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Abstract

Autonomous underwater vehicles (AUV) are rapidly cmerging as an important tool in
ocean exploration and maritime defence systems. Reliability is one of the key issues
in making these vehicles viable for scientific. commercial. and military applications.
The vehicles must be able to accomplish the mission. or some subset of the mission
objectives.

The research herein is concerned with defining vehicle behaviours in the light of

design choices that will result in improved vehicle performance under nominal (fault-

free) ing iti and with of vehicle behavi even
with control plane faults. Numerical studies were performed using a computer model
of the AUV C-SCOUT (Canadian Self-Contained Off-the-shelf Underwater Testbed).
Because it is typical of many vehicles active in the world today. the results are qual-
itatively valid for a large number of vehicles. Quantifying the behaviours provides
a foundation for further analysis of behaviours in various planned and unplanned

conditions the vehicle will experience over the course of its active lifetime.



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

mass The results that intuitive expectations for the effects

of geometry on added mass are valid.
A second numerical study was made of the sensitivity of AUV response measures

in turning circles and zigzag to variations in hydrod

The results have specific implications for the design of AUV. and provide a baseline
of behaviours inherent to the vehicle itself.

Finally. 2 numerical study was made of vehicle response during holding conrse.
diving. and turning. while the vehicle is experiencing various angles of jam on each
of the control planes. and while the vehicle is missing one of the conrrol planes.
This information was used to define the vehicle behaviour. to generate conclusions
about vehicle controllability. and to suggest safe operation envelopes for guarantees
of mission success.

The contributions made in this work include a systematic description of the effects

of varving vehicle design and hy i (which result from

certain design choices). Also included is a systematic analysis of the effects of control

plane faults on the response of the vehicle.
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Who laid the foundations of the earth.
that it should not be removed for ever.
Thou coveredst it with the deep as with a garment:
the waters stood above the mountains.
At thy rebuke they fled:
at the voice of thy thunder they hasted away.
They go up by the mountains:
they go down by the valleys
unto the place which thou hast founded for them.
Thou hast set a bound that they may not pass over:
that they turn not again to cover the earth.
O LORD. how manifold are thy works!
in wisdom hast thou made them all:
the earth is full of thy riches.
So is this great and wide sea.

wherein are things creeping innumerable.

both small and great beas

Psalm 104: 5-9, 24-25

O LORD God of hosts.
who is a strong LORD like unto thee?

or to thy faithfulness round about thee

Thou rulest the raging of the sea:
when the waves thereof arise. thou stillest them.
The heavens are thine. the earth also is thine:
as for the world and the fulness thereof. thou hast founded them.

Psalm 89: 8, 9, 11
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with one of its main strengths being the diversity of projects and researchers

that have been and are associated with the Centre.

® I[nstrumentation. Control and Automation (INCA) Centre of Memorial Uni-
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world-class facilities.



C-CORE - Since 1975. C-CORE in St. John's. NF activities have grown to
include applied research and development. technology transfer and technology
d i ialization of intellectual property and specialized advi-
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International Submarine Engineering Ltd. (ISE) - [nternational Submarine En-

gineering Ltd. is a world plaver in the design and development of autonomous

and remotely operated underwater vehicles (AUV and ROV) and robotic sys-

tems.

Geo-R es Inc. (GRI) - Geo-Rex es Inc. is a privately owned Canadian
company. which was established in 1986 whose mandate at that rime was to
provide ocean mapping services for domestic and international customers. [n
recent vears the focus has shifted toward research and development projects with
. GRI has

experience in areas such as multibeam sonar mapping. tidal monitoring. GPS

an emphasis on creating commercially viable software based product

positioning. and operation of remotely controlled vehicles for anti-submarine

warfare and mine hunting trials.
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Table 1: Abbreviations

Abbreviation D it

AUV Autonomous Underwater Vehicle(s)

BRC Balance Resolving Center

C-SCOUT Canadian Self-Contained Off-the-shelf Underwater Testbed
CURV Cable-controlled Undersea Recovery Vehicle
DATCOM (USAF) DATa COMpendium

DOF Degrees of Freedom

DREA Defence Research Establishment Atlantic
EEM Environmental Effects Monitoring

ERS Emergency Response System

ESAM Estimate Submarine Added Mass

D [nstitute for Marine Dynamics

LQG Linear Quadratic Gaussian

MDTF Marine Dynamics Test Facility

MUN Memorial University of Newfoundland

NACA National Advisory Committee on Acronautics
NRC ational Research Council (Canada)
NRC(US) National Research Council (United States)
OERC Ocean Engincering Research Centre

PID Proportional Integral Derivative

PMM Planar Motion Mechanism

RCV Remotely Controlled Vehicle(s)

ROV Remotely Operated Vehicle(s)

SNAME Society of Naval Architects and Marine Engineers
SPURV Self-Propelled Underwater Research Vehicle
WHOL Woods Hole Oceanographic Institute
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Table 3: Symbols

Symbol D iti

A Dynamics matrix in the standard state-space model

A Angle of attack of the hull

A Simulations of vehicle behaviour with active roll com-
pensation via all control planes

Aep Reference (planform) area for the control planes

Anan Reference (wetted surface) area of the hull

Ap Planform area of the hull

Apo Planform area of the hull from the nose to the station
Zo

Apnp Reference area (general usage)

a0 (2-D) section lift-curve slope at @ = 0 for a control
plane

a, Effective aspect ratio of a control plane

B Control input matrix in the standard state-space
model

B Buoyant force

B Body-fixed reference frame. tvpically used as a sub-
script

b Control plane span

b Subscript denoting center of buovancy

C State to output matrix in the standard state-space
model

Ce. Co Lift and drag coefficients respectively (general usage)

Cny Drag coefficient at zero angle of artack

Cp. Crossflow drag coefficient (general usage)

Coyun- Ceuuu
Copons- Cprn,
Co.ranr. Crrrun
Cp.Fins- CLfins

Cn
Cons

3

Drag and lift coefficients for the hull

Drag and lift coefficients for the control planes

Drag and lift coefficients for the hull (Excel™ plots)
Drag and lift coefficients for the control planes
(Excel™ plots)

Pitching moment coefficient (general usage)
Pitching moment coefficient about the quarter-chord
axis of the control plane




Definiti

Normal force coefficient (general usage)

Center of effort (for the hull)

Center of pressure (for the control planes)

Location of the center of pressure of the control plane.
chord-wise in the control plane reference frame
Location of the center of pressure of the control plane.
span-wise in the control plane reference frame
Control plane chord

Control plane chord at the root

Control plane chord at the tip

Input to output matrix in the standard state-space
model

Drag force (general usage)

Drag force on the hull

Drag force on the horizontal control planes

Drag force on the vertical control planes

Hull diameter

A metric of length representing a moment arm

Simulations of vehicle behaviour with active roll com-
pensation via elevators
Oswald’s efficiency factor for a control plane

Force vector. F=[{ X Y Z 17

Control forces

Environmental forces - waves. current. etc.

Ideal fluid forces - “Added Mass™

Real fluid forces - “Damping”™

Static (hydrostatic) forces - weight and buoyancy
A 6 x 2 matrix ing the weight and b
contributions to the equations of motion
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A matrix of hydrodynamic derivatives
Matrix of hydrodynamic derivatives

Augmented matrix of virtual added mass derivatives
Matrix of virtual added mass derivatives
Traditional transformation matrix for angular veloci-
ties from inertial to body-fixed reference frame
Normal force cn the hull at a particular station along
the length

Moment vector. G= [ K M N |’
Subscript denoting center of gravity (mass)

Angular momentum vector, H=lv,

Matrix of inertial properties

Inertial reference frame. typically used as a subscript
Momenta of inertia about the ry. yg. and zy axis
respectively

Products of inertia about the rg-yp. rp-z5. and yg-
zp planes respectively

Moment about the rg axis. described in rhe body-
fixed reference frame

2 x 6 matrix of kinematic equations for augmenting
the linear model

2 x 2 matrix of kinematic equations for augmenting
the linear model

Unit vector that defines the (equivalent) axis about
which frame B is rotated with respect to [
Derivatives of roll moment with respect to angular
velocities (rotary moment derivatives)
Nondimensional derivatives of roll moment with re-
spect to angular velocities (rotary moment deriva-
tives)

Derivatives of roll moment with respect to angular
accelerations (mass of inertia coeffici )
Nondimensional derivatives of roll moment with re-
spect to angular accelerations (mass-moment of iner-
tia coefficients)




Symbol

Definiti

K. K. Ky

Ky Ko Ky

Ki. Ke. R

Ky KK

M,. M,. M,

MM

Rias.

Derivatives of roll moment with respect to transla-
tional velocities (static moment derivatives)
Nondimensional derivatives of roll moment with re-
spect to translational velocities (static moment deriv-
atives)

Derivatives of roll moment with respect to transla-
tional accelerations (mass-moment of inertia coeffi-
cients)

Nondimensional derivatives of roll moment with re-
spect to translational accelerations (mass-moment of
inertia coefficients)

Derivative of roll with respect to thruster output. o7
Derivatives of roll with respect to control plane de-
flections. Su. dap. dus. Pau

Apparent mass factor in the longitudinal axis
Apparent mass factor in the transverse axis

Gain of depth controller

Linear momentum vector. L =mu,

Hull length

Lift force (general usage)

Lift force on the hull

Lift force on the horizontal control planes
Lift force on the vertical control planes
Reference length

Moment about the yg axis described in the body-fixed
reference frame

Augmented apparent mass matrix (sum of real and
virtual added mass matrices)

Apparent mass matrix (sum of real and virtual added
mass matrices)

Real (physical) mass matrix

Virtual added mass matrix

Derivatives of pitch moment with respect to angular
velocities (rotary moment derivatives)
Nondimensional derivatives of pitch moment with re-
spect to angular velocities (rotary moment deriva-
tives)
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M. M. M.

MLAENE

MMM,

Mt

Mo s

Meaw

m

Mg

Derivatives of pitch moment with respect to angular
accelerations (mass-moment of inertia coefficients)
Nondimensional derivatives of pitch moment with re-
spect to angular accelerations (mass-moment of iner-
tia coefficients)

Derivatives of pitch moment with respect to transla-
tional velocities (static moment derivatives)
Nondimensional derivatives of pitch moment with re-
spect to translational velocities (static moment deriv-
atives)

Derivatives of pitch moment with respect to trans-
lational accelerations (mass-moment of inertia coeffi-
cients)

Nondimensional derivatives of pitch moment with re-
spect to translational accelerations (mass of
inertia coefficients)

Derivative of pitch with respect to thruster output.

s of pitch with respect to control plane de-
Hections. da. Aap. Buse Ban
Mass of the body

Moment about the =5 axis described in the body-fixed
reference frame

Simulations of vehicle behaviour with no active com-
pensation: ie. only passive roll stabilization
No range of acceptable behaviour indicated by
lations

Derivatives of yaw moment with respect to angular
velocities (rotary moment derivatives)
Nondimensional derivatives of yaw moment with re-
spect to angular velocities (rotary moment deriva-
tives)

Derivatives of vaw moment with respect to angular
accelerations (mass-moment of inertia coefficients)
Nondimensional derivatives of yaw moment with re-
spect to angular accelerations (mass-moment of iner-
tia coefficients)

imu-




Definiti

New: Neap: Neas: Vous

P
P
Prom

Derivatives of yaw moment with respect to transla-
tional velocities (static moment derivatives)
Nondimensional derivatives of yaw moment with re-
spect to translational velocities (static moment deriv-
atives)

Derivatives of yaw moment with respect to transla-
tional accelerations (mass-moment of inertia coeffi-
cients)

Nondimensional derivatives of vaw moment with re-
spect to translational accelerations (mass-moment of
inertia coefficients)

Derivative of yaw with respect to thruster output. &1
Derivatives of yaw wi(h respect to control plane de-
flections. &u. &4,

Subscript referting to huLl lift-drag plane

Generic input parameter

Nominal value of the generic input parameter

Roll (about rg). pitch (about yg). and yvaw (about
2p) angular velocities respectively

Overshoot width of path of the vehicle in a zigzag
maneuver

Rotation matrix mapping the decomposition of a
given vector in B to a decomposition in [

An arbitrary vector

Denotes the vector. r. described (or “decomposed™)
in the body frame

Denotes the vector. r. described (or “decomposed™)
in the inertial

Position vector describing the location of the center
of effort of the hull in the body frame

Position vector describing the location of the center
of pressure of a control plane in the body frame
Simulations of vehicle behaviour with active roll com-
pensation via rudders

Generic output parameter

Nominal value of the generic output parameter

Hull radius at station £

Hull radius at station ry



Symbol Definiti

S Augmented matrix of rigid-body coupling coefficients

s \la(n:( of rigid-body coupling coefficients

S(r) v ric matrix ing the crossprod.
uctr x -

S Sensitivit;

S: Cross-sectional area of the hull at station r

Sy Cross-sectional area of the hull at station r,

Traditional transformation matrix from inertial to
body-fixed reference frame

Superscript denoting the transpose of a vector or ma-
trix

N X

Augmented control input matrix

Control input matrix

worw Surge (along £p). sway (along yg). and heave (along
=p) linear velocities respectively

ga

v Vector of lincar and angular velocities expressed in
the body-fixed rn[orvnro frame.

v v ::rp:r'r
vy Vector of lmmlmnmd \lex‘mm along the body-fixed
axes.vy = n v ow
vy Vector of angular velocities about the body-fixed

axes. v. paqr

vee Velocity at the center of effort in body frame.
ver vee(r) reply) reet) 17

ver Velocity at the center of pressure in the body frame.
vep=[ repls) veply) rep(2) ]

v Velocity (scalar)

Vee Magnitude of the velocity at the center of effort

Ver Magnitude of the velocity at the center of pressure

w Weight force

X Force along the rg axis. described in the body-fixed
reference frame

Xut Force on the hull along the rp axis. described in the

body-fixed reference frame



Definition

I8- Ys-
LcE- YoE-

Zep- Yop-

Force on the horizontal control planes along the rg
axis. described in the body-fixed reference frame
Force on the vertical control planes along the ry axis.
described in the body-fixed reference frame

State vector in the standard state-space model
Derivatives of surge force with respect to angular ve-
locities (rotary force derivatives)

