umbilical
lengfﬁe short and this influence is minimal.

4.4 Linearization of the Motion Equations =

The equations of motion derived thus far,
equations 4.39-4.42, will be solved by means of a method of
nunerical analysis to give the position of the body in terms
of the translation vectors and angles of rotation. The total
system of equa;.iuns must be expandeéd into a linear form by
co;lsidering a linear differential relationship between the
translation vector x and the velocity wvector u and between .
the nngie of rotation n and the angular velocity w. ’l‘hesal

relations can be written as follows:

.
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Therefore, the differential equations that will

describe the motion,of the RCV-225 will be:

% = u, - ¥ B} 4.45
X, = u, - “ -, 4.46.
. !
X, = u, ; 4.47
M+ m )8, = (M4 my,)ue, - CA/2]Y |y, 4.48
+ FY, o+ Py
\ y
(M +my,)0, = -(M+m,)uwe, = CAp/2|y,|u, 4.49
. + Ry + Fry
M+ my)0, = =CyAp/2|u,fu, + FY, + Fry . § 4.50
no= w, = 0 . 4.51
n, = w, = 0 | : 4.52
My o= w 4.53
Ao, = 0 . ; 4.54
Agauy = 0 4.55
» \‘
Aygby = My 4.56
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sk, = sv, 4.58

sk, = sv, | 4.59
Where the last three expressions represent the sea curreht.

4.5 Summary

In this chapter the equations of motion derived in
the previous chapters have been modified to take into
account t‘he special .motion characteristics .of the ROV. The
equations found represent the géner’al motion of an ROV
limited to fnur\c.legrees of freedom.

Thdée equatidns have been further modified for the
specific case of. the RCV-225 which has the basic shape of a

sphsre.‘ . 2 E - N

These equations represent a.system of first order
differential equ‘;tions and‘hezefore can be solved using
nume’rlcal analysis (see appendix B for\an outline of the
nunerical .method used). The development’ of the computer
progr;m to perform the soluti.og to these equations will be
discussed in the next chipter'.



56

CHAPTER FIVE
" ROV_SIMULATOR

5.1 C Simulation.

When dealing with computer simulation there are
two main types of siﬁu1ati+ns‘chat one can consider. The
first type, ( and most familiar), is the real-time
simulator. This type of system is used to train the operator
and crél in different misions and operating 'Rrocedures. The
second ‘type of simulator is _tha analytical simulator. The
analytical simulator is not required to be a real-time
operator. This unit is used to evaluate characteristics like
the vehicle sensitivity, handling, ' performance,
controllability, and the effect of shape/configuration
alteratiops. - ’

Of these two types of simulators, the real-time
simulator is far more demanding in terms of computer
capacity required and the extent og; secondary data needed.
In this sense, secondary data refers to data that does not

pertain directly to the vehicle; for example the terrain and

visual aata is gonsidered to be y data. Fur .
the real-time simulator requires full time designation from

the computer, meaning - that multi-user computer systems
Pl -

cannot be used. A
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The analytical simulator does not require real-
time manipulation and output and therefore is much less
demanding on the computer system. In general the development
of either type of simulator starts with the development of -

an analytical program.

In this chapter, the basic abproach to the
development of an analytical simulator for a Remote Operated
Underwater Vehicle will be discussed. In presenting this
there are three basic,components that are required for any
computer application; input, operation; output. The
discuss‘icn -6f the simulator wiil\ba dealt with under these
headings with special consideration going to the
manipulati®n of the data. \ . .

5.2 Computer Program ‘ .

The proqral‘n developed—in _th,is study is designed to
read a prescribed set of thruster operations from a data
“file and then evaluate the resultant position and
orientation of the vehicle. The previbus chapters have
‘ described the fundamental properties that-must be considered
in evaluating the vehicle position. Within this chapter a
description of the management of the data and the operation

of the program will be outlined.

[
|
|
k.
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5.2.1 Input

The data that must be provided by the oparatorr is
either provided through the data file or is written in the
program. The data provided in the data file are the sea
current velocity and the vehicle thruster operations. Data
stipulated within the program includes the fluid properties
(density, viscosity), and the body dimensions and
coefficients. .

The data file will contain a series of four
thruster values, (representing each thruster on the vehicle)
for each time increment. The value of the thruster will
rayg from =10 to +10 , where 0 rapranantq\ no thrust and 10
xepra.sencs 100% of the thruster capacity. The subroutine
DATAREAD w1il read these values at eagh time increment and
translate them into Newtons of force and Newton-meters of
moment.

The DATAREAD (see figure 5.1 for DATAREAD flow
chart) program takes the thruster data and evaluates the
force and moments by means of the configuration of movement
described in‘ the previous chapter. The 100% value of the

" thrust is ‘tak‘en'to be 25 newtons, which is obtained from
consideration of the performance characteristics of the oil-

filled  thrusters used on the Rcv-225 (2)(7) and data

presented in a paper by Satya Narayan concerning propulsion -

techniques for Rov's(10),

A



DATAREAD. (FT,MT,Q) . . h

read - Q Q = data number
& THG) i=lg TH() = thruster inputs

[ FTw=cTr0)+ TH2)x 2.5 e ]
[ o
FT(2) =(TH@)~TH(3)x 2.5 % cos(0.5236) |
I : i
FT(3=(TH(SATH@)<25 x 5in(05236) |

| uTw=0 ' T
)

[mre=o
[
[ mTez)=(THW-THC2I2.5% 0.255

)

end

evaluate forces and moments

Figure 5.1: DATAREAD Subroutine N s
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The fixed data stipulated within the program are
all properties that are considered to remain constant over -

the operating range and duration of a particular mission.

5.2.2 Operation .
The management of the input ddta and resultant
. position data is shown in the block diagram in figure 5.2.
& This chart shows the basic flow of data and results. Withi
this section a brief description of the basic components o

this program will be presented.

1 5.2.2.1 Set-up o
: The set-up of the program simply initializes the-
* computer to a new 'simulation. This section of the program
> desiqnates'the vectors to zero value, sets the time
increment, opens the data files to be used, and reads in the
sea current vector. The set-up of the program also finds the
initial value of the rotation tensor by calling the
Ysubroutine ROT (see figure 5.3 for block diagram of ROT).
This subroutine takes the present values of the angles of
rotation to find the rotation ‘tensor from the formulae
derived in the chapter concerning the' kinematics of motion.
< ) The set-up is only carried out once for each

operation of the simulator, whereas the remainder of the




"™ CONTROL PROGRAM

" ,

v

initialize program

parameters

7y

set position to origin e

‘aluate rotation Yensor

SET-UP -

o

Figure 5.2: CONTROL Program (4 pages)
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T
1)=0. 1 velocit e
UMAX(i)=0.0 € bcceleration = zero

.

open data files

¢read sea current

' find force
[call DATAREAD(FT.MT, Q)] and moment

\

Figure 5.2: contiued

WOTION EQUATIONS

SET LP
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evaluate motion
... derivates
solve motion equations
for time increment

evaluate new
rofation tensor

VX()=U (i)
SXi)=u(i+12)

Figure 5.2: continued

POSITION EVALUATION
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transform body
vector fo fixed
coordinates

evaluate new
position vector

v

advance time step

/ write TI -
TXG), VNG) =13,

end

Figure 5.2: continued

i 1

POSITION EVALUATICN

LOOP " OUTPUT




ROT (VN,R)

[ Rell=cos(VN(2)) x cos(VN(3) |
T
[ R(1i2)=—cos(VN(2) x sin(VN(3) |

R(13)=sin(VN(2))

RC 2,/):5/'{7( VN())x sin(VN(2)) x cos(VN(3))
+ sin(VN(3)) % cos (VN(I)

I .
R(22)= — sin(VN)) x sin(VN(2)) xsin(VN(3))
+cos(VN(/)) x cos (VN(3)) )

T
| R(ZJ)‘ — sin(VN() % cos(VN(2)) |
‘ R(3 1= = ST(VNETx oStV % GosTVNS) ]

+sin(VN()) x sin(VIN(3)

R( 3 2) = sin(VN@)) x sin(VIN(3))x cos(VN())
+sin(VN() x cos(VN(3))

I R(3,3): cos(VN)x cos(VN(2)) I

return

end

>

Figure 5.3: ROT Subroutine
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program is a loop that is carried out repetitively until the
end of the thrust data is encountered.

It is important to note that this program gives
all the position data in reference to the position of the
vehicle at the set-up. I‘t is assumed that a garage type
deployment system <s used, and therefore the position data
will be referenced to the positign Of the garage at the

start of the program. -

5.2.2.2 Motion Equations

The next component of the compufer program carries
out the solution to the motdon equations for thé vehicle. At
each encounter of this section the computer reads a new set
of thruster data from the data file and then places the
resultant force and moment values in the equations of
motion. The solution of these equations is found by means of
a numerical integration method (see appendix B)‘.

’ In the program‘ presented in this study, the
differential solver used is a modification of G.W.Gears's
subroutine DIFFSUB(11). This' subroutine is a one-step
initial wvalue differential solver. This means that the
program uses data from one previous time increment to solve
the equations for the present time increment.

There are many numerical nmethods available that
utilize data from more than one previous time increment.
These nethods are suitable for a series of continuous

E Lo~
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equations. In the case of ‘the ROV, the equations of motion
are not continuous over several time increments. That is to
say, a change in the thrust data creates a discontinuity in
the motion equations and thus the multi-step solution
methods cannot be used.

-

The DIFFSUB program in it's originil form solves a
set of equatk‘:ns for the largest time increment possible
without exceeding a»prescribed error limit. The program hés
been modified to solve the motion equations for a set time
increment. This 'is necessary because the thrust data has to

read at regular intervals.
'

In figure 5.4, the subroutine for the soluti‘cn of

t)txe motion “equations is shown in a flow chart. The progralﬁ
uses the kasic Runge-Kutta method of nl.ujnerica’l integration
in the subroutine . This secondary subroutine carries out
one Runge-Kutta igtegration of the derivatives -and returns
the vector values to the differential solver routine (£igute

5.5 shows flow chart for subroutine RK).

5.2.2.3 Position Evaluation

& Once the' differential e;uatioyxs. have bee; solved
for a time lincrsment, the translation vectors for the
vehicle ‘and sea current must be combined to give the
resultant position. To do this, both these vectors must be
re‘ptasenced in the space fixed frame of reference (ie. with

respect to the deployment garage).




68

DES (N,T,Y,YBH,EPS,YMAX,ERRMAX ,KFLAG,JUSTART)

JSTART

save ini'tial values

retrieve initial values
evaluate derivatives

perform one full incren'zenf e
integration #
erform one half

increment integration

Figure 5.4: DES Subroutine (3 pages)
N

.

N




Y4

evaliate derivatives
at 12

perform oné half
increment infegration
at T2

[ YMAX(J=max CYMAX(D,YI(i), Y201 Y]]

I

[ _ 9
ERROR(i) = 1(Y3(i}=Yi(i)) /5/ l—l

ERRMAX(i ) =max(ERRMAX(i),
ERROR(I)/(YMAX(I}XEPS))

check error limit*







71

RK (N,T,Y,YP,H,YH)

\
- » evaluate .
[ call FCN (THALF,Y2,0v2][  Gerivatives ot
THALFand Y2 -
\_,“
N v

Figure 5.5: RK Subroutine (3pages)
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\evaiua'fe
derivatives at
THALF and Y3

evaluate derivatives

cal/ FEN (TH,Y4,DY4)|* ‘at TH and Y4
.
. ; \ .
({ A‘ig&?rve 5.5: co‘m;ﬁnued
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- leulate
77 = Y1)+ (HX (DY) % 2X(DY2)) v
‘W’) ¥2% (DY) + DYA(I) |6 W YatH

/

Figure 5.5: continued
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The body translation® vectors are solved by the
differential solver in terms of the body fixed coordinate
frame. This vector must be transformed to the space fixed

frame by ‘msans'*cf the rotation tensor. The}etore, after the

squations‘ have been solved, the program calls, the ROT

subroutine to /find/the new value of ‘the rotation tensor.
Following that evaluation, a subroutine called TRAV (see
Figure 5.6 for flow chart) is used to apply the rotation
tensor to the body translation componants_. This will produce
the body motion in terms of the space fixed coordinate axis.
5.2.3 Output

In this analytical approach to simulation, the
resultant position vectors are ‘p‘laced in a data file which
can-later be reEd and plots of the vehicle path produced. In
a real‘time simulator a large percentage of the computer

work is performed at the output stage. The real—tima

simulator requires visual effects and 1nstrumentat1un thucv

are " driven by the computer. The development of these
features reéuires extansive use of computer graphics m:nd a
large extent of second‘ury data concerning the
envirnnment ,terrain; visuu\ cupucity of the venicla, and

instrumentatio_n available to the pilot.
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TRAV (VX,FX)

FX(1) =00
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. Figure 5.6: continued " ¢ i
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5.2.4 Program Loop i
After each time increment, the computer will

return to the thruster data file to read another set of

" thruster control commands. If the computer finds an end of

field code in the data ‘file the program is terminated:
Otherwise, the program loops through the solution section
for each successive set of control, commands.
5.3 Summary -

The computer program is written in Microsoft

Fortran for the -specific reason that most engineers and

scientists have been to this p ing 1
r

The system the simulation has been developed on is a Sanyo

- MBC-885 1 . The ge of using a persona}

computer is the convenience and low cost. The further
development of the analytical simulator into a real-time
systein will require careful considerati;:n of the
:;apabilicieu of the computer system.

This program can be easily altered for different
body configurations and dimensions by. altering the

subroutine FCN- (see: figure 5.7 for flow chart). The FCN

" program evaluates the Ahody';:oefnciants and the body motion

derivatives. Changes in the body shape and size.can be
o " 2
accommodated by ‘changes. in.the body constants in FCN agp

)
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FCN (N,T,U,0U)

G = 9806 define. constants
5 DEN =1000.0 (water at 5°c)
VIS =1.5/9E-6 .

I
RAD=0.2697
. M =820 body dimesions

A= T % RAD? »
/ VOL= (4)3 /T xRADS .
B DIA =2 xRAD

T
[ AM =M+ (DENxVOLx 05 J]  totalmass term

["XP=(2I5)xMx RAD2 moments of inertia

] REY(i) =|U(i)| x DIA] VIS calculate reynolds
Y number

" led -

Figure 5.7: FCN Subroutine (3 pages)
. *
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<004 CD(/} 240/ REY(i)
245,

j /
</0000 CD(i)
</00000 CD(i )=042
</000000 CD(/)-049
else CQD(7)=0.14

A

= l FFH =(DENXVOL—M)* GJ buoyant force

choose drag coef,

Y
»ﬂ.;_

A
Q

- )

evaluate buoyant force
in body coordinates / .

Pigure 5.7: continued
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DUl =U@4)
ou2) = U(S)

DU, (6)
DUG) = ((Aqurs)xu 12)9
CD 1) X DENXAX |u(4AxU(4)xos
FT0) + FH())/
DU(s)= (( AMxU(4)x U(12))
-cD(2 )xDENxAx 1U(5) xU(5)x0.5
+FT(2)+ FH(©2)) | AM
DUB)=(- CD(3)XDENXAXIU(6)IXU(G)XO.S
+FT(3)+ FH(3)) | AM
DU(7) = U(IO)
Du®)=0(ll) .
DU(9) =U(12)
DU(/O. —0 0 [
Du(l1) =0,0
DU(12) = (M r(a)/ XP)
DU(13)  SU()
Du14)  su@)
DU(I5) | SU3)

7 S
return

end

Figure 5.7: continued

calculate derivatives
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well ' as altering the motion derivatives if the new body

shape introduces changes to the motion equations.

The I the required

résult for the success of this investigation. The next
chapter will demonstrate the dperation of the simulator in
several cases each representing different maneuvering

capabilities of the RCV-225.
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6.1 General . .

The purpose of this chapter is to demonstrate the
results of the computer simulation of the ROV motion. This_
will Be done by .ccnsidering several different maneuvering
operatiods in individual cases. :Each case will have a

programmed set of thruster actions which will be expected to

cause a particular . The will pr this
information and give the resultant ROV path. This path can
then be compared to what was expected and the valldity of
the program evaluated. ' :

The presentation of the operation of the
slmulation described above cannot be considered a, definitlve
method for evaluating the accuracy of the program. To
effectively >test the program a set of tr’ials with the real
ROV or a model would have to be. performed. This would
require the ROV to perform a prescribed set of thruster

actions and the position of the ROV to be recorded. The

przugram would then carry out a simulation using the same

thruster data” and the resultant position data could be

compared with the recorded path. of the ROV. This type of

testing would raquire sophisticated methods of trncking and

recording the ROV position. The expense of this aqu\ipman(:‘
% ) s 1.

. . . ) . '

e . . b . ol .
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and the cost” of testing in open water are far beyond the
‘scope of this project and therefore no tests of this nature”
.havg‘e been performed. h . o

Tii ‘euch case pr the c will

‘be described and ‘the resuitant path presa;\ted in.tha form of
plots. Each case will have three plots. to represent it's
path. One plot‘: will show the X, vs x, axis which is thé vigy‘
1nokin§ dgwn on; the vehicle. Another plot will present the -
Y X, VS X axis which is the view iooking from the starboard
side of the aox Finally o “three dimensional plot of the
a - vehicle trajectory will be provided. The angle ot rotution bt

’ @

of the vahicle will be presanted in the fem of \:nblaa,

found in appendix R. J o 5 & w2

. - p
- Finally it .shquld be notedmat each case is
carried’out for a sixty second simulatidn period. ’rhe data

files used for each case are availahle in appendix E.

¢ ) L . .
p o
6.2 Cask Studies "
o ’ 6.2.1 Case 1\ :Né\Thmst and No Sea \‘Current (ie. Power !bss)
> : N In this caﬁe‘ the vehicle will perform no thruster

actions and will be subjéct only to the buoyant force on the )

body. The sea current for this case. will be zaz'o', and the

on will be i over a one minute time interval.
The expécted’ trajectory of the vehi;la will be

= % directly along the x, axis in the positive dizaction.‘ No




translation along the x;\ and x; axis are expected and no

rotation-should be experienced. 3 ,
FigUres 6.1, 6.2, éﬁ; 6.3 show the resultant path
_of the ROV. . : @

{6-2.2 Case 2. No Thrust with Sea ‘Current
Case two demanstratesft}e\effect of a sea r,'urrent
acting of the ROV. The vehicle will nave no thruster
activity but wi],l be suhject to a sea current ©of 1 knot
magnituds (0. 514 m/k) directed in the naqncive X diracticn.
»Tha expected mction wiu' be' ‘a rising .up- in the X5

direction and i*negative translation along A axis, with

no x, translation and no totation. Fig\u:'es 6.4, 6.5, and 6.6

' show' the simulator results which correspond to what was

anticipateq.
6.2.3 cas}‘e 3: Forward akd Downward Motion N \\ o

* This . case ia’mnded to iuustrate ‘-simple
forward and downyard motiun‘ The&'down thrust i? tirst
applied and then forward thru;t is added wh:ule the down
thrust is set to sl].qhtly o‘ﬁzcome the buuyant forge. At the
final part nt tha test all tﬂrustats are. shut-off and the .

vehicla 1s subject to the buoyant force alone. In this trial

no sea cux’rqpt is considared.

Tha vahlcle is expectad to drop in elevation .and

then move alonq tha positlve X, axis while dropping in

s
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4.-(—

+ = no thrust

(all unit;\ara meters)
) :

“30 2820 15 10 5 0 -5 ~10 -15 -20 -25 -0
CASE ;X1 VS X2 TRANSLATION

" Figure 6.1: Case 1 x1.vs x2 Translation
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CASE 2: X1 VS X2 TRANSLATION

' .Figure 6.4: Case 2 X1 vs x2 Translation
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elevation at* g;; rate. The final seccion of the motion is

expected to show the vehicle ga'ining elevation while torwnrd

motion is reduced. !

, Figures 6.7,” 6.8, and 6.9 finultnte the
s »

respltlng vehicle path. These results are in clos
2 e

agreement
x o v

- with what was anticipated.

- -

\ |
6.2.4 Case 4 : Effect Pf Sea -Current . -

.The’thryater\activi 'y for case four 1s the same as
case thz‘ee, however, in\this Jcase a sea current of 1/2 knot
(0. 257 m/s) directed }n the ‘negative Xy direction is added
to the system. ¢ @ . B
The addition S: \t e sea" i:u{rent is expected to
cause the vehicle to e‘xpsé‘i..nce- a nagativ; translation in
the x, -direction during the initial drop in elevation. .
During’ the 'forward thrust the J_ijtance traveile;i willdbe
reduced fr&m that of ca‘sél three. The Vehicla_ should gain ’
elevat“‘ion and start to experience a ne_qative X, translation

duriné the final zero power stage of this trial. L
[

{6 The results of this thruat confiqutntion are shown

|
in figuxes 6. 1Q 6.11, and 6.12 . ’l‘he vehicle expariances no

rata‘:ion and stays within thé X, -x, plane and thus theri is

_no P‘Z motion. The motion o! the vehicle 4s as described -

abo/‘re . %

)
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6.2.5 Case 5: Reverse Motion ~

The following case performs a forward and backward
translation‘. This example has no influence of sea current
and is intended to illustrate the capability of the vehicle
to. reverse it'§ direction. !

. The dat}a file is programmed for the vehicle to
move forward for a period an_d’then caaj\: ( no thrust) for a.
short time before reverse thrusE is activated. Figures 6.13,
6.14, and 6.15 show >that the vehicle did move fumafd and
thensback-up. The daté was programmed . to have av.‘ continual

'decrease. in’ elevation throughout the éxercise so that the x, .~

VS X, plo‘t_would effectively show the vehicle translaéion.

. : ¥ .
6.2.6 Case 6: Port/Starbdard Movement v

‘ case six reveals the vehicle capacity to translate

i; Che x, direction. This ;pneuver is strictly ‘a

translation, and is not attained by an;( rotation of thq\
- vehicle. ©

The thrust data i; ) progrmﬁmed such that the

‘vehicle should descend for a shértrpe;riod‘an‘d then start a-

forwarfl motion along the x, ‘axis followad by the addition of

a p_ort (positive x,) trandlation. Thé side thrust is applied

over a t‘:‘xur second ix;lcerval,, and then the vehicle;‘ is oply

" ‘subject to forward thrust for 16 seconds. After this period
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a four second interval of side thrust 1n the starboatd
(negatwe %) direction is applied. " Tlus is . expected to
cause tiha vehicle to’move back toward the x, axis as,. it

continues to move Iorward. After the initiﬁ\ descent the

vehic:le will onLy hav\e_ sutficunt down thrust to overcome

the buoyant force. !

Figures 6.16, 6.17, 6.18 and table 6.1 ilmﬁ\rute

‘the compﬁg:er generated path of the vehicle. The vehicle

moves in the' same manner as’ expected. It is important to

hote in table 6:1 that the vehicle did not rotate throughout
ﬁha motion of the vehicle. Therefore, the side motion is
100& translation and is ‘not achieved through a combination
of. rotation ahd forward translation.
6.2.7 Case 7: Rotation of the Vehicle =

The final.m to be 1stiated is Shat of

rotation of the body. In the follewing case tha body will be

to’ a ‘war motion and positive rotation (

paaitive lgeinq !ron! X, to Xx,) and then straighten—out and

move alcng a straight. path. ‘I‘his example will, not be -

intlusnced )u sea current.

The . resultipg. path of the vehicle is shown in

tiqures 6.19, 6.20, and 6.21 . The path of the vehicle shows

the rotation as the p: . of reducing

the rotation and straightening-out to a forward path is not’

pracisa‘ly what was envisioned. - .
. ~
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Table’ 6.1: Case 6 Rotation Angles
-

, ] time (t)" (sec.) w, (rad.)
2.00 - 000000E+00
: 4.00 ~000000E+00
! 6.00 % - 000000E+00
. LI 8.00 - 000000E+00
3 - 10.00. : -.000000E+00
" I 12.00 ..~ -000000E+00
S 14.00 . - 000000E+00
/ , ~  16.00 - 000000E+00
i . 18.00 - . - 000000E+00
/ 20.00 ' - ©00000E+00"
- . 22,00 . ...000000E+00
- 24.00.. - 000000E+00
L ! . 26.00 - 000000E+00
§ - 28.00 -+ 000000E+00
R, i 30.00 - 000000E+00
A . 32.00 - 000000E+00
i 34.00 - 000000E+00
36.00 - 000000E+00
SB.QO * . 000000E+00
. 40.00 - 0000QOE+00
¥ . 42.00 — . . - 000000E+00
H N i . . 44.00 - 000000E+00
: . 46.00 - 000000E+00
. 48.00 . - 000000E+00
50.00 - 000000E+00
52.00 - 000000E+00
. 54.00 . -~ 000000E+00
#56.00 _ . -000000E+00
58.00 . - O00000E+00

60.00 .« 000000E+00
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. Figure 6.21: cang7 Three Dimqnsionul View
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-shown in figures 6.22, 6‘.23’, and 6.24 .

o i m 110 ' .

6.2.8 Case 8: Combined Maneuvers
. The, final two examples are a ccmhiﬁation of all
the potgntial manduvering al;illties of the RCV-225. Case 8
will‘.perfom these motion without tig influence of a sea
current and the final case will carry out the sa.n;e thz.‘*ust
actlions but have a sea current acting on the vehicle.

The' thruster data has been programmed for the
vehicle to travel forward and then 'translate' in tﬁe
starboard dirgctior;! Af‘tar the sideways'\ }:r_anslation the
vehicle will ‘undergo a ‘pusitive r?tat;on while ;:ontinui.ng

» .

The vr»eaﬁlts of. this: combination of‘maneuvering is

it"'s forward motion.

»
6.2.9 Case 9: combf;led Haneu:{}e’rs with Sea Current ‘
This final case performs the sam?' thruster actions
as .case eight, however in this case there is a sea ‘curtent
of 1/2 knot (0.257 m/s) from"the northeast (}where, the x, ¢

axis of the space-fixed ‘reference ' frame is considered

north) . - i - *

The sea current is expected VI‘:o.cause the overall
pattern of motion to be éhifted to the sour;hwest, and the
proportions to be altered. ot:l:xer than these variations the
pasic,'pgttei:n of motion is expected tr'o be .the same as case
eight. —_— /
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" CASE 8: THAEE DIMENSIONAL VIEW
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4 \
Figure 6.25, 6.26, and,6.27 illustrate the
effects of the sea current on the case eight motion

configuration.

6.3 Sumndey

The niné different formats of motion represented
in this chapter illustrate the basic maneuvering options the
ROV has to work with. The combination of these motions vull

allow the vahicle to effectively move about and observe any

in tha 1 envi ' .

The computer simuiatlon correlatés_ well with the .

ng of the thrust

path that ‘v\ﬂa‘s trom Jthe

u data. In the translation modes the motion simulation is very —/

good . The rotation of the vehicle does appear to be
slightly exaggerated. The major cause of this is expected-to
be that \:here‘s is né consideration of viscous damping forces

the moi;ion derivatives. Further

on rotation within
development of .a sim\llatian wi].l require 1nvestigati.en of
this concept and some mndification of the mction equations

to incorpérate this influince.

. ~
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. CHAPTER SEVEN

s
7.1 Summary

The objecti‘;e of this paper has been to develop a
compu!:er simulator capable of simulatinq the motion of a

Ramote Operated Underwater Vehicle. The presentation-of this

.topic has been presented from tirst pr_inclples, in arder to

provide a- sutticient understanding for -the
enqineer/scientist not: regularly involved in. the ROV
industry. ! !

The basic prcper’ties and principles that govern

_the motion of a ROV have been disdussed and a system
of, equaﬁioné governing the vehicle motion have been

‘presented‘. Thesge properties are a fundamental part- of  the

understanding of the capabilities and complexities .of the

ROV. The equaaons are “to ‘form

in six dagrees of motion freedom. These equations represent

a’ significant pnrtien of the complexity or ROV motj.on

mathematics, and are " geldom found in references in this’

" expanded formx . : B . .

The mcdiﬂcation of the egquations of nptién for
the general ROV and the specific case of the 'HydroProducts

RCV-225" reéresent; ‘an- important simpliticatidn ot\tha

motion equations. The choice of the 'RCV-225 for the first
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attempt at simulation is based on the simplicity of. this
units body shape and thruster configuratign. b

" The computer program used to' simulate the ROV
motion is written in the Microsoft Fortran prog:am_}.nq
language, and uses a method‘ of ‘numerical integration to
solve the motion de ivatives for specific time incraments.
’l‘he program manipula es the thruster data, solves the mutinn
derivatives, and then analyzes the vehicle translgtian and
“rotation vec’tots, cémbined with the Qea ‘Gurrent véctorg, to

provide a vehicle p Eitionr )

within ‘th prssencatinn of this simu].ator, savarul ‘_

trial - cases have been’ cenducted “in ‘order to’ teat the
simulation program. -In each case the analytic’ simulator,

provided a vehicle path mich; as expected when' the thruster’

=
data*file vas programmed.
7.2 Potential for Future l!nvestigation

The results of this thesis provides oppartunity
for further work. to* bg conducted , to carry out testing

"procedurés to verifyi thé accuracy of the computer simulater.