Nondimensional derivatives of surge force with re-
spect to angular velocities (rotary force derivatives)
Derivatives of surge force with respect to angular ac-
celerations (inerdia coefficients)
Nondimensional deri of surge force
spect to angular accelerations (inertia coefficients)
Derivatives of surge force with respect to translational
velocities (static force derivatives)

Nondimensional derivatives of surge force wirh re-
spect to translational velocities (static force deri
Pl

Derivatives of surge force with respect to translational
accelerations (inertia coefficients)

Nondimensional derivatives of surge force with re-
spect to translational accelerations (inertia coeffi-
cients)

Hull station that is the limit of integration in Perkins
method for determining the lift coefficient

Hull station where the rate of change of cross-
sectional area first reaches its maximum negative
value

Linear coordinates in the body-fixed reference frame
Linear coordinates of the center of efforr (hull) in the
body-fixed reference frame

Linear coordinates of the center of pressure (fins) in
the body-fixed reference frame

Linear coordinates in the inertial reference frame
Distance from the nose to the quarter-chord axis of
the after control planes

Linear coordinates of the center of buovancy in the
body-fixed reference frame

ith re-

e



Symbol

Definiti

T fqca

Lq- Yg-

Tyea

Distance from the nose to the quarter-chord axis of
the forward control planes

Linear coordinates of the center of mass (gravity) in
the body-fixed reference frame

Distance from the nose to the quarter-chord axis of
the control planes

Distance to moment center

Variable of integration

Distance to limit of integration

Derivative of surge force with respect to thruster out-
put. &7

Derivatives of surge force with respect to control
plane deflections. 8ur. du. dur. dut

Force along the yy axis. described in the body-fixed
reference frame

Force on the hull along the yg
body-fixed reference frame
Force on the horizontal control planes along the yg
axis. described in the body-fixed reference frame
Force on the vertical control planes along the yp axis.
described in the body-fixed reference frame

Output vector in the standard state-space model
Derivatives of sway force with respect to angular ve-
locities (rotary force derivatives)

Nondimensional derivatives of sway force with respect
to angular velocities (rotary force derivatives)
Derivatives of sway force with respect to angular ac-
celerations (inertia coefficients)

Nondimensional derivatives of sway force with respect
to angular accelerations (inertia coefficients)
Derivatives of sway force with respect to translational
velocities (static force derivatives)

Nondimensional derivatives of sway force with respect
to translational velocities (static force derivatives)

is. described in the
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T8

Zr

Z

al

S22y

- Ze- Ze

7.z

- Zeap: Zoas- Zeau

Derivatives of sway force with respect to translational
accelerations (inertia coefficients)

Nondimensional derivatives of sway force with respect
to translational accelerations (inertia coefficients)
Derivative of sway force with respect to thruster out-
put. &1

Derivatives of sway force with respect to control plane
deflections. du. bup. das. au

Force along the zg axis. described in the body-fixed
reference frame
Force on the hull along the =
body-fixed reference frame
Force on the horizontal control planes along the zg
axis. described in the body-fixed reference frame
Force on the vertical control planes along the =5 axis.
scribed in the body-fixed refe frame
Derivatives of heave force with respect to angular ve-
locities (rotary force derivatives)
Nondimensional derivatives of heave force with re-
spect to angular velocities (rotary force derivatives)
Derivatives of heave force with respect to angular ac-
celerations (inertia coefficients)
Nondimensional derivatives of heave force with re-
spect to angular accelerations (inertia coefficients)
Derivatives of heave force with respect to transla-
tional velocities (static force derivatives)
Nondimensional derivatives of heave force with re-
spect to translational velocities (static force deriva-
tives)
Derivatives of heave force with respect to trans!
tional accelerations (inertia coefficients)
Nondimensional derivatives of heave force with re-
spect to translational accelerations (inertia coeffi-
cients)
Depth error
Derivative of heave force with respect to thruster out-
put. &7
Derivatives of heave force with respect to control
plane deflections. &u. 8ap. Cas. Suu

axis. described in the
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bucp
b1
bvep
€
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Angle of attack in radians unless otherwise specified
Angle of sideslip in radians unless otherwise specified
Overshoot angle of the vehicle in a zigzag maneuver
Difference operator

Control input

Control plane commands for after lower. after port.
after starboard. and after upper fins respectively
Defiection of the horizontal control planes

Thrust input command

Deflection of the vertical control planes

Smiall perturbation

Vector of position and orientation expressed in the
inertial reference frame.
i nl I

- r
1 =lry 08¢
Position in the inertial reference frame.
m=iz g |

Orientation in the inertial reference axes.
m=io # v}

Ratio of finite length to infinite length cylinders
Subscript denoting equilibrium condition

Density of the fluid (sea water - assumed to be 1030
kg / m*)

Period of the zigzag manenver

Hull roll angle

Orientation angle about an intermediate reference
frame axis ry

Orientation angle about an intermediate reference
frame axis y

Orientation angle about the inertial reference frame
axis =

Heading error

Sweep angle of control plane

Displacement: the mass of the volume of water dis-
placed by the outer hull of the vehicle
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Chapter 1
Introduction

The surface of the earth is two thirds water. yet we know very little about what is
contained in vast areas of oceans and seas. In fact. we know more about objects in
space millions of kilometers away than we do about the ocean which has a depth of
only 11 kilometers at its deepest point. Yet the oceans may hold a wealth of resources
we may need in the future. Undersea exploration is the kev ro rapping rhese resources.
We also know that these huge masses of water play a major role in the carth’s weather
patterns. but more information must be obtamed in order to understand and model
their role in the earth’s ecosystems. In addition. knowledge of what is happening

under the waves is a major concern for defense of any country with a coastline.

1.1 Necessity of Ocean Exploration

In 1991. the Marine Board of the United States National Research Council set out to
form a strategy for the development and deplovment of underwater vehicles for work
and research under the sea. The results of their study were released in 1996 under
the title “Undersea Vehicles and National Needs™[1]. One of their conclusions was

the following (p. 3):

Conclusion 1: The nation has vital economic and scientific needs to



ignificantly advance its capabilities for working. monitoring, and mea-
suring in the ocean. Those needs involve national security. environmental
protection. resource exploitation. and science. Undersea vehicles can con-
tribute strongly to these capabilities by giving human beings access to
new kinds of information about little known areas of the ocean and the
seabed - information that may have a major impact on the well-being of

large populations.

In terms of national security. military applications for underwater vehicles include
mine detection and mapping. covert operations in hostile waters. and monitoring the
traffic in friendly waters. The military have been. until recently. the only ones with
money and inclination to develop the technology (others have had the inclination.
but money was hard to come by).

In the scientific realm. applications include profiling icebergs [2]. water column and

benthic survey and sampling [3]. In addition. underwater vehicles provide views of

organisms unavailable by other means. The

also provide a tool for environmental

monitoring [4].

Commercially. there are uses for underwater vehicles in many areas. For example.
nuclear power plant cooling tunnel inspections could be done with nnderwater vehicles
([5] suggests using autonomous vehicles because the tether of a remotely operated
vehicle would be a handicap in the long runnels). Further examples in the offshore

oil industry include vehicles as underwater “eves” for riser installation. pipe-laving.

etc.

{6]. under ice surveys. underwater profiling of icebergs. inspection of structures
and devices (e.g. Kort nozzles) (7.

It is important that man be able to operate underwater: he needs “eyes” and

“hands™ to accomplish a wide variety of military. scientifi

and commercial tas

]



1.2 Brief History of Underwater Operations

Man has historically been curious as to what goes on under the waves. Legend has
it that Alexander the Great (356-323 B.C.) was lowered into the Aegean Sea in a
glass diving bell. It was not until 1620. however. that an actual submersible boat

was successfully built and tested by Dr. Cornelius Van Drebbel (

1634). It was
a leather covered rowboat that made several trips under the Thames river. Later. in
1690. Edmund Halley (discoverer of Halley’s Comet) patented a diving bell that was
capable of submergence to 60 feet (138 m) for 90 minutes. In 1715. Englishman John
Lethbridge built the “diving engine”. which was used for many vears. [t was an oak
cylinder reinforced with iron hoops. It had a glass view port. and the operator’s arms
protruded through greased leather cuffs. The diver could stay under for 30 minutes
at 60 feet (18 m). These were ancestors of modern submarines. deep submergence

rescue vehicles. and one-atmosphere diving suits.

1.2.1 Manned Vehicles
Submarines

The developments in submersible technology in the vears that followed were driven
by military goals. although the various navies did not necessarily think there was a
need for such contraptions. American David Bushnell built the Turtle which was used
unsuccessfully against the British ship HAMS Eagle in New York harbour in 1776. In
1800. Robert Fulton of steamship fame ( Clermont in 1807). built the Nautilus for the
French government. but was unable to convince them of its usefulness as a military
tool. In the 1850s a Prussian corporal. Wilhelm Bauer. built submarines first for the
Germans. then for the Russians when the Germans dismissed his work. Submarines
were again used with dubious success in the American Civil War - the CSS Hunley
sank twice on training missions (the second time taking all hands including its backer.

cotton broker H. L. Hunley). and finally sank a third time after sinking the [USS



It was di in 1995 and v raised. In 1874. John Phillip
Holland submitted a design for a submarine to the US Secretary of the Navy. His
efforts. after many discouragements. eventually lead to the first practical submarine
(the Holland VI. later the U'SS Holland when the US Navy bought it in 1900) that
used a gasoline engine for travelling on the surface and charging batteries. and an

electric motor for sub it Later s ines (starting with the French

submarine Aigrette in 1904) used diesel engines rather than gasoline for obvious safety
reasons. From there. submarines have developed such that there is a wide variety of
military versions up to and including nuclear powered missile delivery svstems. as

well as many non-military submarines for tourist' purposes and private use.

Submersibles

For scientific missions. the work on submersible® technology began in earnest only
relatively recently. [n 1930. William Beebe. a zoologist. descended to 1426 feet (435
m) in a bathvsphere { “deep sphere”). a hollow steel sphere with an inside diameter of
54 inches. and 3-inch thick glass viewports. The heavy ball was lowered from a barge
to depth with a steel cable. If the cable snapped. the bathysphere would sink to the
bottom. Power for telephone and lights was provided from the surface via a second
cable. and an air hose was also used. In 1934. Beebe and Otis Barton descended to
3023 feet (923 m). Barton descended to 4500 feet (1372 m) in a modified bathysphere.
off California in 1948. Swiss balloonist Auguste Piccard and his son. Jacques. built a
bathyscaphe (~deep boat”) in 1954. The FVRS-2* consisted of a steel ball suspended
from a metal float filled with gasoline. Buoyancy was adjusted by releasing iron ballast
in a controlled manner. In February of that year. Georges Houot and Pierre-Henri

Willm descended to 13827 feet (4050 m) in this bathyscaphe. Piccard and his son

UJanes Underwater Technology 2000-200118] lists 13 types of tourist submarines in operation
world wide.

*Submersibles. unlike submarines. tend to lack the ability to perform long-range operations. They
are typically transported to the site of interest and launched from a support vessel.

$FNRS-1 was a high-altitude balloon.



built the Trieste in 1952-3. This bathyscaphe achieved world-wide fame in 1960 when
Jacques Piccard and US Navy Lieutenant Don Walsh descended 35.300 feet (10.911
m) to the bottom of the Challenger Deep in the Marianas Trench of the Pacific Ocean.
the deepest known part of the ocean’s Hoor. In 1953. Jacques Cousteau designed the
Diving Saucer for scientific observations in waters up to 1000 feet deep. In 1962 the
ALVIN (named after Wood's Hole Oceanographic Institute (WHOI) researcher Allyn
Vine who had championed the need for it) was funded. It was launched in 1964 and
is still in service today. in spite of having sunk in 3500 feet (1676 m) of water in 1963
(it was recovered less than a year later). This famous submersible has been involved

in finding a lost H-bomb off the Spanish coast in 1966. discovering the existence of

thermal vents in 1977, and exploring the HMS Titanwe in 1986. Jane's [8] lists

tvpes of manned submersibles. including ALVIN. currently active.

1.2.2 Unmanned Vehicles

To accomplish the necessary underwater work. manned submarines have traditionally
been the tool of choice since they allowed humans to get down there and have a look
for themselves. Thev are. however. expensive and involve risk for the occupants.
Several submarines have been lost over the vears with accompanying loss of life.
There have been some successful rescues. In 1939. the Squallus rescue using a new
diving bell. the McCann Rescue Chamber. saw 33 men rescued from 243 feet (71 m)

[9]. To reduce costs and risks. current technol is ing on devels

of unmanned submersibles. “Any system that will remove man from the water and
can do the job with efficiency is preferred.” ({6] p. 240) There are several types of

unmanned submersibles in use today.

Remotely Operated Vehicles (ROV)

Remotely operated vehicles are unmanned submersibles that are operated from a ship

via a tether through which power and communications are available to the vehicle.
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In the early 1960s the Cable-controlled Undersea Recovery Vehicle (CURV) was de-
veloped by the US Navy (the former Pasadena Annex of the Naval Ordnance Test
Station) to retrieve test ordinance lost off San Clemente Island at depths as great
as 2000 feet. The vehicle became famous in 1966 with the recovery of an H-bomb
off Spain in 2800 feet of water. This success spawned later generations of vehicles
designated CURV II. CURV II-B. CURV [I-C and CURV III. CURV. now referred
to as CURV . pioneered the concept of undersea teleoperators and is credited as the
first practical remotely operated vehicle (ROV). Throughout the 60s. 70s. and 30s.
the ROV has matured and become an important tool for the offshore oil industry

for i

spection and underwater intervention. At present there are about 134 ROV of

different type and manufacturer in use world wide for 4 wide variety of tasks [3].

Autonomous Underwater Vehicles (AUV)

ROV are less expensive than manned submersibles and remove the risk to the op-
erators by allowing them to sit in relative comfort on the surface ship. The major
drawback is the tether. There is a high risk of the vehicle getting rangled up in it.
Also. at greater depths. these systems tend to run into problems with snap loading.
during which large tensions are generated in the tether. It is not uncommon to lose
an ROV when the cable snaps.

Autonomous underwater vehicles have no cable and are free swimming devices. [n
principle they further reduce the operating costs since it should not be necessary to
have a surface ship constantly monitoring them  once launched they are left to carry
out their mission and return to a pre-programmed pick-up site. The onboard power
supply limits this type of vehicle in terms of the duration of mission achievable. They
require a compact. lightweight. long-lasting power source.