Furthermore, f:estinqvwith a variety of vehicles ‘cnu;Ld allow ~ -

for the determination ‘of 'the body- coefficients for these
Vehicles and .'thus the development of matiéh 'derivati{ves and
. simulation for several ROVs. s i v

B w The natux:a]. progresaion trom the devalopmant of an

analytic simulator would ba the creation. of. a Reul-l}.ima
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simulator. The use of this type of simulator as a training
. facility for ROV users has tjreat potential for timer, and

cost efficiency, in expanding the ROV industry.
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APPENDIX A
1. Submersible Industry Overview

On September 1, 1985, on board the research vessel
Knorr, a team of American and French scientists discovered
the long lost Ocean liner Titanic, which tragically sank 73
years ‘early resultinq in .the loss -of over 1500 lives1 The
discovery was the result of a combined eftort between Frenf:h
and Américan scientists working with underwater survey and
observation technology..The signific;nbe of the discovery is
primarily the opportunity to uncover part of the,my’s‘tery of
Titanic's tragedy, ‘but also brilliantly unveils to the North
’Merican puhlic the world of submersibj:es. '

The discovery of the Titanic marks a sudden
awarénass to thé public regarding submersible technology,
but more importantly it represents the culmination of over '
30 years of research fxn'd developmenpt in this ind\;stry. The
missiof to find the Titanic(1985), as well as the subsequent
mission ‘to photograph and observe the wreck(1986), took
advantage of the stat? of the' art .t‘echnolog'y in
submersibles. - "

‘Th; development of t}fis refearch is largely .due to
the " increase in activity in the éf%shaze oil and gas
industry. The capabilities afid service that the submersib‘lé
offers’ are being investigated and used by numerous
organizations and Sqencias. ’r‘his Appendix is intended to
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give an overview of the submersible with regards to the
following areas: A

1.Types and Classifications
2.History of Development
3.0perational Capabilities

4.Current and Future Trends.
1.1. Types and Classifications

The i in and r

davelopn;ant has spawned -the need' for effective methods of
obsgrving the e;wironmenc and working in the underwater
world; such as cost, time and safety. The depths that are
being investigated are increasing as we run out of
continental coast lir;e to discover and head further offshore
for our research and development projects. This 1nf:raase in
depth has made -observation and work thsks, which were
numally:\ carried out by the commercial diver,_much more
.

difficult to conduct. The cost effectivness of the
commarcia]}\_@iver is 1dst due to the cost of technology to
put divers at these depths, the 'dacrsass in productivity
suffered by tg diver at thesa depths, ‘and by the rink
involved in deep\(ater diving. -

‘The development of the submersible Vas the ideal
deep water diver replacement- has gono from the ‘basit concop\:

of the mini-aubnarine to the hithy sophisticated nulti-ulk
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ROV (Remotely Operated underwater Vehicle) being used in the
North Sea oil development. The \various needs of

observational information gathering and -work capabilities

have generated two main ies of ibles. These

two catagories are the manned and the unmanned vehicles.

1.1.1. Manned Submersibles N
Although this thesis is intended to investigate
the remotely operated urderwater vehicle, (ie. unmanned) the

role of the manned submersible is extremely significant to

the development of tha: ROV, and will be disé
in this appendix. ’

Primarily, the manned submersible, unlike the
submarine, '15 not to be comsidered as an independent vessel
cap‘able_of operating entirely on its own. Realistically, the
manned submersiblg (whether tethered or not) is bound to a
support vessel for regular operation. The support vessel
suppliés launch and recovery facilitiés, accommcdation‘ for
the submersible crew, and maintenance for the vehicle. '
Although the vehicle may be completely Vftee-swimminq, it's
operational. duration .(usually limited to 4-8 hours/dive)
requires it to have a surface support base. ~

‘ Develcpma‘nt and research with manned submersibles
c‘cnstitntes the foundut;ion of the whole submersible

industry. Althougl} in the early .years' of develbpmant

.(1960's) there we& some projects’ being ‘carried out with
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unmanned units, the main thrust of the industry was with the
manned unité. These vehicles' have baeq through several
generations of change and it is only recently that there has
been a shift in ;_hg industry toward the unmanned units.

‘}1 1.2. Unmanned Submersibles ‘
°

The development of the unmanned submersible has
come as_the natural linitations of pla’cing human 1lives in

vehicles at greater and greater depths has been realized.
b »

Having only a mechanical unit equipped with .c_am‘eras

_performing basically the same tasks as a manned submersible
removes the risk of losing lives, as well as opens up'a
N whole new capacity for long duration dives, reduced vehicle
) size, and increased maneuverability.The comfort of operating

a "dispensablé" (rather expensively so) unit has been

#illustrated in cases where manned units have become trapped

underwater due to mechanical-failure or entanglement.
Remote Operated submersiblgs are categorized into
four main qroupsz. These categories are:
1. Tethered ,free-swimming vehicles
2. Bottom Crawling vehicles
3. Towed vehicles -
4. Untethered vehicles
The tethered, fre/s-aw;mmlng vehicle is probably
the most common type of ROV and the most versatile. These

vehicles are attached to a support vessel (mother ship) by

an umblirical cbrd that - provides power ‘and  control -

1. wa
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information. The vehicle is self-propelled by screw type
thrusters, &r in a few rare cases ‘wat:er' jets. Observational
cap&city is provided by some combination of wvideo camera
E units that transmit their picture ‘thr:ough the umbilidal
cord, and still ph‘atography. These ve'hig:les can be equipped
to perform many .specialized tasxs. and often carry a bank of

sonar and navigational instrumentation. -

« . The Bottom Crawling—units are commonly used in o
cable and ﬁipeline installation and observation. These units
are also being used for déep sea mineral nodule mining. The
units are \sttar:h.ed to a mother ship through an umbilical

cord, and receive power and control data through the cord. 1

They are usually self propelled by some form of drive
wheels, ‘or track, and are confined to movement on the sea

floor. 5 e
Towed vehicles are significantly different , #n e
that they are not self-propelled. These vehicles are tgwéd
behinci a support vessel, and therefore are only ablé to -
- maneuver forward, up, and down. Theyvreceive power and
control ‘commanﬁs through an un;bu:ﬁ:al cord siinilar, to the :,
other categories discussed.. Towed vehicles are able ta
s.urvey large portions of the sea bed with sonﬁr equfpment,
phomognphy, and video camaru viewing. ) .

The tinal cntegory outlined by Vadus and Busl:ayz is

that of untethered va;xicles. These' units are still in the .
preliminary development stages. Deam Givem3 (1980) describes
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untethered vebicles to be in the early experimental |‘nude nr‘ld %
expects any operational design to be several years éwéy.
Furthermore, Jonathan Tucker?, in his article conceini;\g o
ROV's in High Technt;logy ‘(Feb. 1986), descrik;ds the
develcpment'of the untethered unit strictly in terms of the g

experiméntal work being conducted. Althbugh'this form of ROV.‘

would seem to be the ideal vehicle, there still remains many - i
technological hurdles that must be overcome before these
vehicles will be feasible. .

The ROV is a relatively néw development in

submersiblgs and is still in- the growth staﬁss;’ A great deal
of research and work is being carried out to, ‘develop
sophistﬁicated systemvs. that will auﬁperatars to simula/te
the working conditions encountered by the ROV and receive
lsufficient sensory information: and éata_bo allow logical

decision making and operation from the mother ship. -

1.2. History of the Submersible Industry

1.2.1. Manned Submersibles .

In the 1st’annua1 Offshore Technology Conference ,

held in 1969, Thomas F. Horton5 presented a paper discussing/

the "Status of Submersibles as a “Useful ,Tool for ottsh}e

Resource Recovery". In this paper he outlined the equipment

available in the 'industry, as well as some 1mp6rtnnt
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_‘» ’ diecov‘eries beinq made at that time’ in the area of

. submersible eppl!.cations Y

One o! the first programs of testinq that Horton

emphasises ,is a 1964 operation where Shell 011 Company

leased the eervices of ths Cousteau Diving Saucer, for the

‘spagific purposé. of evaluef_ing the potential of = thé

submersiblé’ as a’ wcrking. ool for offshore weu-haad

S “a R -* {nspection and service. This program-was conducted on one of

. Shell's drilling eites in the Santa Bafhara 'tfhannel, and is

considered to be one of the” ﬂrst ses of, a submersible in

-the ottehere ‘oil, and gaé indust:ry. .

The 1mpoz;tance‘ of t;his test program within the

history of submersibles is that it marks the beginning of.

+ ' the industries true ééveiopment. ‘It is commonly acknowledged
| tHat the offshore oil and gas' industry has been -the major
catalyst ‘tp -"the qrowt‘h of the»seh‘mersible industry. R

C W In the .toubwing years of development, es ‘the
requirements “on the;‘.suhr‘nersibla became refined, - the
deslcjns of the late eixt‘:iee and ear_ly seventies were more

versatile."rha' emphaeie in. this Etage -of . growth was on

featurds such as, diver-lockout ca‘bacity and atmosphere dry
personnel transfer to a habitat.
g " In this generation ot designs, important work was
being done in the development of. manipulators and 1nstrumem:

payload capacities. ) organizatinne like the Woods Hole

Dce_an‘oqraphlc. Institute and ISE" (Internatianal - Submarine
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Engineering, a Vancouver based company), both orgamizations
.at the forefront of submersible development, were making
advances in the design of manipulators and tool sets for

specific work functions.® ) ’

The increase use of the submersible in the North .

Sea gave the s and desi s a testing ground.

.for new .ideas. Many_ advances were made in the area of the
submersibles instrumentation facilitieés, navigational
equipment, and most significantly, the manipulator capucity.
1.2.2. Remotely Operated Undervater Vehicles
The Remotely Operated Underwater Vehicle (ROV);
has been in existence for - almost as long as‘the manned
subme;sible, however, it's actual use, aé a meanin§£u1
offshore tool only dates back to the mid-197o'g. Vadus and
_ Busby? clain that the first ROV was introduced in 1953. This
vehicle was designed and built by Dimitri Ribikoff.‘and was
called the "Poodle™. It 1is described 'as having been
developed by muking modifications 'to a diver transport.“
'vehicle of Iubikoﬁt's design called "Pegasus“

The next ROV to be i as a’ ial1ly

available unit was the Hydro Product Company's RCV-225. This
unit was released in 1975, leaving a span of 2'2_ years where
there were no commercial ROVs available for offshore

operations. In that time span there was a total of 193




. 132
L : }/‘fere’r\t Rovs‘des'ighed and undergoing testing . These units

were almost all.exclusively governmental projects
¥ N *

The RCV-225 started the true realiza‘tionv of the
Roch;lcept. This vehicle, often refezred to as the flyjng
ayaba’ll,“ due. to it's shape and Eunction, combined the
observational abllities Sf the manned vehicles with ease of

operation,eand j:ha safety feature of being expendable.”

& oy B v -wu:r{in only- a brief period of two to three years
? from the introduction of the 225, many other types of ROVE
J ' ‘entered the market. Tucker4, in his Fébruary, 1986 article

quotes | |Frank Bpéby as claiming that over 700 'ROVs have

become |operational in. either 1 or rcial

application since 1975.

‘The spacific\ concept aﬁd design of the ROV vafies
accurding to their proposed function. Through development,
two basic design fox;maﬁs have been implemented most often.
The !irst is that of a wholly en;:losed body, usually having

. a relativaly _streamlined form and with t ic

faam. The Hydru Product's RCV-225 is an example of this type’
(see figure 1), ‘The second fcmat is that of a metallic
tramework that houses the ROV components in an open body
structure. The .0sel Group's Duplus II is an example of this
design rurmat (see figure 2).

The onqoing reseuch and development .of the ROV is

.'Leading the 1ndustry into much grea“:er depths as well as
highly sophisticated obsarvntion techniques. The main
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ARMORED CABLE

-~ . ) Figure A.l : Hydro Products RCV-225

' (taken from product brochure)




Figure A.2: Osel Group's Duplus II

(taken from product advertisement)
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objective of this research is to develop for the pilot the
illusion that he is actually in a manned unit.

?.3. Operations Conducted by the ROV

It is important for anyone involved in the ROV

industry or involved with the use of ROV systems, to have an
unde‘rstandi":ng of the genei:al task descriptions_that. have
develop‘ad the genération of ROVs now available. As hL;E
a;j.raady been suggested, the main contributor to the
.development of the ROV has been the oil and gas industry.

op‘erations that ROVs are performing today can be
generalized into two catagories, according to the operations
mobi.lif.y ;equirementss.' The operations will require a varied
degree of horizontal and/or vertical mobility, _theretore the
'opierat‘iuns are divided ' into the horizontally mobile
Dp‘erations and the vertically mobile opernt’iops.”
H;rizonta_lly mobile operations refer to the need for a large
amount of area to be traversed; for example the following
of a pipeline along the sea bed. These operations do not
’requix'e‘ the vehicle to maneuver fip and down thrauqh_ the
water very much, except for the.decent and ascent to/from
the work site. The vertically‘ mobili job classification
refers to jobs that require the vehicle to descend and
ascend through the water col\’inn and’) maneuver only within a’

small work 'area(eg.- 100-200 meter radius area). The
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dea;:riptions_ of ROV operations will be presented undet these

two headings‘ .

1.3.1. Hurizontal i{obility Opérations

The first , and n;ost common operation for this‘joh
clagsification is botten. surveys. This is the *:rocess'of
maasux‘ing and mapping the ,features of tha ocean , floor.
Bottom surveys are often done to . obtain maps ofdman~-made
features such as pipe 1lines or undervater cables.\ The_ycan
also be uséd as a means of establishing a site evaluation
for drilling opq_rati’ons.‘ “The ROV 'equippéd with the
appropriate sonar devices can produce a bottom profile that
Will aid oil and gas engineers in choosing the bést suited
placement and orientation for operation. X

The type of ROV normally useq for this operation
is the towed vehi¢le, simply because it is more‘ ‘economical
for the mother ship to provide the horizontal proptg‘lsion,
nthe.r than both the mother ;ship and the Rov, .;s wo\Pld be
required with" nn‘y‘ of the 'Zther type of ROV‘. It sho\‘\xld be

noted that ‘as the vehicle a J’ ally

avaklable product, this type of vehicle should have great
potential in this operation. "
Another cov;mon operation requiring a 1argé(degrae E
of horizontal mobility is pipe line and _ux}d?zwate;l cable
1nspedticﬁ. Thils differs from survey in that inspection

\ . — .
requires a continuous ‘picture of the bottom features. RoOVs
i
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employed in this operation must be equipped with cameras®

that record in either continuous stil]l photographs or video
tranemitted to the control centre. - &

Operators .requiring inspection services are
looking for confirmation of ‘apprqpriate installation of the

pipeline or cable. Any poor connections, tie-ins, leaks,.or

improper birial must be detected so that appropriate repairs’

can be ccr‘uiucte‘d. R °

Seabed search nissions similar to that of tha
discovery of the Titanic , and the use of the ROV Scardo for
the search and salvage of the black box from the Alr India
747 crash of the coast of Ireland in Jhly 1986 , are both

examples of- operations that fall within this category.

These .missions requi}e a large coverage of the ocean floor,'

often at great depths. Both towed.and tethered f£res-swimming
vehicles, equipped with wide scanning sonar are used for
this operation. 4

There are many scientitic studies that requira tha
use of hotizontalli{ mobile ROVE. Biological studiee
observing and esteﬁlishing populations of marine life, are
employing ROVs for this purpose. As well, ecology sclientists
are finding the ROV equipped with a large battez& of
instruments to be a rapid means of collecting data on ocean
c;x'rrents,- temperaturee, . salinity, and othexr an\fimm'nentel

factors. g . )
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1.3.2. Vertical Mobility operati‘ons
Observation tasks ‘compose thé majority of this
catagories oparationé. Vertical mobility iﬁplies that the
vehicle can be rapidly lowered to the prescribed work site

and then maneuver in a relatively small work area to perform

it's function. Observation tasks include inspecting, ®

monitoring, and surveying a work site.
The tethered free-swimming vehicle is best suited

for this ‘operation. The ‘units uséd..are normally carrying

5 .
camera equipment capable of.trgnsmitting video pictures to

the control.centrs, and often have some form of somar
equipment onboard. ) ¥

’Woni’tering “is. difterent from inspection in/that it
is carried uut as an aid to another operatxcn. Monitoring a
wgll-head installation with -an .Rov yill help the rig

operators to obtain the best orientation of the well-head,

"as well as an assurance of proper fit Land‘ installation of

parts. - Other monitoring ‘operations include the bsuppart of
diver operations. In this cas;; a dive team can have an }'zov
'buddy'* that maintains constant surveillance of their work
to insure chsi; safety du;:ing the dive.

increasingly - common wit:.h ROVs 1;; ,m‘anipulation operations.

‘These operations re’quire an ROV equipped with some form pf

manipulator. The -manipulatofs normally have 4-7 functions
and a wide range of.  load capacities.

Another tyme of operation that is' becoming
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- Light duty tasks include sample collection from
the_ocean floor, cable connection, valve turning, non-
destructive corrosion testing, clearing of a work -ita,
cleaning away marine life from equipment, replacement of
¥ equipment and many other functions th’at otherwise would
require a diver to carry them out. The list of these tasks
) is increasing. as the manipulators available 'become more
adbanced.

7’1.:.:. 0il and Gas Operations .
: -As a matter of interest, table A.l.qiveﬂ a list of
operational requirements for an ROV system to be placed on a
shell offshore Inc. site on the Atlantic Baltimore Canyon
drilling ;ono. This is included to demonstrate the wide
v‘ari(ety of tasks required of the ROV in ‘otfahora oil and
. gas development.(see table A.17 ) This system was to

op‘erated on a site approximately 100 miles! offshore, in
ay.prqximéely 7500 feet of H;ter and subject to extreme sea

3 c 5 conditions. .

1.4. Current Research and Future Trends

. ,The following sections will outline some of the
most active areas of research and development being carried
out in ROV design. In order to fylly understand the purpose

. ~
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S
N
: Table Al : Requirements of ROV in Deep Water
Drilling Support
(taken from Shatto, H.L.)
I. Observation
a. Site survey/location of well or objects
by Sonar .
b. Watch pilot hole for gas 7
Cc. Re-Entry allignment
d. Observe stack and IMRP orientation,.
s & seperation, heave, etc.'
e. Check cement returns
£. Guide base level - Bullseye
g. Rise angle confirmation - Bullseye
. h. Connector latch indicator
* i. Inspection of riser and stack
j..Profile of current and temperature
related to depth -
k. observation in uperation of manipulators
1..other .
"II. Manipulation Operations
. (Intervention) o
: a. Place and recover acoustic beacons
b. Clear debris from well or stack
T c. Clean level indicator - Bullseye
\- . d. Cut cable or soft line
e. Recover dropped equipment
\ $ f. Emergency release of hydraulic
. connectors

g. Replace VX ring in hydraulic connectors
h. Place explosive charges
i. Other e

\ /7
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for these areas of work, it will help to first consider the
perceived difficulties encountered in the operation of ROVs

today.

1.4.1. Short-Comings ’ /

Many of the -short-comings that operators have
experienced are in problem areas that have been recognized
for some time, while other difficulties are only becoming
apparent as technological developrient unveils new' areas of
potential achievement. The areas of concern that .are moslt

- 3

often expressed .can be grouped under the following-

1.Reliability 5
2.Tasks and Ag\ment

3.Communication

headings8: _

4.Viewing

5,Navigation
1.4.1.1. Reliability ~

The reliability of the ROV has most often been

hampered by difficulties with. the umbilical cofd. The most
commonly reported operational hazard encounteted in the
operation of ROV's is en(:a‘nglament of the unbilical
cord?.(see table A22) The severity of this problem ranges
from the umbilical becoming wrapped around some structure
rquiring the pilot to back-track to solve the difficulty,

v




: ROV Problems Reported

(taken from Vadus and Busby)

Problems of

1) Entanglement

2) Electrical Connectors

3) Vehicle Distrubs Sediments,
Obscures Visibility

4) Cable Ruptured by Abrasion

5) Electrical Interference in Cable

6) Support Ship Cannot Station-Keep

7) Compass Affected by Structure

8) Ship Power Surges Affect Vehicle
Operations

9) Current Required.Aborting Mission

10) Sea State Required Aborting-Mission

11) Vehicle Damage During Launch/Recovery

12) Vehicle Station-Keeping Inadequate.

13) Munipulution Inadequate

14) ' Vehicle. Payload Inadequate

15) Human Engineering Inadequate

16) Vehicle Lost Due to Low Surface
Freeboard -

17) Electrical Shocks Due to- Inadequate
Giounding .

18) Vehicle ility T

19) Water Visibility Required Aborting
Mission . .

20) Television Resolution Inadequate

NONNNOaT o

-

£

(number of ;operators : refers to the
number of operators that reported that
.. problem in a survey condutted by Vadus

~ and Buaby) - ~

]
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to the worst case where the umbilical becomes caught and/or
severed in some eq\ﬂpment requiring the ROV to be either
abandoned or some other facility used to recover ‘the unit.

The umbilical also produces a reliability hazard
due to the stress and drag that it is subject to during
regular operation. This, combinéd with natural abrasion,
often causes the cord to rupture resulting in the loss of
communication wi'th the control station and possible loss of
the vehicle. : : "‘

One other concern expressed by operators, with

regards to reliability, is .the launch-and recovery systems.

‘Situations have been reported where !:lui'ing the launch or

retrieval the ROV has been jolted around extensively: and

even bumped against the support ship .
\ g

1.4.1.2. Tasks and Equipment !

Task and Equipment related short comings refer ‘to

problems that arise due to insufficient vehicle capability

" for a particular job, or some inherent characteristic of the

present technology that hampers the oparatiox:\ of the ROV.
The most common comi:laxkt)ot this nature ig that
the ROV thrust‘ers disturb thé ocean, floor gediment causing
reduced visibility in the work area. This problem arises as
a result of top layer of material of the ocean floor being
dextremely unstable and easily disturbed .by any current

passing over it. #
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Another task and equipment related complaint is
that missions have been aborted due to extreme currents or
sea states. This difficulty encompasses several different
areas of the ROV design. The major short coming that causes
this complaint is insuf.ﬂcient thruster power available for
the ROV. Furthemnra} aboty.ed missions due to extreme sea
states. are usually a resul_t of the depioyﬁant unit having
inSufficient capacit!
xanipul;t‘ion short comings are also a part of this
’ category of complaints. There are tewér complaints of this
nature because, at preaant,‘ there is much less expected of
the ROV in this area. Manipulators are still in ‘!'_he early .
design and testing stages, and therefore this technology 1;
only just starting to be used effectively. A
A final area of dissatisfaction expraséad by
operators with regards to task amd equipment related design,
is that of the positioning capabilites of the mother ship
and the launch and recovery system. The major deficiency in
the - launch/recovery system is that the motion of the mother
éhip (roll and heave) is often transmitted through the
1cw§riﬁg cables/umbilical to the ROV causing erratic motion
of the vehicle. '
1.4.1.3. communication . '
N * Communication proplems relate to ti:e transmission

N
of p'aqar and data through the umbilical cord. A common area
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of concern is that power surges, (power surges are common on
ocean vessels) which effect ‘the normal operation of the ROV.

One other difficulty that occurs in the
communication between the ROV and the inother ship is that of
electrical interference. This type of disturbance between ]
the power, control, and video/data transmission can ssveral/y‘
hamper the operation of the unit. The problem is inheipnt,”in

having these three types of smission carried U /\hq

same co‘rd. Shielding the 1lines within the unuhiliéal_ is
costly, and in order to be truly effective, {n;::eaqas the
diameter ‘of the umbil‘ical significantly. Increasing the
umbilical diam’et‘er further éo‘n\plicates the problems .
discussed under the reliability of the RO‘.I, and thus there

is a trade-off required.

. -

1.4.1.4.[viewing .

The greatest difficulty being encountered in this
category is that of effectively supplying the pilot with a
full view of the work site. Some camera systems are unable
to provide clear ‘and detailed views of the work area, and/or
cannot provide a wide enough \range of observation.

Furth . the has to interpret the work site .

' through the TV screen, thus eliminating a true perception of

. depth of field.

-

1.4.1.5. Navigation (
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* _ Establishing the position' of the ROV with respect
to global coordinates, the mo:her ship, surface or
subsurface structures, and/or bottom features has lead to
considerable "research and experimentation. Navigation
systema 'ara required that cnn .supply these parameters to the
operator “in order to simp].ify mapping and positloninq during

the vehicle operatio ‘It is often tound that a large

percentage ‘of an RDV mission lng is tilled with time spent

'searchinq for the work site. Vlsihili\:y‘ limitations can

qausa a feature only a few meters froh;vthe vshicie‘_tu be
obscu’red, and thus cause the pilct_to migs; the intendeé work
zone. ' # '

One othé: qoncétn ‘éxpreésed with the present
navigation compasses is that they are effected by
surrounding structures (ie. drilling platform) .and as a
result give erroneous readings. The position of the vehicle
whi;le maneuvering around such structures must be carefully
monitored to avoid accidental entanglement”or severing .of
the umbilical. Therefore, some means of providing relative

position data for the pilot must be devised.

1.4.2. Current Research P
A gr’eut deal of research is now underway in an
attempt to negate -many of the problems ‘discussed above. As

has already been explained, the progress of testing and

_-develnping new concepts and innovations is slow: due to. the’

o
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demand on the operator to provide reliable and uninterrupted
service. The following section will discuss some of the
maj“gr areds of research being investigated and describe

their possible impact on the future of ROVs.
- e

. 1.4:2.1. Umbilical Cord

Many projects are underway attempting to
either eliminate, or reduce the size of, the umbilical cord.
The concept 'of the free-swimming, untethered ROV is an
attractive goal within the industry, however, there are
still some major technological advances to be made be‘fora
this becomes a rea].i;cy.

The most significan;. difficulty to be overcome in
achieving the' untethered ROV is 4(:0 establish a system of
. communication between the vehicle and the control station.
Researches are attempting to develop a .transmission system
to pass the control commands and video/data information
through sea water. Thus far the most effective means Yevised
is an acoustic link4. fl‘he difficulty with‘this system is
that it has an extremely slow rate of information tr:’mstat,
and therefore the transmission of continuous 'video data ‘is

not possible.

_A further problem encountered with the acoustic

link -is. the high power requirement. An untethered vehicle
_must have an on-board power supply and the pg"gﬁr need of the

acoustic systém will require a large storage capacity for

’
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batteries. Furthermore the power drain from this system
increases with distance thus limiting the range of the unit.

Sonic interference is one other hurdle that must
be dealt with in thé'acaustic tether system. Boundaries and
structures cause sound waves to bounce around thus reducing
the quality of the signal.

Other methods being investigated to replace a
ph)}sical t:ether are radio signals and blue-green lasers4.
These techniques are only iq the primary development stages
and significant technalngiqal’ breaxthruughs" will be needed ,
to see these in operation. ‘

Although the ultimate goal is to remove 'the
physical tether, researchers are still concerned with
improving the cable tether. Primarily, the Qim of this work
is to reduce the drag caused by the cable system. The
limiting - factor in this effort is the diameter of cable
required for the transmission of power to the ROV. The =
transmission of control data a‘nd video/data represents a
much smaller percsxftage of the tether cross section.

Some succaés has been achieved in reducing the
control and data ;ranémissiun requirements ‘hy using
multiplexing systems that allow these signals "to share
transmission lines.’Work is also being conducted in'using <
fibre optics for these sigx:als: R

One, o}:her gspect of . the tether that is being
invesgiguted: is that of improving the strength ar;d
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durability of the cable. This is being done with special
protective coatings and with the use of new plastic and

carbon fibre products.

1.4.2.2. Navigation
any systems are being developed with the intent
on improving the navigational positioning of the ROV -and

using these systems to assist the bilot's control, system.

The most effective methods for positiocning and global

mapping have been inertial and acoustic navigation methods.

.Projects combining these two systems to provide a. hybrid

sy‘stem capable of navi‘.gating along an open slaa bed as well
as within a 'drilling structure are being testsa and
installed in some of the advanced ROVs available today.

The Heriot-Watt .university (Scotland) 'is
conducting a research program invalved with the development
of a computer system to control thg heading, depth, and
height of the Rov9,:10,11, 'l‘his system, ;'lhen completed, will
allow the pilot to enter into a computar terminal the
head.’mg and the heiqht/depth that he wishes the ROV to
maintain. The computer would then control the vehicle
thruster system allowing the pilot toconcentrate on the
observational and instrumentation control of the vehicle.