SPURV (Self-Propelled Underwater Research Vehicle) is the first instance of an

autonomous underwater vehicle. though some point to the torpedo. invented in 1367".

‘In 1867. the Englishman. Robert Whitehead developed the “automobile torpedo™ (until that
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as the true beginnings of AUV technol Though v with the ROV. the

AUV has largely been an experimental vehicle until recent yvears. To quote Drew
Michel [10]:

~Autonomous underwater vehicles. or AUVs. have slowly progressed for
the past twenty-five years. limited by inadequate control logics. process-
ing hardware. energy limitations and. primarily. by lack of perceived need.
As with ROVs. AUV have been pushed mostly for military applications.
where the need for standoff or rapid broad area coverage for force multipli-
cation of costly naval vessels overrides other considerations. It is probably
safe to say that the dawning of the AUV is upon us and recent develop-
ments in energy. advanced algorithms and processors. and such innova-
tions as fibre optic micro cable that can be dispensed over distances in

excess of 200 km (without to give wide ion band-

widths have given rise to a broader experience base. Additionally. efforts
to bring down costs will influence positive future considerations of AUVs

as practical scientific and commercial tools.”

They have only recently matured to the level of commercial viability. but there is
currently a recognition of the need for AUV. and an expectation of increased benefit
from using these vehicles.

~There is a clear need for AUV for a broad range of research applications. most
of which are linked to what is presently known about the oceans.” ({3] p. 222)

~The new perspective provided by AUV will teach a great deal more than what

we might anticipate” (3] p. 222)

Currently there are on the order of 75 AUV of various manufacture in use today
as testbed vehicles. as search and survey tools. and for military purposes [3].

time stationary mines were called torpedoes).



AUV technology is rapidly becoming a viable tool to accomplish the scientific.
commercial. and military needs faced today. Schostak [11] makes a business case for
autonomous vehicles in the offshore oil industry. Bjerrum [12] contends that AUV
are commercially viable now and offers the example of one of his vehicle’s (Maridan
200) search for diamonds off Nambia. Griffiths et al. [13| describe some of their
successes with the Autosub-1. as further proof of the maturity of AUV as survey
tools. Northcutt et al. [14] make the case for AUV in deeper water to replace deep

towed systems. Bob Barton {13] reports:

“Overall. said Roger Lott. data from AUV surveys will reveal slope insta-
bilities. mud volcanoes and evidence of benthic communities living on and

around hydrate seepay None of this. he says. could be mapped to such

quality or resolution - if at all - by conventional deeptow survey

“We're seeing things we just couldn’t see before. he said.”

Other Types of U: Underwater

There are several other tvpes of vehicles for various purposes. such as trencher/crawlers
for pipeline and cable laving operations. and diver delivery vehicles. There are also un-
derwater vehicles that are tetherless but not autonomous: they are called Remotely
Controlled Vehicles (RCV). and involve higher-level commands sent to the vehicle
from the operator onboard the support vessel via an acoustic modem. Jane's [¥| lists
18 such RCV systems.

The focus of this work is on AUV since they are a maturing technology with im-

mense potential for being man’s underwater “eves”. “ears”. “hands”. ~fect”. “brain”.



1.3 Technological Requirements

In order for AUV to be firmly established as a viable. mature technology there are
several issues that need to be addressed. Since 1981 (see [16]). there has been a per-
ceived need for improvements in energy systems. navigation. guidance and control.
These needs were still relevant in 19587. though communications and systems integra-
tion were also identified as concerns [17]. In 1993. Collins (18] raised the issue of cost
effectiveness. The raising of this business related issue is a sure sign of a maturing
technology. In 1998. Griffiths {19] pointed out the need to address legal issues (e.g.
i ilitis it ing the of AUV technol as a vi-

and ki )

able commercial entity. He also rei 1 the need for !

in energy and
communications technology. and in software verification.

NRC(US) (1] in 1996 concurred in general (p. 5)

Conclusion 3: The committee finds the technological advances most
critical to these important missions are in the arcas of ocean sensors.

subsea communications. and mission and task-performing control systems.

The “mission and task-performing control systems™ part of this conclusion had
to do with implementing reliable. high-level control algorithms. but mission and rask
performance are dependent on the vehicle behaviour under operating conditions. In
the 1981 paper. the issue of reliability or fault-tolerance was also raised as requiring
attention. but the issue has since been left off of the list of enabling technologies.
Much work has been done on the fault tolerance of electronics and microprocessors.
and indeed the issue was raised in the context of artificial intelligence. but there is little
work done in the area of actuator fault conditions. [t seems that the prevailing thought
is that actuaror faults should be handled by aborting the mission and recovering the
vehicle. This may not be economically or physically possible in some missions. [n
most cases. it would be better to be able to extend the mission or at least accomplish

some subset of the mission objectives.



1.4 Environmental Effects Monitoring (EEM) with
AUV

Among the myiad of uses for AUV. is a vital role in environmental effects monitoring
(EEM). With the offshore oil and gas industry growing rapidly. it is important that
new and innovative methods for EEM be considered. One of the means of accomplish-
ing the task is to use an AUV that is equipped with suitable sensors for detecting the
presence of the chemicals in drilling wastes and produced waters. This AUV could be
used to monitor and assess chemical content in discharges of offshore installations.

Such an AUV needs to be designed with the ability to (a) hover in place for long
periods in cross-currents. and. (b) return to a known (x.y.z) position with accuracy
and precision. [t also needs to be very reliable. even (and particularly) in a structured
environment (i.e.. with fixed obstacles).

The AUV. Canadian Self-Contained Off-the-shelf Underwater Testbed (C-SCOUT).

was built ar the Institute for Marine Dvnamics (IMD) of the National Research Coun-

¢il (NRC) of Canada. and the Ocean Engineering Research Centre (OERC) of Memo-
rial University of Newfoundland (MUN). This AUV is part of the Natural Sciences
and Engineering Research Council (NSERC) Strategic Project: ~Offshore Envi-

using A Underwater Vehicles™ which in-
volves a number of research and industrial partners including MUN. IMD. C-CORE.
the University of Victoria. Petro-Canada. International Submarine Engineering (ISE)
Ltd.. and Geo-Resources [4]. A prototype vehicle has been built as a platform for
(sub)system development and testing. The C-SCOUT was designed to be able to
cruise ahead or astern with a high degree of maneuverability. and to be able to hover.
even in a crosscurrent. making it suitable for a variety of environmental monitoring
missions. It has multiple fins (control surfaces) and multiple through-body thrusters.
The fins are used for maneuvering at speeds above approximately three knots while

the number and placement of the thrusters provides a high degree of control for posi-
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tioning and orienting the vehicle while maneuvering at low speeds or while hovering
in-place within a cross-current. The maneuvering capabilities make it possible to
place and hold C-SCOUT-mounted equipment such as sensors or samplers at known
locations in the water column. This vehicle will be a valuable tool for monitoring
and assessing discharges of offshore installations. and for gathering data to validate
numerical models (which have also beer: developed within the scope of the strategic

project) that predict the consequences of these discharges.

1.5 Vehicle Behaviours

In order to accomplish the mission objectives or even a specific subset of the mission
objectives (a particular task). there must be some knowledge of the dynamics and

hydrodynamics involved: i.c.

the vehicle behaviour. During the design stage. it is
possible to choose parameters that will enhance specific mission-related abilities of the
vehicle. Model simulations and scale model testing allow the designer to “optimize™
those parameters. Some of the risks to a particular type of mission or task may be
reduced or even eliminated by good design choices. It is useful to establish the most
sensitive and/or significant parameters in the design process. Further. knowledge
about the behaviour of the vehicle under fault conditions may be very useful in
extending the vehicle’s capabilities so as ro “save” the mission or task. Simulations of
typical fault conditions provide information about vehicle behaviour that will aid in

mission ion and lanning. The infc

may even lead to streamlined
fault-detection algorithms. Control plane faults are the most obvious cause of changes
in vehicle behaviour. Reliable control requires clear understanding of the physics
of the vehicle behaviour. even under fault conditions. This knowledge facilitates
achieving the goal of extending the mission beyond nominal capabilities.

The work presented herein is intended to describe the effects of changes in design

parameters on vehicle behaviour. and to describe the effects of actuator fault con-



ditions on vehicle behaviour. The primary motivation for the work is to investigate

vehicle ours in light of c v. and ding the nominal operating
capabilities. Accurate control of AUV is not trivial. and. as in any svstem. is best

accomplished when as many factors as possible are accounted for.

1.6 Modeling and Control of AUV

The problem of nominal control of autonomous underwater vehicles has been well
stated by Yuh [20]. The dy ics of AUV are v multivariable and non-

linear due to rigid body coupling and the hydrodynamic forces on the vehicle. This
noulinear behaviour is similar to that of aircraft except that the high density of water
increases the significance of the forces and moments due ro Huid motion. The dense
Huid also leads to significant effects on the vehicle's motion as a result of accelerating
the fluid surrounding the vehicle (“added mass™). In fact. hydrodynamic characteris-
tics of the vehicle are often poorly known and change with operating conditions and
payload configurations. Even when tests are conducted to find the parameters. the
values obtained are only valid for conditions near those of the test.

Controlling a highly nonlinear system such as an AUV. that has significant un-
certainty in the parameters. and is operating in an unpredictable. nonhomogeneous
environment is a difficult rask. Controlling such a system so as to be able to maintain
control even in the event of component failure. has typically been addressed as three
separate problems: first - a robust nominal controller that will handle the nonlin-
earities and parameter uncertainties: second - detection and isolation of component

failures (before they become debilitating. if ible): and third - the

controller to accomplish the task.
Most nominal control systems found in the literature which are applied to un-
derwater vehicles. are model based. When assumptions are made to linearize the

model. some well-established techniques for linear systems can be employed. Jalv-
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ing and [21] linearized and an AUV model then applied PID
controllers. Healey [22] used the Linear Quadratic Gaussian (LQG) method because

it is robust with respect to inties and small disturb to the

vehicle system. Chellabi and Nahon [23] used feedback linearization with an LQG
approach to develop a controller. Adaptive control (Fossen and Fjellstad [24]. Fossen
and Sagatan [25]. Goheen and Jeffervs [26]. and Yuh [27] [20] [23]) has been used
to attempt to account for uncertainty of the parameters. but this control method
still relies on a linear model. Others have focused on sliding mode control (see e.g..
Yoerger and Slotine [29]. and Dougherty. et al. [30]). Cristi. et al. [31] have combined
sliding mode control with adaptive control. Yuh. et al. {32| have also used neural
networks as a vehicle controller. Sordalen [33]. et al. use differential geometry to
derive a control law based only on a kinematic model. Nakamura and Savant [34] use
a Liapunov-like function for a control law.

There is much less information in the literature on fault detection in AUV con-
trol systems. Determining when a fault has occurred or will occur is dependent on
the values of system parameters. Alekseev et al. [35] use an observer-based ap-
proach to identify parameters. Healey proposed methods for identifving paramerers
using Kalman filters and neural networks [36] and using Kalman filters. batched least
}

There is also relatively little in the literature on fault handling in AUV control

squares. and exponentially weighted least squares |

systems. Rodriguez and Dobeck {38| use an expert svstems approach to keep the

vehicle safe by aborting the mission when a fault occurs. Barnett et. al.

a rule based method for handling faults. but their application is more sophisticated

and allows completion of the mission where possible. Payton et

40| have a novel
approach that uses what is known to be possible rather than trying to determine the
problem. Leonard [41] {42] [43| synthesizes controls using differential geometry. and
averaging theory. but this method has serious drawbacks for typical AUV because of

the separation of the center of buoyancy from the center of gravity [44].
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Modeling the vehicle is important for control purposes. and it is important for in-
vestigating the sensitivity of AUV to various changes in parameters. The modeling of
AUV has been developed from work on submarines. torpedoes. airships and missiles.

Lambert [45] investigated the effect of changing the linear stability derivatives
on the behaviour of a torpedo. focusing on the stability margins to determine the
accuracy required for the stability derivatives. This study was done without the
aid of modern computing facilities. and therefore involved a number of simplifving
assumptions unnecessary with the tools available today.

Gertler and Hagen (46| developed the Standard Equations of \Mfotion for Sub-
marines. based on a Taylor Series Expansion of the Newton-Euler equations of mo-
tion for a body moving through a fluid. and on much experimental experience. The
equations were updated by Feldman [47].

Humphreys and Watkinson [48] used Gertler and Hagen's work to develop linear
equations of motion for underwater vehicles. Then they use USAF DATCOM to
generate the necessary coefficients. Nahon [49] uses the same idea with an updated
DATCOM. and compares the results with dara from other sources.

Humphreys [50] developed the equations of motion based on small perturbations
(similar to Taylor Series Expansion). then formulates them into linear system transfer

functions. He presented an example case to show typical values to be expected.

{ uses a quaternion approach for modeling and control of AUV.

The modeling approach used in this work involves standard vector representation
of the Newton-Euler equations of motion. where the forcing function is constructed
from lift and drag relations. The model was used to examine the sensitivity of AUV to
variations in hydrodynamic parameters. It was also used to investigate the behaviour
of the vehicle when a control plane fault occurs. Chapter Two provides information
about the physical vehicle. C-SCOUT. a streamlined AUV, and also presents the
nonlinear and linear models developed based on the base configuration of C-SCOUT.



1.7 Methodology Used

1.7.1 Sensitivity of Added Mass to Changes in Vehicle Geom-
etry

Added mass coefficients can have a significant effect on the transient response of a
body. and they are dependent on the geometry of the body and the flow conditions
it is experiencing. Part of the concept for C-SCOUT is that modules may be added.
or change positions. [t is therefore useful to know what effects variations of geometry
will have on the added mass. A sensitivity study using a computer program called
Estimate Submarine Added Mass (ESAM) provided information about how vehicle
added mass characteristics change with variation of vehicle geometry. Several features
of the vehicle were systematically varied and the added mass determined for each
variation. The data were analyzed for trends. This work reports actual data in
support of the conventional thinking. A study of this nature has not been reported
before now. The work has been submitted for publication

Three of this thesis.

and makes up Chapter

1.7.2 Sensitivity of Vehicle Resp to Variati in Hydro-
dynamic Parameters

It is useful to know how accurate the model parameters need to be in order to ensure
a reasonable amount of fidelity between the hydrodynamic model and the physical
system. It is also important to know how variations in the hydrodynamic properties
of a vehicle (which are dependent on design choices) will change the response of the
AUV. To investigate these issues. a sensitivity study using a fully nonlinear computer

model of the C-SCOUT was made to identify the changes in the behaviours of the

vehicle as the hydrodynamic parameters are systematically varied.