Computer intervention in the control lcep_is also
being considereé for producing a system of supervisory

control?. This system is being developed at MIT and will
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allow the operator to instruct the comput‘er'\to position the
vehicle in a particular location and also.specify.control
commands for manipulator movement. The system is intended to
coordinata the ROV and manipulatcr mDvéJents allowing the
ROV to perform manipulation tasks in the mid-water range
using the vehicle thiuster system for the required torque ‘tc

counter balante the manipulator torgque.

Supervisory control also has the potentiél of

bBeing "applied in the observational tasks as well. Thomas B.
Sheridan" the le;din'g developer of thi‘s system, suggests
that the computer could be used to interpret much or the
data received from the Rov into graphic imaqs dlsplays.
Tl?sn, if the c?mpuﬁan be developed with suff:.cient

pattern recognition capability, the pilot could instruct the

system to follow a particular specimen (ie. fish) and the .

computer assumes full control of the ROV.

1.4.2.3. Viewing System

*-~ . The goal of research: and development in the area

' of viewindg systems is to give the pilot the clogest possible

re-creation of the true ‘environment the ROV is travelling’

in. This would ideally mean that the pilot would have a
three dimensional colour view encompassing three hundred and

sixty degrees of field.

. 3
Many systems are being experimented with that will

provide some of these "features. Colour TV cameras are

.
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becoming advanced and combined with the appropriate lighting *
are able to provide high quality colour video. 7
‘ree dimensional camera systems have been
available for several years, however, 'these are not
sufficiently developed to have found wide Vspre‘ad»u?e. The

"m’ajor set pack to these sy is their.ex to

the convenf:_iéna’l" two dimensional system and sonme losa: of
clarity which can hardl; be toleratéd in ghg alrea&y poor
visibility conditions present in the sea water.
Work is al‘sq being carrisé out to improve the }
clarity of’ the video picture received from the ROV. The
major inhibitor to the pxcture clarity as well as the ranqa
of view' is the presence of back-scatter of' light from
B vsuspendefi particles in the water. This problem is being
N overcome through the use of 1ow-11qi1t cameras and, the
careful positioning of the °lights within the ROV structure ’
in order to reduce the reflection?. -
N Clarity is also being improved by researchers
L;sing laser-scan techniques of picture enhancement®. This
+ technique combines the convex‘xtional system on-board the '_nov
with laser-scan equipme"rit'on tite surface. The overall sysv_’em'
@ will be capable of providing a 180 degree field of vlaw with *
a window of enham:ed view® superimposed within.
Finally, the viewing systems are being davelcped
with the use-of the computer to interpret data from the ROV '~ /-

\ and pro‘duce graphic displays for the pilot ghd observers.




"
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This research is a part of the work being done with
supervisory control systems as discussed in the section on

navigation.

. *1.4.2.4. Manipulators
A large of the and development

that is being comducted on ROVS is concerned with the
improvement of tne Rovs ability to p'erfém manipulative
tasks. In order for the ROV to' become successful as a
replacement for diving or manned submersibles it must be
able to perform thé same functions®that these other systems
X éan.  Manipulators are available that have up to seven
movement functions, as well as a- yide variety of tool and
grip mechanisms suited for ;if}e‘rent work tasks. Development
of these units is - primarily” concerned withthe operators: .
control system:, and the capacity/range of the ‘manipuiatcrs. i
" Methods of control for the maniiulatut are also

there are

' important being i i At

two general methods of pilot control-being used. one mgthod

O _is that of the master/slave unit and the qther method of .

contral being used and further developed, is that of

sieshanical controls such as joysticks, switches, and knobs. ;
I.mpx‘ovamants ‘on b'oth tfxese systems are being

tested with the hope of developing a tactile force feed bac)_:

- system of control. This system would provide nechanical af

resistance to the pilots mov in to

‘s . . *
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true resistance encountered by the manipulator. When this
system of control becomes available the capability of the
pilot to sense tie touch of the manipulator will redefine
the work capabilities of the manipulator equipped ROV.
1.4.3. Future Trends
' The future development or‘i the ROV is dpparent from
the reséarch that is now underway. The industry is striving
to produce a reliable, unit with the ability td perform
v"almost any task thatka diver or manned submersible can

perform. .

THe work-being carried out today

4

would \lndicate
that the ideal RO of the future will be untethered, freeing.
%thé unit from the limitation of a physical link with the
su-r:ace. Thé recent development of some autonomous
underwater vehicles that require no communication between
the mother ship and the unit, but'instead are preprogrammed
to perform . a particular{‘funé«:ion and then return to the
support vessel, is & positive step in the airection to the
realization of the untethered ROV.

One other development trend that is expected to
continue is that of combining gFHie operation of the ROV'with
diving teams and/or ma’nned submersibles. The use of the
Alvin/Jason Jr. team oOf -submersible and. ROV for - the
observation of the Titanic in 198612, is a prime example de
the potential these syptems have.




1.5. Summary

The r_e‘cent attention that the submersible has
received due to ‘discoveries like the Titanic and the
recovery of the black box from the Air India 747 1986 has
given the industry the opportunity to display the extent of
expertise that this field has obtained in only a short
period of existence. The development of ‘submersible systems
for both manned a;\d unmanned commerck'al operation has been

going on for less than thirty years, yet the technological

this i y has achieveq in that time period

are exceptional. 'I‘ha use of these systems as a integrate

tool in the function of oil and gas dr{\}lihq and rer:bvery
operations has been a major contributor to this rapid
advancement of techncloqy.
The various types and operutional tasks tl-{at these
units are heinq designed to perform attest to how essential,
. to offshore develcpment submersibles have become. If science
* and indust:rz hope to learn how to fully utilize #¢he sea as a
resource, the submersible iis going to be an important tool
for discovery. The ;xcreme depths' and conditions that the

. vast majority of the sea floor uas ‘within poses aignlficant

difficulties for man-to research these areas. The use of the.

submersible, aspecially the remote operated underwater

i X <
vehicle,} eliminates many of tha-compucatioTs that arise
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when other means of investigating these regions are
attempted.

The ROV is the logical progression from £he manned
unit. These units are far superior concerning depth and dive
dl'lration caﬁabillty, surface support requirements,
mobilization and flogistic planning needs, and the size of
crew required. The ROV also has the distinct advantage of
being expendable in the case of an emergency. Ve

As this industry continues to grow many industries
that use these units and those industries that contribute to
their development will become increasingly’ aware ‘of “the
unique conditions of operation and requirements for design
the ROV is subject to. In order for the develophent of the
ROV to continue, in the successful manner it has, it is

essential that net’ onIy the manufacturer/operators of these

units the L ‘principles the vehicle' is
subject to; but also that those 1ndustriesvemploy1ng the ROV
be aware of these principlels also. If both these groups are
aware of the limitations and capubj,li\:ias .nf,the ROV an
effective communication of requir/emem:s and expectations can
exist between them thus allowing for the present standard of

reséé;ch and devélopment in the ROV to be maintained.
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APPENDIX B

1. Numerical Solution Method

The purpose of this appendix 1is to give an
explanation of the Runge-Kutta numerical integration method
used in the computer simulation with‘in this thesis. The
numerical ‘integration is done in the subroutine DES which is
an adaptation of C.W. Gears subroutine DPEfsubl. This
program uses a Runge-Kutta eulution‘ method 1/ using step
do;xblinq to control the error range. )

'

1.1. Choice of Method .

The R\.xnge-l(utta method is a ofie-step sg:,ui:ion
technique. This means that the method uses data o GhE
previous step to solve the derivatives for th'e next solution
inCrB;llent. Other x;mthods, known -as multi-step methods, use
data from several previous data points to solve the
‘derivatives. Multi-step methods are commonly more accurate,
however they require that the derivatives be continuous over
the x;anqe of the solution field. In the case of ths ROV the
derivatives can not. be considered to be continuous due to
the arbitrary fluctuation of the vehicle thrusters.

Therefore a one-step method must be used.

’l‘havchaica of the g tta method as to
a Euler method or higher order Taylor expansion method, is

as a result of there only being the first order derivatives
v
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available. The higher order derivatives required for the
Euler and Taylor methods are not available and therefore
these methods are not suitable.

Within the application of the ROV motion
derivatives the Runge-Kutta method is being used to solve an
initial Value problem at each time increment. This means
that at each time increment the program is using the present
values of the derivatives to’'predict the derivative values
and solutions for the future time point.

1.2. Method

The Rungé-Kutta technigue used is called the '

classical . fourth order 19! tta “The -ion-
of this method is available in many math and engineering
text as ‘a graphical derivation as.in Rainville and Bedient2,

or as an analytical derivation as in Gearl or Chapra and

canale3.
The formulae form of the method is presented as
follows: - ’ s % 3 t
Yas1 = Yo + [1/6(ky + 2k, + 2k, +k,)h] B.1
N
where:

n = present time point
ki, = (%, Y) B.2
k, = f(x, +1/2h, y, + 1/2hk,) : B.3
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k, = f(x, +1/2h, y, + 1/2hk,) B.4

' k, = f(x, +h, y, + hk,) . B.5
and

y' o= £(X7 y) ¥ B.6

with y as the depanden?‘. variable and x as the independent
variable. ' '
In.the application of this .method to the ROV

problem, the independent variable is time (t) and the .ma\fhod

is applied to simultaneously solve the system of equations

vhere the functions £ are the motion derivatives for the
ROV.

T - e

1.3. Application -

Upon each call of the DES subroutine the computer
uses the Runge-Kutta method to obtain a solution tm the
derivatives at the desired point, once by using a full time
step-’h to obtain yl, and then twice using two half time
steps h/2 to obtain y3. This method is referred to as’ a
double step method and allows for the truncation error to be
estimated and elim%ggj;ag £‘r'am‘the final result.

C.W. Gear uses t‘he £oll<;winq scaling formulae to

eliminate the estimated truncation error:

y = ((32 xy3) -yl)/31 . B.7
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The double‘ step method can also be used to control the error
1imit. This is done through the use of a scaled error term
ERRMAX. This term is evaluated at ea‘ch t‘ime increment as the
maximum valye of either the prévious time increments ERRMAX

value or the value of:

error / YMAX x EPS B.8
where: error = y3-yl / 31 .

YMAX = max value of YMAX, yl1 , y2 , y3

EPS = error constant (input parameter)

If the value of ERRMAX exceeds 1, the truncation error
exceeds-‘the —prescribed- limit and the --time- step—must—be—
reduced in order to maintain reasonable error bounds.

In the computer program the ERRMAX value at each
time step is output to the computer terminal where the
operator can maintain a visual check on the error. This is'a
m;dlfieation to Gear's subroutine diffsub where the ERRMAX
term is monitored internally and the time step size varied
to maintain the error bounds. The modification was found to
be necessary because thé simulation is intended to have the
thzfustar inputs read at prescribed intervals and’ thus the

time step must remain constant. g

1.4. Error Propagation

In the case of initial value' problems the accuracy

of the initial values used is-an- important contributor to
ok 1 \ -
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; s
the accuracy of the solution. In this application, the
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initial values are from the previous time increment and éhus
any error in truncation and round-off occurring in the
solution method 1is carried through-out the simulation
period. The size and growth of thigm error can only be
obtained by means of comparing the computer program results
with the true path of the vehi.'le subject to the same
thruster and environmental influentes. This comp¥rison would
allow for a full evaluation of the solution method and the

appropriate time increment to be used.

integration method used to solve the ROV moi:ion darivaglvas
within the simulation program developed in this thesis.

The justification for the use of this method has
haafn stated and the method application explained. The Runge-
Kutta method has been derived within this appendix because
of the availability of this derivation in many engineering

and numerical methods texts.

. ) e e
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Listings of computer programs .used in mathematical
simulation. .

o
“ T . L 4 .
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PRPE

cau.pzswwuwnﬂnn
UMAX, zmu,xvuc as'x'm'x-)

1cC CONTROL PROGRAM
2¢C THIS IS THE CONTROL PROGRAM FOR THE RCV-225
ic MOTION MODEL?{ THE PROGRAM USES A SERIES OF /
4cC SUBROUTINES TO READ THE THRUSTER DATA,
5¢C EVALUATE THE MOTION CHARACTERISTICS
5.1 C  AND OUTPUT THE POSTION VECTORS IN SET TIME
5.2.¢ INTERVALS.
-6 $DEBUG
7 IMPLICIT REAL*8 (A-H,M,0-2)
8 DIMENSION ; R
> U(15),DU(15) ,UMAX(15),VN(3),VX(3),TX(3),FX43),
9 # SX(3 -
10 * COMMON/THRUST/FT(3) ,MT(3) ,R(3,3) ,SU(3)
11 c INITIALIZE THE SYSTEM
12+ *TI=0,0
13 EPS=0.001
14 C*  SET TIME INTERVAL AT DESIRED INCREMENT
. (2 SECONDS)
15
16 :
17
pE:]
19 )
20
21
22
23
24 s
.25 CALL' ROT (VN, R)
26 N=15 .
27 DO 10 I=1,N 4
28 U(I)=0.0 o, .
29 DU(I)=0.0
30 .10 UMAX(I)=1;0
31c¢ OREN DATA FILE AND WRITE FILE .
32 OPEN(1,FILE="'B: THRUST.DAT')
33 OPEN(2, FILE="'B: POS. DAT'
34.c READ THE SEA CURRENT VALUES FROM THE
B:THRUST.DAT FILE
35 READ(I 50) (su(z),x-1,:\)
36 50 FORMAT (1X,3E10.3)
37 ¢ START MOTION SIMULATION
38 75 H=2.0 »
39 T=0.0 L
40 DO 11 I=1,N X )
41 11 ‘DU(I)=0.0
42 CALL DATAREAD(FT,MT,Q) .
43 IF(Q.LT.0)GOTO 90
4 c CALL FCN(N,T,U,DU)
a5
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KF=KFLAG .
IF (ERRMAX.GT.1.0)KF=-1

WRITE(#,149)H, ERRMAX, KF . %
' FORMAT (1X, 2E15. 6, 15)

WRITE(#,150) (FT(J),d=1, 3) (M;'(K) X=1,3)
"FORMAT(1X, 3E15. 6,1X, 3E15

FIND NEW ROTATION TENSOR

DO ‘15 I=1,3 ' »
VN(I)=U(I+6) . . o

CALL ROT(VN,R) '

. CALCULATE THE NEW POSITION VECTOR

2

°

2

@

105

110 F¢

90

DO 20 I=1,3 i

VX(I)=U(I) . - .

SX(I)=U(I+12)

TRANSFORM VX 'INTO SPACE FIXED COORDINATES

CALL mv(vx FX)

DO 25

:Tx(r)=sx(1)+1=x(1)

TI=TI+

ou'rpu'r THE POSITION DATA TO POS FILE
WRITE(2,105)TI

WRITE(2,110) (TX(3) ,J=1,3),, (m(x) K=1,3)

FORMAT(F10.2

T(3E15.6;1X,3E15%6)

GO |[BACK AND READ NEXT DATA INPUT

GOTO 75

STOP

END % e

75 Source Lines ) "
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SUBROUTINE DATAREAD
THIS SUBROUTINE READS IN THE TARUSTER INPUTS
THAT- HAVE BEEN CHOOSEN FOR THE TESTING RUN.
SUBROUTINE DATAREAD (DFT,DMT, Q)
IMPLICIT REAL*8 (A-H,M,0-Z)
nxmsxou Dn(:) DMT(3),, TH(4) .
READ .100) (‘I"H(J) I=1,4)

100 FORMAT(1X,5F
DFT(1)= (TH(1)+TH(2))"2.5 L
DFT(2)=(TH(4)~TH(3))*2.5%COS (0.5236)
Dnga)n(m(anm(u))~z.5tsm(o.52:s)
DMT(1)=0

. DMT(2)=0.
Dlﬂ‘(l) (TH(l)-TH(Z))*z 5%0.255

END

16 source Lines T w?
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1c SUBROUTINE FCN A
2cC THIS PROGRAM BVALUATES THE MOTION EQUATIONS
3c FOR THE SPECIFIC CASE OF THE RCV-225. THESE
4c EQUATIONS INCLUDE THE SEA CURRENT AND THE
5°¢C HYDROSTATIC AND DRAG' EFFECT.-
R 6 SUBROUTINE FCN(N,T,FU,FDU)
v 7 . $DEBUG-
8 IMPLICIT REAL#8 (A~H,M,0-Z)
9 DIMENSION FU(15),FDU(15),CD(3) ,REY(3),FH(3)
\ )10 ‘COMMON/ THRUST/FT(3) , MT(3) ,R(3,3) , SU(3)
LR 11 ¢ DEFINE THE CONSTANTS « N
a 14 & GRAVITY CONSTANT
* 13 G=9,.806 g, JH
] uc WATER DENSITY AT 5 DEG. CELCIUS
15 DEN=1000.0
16 C WATER VISCOSITY AT 5 DEG. CELCIUS = g
- . 17 VIS=1.519E-6
8 C BODY, CONSTANTS :
19 ¢ RADIUS OF BODY
20 RAD=0.2697
. 21 ¢ BODY DIAMETER
22 DIA=2.0%RAD
23 C - BODY VOLUME
s 24 VOL=(4.0/3.0) * (RAD**3) ¥3.14
25 ¢ BODY PROJECTED AREA 5 ®
26 A=(RAD¥#2)*3,14 .
27 ¢ BODY MASS -
28 M=82.0 .
i 29 C  TOTAL MASS= M+ADDED MASS ‘COEFF.
. 30 C.. ' ADDED MASS= (DENAVOL*0.5) ~
1c AM=' TOTAL MASS ‘
, -32 AM=M+ (DENAVOL#0.5)
1 B 33 c PRODUCTS OF INERTIA FOR BODY
, 34, XPW(2,0/5.0) AMARAD#*2
'35 C * . DETERMINE THE DRAG COEFFICLENTS
: 36 DO 5 I=1,
<% ., Ar m(x)-m\ns(n((zn{)wnu/vxs
1. ,38 - IF (REY¥(I).EQ.O. o)co’x‘o 5
1 39 IF(REY(I).LT.0.04) THEN
1 40 .- CD(I)=24.0/REY (I)
1 41 xmzn(m;y(:) LT.0.1) THEN
1 42 CD(I)w:
1 43 ELSEIF (REY(I) .LT.1.0) THEN
1 44 CD(I)=28.0
1 45 BLSEIF(REY(I) LT.10.0)THEN
1 46 CD(I)=4.4
3 47 stm(mzv(:) LT.100. 0) THEN
1 a8 CD(I)=1. \ P
1 49 zt.szxr(mz!(x) .LT.1000,0) THEN .
1 50 . CD(I)=0.46 4
1 51 nmazr(nsv(x) LT.10000. o)'rmm
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1 52 CD(I)=0.42
1 53 ELSEIF (REY (I) . LT. 100000, o)'m-mn -
1 54 cn(I) =0.49
1 55 ,
1 56 cu(1)=o.u
1 57 ENDIF
1 58 ' 5 CONTINUE -
59 C FIND BOUYANT FORGE .
60 FFH=(DEN#VOL-M) *G
61 DO 10 I=1,3
1 62 10 FH(I)=R(3,I)*FFH-
63 C CALCULATE. THE MOTAON DERIVATIVES
64 - FDU(1)=FU(4)
65 FDU(2)=FU(5)
s FDU(3)=FU(6)-

FDU(A) ( (AM*FU(5) *FU (12) ) =CD (1) *DEN*A*DABS (FU(4) ) *FU (4) %0.5+
# FT(1)+FH(1)) /AN

FDU(S) ((-mamm-w(u))-Eﬁ(z)*nsmmmsumw))am(s)
*0.5+ FT(2)+FH(2))/AM

l
FDU (6)=(~CD(3) *DEN*A*DABS (FU (6) ) *FU (6) *0.5+FT (3) +FH(3) ) /AM
72 FDU(7)=FU(10)
73 FDU(8)=FU(11)
74 FDU(9) =FU (12)
75 FDU(10)=0.0
76 FDU(11)=0,0 z
77 FDU(12)= (m(:)/xp)
78~ FDU(13)3SU(1
79 FDU(14)=8U(2)
80 FDU(15)=SU(3)
81 RETURN
82 END

82 Source Lines




1c¢ SUBROUTINE DES
2cC THIS SUBROUTINE PERFORMS ONE DOUBLE-STE.
W 3c .THE RUNGE-KUTTA INTEGRATION. IT ALSO CHECKS
4cC THE ESTIMATED ERROR TO INSURE IT IS WITHIN
> . 5¢C THE SPECIFIED LIMIT' (EPS) .
‘6 UBROUTTINE
DES(N,T,Y,YP,H,HMIN, EPS, YMAX, ERRHAX, .
7 # KFLAG,JSTART) .
” 2 . 8 $DEB
4 .9 mpucm‘ REAL*8 . (A-H,M, 0-2) .
10 ) DIMENSTION
¥YSA(15) , YSAM(15) ¥ (15) , YMAX(15) , YP1(15), Y1(15),
1 1 s .
¥2(15),YP~1 ,¥3(15) ,ERROR(15), YP(15) ,AZ(15) ,ERR(15)
12 COMHON/THRUST/FT(B) MT(3),R(3, 3) SU(3)
13 ¢ CHECK THE START PERAMETER TO SEE AIF THIS IS A
NEW STEP.
14 IF(JSTART.LT.0) GOTO 5
15 ¢ SAVE INTIAL VALUES OF Y. .
16 DO 10 I=1,N
1 17 YSA(I)=Y(I)
1 18 YSAM(I)=YMAX(I)
1 19 10 CONTINUE
20" GOTO 15
. 21 5.D0 1 I=1,N
D ¢ 22 ¥ (I)=YSA(I)
1 23 YHAX(I)-YSAM(I)
1 24 1 CONTINUE
25 GOTO 20 .
26 15 CALL FCN(N,T,Y, v1>1) ) a
27 20 KFLAG=1
28 25 A=T+H
g = 29. HHALF=H#0.500
30 -CALL RK(N,T, YSA YPl H,Y1)
31 + . CALL RK(N,T,YSA,YP1, HH.ALF ¥2)
32 T2=T+HHALF
33 CALL 'FCN(N,T2,Y2,¥P2)
s F 34 CALL RK(N,T2,Y2,YP2,HHALF,Y3)
= 35 ‘ERRMAX=0.0
736 C FIND YMAX AND: ERROR AND ERRMAX
W 37 . DO 30 I=1,N
' b 38 . AI-DABS(YJ.(I)) 8
1 9 - A2=DABS (Y2 (I))
1 40 A3=DABS (Y3 (I))
‘. 1 41 YMAX (I)=DMAX1(YMAX(I),Al,A2,A3)
i 1 42 AZ(I)=(Y3(I)=Y1(I))/31.00
1 43 ERROR(I)=DABS (AZ(I)) .
1 44 A4=YMAX (1) *EPS .
1 45. ERR(I)=ERROR(I)/A4 ’ :
. 1 46 ERRMAX=DMAX1 (ERRMAX , ERR (T) ),
X 47 30 CONTINUE

‘
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48 c USE ESTIMATED ERROR TO CORRECT THE VALUE OF Y
49 DO 35 I=1,N . _
1 .50 y  Y(I)=(32.00%¥3(I)-¥1(I))/31.00
1~ 51 '35 CONTINUE .
52 KFLAG=1 '
53 T=2
e 54 RETURN
55 END
55 ‘Source Lines
v o
. » 2
¢y
'
i 1
| o
A}
5 * : '
.. ‘ -
. .
¢ " . . ‘
: . q
5 i
5 .
B & oow ‘:
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1c SUBROUTINE RK °
2 ¢ THIS SUBROUTINE CARRIES OUT ONE STEP OF S
3c ‘A CLASSICAL FOURTH ORDER RUNGE-KUTTA
INTEGRATION. %
4 SUBROUTINE RK(N,T,RY,RYP,H, RYH)
5 $DEBUG
6 IMPLICIT REAL*8 (A<H,M, o-z)
7 I MENSTION
RY(].S),RYP(lS),RYH(lS),RYZ(lS),RYK2(15) »
RY3(15), R¥K3(15),Rv4(15),RYK4(15)
9 COMHON/THRUST/FT(S) MT(3),R(3,3),50(3)
10 TH=T+H
11 HHALF=H*0.500
12 THALF=T+HHALF
13 DO 5 I=1,N
14 5  RY2(I)=RY(I)+(HHALF*RYP(I)) '
15 CALL FCN (N, THALF,RY2,RYK2) ;
16 DO 10 I=1,N
17 10 RY3(I)=RY(I)+(HHALF*RYK2(I))
18 CALL: FCN (N, THALF ,RY3 , RYK3)
19 DO 15 I=1,N :
20 15 RY4 (I)=RY(I)+(H*RYK3(I)) -
21 CALL FCN(N,TH,RY4,RYK4)
22 DO 20 I=1,N.

1 2 3 2
RYH(I)=RY(I)+(H*(RYP(I)+2*RYK2 (I)+2%RYK3 (I)+RYK4(I)))/6.00
24 RETURN

as * | -B}D B ' B "

25 Source Lines




SUBROUTINE ROT
THIS PROGRAM.EYALUATES THE TERMS OF THE
ROTATION TENSOR

SUBROUTINE ROT(RVN,R)

IMPLICIT REAL*8 (A-H,M,0-2)

DIMENSION RVN(3),R(3,3)

CALCULATE THE ROTATION TERMS

R(1,1)=DC0S (RVN(2))*DCOS (RVN(3))

R(1,2) DCOS (RVN(2) ) *DSIN (RVN(3))
R(1,3)=DSIN(RVN(2))

R(2, 1)-Dsm(mm(1))msm(kvu(z))«ncos(nvu(:))
# +DSIN(RVN(3))*DCOS (RVN (1

-R(2, 2)=—DSIN(RVN(1))'DSIN(RVN(Z))*DSIN(RVN(!))
# +DCOS (RVN(1))*DCOS (RVN(3))
R(2,3)=-DSIN(RVN(1) ) *DCOS (RVN(2))

R(3,1)=-DSIN (RVN(2) ) *DCOS (RVN (1) ) #DCOS (RVN(3) )
4 +DSIN(RVN(1))*DSIN(RVN(3))
R(3,2)=DSIN(RVN(2))*DSIN (RVN(3)) *DCOS (RVN(1))
# +DSIN(RVN(1))*DCOS (RVN(3))
R(3,3)=DCOS (RVN (1) ) *DCOS (RVN (2))

RETURN

END

21 Source Lines
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SUBROUTINE TRAV
THIS PROGRAM TRANSFORM A VECTOR IN THE BODY
FIXED COORDINATE REFERENCE FRAME TO m SPACE
FIXED REFERENCE FRAME. ¥
SUBROUTINE TRAV(TVX,TFX) j
IMPLICIT REAL*8 (A-H M,0-2) ) .
DIMENSTON ‘TVX(3) , TFX(3) -
comon/musw/m(a) MT(3) ,R(3,3),5U(3)
N=3
DO 5 I=1,N

TFX(1)=0.0
DO 10 I=1,N
DO 15 J=1,N
TFX(I) =TFX (I)+R(I,J) *TVX(J)
CONTINUE

END

17 Source Lines
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Position data files for each sample case.




179 -

s Case Position Data & 3
5 * Format: .
ime & . .
X1 X2 X3 ‘a .
W1 w2 W3
% (X values in meters, W values in radians) %
« 2.00 ‘ » *

< .000000E+00 +-000000E+00 +209424E~-01

4.00 <
- 000000E+00 - 000000E+00 +830493E-01

. . . '

6.00
.000000E+00  .000000E+00  .184015E+00°
8.00 . ) :
- + .0Q0000E+00 +000000E+00 +320443E+00 K
" 10.00 .
.000000E+00  ,000000E+00  .488225E+00 X
[ . . d ; .
” 12.00
. . % . +00
14.00 -
.000000E+00  .000000E+00  .900274E+00 ¥
16.00 ) '
.000000E+00 .  .000000E+00  .113615E+01
i . 18.00 ) - s
.000000E$00  .000000E+00  .138702E+01
20.00 2
.000000E+00  .000000E+00  .164983E+01
22.00 i
.000000E+00  .000000E+00  .192205E+01 {
24.00 s g
. .000000E+00  .000000E+00  .220161E+01

26.00 ~ .
.000000E+00 .000000E+00 .248687E+01

" . . .