Humphreys and Watkinson [53] demonstrated a method of estimating added mass



coefficients from vehicle geometry. They went on to compare the values estimated

with those ined from i They also perfc a sensitivity analysis

on the added mass coefficients in the linear transfer functions. keying in on stability
and control issues. The present study looked at other hydrodvnamic parameters. as
well as added mass. and uses a nonlinear model. looking at vehicle motion response
parameters in specific maneuvers to evaluate the sensitivity and importance of the

various to the vehicle perf

Sen [54] investigated the sensitivity of vehicle response to variations in hydro-
dynamic coefficients. Here. Sen’s method for sensitivity analysis was used with a
different modeling approach to provide new data. Sen used the standard Taylor Se-
ries Expansion approach. while the present model is based on lift and drag equations.
The Taylor Series Expansion requires experimental data to supply the values of the
coefficients. while the method of lift and drag forces nses empirical values already
available.

Several standard maneuvers were simulated for cach variation of a set of hydro-
dynamic parameters such as the lift coefficient for the hull (C¢,,.,). The maneuvers
chosen were turning circles for indication of changes in steady state vehicle response:
horizontal and vertical zigzags were chosen to highlight variations in the vehicle’s
transient response. These maneuvers were chosen for the simulations because they
are standard maneuvers nsed in testing real ships and/or submarines.

The results of the sensitivity study are important for making valid design choices.

and for understanding the effects of the particular design choices on the controllabili

maneuverability. and stability of the vehicle. These results have also been submitted

for publication |

and they constitute Chapter Four herein.

1.7.3 Effects of Control Plane Faults on Vehicle Response

It may be important to be able to operate the vehicle when it has reduced control

authority due to a control plane fault. such as a jammed or a missing control plane.
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Knowledge of how the vehicle behaves under these conditions will allow the mission
planner to make critical decisions about the viability of the mission or of certain

specific subtasks. Knowledge of vehicle b i under fault itions can also

facilitate the use of operational envelopes in restricted waters: i.e. a healthy AUV may
be restricted in the magnitude of control plane deflections. so that it can maintain a
safe trajectory even if a control plane fails. A systematic study was made involving
simulations of the vehicle under fault conditions to identify the vehicle behaviours
typical of such fault conditions. The simulation tool used is a linear model of the C-
SCOUT. and the maneuvers used were those most likely to be desired during normal
operation: holding course. a controlled dive. and a turn in the horizontal plane. The

work on behaviours during faults is new. and is reported in Chapter Five.

1.8 Principle Results and Conclusions

In Chapter Six. the main results for each of the studies are presented. and conclusions
are drawn.

The study of the sensitivity of added mass to variations in vehicle geometry has
demonstrated that conventional thinking based on the axisymmetric. streamlined.
slender body geometry of a typical vehicle is valid. As the length-to-diameter ratio
increases. it is the mass-moments of inertia about the axes normal to the length of
the hull that are most affected. It is the same mass-moments of inertia that are again
most affected by the variation of the location of the control planes along the length
of the hull. The size of the control planes affects each of the added mass coefficients
approximately equally.

Examination of the effects of changing the hydrodynamic parameters. including
the added masses. highlighted several facts that are important to consider for design

of the vehicle and its controller. These effects include the following:
o Even though the vehicle is not symmetric about the reference x-v plane (it is
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symmetric about the x-z plane). and the weight-buoyancy couple is only relevant
in the vertical plane. the response in horizontal zigzags is very similar to the

response in vertical zigzags.

 Although changing the roll added mass-moment of inertia does not cause any
significant change in the vehicle response. the other principle coefficients must
be known with reasonable accuracy to have a good model of the vehicle. since
varying the principle added mass derivatives can significantly change the vehicle
response in transient maneuvers. Varying the heave-pitch coupling element also
results in changing the response of the vehicle. but none of the other coupling

coefficients cause the same magnitude of effects. [t is useful to design the vehicle

50 as to reduce the influence of the added mass derivatives as much as possible

by streamlining the vehicle and reducing the size of the appendages.

Increasing the hull lift force causes the vehicle to turn more sharply. but it
makes it more difficult to recover from the rurn. This is consistent with the
destabilizing influence of a side force applied forward of the center of mass.
Increasing the hull drag slows the vehicle down. tending to reduce the spatial
requirements at the expense of requiring more time. and. consequentially. more
energy to complete the maneuver. Some effort mnst be made in the design of
the vehicle to reduce the drag as much as possible. This will also reduce the lift
on the hull. and therefore the effort required to initiate or recover from a turn.

e Increasing the drag on the control planes has the same effect as increasing
the hull drag: the vehicle is slower and requires more energy to complete the
maneuver. I[ncreasing the lift of the after fins increases the stability of the
vehicle. reducing the turning ability. but increasing the ability of the vehicle ro
initiate and recover from turns: i.e. more fin lift translates into more control

authority.
e Varying the distance from the center of mass to the center of effort of the hull
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illustrates that there are conflicting requirements for the vehicle response in

transient conditions as opposed to the vehicle response in steady conditions.

Variation of the location of the center of pressure of the control plane along the
span of the control plane (perpendicular to the hull for C-SCOUT) has virtually
no effect on the response of the vehicle in any of the maneuvers studied. Moving
the location of the center of pressure causes the vehicle respond consistent with
the concept of increased control authority with increased moment arm to the

center of pressure.

The combination of the two sensitivity studies shows how the added mass and

other hydrodynamic parameters affect vehicle motion. Together. thes

studies provide
valuable data about the design choices available to the vehicle designer. The data

can be applied to a gi

en

set of constraints. enabling the designer to make informed
decisions.

The results of the sensitivity simulations using the nonlinear model confirm the

results obtained by other earlier studies using linear models. Therefore they
validate the nonlinear model.

The investigation of vehicle behaviour under control plane actuator faults provides
useful operational data. as well as information pertinent to control strategies. In
general. the depth controller gain should be kept as high as possible without inducing
instability in the vehicle response.

To guarantee adequate performance even with jammed control planes. the port
and starboard control planes should be restricted to angles near zero. Since this is too
restrictive. especially in maneuvers involving diving. the operational envelope for the
horizontal planes can be expanded as required for the mission. but some degradation
of performance can be expected if one of the horizontal planes jams at an angle not
near zero.

The operational envelope for the upper and lower (vertical) control planes is less re-

stricted. while still providing of : € forma even with jammed
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planes. The choice of active roll compensation depends on how important the roll
angle is to the task at hand: use all the remaining planes to compensate for the ef-
fects of the jammed plane if roll must be limited. otherwise no roll compensation is
necessary or of benefit.

The fault condition simulations provide useful information. especially concerning

safe operating envelopes for the C-SCOUT for particular mi

ion requirements. The

information can also be used to enable the vehicle to perform self-diagnosis procedures
under some conditions.

The thesi

s completed with a list of recommendations for future work in Chapter

Seven.

1.9 Contributions and Relevance

It is to be noted that a portion of the work hercin may be a repeat of military
AUV research. however. such research has not been reported in the open literature.
Therefore. this research presents important “new” information to the underwater

vehicle communi

at large.

This work reports actual data in support of the conventional thinking concerning
the effects of changes in geometry of the vehicle on the added mass of the vehicle.
The systematic study provides useful information for guiding design choices. as well
as operational decisions for modular vehicles.

The results of the systematic study of the sensitivity of the vehicle motion response
to variations in hydrodynamic parameters are also important for making valid design
choices. and for understanding the effects of the particular design choices on the
controllability. maneuverability. and stability of the vehicle. Again. the information
presented here is also useful in operation of an AUV such as C-SCOUT for making
decisions about control algorithms when the configuration of the vehicle is altered.

Effects of control plane faults on vehicle motion response have been catalogued for
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a number of specific instances representing a range of possible control plane faults.

Conclusions are drawn about how roll compensation helps or hurts performance dur-
ing a maneuver with a fault present. In addition. the fault behaviours are used to
define safe operation limits for the vehicle (using an arbitrary set of acceptability
criteria). This new information that is licable in a qualitative sense

across the range of streamlined (axisymmetric) vehicles. and can be used by vehicle

operators to make critical decisions about mission viability.



Chapter 2

C-SCOUT: The Real and the
Virtual

The Institute for Marine Dynamics (IMD) of the National Research Council (NRC)
Canada and the Ocean Engineering Research Centre (OERC) of Memorial University
of Newfoundland (MUN) began a collaborative effort in September of 1995 to design
a streamlined autonomous underwater vehicle (AUV). This AUV. the Canadian Self-
Contained Off-the-shelf Underwater Testbed (C-SCOUT). is intended to serve as a
test bed for systems research. and as a general research and development tool for
vears to come.

One of the key elements in the vehicle’s effectiveness as a test bed is a fundamental

ofits v and of its sensitivity to changes in hvdrodynamic
parameters. Knowledge of these characteristics will allow the systems designer to sep-
arate inherent vehicle behaviour (i.e. the behaviour of the test bed) from behaviour
induced by the system being tested. resulting in a clear measurement of the perfor-
mance of that system. Knowledge of the behaviour of the vehicle is also important
when considering large-scale changes in parameters such as occur when an actuator

fault condition is encountered. or when a large payload module is added.
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2.1 The Physical Vehicle

The C-SCOUT vehicle was designed and built by graduate students at Memorial Uni-
versity of Newfoundland. by work term students emploved by IMD and OERC. and
by IMD and MUN technical personnel [36] [57] [58] [59] [60] [61] 62| [63] [64] [63] (66].
The AUV is part of the Natural Sciences and Engineering Research Council (NSERC)

Strategic Project: ~Offshore Envi Engineering using A Under-

water Vehicles™ which involves a number of research and industrial partners includ-

ing MUN. IMD. C-CORE. the University of Victoria. Petro-Canada. International

Submarine Engineering (ISE) Ltd.. and Geo-R [4]. Future variations of the
AUV can be configured for a wide variety of missions including ocean environmental
monitoring. search and survey. under ice operations. iceberg profiling. oceanographic
sampling. and mine detection and countermeasures. The prototype vehicle has been
built as a platform for (sub)system development and testing.

The C-SCOUT was designed to be able to cruise ahead or astern with a high degree
of maneuverability. and to be able to hover. even in a crosscurrent. [t was therefore
designed to be streamlined in shape. and has an ellipsoid nose. parallel cylindrical
mid-body. and a cubic spline tail. The full configuration (see Figure 2-1) will have
the four aft control surfaces. as well as four forward control surfaces. The control
planes are all-movable surfaces and are tapered (c¢/c, = 0.4) NACA 0015 sections
with an aspect ratio of six and zero angle of sweep. In addition. this fully actuated
version will be equipped with six through-body thrusters. placed so that. along with
the main propulsor. they facilitate motion control in any degree of freedom (DOF).

The construction of the vehicle is being accomplished in stages. The base con-
figuration of the vehicle has four control surfaces aft. and a single thruster aft for
propulsion (see Figure 2-2).

To make the vehicle easily amenable to a wide variety of configurations. including
upgrade to the full configuration. the AUV was designed and constructed as simply as

possible using modular sections. such that jon can be lished with
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Figure 2-1: Full Configuration C-SCOUT AUV

minimal time delay. It is the modular nature that allows lengthening and shortening
of the vehicle to accommodate various payloads and control system configurations.

C-SCOUT is typical of many vehicles active in the world today; it is a hydro-
dynamically streamlined, axi-symmetric, slender body using control planes for di-
rectional control. It is atypical in that the after control planes are mounted on the
parallel mid-body rather than on the tail section. This allows greater variation of
the configuration of the vehicle, i.e. different tail sections and main propulsors may
be used without redesigning the control plane section. The elliptical nose and cubic
spline tail section (designed to increase the inflow to the propulsor) are also somewhat
distinctive.

To date, the first vehicle (base configuration) has been built and is currently un-

dergoing systems validation. A second hull has been fabricated for full-scale hydro-
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Figure 2-2: Base Configuration C-SCOUT AUV

dynamic experiments. This hull has already been used for testing a novel propulsion
scheme (a cyclic-pitch propeller) for low speed directional control without control
planes or through-body thrusters. It is also currently being used to test flow condi-

tions for through-body thrusters.

2.2 The Virtual Vehicle

A computer model can be used to determine the value of vehicle design parameters

and to validate design choic It is also useful for designing and testing control
algorithms. In addition, the model can be used after the vehicle is built to pre-screen
mission scenarios, or to aid in the post mission analysis.

In conjunction with the physical vehicle, a computer model was developed to

test ideas and algorithms before committing them to hardware. The nonlinear com-
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puter model [67] and the lincarized model from it were developed in
Matlab”™ /Simulink ™.

This fully nonlinear model is based on the physics of rigid-body motion in a fluid.
ike the motion of any body in 3-D

The motion of an autonomous underwater vehicle.
space. can be described in terms of the Newton-Euler laws of motion. where the rate
of change of momentum of a rigid body is equated to the forces/moments causing the

change.

=%
G=H
where F is the force vector and G is the moment vector. L and H are the linear

momentum and angular momentum vectors. respectively. and are products of mass.

m. and linear velocity. vy. and of inertia. L. and angular velocity. va. respectively.

= my,

L
H = Iv.

The rate of change of momentum of the body is a function of its inertial characteristics.
while the forces and moments causing the change are a summation of the external
forces and moments acting on the body. For a body such as an AUV. there are
motions in six degrees of freedom: surge. sway. heave. roll. pitch. and vaw (see Figure
2-3). There is also significant coupling between the motions in different DOF. On the
assumption that the vehicle behaves as a perfectly rigid body. the quantities defining
the rate of change of momentum in each DOF can be determined exactly. algebraically.
The external forces and moments. however. by their nature are somewhat uncertain.
Typically the excitation force terms are a function of the motion variables (see for

example equation (2.1) where X represents the total force in the surge direction). and




Figure 2-3: Inertial and Body-fixed Reference Frames

can be written as a Taylor Series Expansion.

X =f (i, b,w,p.4,7,u,v,w,p,q,7,6,0,8;) (2.1)

For example, equation (2.2) is the Taylor Series Expansion of the excitation forces in

the surge direction. Only the linear terms have been retained.

X = Xui+ Xob + Xow + Xpb + Xod + Xof
+Xuu + Xov + Xyw + Xpp + Xpq + Xor
+X 40+ Xob (2.2)
+5X5,6
+X=
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Note that the subscript notation. .X,. denotes the partial derivative of X with respect
to the i** state variable. The first line of the right-hand side of equation (2.2) contains

the forces due to ion. and the X, coeffici represent the added masses for

the vehicle. The second line contains the forces due to velocity dependent effects. The
third line contains the forces due to the orientation of the vehicle: i.e. the gravitational
and buoyancy forces'. The fourth line contains the forces due to control actuators.
where 8, include the control surface deflections. e.g. &,, for the after starboard control
plane. etc. The last line is the force required to maintain the equilibrium state (e.g.
straight and level flight at a constant forward speed) about which the Taylor Series

Expansion is taken. The terms represent physical effects on the vehicle as a whole.

and are not always analytically simple to determine. This method requires physical
model testing in order to determine the coefficients (hydrodynamic derivatives) of the
terms in the Taylor Series Expansion.

The nonlinear model of the C-SCOUT is also based on the Newton-Euler equations
of motion. but the excitation terms are formulated in terms of the lift and drag forces
that are applied to each of the components of the vehicle. i.e. to the hull and the
control planes. The resulting forces and moments are summed together to provide
the forcing function applied to the vehicle. This method is called rhe body build-up
technique {68] or the component build-up method [69|. The advantage here is that
these forces can. for the most part. be determined analytically. and therefore provide a
quick answer without excessive computational effort. They must. however. be verified
by physical model testing to ensure accuracy in the computer model. This testing
will also quantify the interactions between the hull and the control planes. A further
advantage of the component build-up method is that it is not limited to a region about
the nominal operating (equilibrium) state of the vehicle. an assumption inherent in the
Taylor Series Expansion method. It does. however. depend on coefficients that have

' Note that equation (2.2) does not contain the term XL since the yaw attitude (vehicle heading)
does not contribute to the gravitational and buoyancy forces.



some physical constraints (e.g. control plane stall angle) over the range of vehicle

motions. These ints must be for in the model or they
constitute limits of validity for the model.

The forcing function includes terms from both viscous effects (lift and drag) and
from pressure effects (“added mass™ and radiation damping). as well as terms for
gravity and buovancy forces. Each set of forces and moments are dependent on the
geometry of the vehicle. Changing the geometry of the vehicle is therefore expected

to have an effect on the forces experienced by the vehicle.

2.2.1 Assumptions

An autonomous underwater vehicle can be modeled as a rigid body in space. The
rigid body assumption means that all flexure of the vehicle body is neglected. and
that the vehicle is of fixed dimensions and mass distribution. Even a moderately
sized vehicle. however. will flex to some extent when force is applied to it (e.g. forces
developed by control plane angles of attack intended to cause the vehicle to rotate
will also cause the vehicle to bend slightly). Variations in pressure on the hull will
also cause elastic deformations and changes in buoyancy due to compression. All of
these effects are relatively minor. and can be ignored or treated as uncertainty in the
model.

In addition. some vehicles use variable ballast systems to maintain buoyancy and
trim in the face of significant variations of density and temperature of the ocean
environment. The obvious penalty (in terms of control) for these systems is that the
vehicle no longer has a constant mass or mass distribution. This too can be accounted
for in terms of uncertainty in the model. or as a disturbance to the control system.

The computer model for C-SCOUT assumes a rigid body with constant mass and
distribution of mass properties. C-SCOUT does not have a variable ballast system
(vet). so the mass distribution is essentially constant. The model is limited to small

angles of attack on the hull and control planes.
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2.3 Dynamics and Hydrodynamics

Describing the motion of a body in 3-D space in terms of the Newton-Euler laws of
motion is known as vector mechanics. and is the most intuitive approach for AUV
motion. The trajectory of the vehicle is usually one of the important reasons for
modeling vehicle dvnamics: it involves a position (and often an orientation) in space
over an interval of time. The position and orientation of a vehicle are most easily
described by vectors. Vectors. by definition. require a reference frame. since they

consist of a magnitude and a direction.

2.3.1 Frames of Reference

The vehicle can move freely in all three dimensions. that is. it has six degrees of

freedom (DOF) - three translational and three rotational. The description of the
vehicle motions. as well as description of the orientation and position of the vehicle.

are facilitated by the use of orthogonal reference frames. the two most important of

which are the inertial frame and the body-fixed refe frame (see Figure
2-3).

The inertial frame is “fixed” to the earth and it is denoted by the subscript [. e.g.
r; denotes an arbitrary vector. r. described (or “decomposed”) in the inertial frame.
The SNAME [70] standard inertial reference frame is a right-handed. orthogonal set
of axes where the z;-axis is directed downward towards the center of the earth (i.e. in
the direction of the pull of gravity). The direction of the x;-axis is arbitrary as long
as it is in the horizontal plane (orthogonal to the zj-axis): it is usually taken to be
coincident with the forward direction of the vehicle at time zero. Once the direction
of the x;-axis has been chosen. the direction of the y;-axis is defined in accordance
with the right hand rule for right orthogonal frames. The body-fixed frame has its

origin at the center of mass of the vehicle®. It moves with the vehicle. and is denoted

*The body-fixed frame could be attached at any point on (or even off) the vehicle body. but it
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by the subscript B, e.g. rp denotes the vector, r, described in the body frame. It is
to be noted that r; and rp may describe the same vector, but with respect to the two
different reference frames. The xp-axis of the body frame is pointed towards the nose
of the vehicle, the yg-axis points directly to starboard, and the zp-axis is directed
toward the bottom of the vehicle. The six basic motions are: translation along the
xp-axis (called surge), translation along the yg-axis (sway), translation along the
zg-axis (heave), rotation about the xz-axis (roll), rotation about the yp-axis (pitch),
and rotation about the zp-axis (yaw).

In addition to these two basic frames, it is useful to define other frames for impor-
tant relationships between the vehicle and the environment. For example, in order to
ascertain the body forces on the vehicle, it is necessary to know the velocity of the

vehicle relative to the flow of water in which it is immersed (see Figure 2-4). The

Xp

Figure 2-4: Flow with Respect to the Body Frame

drag force on the hull is by definition colinear with the direction of the flow, while the

simplifies the dynamic equations if the origin is at the center of mass (center of gravity).
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lift force on the hull is defined to be perpendicular to the direction of the flow. For

purposes. it is jent to define a frame oriented as the flow and fixed
at the center of effort of the hull. It is also useful to attach frames to the center of
pressure of the control planes to describe the lift and drag forces on them. They are
necessary when the hull is not flying directly into the flow or when the control planes
are deflected from their zero position. since the lift and drag directions are then not
aligned with the body frame.

These reference frames provide a structure within which the hydrodynamic forces
and moments that are exerted on the vehicle can be computed. and within which the
vehicle motion can be clearly defined. The orientation of each of the frames can be
related to the other by a simple rotation or series of rotations. so that they provide a
cohesive structure for the model.

Typically. the equations of motion are written in the body-fixed reference frame.

where the mass properties (specifically the moments and products of inertia) remain

constant with time. Information about the trajectory of the vehicle is only relevant in

the inertial frame. since position and orientation of the vehicle in the body-fixed frame

are not phy 1l i There is. tt . a need for a suitable transformation
between the body frame and the inertial frame to facilitate description of the various

vectors involved in describing the motion of the vehicle.

2.3.2 Transforming Vector Descriptions

A rotation matrix may be determined using Euler’s Theorem on rotation. which says
that any two rotations of a rigid body about wres which pass through the same point are
equivalent to a single rotation about some aris through the same point. It follows from

this that any series of rotations about axes p:

sing through the same point can be
combined into pairs leading to a single rotation about an equivalent axis through that
same point. [t is also true that the orientation of the body-fixed reference frame with

respect to the inertial reference frame at any given instant of time does not depend on




the path taken to achieve the orientation: the particular number or character of the
rotations that make up the path is not important. Thus a transformation from the

body-fixed frame to the inertial frame at some given instant of time can be expressed

as a single rotation matrix the actual ori ion of the vehicle with

respect to the inertial refe frame. but the transformation may be made up of a

series of arbitrary (read convenient) virtual rotations. The description of any vector
in one of the frames can be transformed into a description in the other frame via
multiplication by a rotation matrix or its inverse.

When the vector r rotates with the moving frame. B. it can be described in the
stationary frame. [. as the product of the rotation matrix. 4R. and the description
(rg) of the vector in frame B.

r; = 4Rry (2.3)

where 4R is given by Rodriquez’ formula

IR =cosOL+ (1 — cos O) kk' ~ S (k) sin© (2.4)

The unit vector k ([kl| = (k3 1) defines the (equivalent) axis about

which frame B is rotated. It can be shown that the description of k is the same in both

frames. The matrix S (k) is a skew-sy ric matrix ing the ¢ t

k x -. On the other hand. when r remains fixed in the stationary frame. /. it can be

described in the moving frame. B. at some instant of time by
rs = Rry (2.5)

where

PR =cosOI+ (I - cosO) kk” — S (k) sin© (2.6)

is the transpose (and inverse) of (2.4).



For example. for a pure rotation about the x-axis by angle o.
1T
k= [ 100 J

where the vector moves with the moving frame. the description of the vector in the

moving frame can be changed to a description in the stationary frame using

Lo 0
LR=10 co -so
0 so co
50 that
= eg
= Irlyeos0 = rifgsino
il = Inlgsine = i, om0

Technically. a rotation matrix may be developed to map any frame into any other
frame. and the notation should include an indication of which frame is the from frame
and which is the fo frame. e.g. 4R would indicate the mapping from the body-fixed

frame. B. to the inertial frame. /. Since the vectors of interest typically move with

the body: i.e.. the velocity and acceleration. force and moment vectors are determined
in the body frame. we will define R (without indices) as the rotation matrix mapping

the decomposition of a given vector in B to a decomposition in /.

r; =Rry (2.7)

Traditionally the rotation matrix is constructed using the aviation standard yaw-

pitch-roll sequence [71]. since rotations about the body axes are easily described. The

body frame is assumed to have been initially coincident with the inertial frame. then
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yawed about the common z-axis by an angle. v to the first intermediate frame (1).
The body frame is then rotated about the new y-axis (y1) by a pitch angle. 6. to a
second intermediate frame (2). Finally it is rolled about the newest r-axis (r,) by an

angle of o. This leads to

cosfcose sinosinfeosy — cososine cososinfcosu +sinosine
R =| cosfsinv sinosinfsine +cosocost cososin#sinu —sinocose
—siné sinocosé cosocost

Using this traditional method means that the angular velocity vector cannot be
transformed between the reference frames by a rotation marrix. since each of the
angular rates will be described in a different intermediate frame. An infinitesimal

rotation can therefore be written as

Ao [ S 0 0 cos# ) —sin# 0
An = 0 |=]0 coso sino Af |+ 0 I 0 0
0 0 -sino coso 0 sin# 0 cosd Av

Dividing by At and taking the limit as At — 0

° 10 0 0 cosd 0 —sin¥ 0
i D . )
va= lim “= =10 0 oso sino ] o1 0 0
0] [0 -sino coso 0 sing 0 cosd &
qr "A

p 10 —siné o
q|=|0 coso sinocost | | 8 (2.8)

r 0 -sino cosocosd | | O




Inverting this gives

° 1 sinotanf cosotané P
8| = [0 coso —sino q (2.9)
3 0 sino/cos# coso/cosé >

= f(o.8)va (2.10)

which is not equal to the transpose of the transform in equation (2.8).
These results can be combined with the rotation matrices to give a single 6 x

r r
6 transtormation marrix. Let 71 = [ 4 4] | where 4, =

- T
_j; i 5] (the

velocities along the inertial frame axes) and 7.

8§ @ wdl

» # ¢ | (the angular rates
N e T = |2 ar
about the inertial axes). and let v = [ I pf | where vy = e ow | (the

velocities along the body-fixed axes) and v,

- o b
!'p ¢ r | (the angular rates about
L i

the body-fixed axes).

al| _|R 0 2
s 0 fi{o.0) v
or. in compact form
7=Tv

The equations of motion are written in the body frames since the inertial properties
of the vehicle are constant in that frame. Also. many of the measured variables are
referenced to the vehicle. rather than the environment. The vector quantities involved

are easily expressed in either the body frame or the inertial frame.

2.3.3 Equations of Motion

The nonlinear model is based on Newton’s 2 Law. The forces on the vehicle are

F = ma. while the moments are the crossproduct of the force with the moment arm
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(the distance from the moment center to the point of application of the force). i.e.

G =r x F. Euler expressed both of these in a more consistent notation:
F=L (2.11)

that is. the the rate of change of linear momentum. L. is equivalent to (the sum of)
the forces applied. F. and
G=H (2.12)

i.e.. the rate of change of angular momentum. H. is equivalent ro (the sum of) the

moments applied. G.

Rigid-Body Dynamics

The derivation of the linear and angular momenta equations for a rigid body can be
found in any standard textbook on dynamics. such as (72| The equations written in

the body (moving) frame are
F = miyy = v x mi,

G =l ~vax Iy

The translational velocity vector b wi= [ & r w ] . where.u, . and w are the
surge (along rg). sway (along yg). and hea;t‘ (along :;) velocities respectively (refer
to Figure 2-3). The angular velocity vector is vs = | p 4 r | . where p. . and
£ are the roll (about zp). pitch (about ys). and vaw (about =) angular velocities
respectively (refer to Figure 2-3). Combining the forces and moments into a single

vector equation

F| _|mhyo||in| [Swy o mly 0| | v
G 0 1| 0 S(w) 0 I||w
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where
100
L=j0o10
001
and
lee —ley —le:
I=| by Iy -l
b =he L |
and S (v2) is a skew-syvmmetric matrix representing the crossproduct of v, with the

vector acted on by S (v). in this case vy or vy,

Exciting Forces

For a perfectly rigid body. the quantities defining the rate of change of momentum
in each DOF can be determined exactly by algebraic means. The external forces and
moments. however. by their nature are somewhat uncertain. These forces and mo-
ments constitute six forcing functions (one for each DOF). which includes terms from
both viscous effects (viscous damping) and from pressure effects (“added mass™ and
radiation damping). as well as terms for gravity and buoyvancy forces. The magnitude
of the gravity and buoyancy forces are fixed. but the moment they form is a function
of the orientation of the vehicle relative to the local gravity vector. The viscous forces
are functions of the velocity of the vehicle. while the added mass effects are primarily
functions of the accelerations of the vehicle. Each set of forces and moments may be

analyzed Iy and the results s sed:

S F=Fs~F/+Fp+Fr+Fe

where



Fs Static (hydrostatic) forces - weight and buoyvancy
F; Ideal fluid forces - “Added Mass™

Fr Real fluid forces - “Damping”

Fc Control forces

Fr Environmental forces - waves. current. etc.