28.00 )
. \ .000000E+00  .000000E#00 " .277653E+01
' '30.00 A IS




~

180
p
32.00 - : '
.000000E+00  .000000E+00  .336521E+01
34.00;, : N
:000000E+00  .000000E¥00  .366282E+01
"36.00 ) ' -
.000000E+00  .000000E+0Q_  .396135E+01
38.00 : - %
.000000E+00  .000000E+00  .426222E+01
40.00, )
.000000E+00  .000000E+00  .456337E+01
42.00 ©
.00000DE+00  .000000E+00  .486519E+01
5% ¢ : -
44.00 . i =
.000000E+00  .0DOOQOE+00 ~  .516751E+01
46.00 . 3 N i
.000000E+00 ' .000000E+00  ®547022E+01
"48.00 T :
.000000E+00 \ .000000E+00 +577322E+01
.000000E+00  .000000E+00  .0000GAE+00
50.00 -
.000000E+00  .000000E+00 .507649P01
2.00 e ’
-000000E+00  .000000E+00  .637984E+01
“s4.00 : i
.0000@0E+00  .000000E+00  .668335E+01
56.00
.000000E+00 - .000000E+00  .698697E+01
“58.00
i . B 1
60.00
.000000E+00  .000000E+00 ~— .759440E+01

:




Format:

Time

X1
Wi ; w2
(X values in

2.00
-.102800E+01

" . ‘
Case 2: Position Data

X2 - X3

’ W3

eters, W values in radians)
<

.000000E+00 " -209424E-01

4.00
“.205600E+01

.000000E+00 +830493E-01

6.00
~.308400E+01

.000000E+00 AA'?:BEJSE-H)O

".00 . : ’
-.411200E+01 .000000E+00 +320443E+00
.10.00
-.514 L .4
12,00 e
~.6168 2 .
14.00 T s
=.719600E+01 -W0200E+00 .900274E+00
16.00 g '
-.822400E+01 .000000E+00 +113615E+01
18.00 B
-.925200E+01  .000000E+00 - .138702E401
20.00 . - .
=.102800E+02 +000000E+00 +164983E+01
‘0
22.00
=.113080E402 - (00000QE+00 , .192205E+01
24.00 . . vk
-.123360E+02  .000000E+00  .220161E+01
26.00 ' . i 5
-.133640E+02 .000000E+00 ~ 248687E+01
28.00 o 8 B
-.143920E+02 * .000000E+00  .277653E+01
130.00 ' Lot
8 1

~ =.154200E+02

v




- . 32.00 * ° i
=.164480E+02 .'+000000E+00 +336521E+01 ° &

34.00 u
. —,174760E+02 +000000E+00 +366282E+01

g . . Q N .
i w3600 T
~.185040E+02 ' :000000E+00  .396195E+01
. 38.00 - .
* . -.195320E¥02  .000000E+00  ,336722E+01 .
. 40.00 B y
“ . -.205600E+02  .000000E+00  .456337E+01 =
: " l42.00 Vo == N
o -.215880E+02  .000000E+00  .4B86519E+01 ;
e I 44.00 3 ’ A
: 3 -.226160E+02 - —:000000E+00 . .516751E+01
1 c g

46.00 .
-.236440E+02 .000000E#0  .547022E+01

48,00 5
=.246720E+02 -000000E+00* =~ .577322E+0}

50.00 N i
-.257000E+02°  #000000E+00 - .607645E+01 _
g ) ""52.00 : *
-.267280E+02  .000000E+00  .637984E+01
*54.00 s
-.277560E+02  .000000E+00 .66833FE+01

"56.00 . <
J— ~.287840E+02 .000000E+0@ ' .698697E+01

58,00
=.298120E+02 +000000E+00 «729066E+01 S

—60.00- & v
—n =.308400E+02 +000000E+00. - +759440E+01

9

. w o = X n
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% case 3: Positjion Data
- Format: o .
N T

X1 . x2 . X3

Wi w2 w3 v

(X values in meters, W values in radians)
2.00 . B

.000000E+00 +«000000E+00 ~.597304E-01

. W ¥

4.00 .
.000000E+00 .000000E+00  -.232742E+00

6.00 - p e b 5
.000000E+00_  .000000E+00 ~ =.502897E+00

8.00. . : : 5w )
F 5 -.84939

. . [ 0

" 10.00 . . ¢\
.000000E+00  .000000E+00 ~ =.125187E+01

12.00 -, ° D .
.158661E+00  .000000E+00 - ~.164297E+01

* o - e -
+'14.00, - s v 4
.594582E+00°  ,000000E+00  -.198072E+01°

16.00 i ; § )
.126957E+01 .000000E+00 -.‘227934E+\Dl

"18.00 ! T [T
.218528E+01  .000000E+00. -.254820E+01

20.00 " L
+329138E+01 ©000000E+00  -.279381E+01

‘22, 4 "
.4543753+01 .000000E+00 . -.302082E+01

" 24.00° ) )
.589394E+01 ' .000000E+00  =-.323272E+01

26.00° . to
© 4732032E+01 .000000E+00 = -.343216E+01

© 28,00 : : I il
. .879730E+01 _ .000000E+00. ~ =.362123E+01
000000E+00 . “O00000E+00  .000000E+00

380155E+01

"30.00 . &
+103088E+02 . +000000E+00




- 184
32.00 . ; .
~ 7. -118436E+02 .000000E+00 ' ~.397446E+01
34.00 te s .
.133941E+02,  .000000E+00  -.414103E+01 ,
36.00 " ) i
.149550E+02  .000000E+00  =:430216E+01
“38.00° ’ -
g . a4 1
40.00 ) :
.180955E%02  .000000E+00  -.461094E+01
42,00 ) N
i +195278E+02 .0000003?’00 =.473634E+01
- "44.00 - 4 ! 5 -
+207350E+02 .000000E+00 = --.481489E+01 o o5
46.00 ’ %
.21778:31@2 +000000E+00° ~.484988E+01 e
48.00 ) g ' Y
.226969E+02  .000000E+00  =.484271E+01
; ) : i .
50.00 9
«235175E+02 +.000000E+00 ~.479397E+01
5200~ ! ——— = N
.242590E -.47 1
54.00° ; i
.249353E+02  .000000E+00 . ~.458033E+01
56.00 - %
.255569E+02  .Q00000E+00  ~-.442241E+01
58.00 N
.261320E+02  .000000E+00  =.42360BE+01
60.00 " T
.266199E+02 © .000000E+00  =.402574E401
{ 4 e g




5 . " T

LI T 3
i N i .
P .Case 4: Position Data
Format: ... - *
i -
X1 x2° X3
Wi ot w2 .0, W3
(X values ip meters, W values in ratians)
2.00 - ° : .
-.514000E+Q0 . ".000000E+00  -,597304E-01
4.00 ¢ " g )
©-.102800E+01  .000000E+00, =.232742E+00
6.00 . 4
© -.154200E+01- - .oooooomog’, ~.502897E+00 #
. # . i A 29 Qo
L 8.00 . . - . :
\.‘ £ 3 l.gas
- 5 10.00 ‘, i % .. % . \ B
-.257000E+01 ' .000000E+00  —.125187E+01 >
12.00, ’ L . .
_ .« -,292534E+01 - .000000E+00™— -.164297E+01
Hy J14.00 & .. '
o , ~-300342E+01  .000000E+00 ~ -.198072E+01
5, - 16.00 s - . ’
T =.284243EF0T - .000000E+00  =.227934E+01
. 18.00 . 2 e TR
. -.244072E401 ~ .000000E+00 ' =-.254820E+01 ° ; i
' "."20.00 R : { ' RN
* -J/184862E401  .000000E+00  =-.279381E+01 )
, ' "22.00 ' . )
-.111325E+01  .000000E+00 -.-.302082E+01 "
- . 24.00 i ) . o
 -.274061E+00 ' .000000E+00  ~-.323272E+01
600 . +00 T . ) .
26.00 - , B . . . N
T .638320E+00~ ' .000000E+00  =.343216E+01 4 .
28.00 . = g N
J160130E+01  :000000E+00 ' =.362123E+01 &
30,00 . ¢ - . ’
- _259879E+01 ' .000000E+00 d

-.380155E+01, 5

v t




N 1 ]
El - :
e 186 .
= e 32.00 . : ’
.361960E+01 <000000E+00  -.397446E+01
34.00 : ’
:; z -465606E+01 .000000E+00  -.414103E+01
‘ © . "36.00 B ’ >
7 4570300E+01 .000000E+00  ~.430216E+01 ,
38.00 s :
3 . .S756§%E+01 +000000E+00  =.445859E+01
o ..00008bE+00 -000000E+00 -000000E+00,
5 40.00 « i
v . - .781548E+01 -000000E+00  -.461094E+01
> 42.00 . . & . \ .
: .873385E+01  +000000E+00 . -.473634E+01
£ . . " “44.00 ’ )
- - .942704E+01 ~000000E+00  ~.4B1489E+01
46.00 . %
2 '.995632E+01 -000000E+00. '-.484988E+01
) < 48.00 T o A
P - .103609E+02 <000000E+00  =.484271E+01
; 50.00
- 106575E+02 0 + ~.479397E+01
% B 52.00 ° . e '
.108950E+02 .000000E+00 470549E+01
A 54.00 : ) .
©110573E+02 .~ .000000E+00  =.458033E+01"
56.00
.111649E+02 .000000E+00  -.442241E+01
2 . . .
. 58.00. .
s S .112260E ?
» \ : . '60.00 .
#, = N -111999E+02  .0D0000E+00




f - B \ o187
3 ‘. Case 5: Position Data
: Format: A ‘ . )
Time
. X1, X2 X3
W1 w2 W
(X values in meters, W values in radians)
. 2.00 - #*
.158661E+00  .000000E+00  ~-.597304E-01
; 400 o
.594 . -.232
©6.00 .
- .126957E+01  .000000E+00  —.502897E+00
5 8.00
o .21 ) -.849:
k. S 0.00 N !
o .329138E+01 -. .000000E+00 125187E+01.
S 12.00 =
: * . .454075E401  .000000E+00  —.169331E+01
~ 14.00 .
.589394E+01  .000000E+00 . ‘-.216090E+01
- 16.00 - : =~
.732032E+01  .000000E+00° =.264563E+01
1 c 18.00 i s
- 9 .879730E+01  .000000E+00  ~-.314140E+01
= ' 20.00 ) :
g _ -103088E+02 .000000E+00  =.364421E+01
22,00 B i o ¢
. +116998E+02 L000000E+00"  -.4:0208E+01
: ., 24.00 i : S
.128776E+02 ' .000000E+00  =.460777E+01
26.00 ] \
. E+02 -.51! 1
28.00 = - ¢ k
+146488E+02 {000000E+00 ' =.567205E+01
? 30.00 e T
+149946E+02 000000E+00  =.607919E+01

!




188
32.00 .
1149941E+02  .000000E+00 - =.642837E+01
34.00 B
14 .00 | -.673552E401
7 R w00 | .
36.00 ° . .
-1413;’924‘02 .000000E+00 --70309‘ﬂ*’01
38.00 - o \5\
©.133313E402  .000000E+00  -.726173E+01 ,
0.00 - .
+123134E+02 +000000E+00 -y 7‘929131‘3&
42.00\ =3 . : .
.111296E+02,  .000000E+00| . %.770822E+01
-GBOOOOE+00 .00000QE+00,  .00000O!
4400 \ - i
.982351E401  .000000E+00  -.791049E+01
46,00 |\ g - ]
+843012E+01 +000000E+00| =.810192E+01
48.00 N e
.697585E401  .000000E400  -.824424E+01
50.00 g " :
.547981E4+01  .000000EF00  -.B45885E+01
52.00 #

.4 _992934'01' .000000E+00 862687E+01
54.00 i )
.292911E+01 . .000000E+00| .878925E+01

56.00 - o T
.191357E401  .000000E+00| =.B94677E+01
58.00 §
.101654E+01  .000000E+00,  =.910006E+01
60.00 ' ' %
1,213 ; of -. 1
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#~tase 6: Position Data
Format:
o
X1 x2 X3
LWL w2 . W3 -/ -
(X values in meters, W values in radians)
2.00
" o 00E+ -.1 00
4.00 .
g . -. 00
6.00 -
.000000E+00. _ -000000E+00  -.110146E+01
R . p
.467690E+00 ! .DOO00OE+00 - =.176309E+01
10.00 = i g )
.163498E+01 ' .000000E+00  -.237857E+01
- . . .
\ 12.00 G
| .320185E%01 .270231E+00 . -295473E+01
+1 14,00 - ol g .
.503696E+01  .103294E+01  -.344B75E+01
'16.00 : :
.703968E+01 .197058E+01 - ~-.385752B+01
.4 18.00 -
.914245E+01  .280631E+01  -.420786E+01
20.00
1113033E+02 .356012E+01  ~-,451587E+01
22.00
.134974E+02 .424666E+01 . = 479196E+01
fis & . 9
24.00 - :
+157102E+02 .487694E+01 . -.504326E+01
26,00 ; ) -
'.179337E+02°  .545950E+01° -.527486E+01
|'28.00 . N
| +201630E+02 .595264E+01' ° -.549051E+01
"’ 30.00 :
‘| 4223957E+02 ~.569307E+01

+635521E+01




32.00
.244944E402 _ .643110E+01  -.588473E+01
34.00 ’ ’ 2o
+264006E+02 ..+ 597008E+01 ~.606725E+01
N
36.00 :
.281902E+02 +.528736E+01 =.624202E+01
38.00 X o
.299068E402  .466030E+01  ~-.641020E+01
40.00 i :
.315766E+02  .408050E+01 '~:657270E+01
«42.00
_ | 13321628402 .358933E401  -.673032E401
. : / .
44.00 - ) /
.3483605+02  .31880BE+01/ ~-.688370E+01
"46.00 B 7 '
+364429E+02 .28(585Ef01 =.703341E+01
48.00 / . " :
~ .380413E+02  .255504E+01  ©.717990E+01
50.00 i e
. .396341E+02  .229889E+01  -.732357E+01
52.00
.410B00E+02  .20640BE+01  -.744134E+01
54.00 / S
.422968E+02 . / .185439E+01  -.751289E+01
56.00 ] i
. .433472E+03/  .166297E+01  -.754124E+01
58,00 - / ’ -
- . .442713E402  .148688E+01  -.752750E+01
( 60.00 : § ' s
.450963E+02-  .132385E+01  -.747237E+01




Format:
T

ime
X1

191

Case 7: Position Data

X2

X3

W1 w2 W3
(X values in meters, .W values! in radians)