Environmental Forces For the present these forces are assumed to be zero. since
the preliminary testing of C-SCOUT will be in calm water. The numerical model has
been built to accommodate a module for environmental effects. but the module is not

currently used.

Static Forces The static forces of buovancy and weight always act in the z-direction
(negative and positive. respectively) with respect to the earth-fixed reference frame.
but are necessarily represented by a system of a force and a moment in the body-fixed
reference frame. Exploitation of the similarities of these two forces. that is that the

two forces are in opposite directions. leads to the following unified form:

s=W-B

The forces can be written in terms of their x. v. and z components (see Figure 2-3).

Fs. = —(W - B)sin¥
Fsy = (W = B)sinocost (2.13)
Fs: = (W = B)cosocost

The moments caused hy these forces can be determined by the cross product

G=rxF
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-(W-B)sind

(W-B)singcosd

(W-B)cospcosd

Figure 2-5: Static Forces described in the Body Frame (Traditional Method)

Gse = (ygW — ypB)cosgcos — (2,W — z,B)sin ¢ cos
Gsy = —(2W — %B)sin6 — (z,W — z,B) cos $ cos 8 (2.14)

Gs. = (2,W —xB)sin¢cosf + (y,W — y,B) sin 0

Equations (2.14) are written with respect to an arbitrary frame oriented the same as
the body frame, but not necessarily coincident with it, therefore z,, y,, and 2z, (which
define the position of the center of mass in that arbitrary frame) may be non-zero.

If the vehicle is neutrally buoyant, the weight is equal to the buoyant force, and
there is no net force, i.e., equations (2.13) reduce to zero. Equations (2.14) however
do not reduce to zero.

For an AUV with symmetry about the vertical centerplane y, = y, = 0. Further,
the origin of the body-fixed reference frame is typically fixed at the center of gravity,
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$0 z, = y, = =, = 0. Given these conditions. 2.14 reduces to

Gs: = z=Bsinocosf
Gsy = =Bsinf+ ry,Beosocosd (2.15)

= —rBsinocosé

“Ideal” Forces The ideal forces are thase forces associated with potential fow.
They are pressure induced forces caused by motion of the body in an inviscid fluid
(ie. a fuid with no viscosity and hence no dissipative shear forces - this is known
as an “ideal” fluid). The forces can be written in terms of a matrix of derivatives of

acceleration terms

v Yo Ko X X X, X[ &
¥ oW Yo v % ow ||
z| |22z 7 2 2 2|
K| |k K Ko K, K K. || 5
M Mi My My My My M,

N Vo N Ne N \:‘ Ne 5

Some of the terms are zero. and there is symmetry about the main diagonal [73].
The forces were solved for numerically by a program developed at DREA (Defence
Research Establishment Atlantic in Dartmouth. Nova Scotia. Canada) called ESAM

(Estimate Submarine Added Masses).

“Real” and Control Forces The real fluid forces are those hydrodynamic forces
that result from viscous flow over the body. The control forces result from activation
of the control actuator to change the direction and/or speed of the vehicle in one
or more DOF. That is. the control is achieved by inducing flow or by redirecting

the flow. therefore. it is reasonable o deal with the forces due to control actions at
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the same time as other forces due to viscous effects. These forces can be determined
experimentally. or analytically via lift and drag ions for the hull and
(control planes in the case of C-SCOUT).

The viscous forces are functions of the body geometry. the relative velocity of the

body in the flow. the density of the fuid. and a coefficient of proportionality.

) 2
L= ECL.-L-E,‘

P -2
D =4Cont

Varions frames and their corresponding rotation matrices are required to express
in the body frame the lift and drag forces on the various components.

Lift and drag on the bare hull depend on the velocity relative to the froe-stream
flow of water (see Figure 2-4). This relationship can be described by angles of attack.
a. and sidestip. 3. The SNAME (1950) standard defines the angles (see Figure 2-6)

in terms of the local velocities:

sin .3

e S T

sina

An alternative set of angles can be similarly defined:

cosa’ =

vos f =

This second set is merely reversal of rotation operations between the Flow axis (or
frame) and the body frame. Both these sets will be useful for transforming the

descriptions of lift and drag on the control planes into the body frame. Yet a third



7
—l U » Veos(a) = (us-v)' 2
v — = VSin(APE(Vw)
—_— == === Veos(P) = (ui-w)?
_—— Vs (uieviewd)?
Figure 2-6: Lift. Drag. Angle of Attack. and Angle of Sideslip for a Vehicle Oriented

Arbitrarily to the Flow

set can be defined by:

Hull This third set is particularly useful to an axisvmmetric (circular cross-
section) vehicle. as it gives the angle of attack as a single rotation operation: the
angle of sideslip is nonexistent. The roll angle. ®. allows description of the lift and
drag forces in the body-fixed frame. and is necessitated by the presence of fins and
gravity-buoyancy considerations. The lift and drag equations for the hull are functions

of angle of attack and are therefore easily and logically described in the plane in which
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they occur (see Figure 2-7).

7yt Litan
Xp
Ye
Figure 2-7: Hull Lift and Drag in Their Plane
Xiiit cos(z+4) 0 —sin(x = A) Dt
Yo - 0 1 0 0
Zar |, sin(z+A4) 0 cos(z+ A Lirar

The lift and drag forces are

1 -
Dyur = 36CopAmuVie

1 2
Lua = 5pCeuAuadie

In these equations the reference area. Aguy. is the wetted surface area of rhe hull.

and Vg is the magnitude of the velocity at the center of effort

i 5 i
(2) + g (y) 7 dg (2))?




%
and the velocity at the center of effort (vcg = [ ree () ree(y) ree(:) 1 )is
VeE = V) + Vs X Tog (2.16)

where v, is the velocity of the AUV at the origin of the body-fixed reference frame
(the center of mass). v, is the angular velocity of the vehicle. and rcg is the position
vector describing the location of the center of effort in the body frame.

The description of the lift and drag forces is then transformed from the lift-drag

plane frame (P) to the body-fixed frame (B) via ® (see Figure 2-3).

Ys

Xpr Xp

Z

Figure 2-8: Flow vs. Lift-Drag Plane Reference Axes

Xttt 1o 0 Nt
Yiar | =|0 cos® —sind | | Yo
Zuw |, |0 sin® cos® Ziw |,

Here the matrix represents a rotation of ¢ about rp = rg.
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Combining the rotation matrices gives

Xrut —cos A 0 sin A Dot
Yuwr | = | sin®sinA  cos® sindcosA 0
Znat | —cos®sinA sin® —cosdeosA | | Luu

If vy. va. and reg are known. the angles A and @ can be readily determined based

on knowledge of the velocity at the center of effort:

cos (@) =

This velocity information is directly ascertained from the vehicle velocity ar the origin

of the body frame via equation (2.16).

Control Planes For the control planes only the How along the chord. ¢ (see
Figure 2-9). is dealt wirh: the flow along the span. b. is neglected. The effects of the
aspect ratio (three-dimensional end effects) are accounted for by using rthe empirical
equation (2.22) for determining the lift on the control plane.

The relevant flow for the horizontal planes (see Figure 2-6) is
Vepeos(3) = (vEplz) +vipl2)?

where 1-p is the magnitude of the velocity at the center of pressure (CP) of the

control plane

Ep(2) = i2p (y) = 1Ep ()

and the velocity at the center of effort (vep =

Y
veplr) reply) vep(s) ] )is
Vep =y + vy X Tcp (2.17)
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Figure 2-9: Control Plan Nomenclature
The relevant flow for the vertical planes (see Figure 2-6) is
Vepeos(a') = (Vip (o) + vip (y)*

For the horizontal control planes (HCP):

1 . ;
Duce = 5pCoAce(Vepeos(3)

1 & :
Luce = 30CcAcp(Vepros()

where the lift and drag coefficients. C¢ and C'p. are functions of the deflection of the
control plane. 84cp. added to the angle of attack. a. of the hull. To express the forces

in the body frame a rotation about the yg-axis by 7+ a is required (see Figure 2-10).




Luce

Xhce

@+ 3ycp
Tucg,

Vcos(B)

¥a- Yuce
Perpendicular to (out of) Page

Zucp

Figure 2-10: Lift and Drag on Horizontal Control Planes

Xuep cos(m+a) 0 —sin(7+a) Ducp
Yuce = 0 1 0 0
Zuce |, sin(z+a) 0 cos(z=a) | | Luce
—cos(a) 0 sinfa) Duce
= 0 1 0 0
—sin(a) 0 —cos(a) Luce

For the vertical control planes (V' CP):

L . "2
Dice = 3pCoAce (Vepeos(a'))
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Zg- Zycp
Perpendicular 1o (into) Page

Veos(a”)
B+ dyep
Xvep

) Zver
Yvee

Figure 2-11: Lift and Drag on Vertical Control Planes
! - "2
Lvcp = 5pCeAep(Vepeosia)))

where the lift and drag coefficients. C¢ and Cp. are functions of the deflection of the
control plane. 8y¢p. added to the angle of attack. .7'. To express the forces in the

body frame. a rotation about the zg-axis by 7 + . is required (see Figure 2-11).

Xvep cosim+.J) —sin(z+.9) 0 Dycp
Yiep = sin(z+3) cos(z+=J3) 0 Lyep
Zver |, 0 0 L 0

~cos(F) sin(F) 0| | Dece
= | =sin(J) —cos(d) 0 Lycp
0 0 1 0

The values of . J. a’. and . for each control plane can be determined readily

from knowledge of the velocities at the centers of pressures. These velocities are
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determined from application of equation (2.17) to each control plane.

Determining the Coefficients and Centers of Force Application Using
the above relations. it is relatively easy to calculate the hydrodynamic forces on the
hull and planes and express them in the body frame. The only issues to be resolved
is the values of the coefficients in the lift and drag equations. and the points of
application of the forces.

For the hull. the lift and drag coefficients can be determined from such

as DATCOM. but in this work they were derived from analytical equations developed

by Munk. for airships. Allen & Perkins and Hopkins for guided missiles. Munk used

potential ow
[74].

ions to develop an ion for the normal force on airships

s
2]

S = (ks = ki)

L
siniga
ix

Ward [75] showed that this force acted at an angle that bisected the angle between

the normal line to the How and the normal line to the vehicle. so that

fv=lka—ky)

in (20) cos(a/2) S
m(.nl('oaln/-"l‘

This expression must be integrated over the length of the vehicle to give the normal
force on the body. but axial force was ignored in Munk's analysis. Note that. because
of the bisection of the angle. fr = fx.

Allen and Perkins (76| [77] added a viscous term to represent the cross-ow drag
on the hull of guided missiles.

i (= ki) 22 i (2] cosa) %SI— # 1Co 22 sin ()

Hopkins {78] derived equations similar to those of Allen and Perkins. but he used
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different limits of integration for each of the terms in the equations. He integrated
the potential terms from the nose to a point o on the body. and the viscous flow
terms from ry to the tail. Allen and Perkins had integrated both sets of terms over the
whole length of the hull. and added the results. Hopkins also neglected the friction

drag term in the lift equation.

Ce=(

in (2a) cos (a/2) + nCp,. sin® (a)cos () (2.18)

where

is the crc tional area of the hull at the

ation ry: that is. r., is the equivalent
radius of the hull at ry (assuming the vehicle has an approximately circular cross-

section: C-SCOUT has a circular cross-section)
rey = f(£0)
The station £y can be determined from {78].

% =0.378 + 0.

L1
= 9)
where x| is the axial station where the rate of change of cross-section with respect
to axial distance from the nose first reaches its maximum negative value. In the
case of the C-SCOUT. this is the point of inflection on the cubic spline tail section
(zy = 2.463 m for the base vehicle).

The other parameters in equation (2.13) include a reference area. A,. ;. which could

be L. or V

. or some other parameter having the units of area (the present model
uses wetted surface area). The crossflow drag coefficient. C'p,.. and the parasitic drag.
C'p, - are also required. as are the planform area. Ap. and Apy. the planform area up to

station zg. The parameter denoted as 7 is the drag proportionality factor for taking
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into account the end effects of a finite-length cylinder. It is the ratio of the drag
coefficient of a circular cylinder of finite length to that of a cylinder of infinite length.
The only available data is for negligibly low Mach number (as with C-SCOUT). and
a Reynolds number of 83.000 (C-SCOUT values are between 0 and 300.000 based on
maximum diameter of the hull and cross-currents of up to 2 m/s). The simulation
model used n = 0.65 from Figure 3 of [73]. based on the length-to-diameter ratio of
the base configuration of C-SCOUT. The drag proportionality factor is muitiplied by
Cp.. the crossflow drag coefficient for an infinite length cylinder.

ilarly. ions were developed for drag and pitching moment.

Cp = Cpy = (ks 2) + 1Cpe sint (@) (2.20)

V= Sey (20 = £m)
AresLees

~ Ap rmfr,,)_ A t...—tpu)) 5
Lo (4.,,( ) aa o v

For the control planes at small angles of attack. the coefficients can be determined

Cy = (ky=ky) ( sin (2a) cos (a,2) (2.21)

from available literature on wing sections (e.g.. [79]). At higher angles of attack there
is a need for further data.
The ient of lift can be calculated based on irical data {791

o . —
:osﬂ\/—hﬂ»l‘

where a is the angle of attack of the control plane. in degrees. The effective aspect

ratio. a,. of the control plane is given by



Locus of c/4

Tip Chord

z-axis
Mean Geometric Chord
X-axis

Relative Wind &
.y

y-axis
Root Chord

Figure 2-12: Control Plane Geometry

where b is the span (twice the distance from the root of the plane to the tip - see
Figure 2-12) of the control plane. and A-p is the planform arca. The other parameters

are the control plane’s crossflow drag coefficient. Cp,.. the sweep angle. Q. and the

section lift-curve slope at @ = 0. a,. This last parameter is

(&)=

For the C-SCOUT. the crossflow drag coefficient used is 0.36 from Figure 238 of [T9].
based on the taper ratio (0.4) and the faired tips of the control planes. The sweep

angle is zero. by design. The section lift-slope at zero angle of attack is 0.0736 for a

in degrees.

The drag coefficient is

(2.23)



where e is Oswald’s efficiency factor: a value of 0.9 was used in this model.
The pitching moment coefficient (pitching about the quarter-chord line) can be
determined by [79]

()] (Bt

but the pitching moment of the control plane was ignored as being small.

Center of Effort In order to determine the moments applied to the rigid body.
the lift and drag forces on each control plane are assumed to act through the respective
centers of pressure (C'P). Again the location of this point is well established in the

literature for small angles (below stall) of attack. but the center moves with higher

angles of attack to mid-chord at 90° (although it will continually move with shed

VOrTice

). The center of effort (CE) for the hull is a similar point on the hull where

the lift and drag forces on the hull are assi

umed to act. [n general. this point may
be different in roll. in pitch. or in yaw. but for a body with at least two planes of
symmetry about the center of volume. the centers of effort for roll. pitch and vaw do
coincide. The CE may be determined by comparing the moment and force coefficients
of the particular dimension.

To find the center of effort in pitch. the pitching moment at an arbitrary point
can be written

M(x) = M(BRC) + ZIBRC) = (-x1)

where BRC is the Balance Resolving Center. which can be the center of gravity. The
center of effort (for pitching moment) is the point at which there is no moment about

a beam-wise axis through that point. i.e. M(zeg) = 0. Therefore

0= M(BRC) — zcg « Z(BRC)



Side View (looking to starboard)

M(x) M(BRC)
X(BRC)
+ X
. BRC
Z(BRC)
-
z

Figure 2-13: Center of Effort in Pitch

or.
M(BRC)
Z(BRC)

this ratio can be written in terms of the normal force and moment relations

Lo

so that the center of effort is a function of the characteristic length and the ratio
of moment and normal force coefficients - in this case the pitching moment and the
heave force (normal force). For an axisymmetric body like C-SCOUT. this center is

common for roll. pitch. and yaw.

Center of Pressure The center of pressure for each control plane was assumed
to be at the quarter-chord point of the section about 42% of the halfspan out from

the root chord. The center of pressure can be determined from expressions given by

o
&



Whicker and Fehlner [79].

Casz
=

—025——TTE
e B e n s Camne

CPs = Cp (s -84) cosa +Cp(4)sina
¥ = T b(Crcosa + Cpsina)

Equations of Motion in Matrix Form Once the coefficients and centers are

determined. the forces causing the vehicle motion can be summarized succinctly as:

Bl _ |'®s Fi Fo, Ay Fu
G [eN Gi, Gy, Ay Gu

where the final vector includes all the nonlinear. viscous-effect terms. The equations

of motion can now be written by equating the forcing functions with the rigid-body
Fs F,, F., Loy Fu
Gs Gii Gi; | | A2, Gu
~ mly 0 S (mlws.) -S (mlyw,.) Ly
oI o S(va) I -S(Ivs) Avy
This formulation can be rearranged in terms of the accelerations.

(e[ =]

Fs Fu S (mIywa.) =S (mlw.) Avy
= + =
Gy Gy 0 S (va) [ =S (Iva) Av,

dynamics.




2.4 Nonlinear Model of a Streamlined AUV

The nonlinear model is implemented in Matlab™/Simulink™. At its heart. it is a

variable-time-step integrator soiving a set of six second-order differential equations.

; F
o= =Mz
P

The order of the equations is reduced by augmenting the svstem with six identiy

equations (v=v . each second-order differential equation is reduced to two first-
order differential equations. The system thus has 12 states. Integration of the six
higher-order equations leads to the velocities. while integration of the lower-order

equations leads to the position and orientation information.

Al _|TT||e
n 0 T||v

- \r
[tis the | § # | vector that is integrated to ob

ain the new values of 7 (the
velocities in the inertial frame). and 7 (the position and orientation of the vehicle in
the inertial frame. The inverse of T is applied to bring the velocities back into the
body-fixed frame.

v=T"'%

The velocities are then used to the forces and and thus the

accelerations at the new time step.
The nonlinear model was used to study the sensitivity of the AUV motion response

to changes in hydrodynamic parameters (see Chapter 4).



2.5 Linear Model of a Streamlined AUV

In equation (2.2) Xz is the force at equilibrium. which should be zero by definition of
equilibrium. Each of the other terms has a coefficient. X,. that is really a derivative
term %Y. therefore they are called either hydrodynamic coefficients or hydrodynamic
derivatives. They give the slope (or curvature. etc. if second order and higher order
terms are retained in the expansion) of the response of the vehicle to small changes
in the parameters about the chosen equilibrium condition. The values are only valid

over a limited (but not necessarily small) range near that equilibrium condition.

The ients are typically determined from physical model tests. The advantage

is that with experimental data. all the interactions between hull and appendages will
be included in the data. and the coefficients will take these interactions into account.
The disadvantages include the cost of model testing. and the difficulty in extracting
the coefficients from the experimental data.

A linear model can be developed from the nonlinear model by perturbing the
nonlinear model by a small amount. e. from some given equilibrium state. =. such
that the rate of change of force (or moment) with respect to the parameter perturbed
may be determined. E.g..

X, = ‘;i:.:u w XXy,
This process was followed to obtain the velocity dependent derivatives for the linear
model of C-SCOUT. The added masses from ESAM were used for the acceleration

dependent derivatives. In matrix form the full set of six linear equations of motion

&



X % X X, %][a
Y . % Y, vl
|z .z z, z ||
E| | m R K, K || 5
% M. M, My M| |
v e 5 NooN ||
S X X X 6 %] [e
BV % %Y Bl
z. 2 2. 2, % Z||e
Rl BN A T
Mo Mo My My My 3| 4
N NN N Y% r
X, X, % [
Y, Y Ya Yz
Z, Zy PA Z=
T { }‘ a | *
M, M, A
Vo N Y

where the terms with subscripts o and 4 represent the gravity-buoyancy forces. and
the vector of (summed) forces with subscript & is in reality a matrix with a column

for each control input.

2.5.1 State-Space Representation

The standard form for a state-space model is:



Xx= Ax+Bu

y=Cx+Du

In order to achieve this format. the gravity-buoyancy effects must be included in the
A matrix. since they are vital to the correct solution. In order to include them the
state vector is augmented

i
x={2u A de 3p Ay Ar Jo 2]

and the Newton-Euler Equations are augmented by two kinematic equations to keep

the A matrix square. facilitating linear analysis.

o = p+qsinotant = reosorant

# = qeoso-rsino

Now. the (real) mass matrix becomes:

M, 0
M, =
0 L
where the original (real) mass matrix is:
m 0 0 0 0 0
0 m 0 0 0 0
00 m 0 0 0
M, =
00 0 L. -ly -l
00 0 b, Iy Iy
0 0 0 —lx Iy I



and the augmentation consist of a 2 x 2 identity matrix:

Next. the rigid-body cross-coupling terms are augmented to form the 8 x 8 matrix:

i s 0
00
§e Su S
0 S»n

Su =mS(viz)

with

—mS (v z)

- S (I

The (virtual) added mass matrix is also augmented to an 3 x 3 form:
F; 0
)

LA A S . A
A T A
Z 2 % % 5%
K. K. Ke K, K K
My M My My My M
e N N N W
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The velocity-dependent hydrodynamic derivatives are combined with the kinematic

equations to form:
F,, F,
Fo=| "
I

where the original hydrodynamic derivatives form the upper left block

L ENEE
Y, H % B E %
P
K. K. K. K, K, K.

S M AL OE M S

N N %

and. assuming the longitudinal and transverse distances between the centers of gravity

and buovancy (z, and g respectively) are zero

0 — (W = B)cos#.
(W = Blcoso.cosd,  — (W — B)sino,sinb,

—(W - B)sino,cosf. — (W - B)roso,siné.

—3Beoso, cosb.. Bsino, sind,
0 3B eosh,
0 ]
Further.
0 0 0 1 sino,tan#. coso,tand,
Kpyr =
0000 o8 0, 0
and

i [ gecoso, tanb, — r,sino,tanf, g.sino,csc* b, = r, coso, csc? 6,
e

—@eSiNO, — recoso, —sino,



Finally. the control input matrix must also be augmented with a 2 x 3 zero matrix
(in the case of the base configuration of C-SCOUT).

u
U=
[0

Xew New Xew Xer

Yiao Yep Yeaw Yew VYir
Zeas Zoap Zeaw  Zra 2ot
Keaw Reap Roww Koa Ror
Miw Mg Mis Mg Mor
Neas Neap Neaw New Nor

in the case of the base configuration. so. the Newton-Euler oquations can be written
Fy% + Fyx = Uu = M % - Sx

and rearranged in terms of the accelerations for the

e of integration
(M,-F;)x =(F,-S)x + Uu
and put into standard form
% =(M4-F;) " (F,—S)x + (Ma-F;) ' Uu
Therefore

= (M,-F;)"' (F,-S)
B = (M,-F;)~'U



The linear model is used for fault condition simulations (see Chapter 5). The equi-
librium condition used is straight and level flight at 3 m/s.



Chapter 3

Sensitivity of Added Mass to
Vehicle Geometry

Each of the six forcing functions in the equations of motion include terms which
represent the extra effort (in terms of “added mass™) required to move the body
through the fluid. The extra effort is required due to pressure forces exerted by the
fluid on the body. The added mass values used in the nonlinear and linear models are
assumed to be constant. and are determined off-line by a separate computer program
- Estimate Submarine Added Masses (ESAM) developed by George Watt of Canada’s
Defence Research Establishment Atlantic (DREA) [80]. The assumption of constant
added mass implies further assumption that the vehicle is deeply submerged in the
water. Le.. it is not operating near the surface. the bottom. or any other boundary.
Because the values of the added mass are dependent on the geometry of the vehicle.
and because the modular nature of C-SCOUT facilitates and sometimes necessitates
changes in the geometry of the vehicle for different configurations. the values of added
mass are expected to change. Therefore it is important to understand how the added
mass changes with the variations in geometry. and how sensitive the values are to

changes in various geometric parameters.



3.0.2 Notes on Reference Frames
Fixing the Reference Frame

Newton's second law describes the force necessary to accelerate a body.
F =ma
This expression can be rearranged in terms of the mass of the body.

m=—
a

Mass is a scalar quantity and does not require a spatial reference, however force and
acceleration are vector quantities. and must be expressed with respect to a reference
frame such as the vehicle body frame (B in Figure 2-3). A spatial reference frame is
also required to fully describe the distribution of mass and the location of the center
of mass. The distribution of mass defines the moments and products of inertia. so
they too are frame dependent. A reference frame attached to the vehicle and moving
with it allows us to treat the inertial properties as constant over time. since the mass
distribution will not change. regardless of the orientation of the vehicle. Placing the
origin of the reference frame at the center of mass of the vehicle eliminates the need
for using the parallel axis theorem to determine moments and products of inertia.
It is also possible to choose an orthogonal axes system (the-principle axes™) where
the products of inertia are zero. However. the body reference frame is usually chosen

such that the motions are easily described. i.

forward (surge). sideway

and up/down (heave). with rotations about these axis corresponding to roll. pitch
and yaw respectively. Therefore the principle axes are not used in our subsequent

analysis and there remain nonzero products of inertia.




The Effects of Floodwater

Many vehicles like the C-SCOUT are free-flooding. and part of the mass and inertial
properties includes the effect of the entrained water. The water inside the vehicle
actually travels with the vehicle and is therefore included with the vehicle component
masses to give a~wet” mass. Added mass is concerned with the movement of water
external to the hull. and is an entirely different mechanism. Even though there is
water internal to the hull. it is the hull geometry alone that affects the external flow
and is the generator of added mass effects. Here the term center of mass refers to the
center of the “wet™ mass. i.c. the center of mass of the vehicle including rhe entrained
floodwater.

The body-fixed reference frame is “attached” to the vehicle at this center of mass.
For the base configuration this is 1.284 m from rhe tip of the nose and 0.011 m below
the axis of revolution of the hull. For the full configuration this is 1.550 m from the
tip of the nose and 0.011 m below the axis of revolution of the hull. Also the center
of buoyancy refers to the center of the volume of water displaced by the external
geometry of the hull. as oppused to the center of the volume of water displaced by
the vehicle. which could arguably mean only the volume displaced by the vehicle
components. and not including the flooded spaces. The center of buoyancy for both
configurations is at 1, =0 m. g, = 0 m. and 3 = —0.011 m (all with respect to the
body-fixed reference frame). The center of buoyancy is 0.011 m above the center of

mass. the latter center also being used as the origin of the body-fixed reference frame.

3.1 The Role of Added Mass

3.1.1 Added Mass Properties

When a body accelerates in a fluid. the fluid around the body is disturbed and is

also accelerated. The movement of the fluid requires additional force over and above



that necessary to accelerate the body itself. Added mass is the proportionality factor
relating the extra force to the acceleration of the body [31]. It is important to note
that there is no distinct mass of water travelling with rhe vehicle: the added mass is
a virtual mass only. and is a convenient way of describing the extra force required to
push a body through a fluid. The added mass is important in the accurate calculation
of vehicle accelerations. The kinetic energy required for the fluid motion is imparted
by pressure forces. Since the fluid pressure acts normal to the hull surface. the
geometry of the body is fundamental to the effects experienced.

The nature of the hull-Auid interaction also means that the added mass is not a
simple scalar. but must account for the accelerations in all six DOF that result from
each of the forces and moments. The general form for an added mass matrix has
36 elements to completely describe the ratio of extra force to acceleration in each

combination of DOF. and is given as:

& B X Xp X X
Y B Y T % %
%% g 2

3.1
K. K Ko K, Ky K
5 AL M M AL M,
NN %
The elements of the added mass matrix can be considered constant for a deeply sub-
merged vehicle. but may have frequency dependencies near the surface or a boundary.
In this study a deeply submerged vehicle is assumed.
For any body there are really only 21 unique elements in the added mass ma-

trix. because it is symmetric about the diagonal. i.e.. X. = ¥,'. X, = Z,. etc.[73].

*Standard notation for bodies submerged in a fluid (SNAME(1950) 70) is used throughout this
thesis. except in the plots due to some software notational limitations.