2.00
.624495E+00 .000000E+00 -.138580E+00
"4.00 '
+.175847E+01 .000000E+00 -.523268E+00
"6.00 . . ’ ; -
.289518E+01 +«000000E+00 =.964906E+00
. .0 i 0.
e DO00E
+.416702E+01 .000000E+00 =-.133823E+01
“10.00 T . s
+551553E+01 + .542780E+00 -.166312E+01 ,
000000E+00 ' .000000E+00  .106882E+00
12.00 »
.671188E401  .187820E+01  -.195206E+01
14.00
«762379E+01 +353444E+01 =.221343E+01
.000000E+00  .000000E+00  .534410E+00
16.00 : :
.817527E401  .546420E+01  -.245307E+01
+000000E+00 .000000E+00 .748174E+00
18.00 2
.830420E401  .760014E+01  -.267527E+01
+000000E+00 +.000000E+00 +961938E+00
0.00 . .
.792768E+01 - .988615E+01  -.288322E+01
.oooqu5+oo {000000E+00  .117570E+01
22.0d) § 0
.696823E+01.  .122304E+02  -.307938E+01
2000000E+00”  1000000E+00  .138947E+01
24.00 S
.537019E+01 * .145052E+02  -.326569E+01
+.000000E+00 .000000E+00 +160323E+01
26.00
.311257E401  .165545E+02  -.349718E+01
080000E+00  .000000E+00  .181699E+01
28.00 -
.217962E400  .182067E+02  -.381402E+01
+.00C000E+00 +«000000E+00 _ +203076E+01
30.00° -
-.324308E+01  .192881E+02 - -.414393E+01
. [000000E+00 . .224452E+01

000000E+00



= T A2
32.00 . - .
-.715194E+01  .196371E+02  -.443667E+01
. .24 1
=.113453E+02 +191178E+02 =.470098E+01 .
.000000E+060 * WPO0000E+00 2+267205E+01
36.00 . s
=.156219E+02 +176318E+02 =.499549E+01
+000000E+00 +000000E+00 +288581E+01
38.00 il : 3 .
=.189406E+02 +161516E+02, ~-.536021E+01
-000000E+00  .000000E+00  .304614E+01
40.00 : ..
-.214777E4+02  .151339E+02  -.5724B4E+01
- 000000E+00 . 000000E+00 +315302E+01
42.00 : o = S- -
-.237974E402 " : .141917E+02 . -.604338E+01
. . .3 1
44.00 " g g
=.259180E+02 +134357E+02 =.632751E+01
. 3 1
+.278440E+02 .129866E+02  -.658512E+01
-ODOQGOE+00 ~ .000000E+00  .334541E+01
48.00 ' 4
-.2958L1E+02  .129405E+02  =-.682177E+01
. 000000E+00 .000000E+00 .336678E+01
+50.00 8
-.312476E+02  .130778E+02  -.704153E+01
+000000E+00" . 000000E+00 +337747E+01
52.00 .
-.328223E+02  .134483E+02  -.724748E+01
- 000000E+00 .OOOODOE‘OQ +337747E+01
54.00 - o =
-.344259E+02  1137470E+02  -.744198E+01
- 000000E+00 . 000000E+00 -337747E+01
56.00 - ) =
-.360468E+02  .139871E+02  -.768028E+01
.000000E+00  .000000E+00 —  .337747E+01
58.00 i ¢
=~.375355E+02 +142042E+02 =.792773E+01 |
<000000E+00  .00Q0DOE+00  .337747E+01
60.00 —
-.387915E+02  .143726E+02 * -.811191E+01
.000000E+00  .000000E+00 .337747E+01
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Case 8: Position Data

Format:
T
X1 X2 X3
W1 W2 w3
(X values in meters, W values in radians)
2.00 :
.624495E+00 .000000E+00  -.138580E+00
4,00 :
.175847E+01 .000000E+00  -.523268E+00
""6.00 ; p
\ .289518E+01 .000000E+00  *.964906E+00
""8.00 : ; ]
.416702E+01 .000000E+00  -.133823E+01
10.00
y, w8 .553619E+01  =.270231E+00 _ -.166312E+01
12.00 - - »
(753667E+01  -.103294E+01 ° -.195206E+01
5
. 14.00 . B . )
.103634E+02° -.222777E+01  -.221343E+01
"16.00 .- ) S
.noeumoz ~.349126E+01  -.245307E+01
18.00
.153422E+02  -.457631E+01  -.267527E+01
: °20.00. s
.173400E+02  =-.552713E+01  ~.288322E+01
22.00 o :
.193409E+02  -.587416E+01  -.307938E+01
.000000E+00'  .000000E+00 .267205E-01
- - 24.00 ~ )
.215363E+02  -.498015E+01 ' -.326569E+01
. b N 3 . *
- .236924E+02  -.321480E+01  -.349718E+01
s .000000E+00 . 000000E+00 +213764E+00
28.00 )
.256318E+02  -.111338E+01 .381402E+01
¢ . o 32064 6E+
. 30.00 , N
.273306E+02 .131627E+01  -.414393E+01
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~000000E+00
I.

32.00

.287556E+02 .406006E+01  -.443667E+01
.000000E+00 . 000000E+00 .534410E+00
34.00 . -
.298684E+02 .709651E+01  -.470098E+01
.000000E+00 .000000E+00 .641292E+00
36.00 - ;

.308965E+02 .958967E+01  -.499549E+01
.000000E+00 .000000E+00 .721453E+00
38.00 . 5
.320077E+02 .114897E+02  -.536021E+01
.000000E+00 .000000E+00.  .774894E+00
40.00 A
.331950E+02 _ .130610E+02 "577555E+01
-000000E+00 .000000E+00 .812303E+00
42200

.347089E+02 -  .144671E+02 =-.617551E+01
.000000E+00 .000000E+00 .833679E+00
24.00 . -
.363896E+02 .162628E+02  |~.651958E+01
"46.00 . .
.379555E+02 .181312E+02  ~-.682294E+01
.000000E+00 .000000E+00 .876432E400 ,
48.00 i
.393110E+02 +199425E+02  ~.709545E+01
5 . 897

50.00 -

.408662E+02 ©214799E+02  ~.734393E+01
.000000E+00  ..000000E+00 - .908497E+00
52.00

.426143E+02 .226567E+02  ~.757327E+01
.000000E+00 .000000E+00 .908497E+00
54.00 -

.442271E+02 .237435E4+02  -.772552E+01
.000000E+00 .000000E+00 .908497E+00
56.00

¢457353E+02 .247915E+02  -.778991E+01
+000000E+00 .000000E+00 .908497E+00
.470386E+02 .257431E+02  =.781142E+01
-000000E+00 | .000000E+00 .908497E+00
60.00 {3 55
.481228E+02 .265346E+02  =.779092E+01
.000000E+00 .908497E+00
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. Case 9: Position Data
Format: -
Time
X1 X2 X3

W1 w2 w3 i
(X values in meters, W values in radians)

N 2.00 =
.260495E+00  .364000E+00  =-.138580E+00 —_ -
4.00 -
+103047E+01 7 -.523
"6.00 + i
I .180318EF01  .109200E+01  =-.964906E+00 .

8.00 .
— .271102E+01  .145600E+01  ~.133823E+01

"10.00 . i
+371619E+01 +154977E+01 ~-.166312E+01

12.00 * : o
.535267E+01 .115106E+01  -.195206E+01

14.00 b B B
«781541E+01 +320234E+00 =+221343E+01 S

. 16.00 <
= .101751E+02  ~.579260E+00 ~ ~-.245307E+01

18.00
+120662E+02 =-.130031E+01 -.267527E+01

20.00 & >
+137000E+02 =.188713E+01 ~.288322E+01

22.00
+153369E+02 =.187016E+01 =.307938E+01
+000000E+00 ~ ~..000000E+00 +267205E-01

24.00 .
.171683E+02  -.612146E+00 ( -.326569E+01
.000000E+00 . 000000E+00 +.106882E+00 - o
26.00 L, .
\ .189604E+02  .151720E+01  ~.349718E+01
.000000E+00 - .000000E+00 *  .213764E+00
28,00 £
. _.205358E+02 - .398262E+01  -.381402E+01 d
N +000000E+00 +000000E+00 '©320646E+00

30.00
. - .218706E+02 +677627E+01 =.414393E+01

.42 E-
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32.00
.229316E+02 +988406E+01  ~.443667E+01 5
-000000E+00 .000000E+00 .534410E+00
34.00 »
.236804%+02 +132845E+02  -.470098E+01
- -000000E+00 -000000E+00 .641292E+00
36.00 -
+243445E+02 +161417E+02  -.499549E+01 <
.000000E+00 .000000E+00 .721453E+00

38.00
.250917E+02  .184057E+02 _ -.536021E+01
. ™~ .7748

v (’\' "40.00

+259150E+02 +203410E+02 =.577555E+01

: -.000000E+00 +000000E+00 +812303E+00 .
2 42,00
. .270649E+02  .221111E+02  ~.617551E+01
s f «.000000E+00 .-090000E+00 «.833679E+00
44.00 \

. +283810E+02 +242708E+02 =.651958E+01 N
0000E+00 -000000E+00 +855056E+00

- 46.00 %
e 8 - ¥ -295835E+02 +265032E+02 =.682294E+01
Ny - 000000E+00 - 000000E+00 +876432E+00
48.00 | ‘
> . +305750E+02 «286785E+02 =.709545E+01 |
. . 897 E+0Q |
& .00 * |
» i © .317662E+02 ' .305799E+02 =.734393E+01
.000000E+00 . 000000E+00 +908497E+00
: ] © 52.00
& -331503E+02 +321207E+02 =.757327E+01
«000000E+00 .000000E+00 +908497E+00
54.00 & .
. +343991E+02 +335715E+02 =.772552E+01
4 -000000E+00 . 000000E+00 .908497E+0D °
56.00
+355433E+02 +349835E+02 =.778991E+01
- ¢ .000000E+00 +000000E+00 -908497E+00
58.00 .
+-364826E+02 +362991E+02 ' ~-.781142E+01

-000000E+00 +000000E+00 +908497E+00

60.00 A .
+372028E+02 +374546E+02 =.779092E+01"
-000000E+00 +000000E+00 +908497E+00
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APPENDIX E &

Data files for’ input of thrust activity to %ulatiun
program for each sample case. .
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M Case 1 : Thruster Data
Format: N
sea current values:
3 svi sv2 sV3
increment thruster values:
T4

N.T1L T2 T3 ;
(see chapter 4 section 1.3 fof thruster 1‘yeut )

0.0 0.0 0.0
Lo Qe 05 Os 06
2. 0. 0. 0. O. -
3. 0. 0. 0. 0 Q .
4. 0. 0. 0. 0.
. 5. 0. 0. 0. O. A

% 25. *0. 0. 0. O.
26.. 0. 0. 0. O. .
27. 0. 0. 0..0. . - =
3 28. 0..0. 0. /. >
29. 0.5 0. 0. O. o
30. 0. 0., 0. 0. \




200

Case 2 : Thruster Data - oS
Format: ¥
sea current values: -
svi sv2 sv3
‘increment thruster values:
- N. TL T2° T3 T4
(see chapter 4 section 1.3 for thruster layout )

. -514E00 0.0 0.0

Nk




L >
. ¢ .
: 201 =
Case 3 : Thruster Data £
: Format:
o sea current values: .
¥ sv1 8V2, sv3
increment thruster values:
N. TL T2 T3 T 5 %
(see chapter 4 section 1.3 for thruster layout.) .
0.0 0.0 0.0
1. 0. 0. -2. -2. .
2. 0. 0. =2. -2. ¢ 2 :
3. 0. 0. -2. -2. .
4. 0. 0. =-2. -2. . y
5. 0.
% 6. 2.
7. 2\, =
8. 2. P
9. 2. -
10. 2. x \
11. 2.
2 12. 2.
13. 2.
4. 2.
15. 2. N .
16. 2.
7. 2. \ E
18. 2. \ .
Fa 19. 2.
20. 2. L]
21. 0. ~
22. 0. ~
23. 0. - / H
24. 0. g
25. 0. - ' b-.
26. 0. i .
" 78 00 .
. 28. 0.
29. O.
30. 0.
-1. 1. k .
8 = . \ ¢
o e
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Case 4 : Thruster Data

Format:
sea current values:
sv1 sv2 sv3 ¢
increment thruster values:
N. T1 T2 T3 T4
¥ (see chapter 4 section 1.3 for thruster layout ) .

& ~257E00 - 0.0 0.0 ’
1. 0. 0. -2. -2. - ;
2. -2. =2, % ¢
3 -2. -2.
. 4! -2. -2. \ i
5. “2. -2, .
6. -6 =.6 “ §
. 7. -6
8. -6 - ¢
5. -.6 »
10. -6
11. -6
12, -.6 :
13. -.6 i
14. -6
15. -.6 v
16. -i6
17. -6 -
18. -.6 d o
19. -.6 ) 1
20. -.6
21, o. .
22. o. a
23. 0.
2. o.
. 25. 0. .
26. 0. .
27. 0.
28. 0.
. 29. 0.
30. 0.
» ’ -1, 2.
5 i\
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: - Case 5 : Thruster Data

Format: Py i
) sea current values: =

svV1 sv2 sV3 ‘
increment thruster' values:
N.T1 T2 T3 T4
(see chapter 4 section 1.3 for thruster layout )

0.0 0.0 0.0 a
1. 2. 2., =2. =2.
i YRl 3. 2. -2, el 7
3. 2. 2. -2, -2. .

4. 2. 2. =2. -2.
4 5. 2. 2. =2. =2.

—_— 6. 2. 2. -2. -2.
[ 7¢ 2. 2. =2 -2.
& . 8. 2. 2. -2. -2. .
|
5 . | ez 2. -2.-2. . .
’
B
4
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Case 6 : Thruster Data

Format: d .
sea current values:
svVi sv2

sv3
increment thryster values:
N. T1 T2 T3 3 T4

(see chapter@ection 1.3 for thrygster layout )

0.0 [ 0.0 = ) J

e




.

Format:

sea current values:
svi sv2

205 %

Case 7 : '.l'hAruster Data

sv3

increment thruster values: .
kel

N.T1 T2 T3
© (see chapter 4

N
o
o
'
FS

CLO00r T OO

»
o
~
'
o

2
21. 2.2.04 -.6

i
o

section 1.3 for thruster layout )




Format:

sea current values: '
sv1 sv2

N.

increment thruster values:
T4

(see chapter 4*settion 1.3 for thruster layout )

1.
2.
3.
4.
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Case 9 : Thruster Data 3
Format:
sea current values:
svi sv2 sv3

increment thruster values:
N.'T1L T2 T3 T4
(seg, chapter 4 section 1.3 for

~-182E00 182E00 0.0

2. 0.
3. 2.

ruster layout )
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