Therefore. (3.1) becomes:

(3.2)

Typically. the added mass terms for a body are expressed in the form of non-

dimensional coefficients based on the vehicle length. e.g. . X./pt* (in accordance
with [70]). In general. each coefficient is non-dimensionalized by pl*. where the power.
n. varies according to the type of coefficient. For the added mass coefficients repre-
senting the effect of a force on a linear acceleration (X/. X,. X,. Y. Y. and Z,).
n is three. The cube of the length represents the volume of the vehicle. which is
proportional to the mass of water displaced by the outer hull (7). i.e. 7 = pV” where

p is the density of the fluid and V" is the volume taken up by the hull of the vehicle.

and pV" = pl*. For coefficients representing the effect of a moment on an angular
acceleration ( K. K. K. M. M. and N!). n is five. as would be expected since
Td® = pl’(d is an arbitrary metric of length). Finally. for the remaining coefficients
which represent the effects of a force on an angular acceleration. or the effect of a
moment on a linear acceleration (X;. X;. X/. Y;. ¥;. Y. Z;. Z;. and Z}). n is four.

Some of the 21 coefficients are known to be zero for vehicles that have port-
starboard symmetry about the x-z plane of the vehicle. These include X7. Xj. X[

Y. Y] Z,. Z. K} and M]. If the vehicle also has top-bottom symmetry about the

x-v plane. four more of the coefficients. added mass coefficients X/

Y. and
K would be zero. In the reference frame used for modeling this vehicle. however.
there is no symumetry about the x-v plane. so these four coefficients can have non-zero

values. The value of X, is zero. i.e. when this type of vehicle experiences a force
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in the surge direction. there is no direct acceleration in the heave direction. Thus.
for a typical torpedo-like vehicle such as the C-SCOUT. there are 11 non-zero added

mass coefficients: X. Y Y!. Z,.. Z;. K. K. M; and .V[. so the matrix (3.2)

reduces to:

X, 0 0 0 X, 0
0¥ 0 Y 0 ¥
0 0z 0 Z 0
0 Y, 0 K, 0 K
X: 0 .2 0 o

0 Y 0 K0 N

(3.3)

Of the eleven, six are along the main diagonal of the matrix. and represent the
principle coefficients. That is. if the vehicle is forced in a particular direction (or
rotated about a particular axis). one of these six values represents the added mass co-
efficient (or added-mass-moment-of-inertia coefficient): that is. the ratio of additional
force (moment) required to achieve the acceleration in that DOF. The remaining five
off-diagonal values represent coupling terms which describe the effects of force in one
DOF on the acceleration in another DOF.

Since the reference frame is attached to the center of mass for simpler calculation
of the dvnamics. X. Y;. and A7 are typically not zero. The remaining added mass

coefficients. ¥ and Z. are the result of fore-aft asymmetry in the vehicle.

3.1.2 Added Mass Sensitivity

Sensitivity of the added mass coefficients to variations in geometry can be signifi-
cant. Therefore. the vehicle behaviour (specifically the transient response to com-
mand changes. fault conditions. etc.) will be affected with changes in the vehicle
geometry. In particular. variations in the following geometric parameters result in

variations in the added mass values:



the length-to-diameter ratio. L/D. of the vehicle hull:

w

the location of the control planes along the length of the vehicle - measured
aS Ifqeq- the distance from the nose to the quarter-chord axis of the forward
control planes. and Zay. the distance from the nose to the quarter-chord axis

of the after control planes: and

]

the size of the control planes.

The only parameter missing from this list is the size of the vehicle. If the shape of
the vehicle is not changed. then when the geometry is reduced to a nondimensional
form using length as the scaling factor. any sized vehicle will be reduced to the exact

same nondimensional model. thus the added mass coefficients will not be affected.

The dimensional added masses will vary in magnitude with the scaling factor (the
size of the vehicle).

These parameters are direct design variables (i.c.. their values are chosen in the
design). The values of direct design variables like these greatly influence the values
of indirect design variables (such as added mass coefficients. lift and drag coefficients.
and centers of pressure). so that obtaining a certain value of the indirect design
variable may be the motivating factor in choosing the particular direct design variable.

Further. these geometric sent a ive set of the direct design

variables for an axi-symmetric vehicle like the C-SCOUT. That is. when the results
of systematic variation of each parameter are combined. they will provide a complete

picture of the variation in added mass coefficients that can be expected.

3.2 Expected Results

When the above parameters (L/ D. control plane location. and control plane size) are
varied. the relative geometry of the vehicle (i.e. its shape) changes. Therefore it is

expected that the added mass coefficients will change in value as the parameters are
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varied. To clearly see the effects of the geometry changes it was necessary to use

several different types of hull-fin (control plane) configurations.

3.2.1 Bare Hull L/D

When the length-to-diameter ratio (L/D) is varied by changing the length of the
parallel mid-body while keeping the diameter constant, the nose and tail geometries
are not affected by the variation, except to be separated by a lesser or greater distance.

The s

of the control plane, being constant, does not affect the added mass
coefficients, but the relative location of the control planes does, as will be seen in the

consideration of the location of the control planes. The effect of the relative location

of the control planes will obscure the effects of the variation in the length-to-diameter

ratio, therefore only the bare hull was examined for the effects of varying L/D.

Figure 3-1: C-SCOUT Bare Hull

It is expected that for a neutrally buoyant vehicle, the mass would vary in pro-




portion to the length of the vehicle. when the diameter is being held constant. The
displacement of the vehicle. V. (i.e. the mass of the volume of water displaced by
the outer hull of the vehicle) would also vary with the length by the same factor of
proportionality.

Principle translational acceleration coefficients. .X.

and Z. vary with ¥: the
larger the displacement of a body. the more extra force required fo move it through the
fluid. However. added mass is only affected by motion normal to the hull. and in this
study the volume of the hull is only changed along the surge (r-)axis. Thus. ¥7 and

Z,, should vary linearly with L/ D. because st

w and heave motions are perpendicular
to the changing length. i.e. these coefficients “see” the change in volume. X would
remain constant since the surge motion is parallel to rather than perpendicular to

the changing length dimension. i.e. this coefficient does not “see” the change in

volume. It would remain constant. that is. if the reference axes were at the center of
buoyancy. The origin of the reference frame is at the vehicle center of mass rather

than the center of the displaced volume of fluid (the center of buoyaney): i.

n = 0.
and X, has a dependence on the value of z;. Although 2 is constant in the absolute

sense in its di i form. its i

| form. 3, L. varies as L changes.
The combination of 2, # () and the variation of 33/ L canse the variation of X, with
L/D.

Principle angular acceleration terms. Aj.

M;. and N]. vary with the product of
¥ and d” where d is a metric of length (e, a mioment arm). This moment arm is
parallel to the surge axis for both M (d normal to the heave axisj and .V} (d normal
to the sway axis). From this it can be seen that M and .V} should vary with (L/ D)*.
since both ¥ and d vary linearly with length. The moment arm is normal to the
surge axis for A7, and is not affected by changes in length. so A7, should vary only as
V. which varies linearly with L;/D.

The combined effects of =, # 0 and the variance of 2,/ L also cause the variation of

the two coupling coefficients .X} and Zj. which represent coupling in the surge-pitch
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DOF and the heave-pitch DOF respectively.
In the case of the coupling coefficients Y}, Y, and K, which represent sway-roll
coupling, sway-yaw coupling, and roll-yaw coupling respectively, a linear variance

with L/D is expected.

3.2.2 Control Plane Location

The C-SCOUT is designed with zero angle of sweep on the control planes. It is also
designed such that the shaftlines run through the loci of section quarter-chord points
for each control plane, i.e. the shaftlines are aligned with the quarter-chord axes

(%4ea), and are perpendicular to the hull at the parallel mid-body (see Figure 3-2).

Zg

Figure 3-2: Location of Quarter-Chord Axes (Shaftlines) of Control Planes

Those coefficients that are purely concerned with forces and linear accelerations,

X2, Y/, and Z}, are not affected by changes in the control plane location. Because
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of the radial rather than longitudinal moment arm. A7 is also unaffected by changes
in location along the surge axis. There is also no change to the relevant moment arm
for Y}. so it too should be unaffected by changes in the location of the control planes
along the surge axis.

The coefficients that would be most affected would be those having to do with
pitch and yaw X}, Y. Zj. K}. M. and N/. Added mass terms X,. Y. Z]. and K}
would vary linearly with the change in control plane location. For these coefficients.
the moment is affected linearly by the moment arm defined by the location along
the x-axis of the control surfaces. In the case of A7. the coefficient is nonzero as a
result of roll-yaw coupling caused by 2, # (). and then subject to the moment arm in
vaw. Finally. M and N} variation with the square of the distance along the x-axis
is expected. since the two coefficients are representative of angular momentum terms

(which are proportional to V).

3.2.3 Control Plane Size

The size of the control planes was varied b

aling the volume while maintaining the

relative geometry (shape). Since the variations are three-dij ional. it is d

that all of the added mass coefficients would be significantly affected. The amount
and type (linear. quadrati

of variation is not immediately apparent without
numerical analysis. In addition. the interference effects of the hull on the control
planes are not readily determined without numerical analvsis. One could speculate
that the variations in added mass coefficients should be proportional to the volume
of the control plane. or to a volume-representative parameter such as 5* (b is the span
of the control plane - see Figure 2-12). if the interference effects are relatively small.
The added mass contributions of the control planes are only a fraction of that of the
hull. so the variations will be less significant than those resulting from changes to hull

geometry.



3.3 Numerical Analysis Procedure

The sensitivity of the added mass coefficients to changes in geometry was investigated
using a program called Estimate Submarine Added Masses (ESAM) developed by
George Watt of Canada’s Defence Research Establishment Atlantic (DREA) [30].

This program was ped for use with s i ing. It replaces the hull and

each appendage with an equivalent ellipsoid. The optimal hull ellipsoid dimensions
are chosen by comparison of added mass predictions with those from strip theory. The
optimal hull ellipsoid is also used to calculate interference effects of the hull on the
appendages. The added mass coefficients for each component are calculated from the
exact expressions for ellipsoids(82] and the results summed to give the overall vehicle
coefficients. The input to the program is the vehicle geometry. ESAM actually
calculates the non-dimensional coefficients based on the vehicle length. e.g. X, =
X./pl* (in accordance with [70]). This program was used with several geometries to
generate corresponding added mass coefficients. The results are presented in Figures
3-4 through 3-11. Note that in these figures the notation for the coefficients is slightly
different: Xud = X,. etc. Also note that these plots are for the dimensional forms of

added mass. and hence the appropriate units are given on the v-axis of cach plot.

Input Output
P— ——R
. .
. .

Figure 3-3: Generic Input/Output Block Diagram

The purpose of the sensitivity analysis is to determine the effect of variations in

specific geometric parameters on the added mass coefficients. In general. the sensi-
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tivity of a given output to a specific input can be calculated by comparing both the
output variable. R. and the input parameter. P. to nominal values (refer to Figure
3-3). For each case the sensitivity. S. of the response to the variation in parameter is
calculated [54]:

_ (R = Ruom) / Room .
S = (P=Pam) /Poom o)

The value of S can be thought of as the percent change in the output variable due to
a 1% change in the input parameter: in this case S represents the percent change in
the added mass coefficient for a 1% change in the specific geometric parameter. The
value of S also provides a measure of how accurately the geometric parameter must

be specified in order to minimize its effects on the added mass coefficient.

3.4 Results

3.4.1 Quality of Variation

The mass and inertial properties of C-SCOUT? are presented in equation (3.3). They
were determined from buoyancy-trim calculations to obtain a neutrally buoyant C-

SCOUT. with level static trim.

m 0 0 0 0

0 m 0 0 0

0 0 m 0 0 0
M, =

000 L ~by —ls

000 =k fy =k

000 ~L: =l I

*The vehicle data presented here are for the C-SCOUT before it was constructed: is the
best estimate of the as-built vehicle. and was used to allow the analysis to proceed while (he vehicle
was being constructed.




347 0 0 0 0 0
0 3147 0 0 0 0
0 0 347 0 0 o
= (3.3)
0 0 0 0.6 0 -03
0 0 0 0 1503 0
0 0 o -0.3 0 149.6

For the C-SCOUT vehicle configuration. the values of added mass (via ESAM. and

after multiplying by pl") are:

0 0 0 0.028 0
0 —164.494 0 -1.796 0 13.876
My = 0 0 —164.494 0 ~13.876 0 (3.6)
0 =1.796 0 -3.601 0 0.142
0.028 0 —13.876 0 -T4.827 0
0 13.876 0 0.142 0 —T4827

where the units for both matrices are

kg kg kg kg-m kgm kgm
kg kg kg kg-m kg-m kgem
s kg- . kg-
ol J8 B s kem keem keim 3.7
kg-m kg-m kg-m kg-m® kg-m* kg-m®

kg-m kg-m kg-m kg-m® kg-m® kg-m?
kg-m kg-m kg-m kg-m? kg-m® kg-m?
Length to Diameter

The length-to-diameter ratio (L/ D) is varied by changing the length of the paral-
lel mid-body while keeping the diameter constant. This means the nose and tail

geometries are not affected by the variation. except to be separated by a lesser or
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greater distance. To negate any possible influence of the control planes. their geome-
try was not included in the ESAM input file. The ratio was varied from L/D =3 to
L/D=10.

The plots (see Figure 3-4) show the linear variation of Y. and Z,. with changing
L/D. They also show a nonlinear relationship between X, and L/D. This latter
relationship stems from the choice of reference axis for the ESAM analysis. The
origin of the reference frame is ar the vehicle center of mass rather than the center of
buovancy. The combination of 3 # 0) and the variation of 2, /L cause the nonlinear
variation of .X, with L/D.

Principle angular acceleration terms. M,. and N,. are expected to vary with

(L/D)*. The principle angular acceleration term. K. pected to vary linearly

with L/D. These relationships are born out by the analysis (see Figure 3-4).

The coupling terms X, and Z,. which represent coupling in the surge-pitch DOF
and the heave-pitch DOF respectively. like X,,. are in the surge-heave-pitch plane (x-
z plane). such that variation in L and 2,/ L combine to give the nonlinear variances
displayed in the analysis results (sce Figure 3-3).

In the case of Y;. ¥, and A. which represent swav-roll coupling. swa

—vaw cou
pling. and roll-vaw coupling respectively. the plots show a linear variance with L/ D.
These added masses are in the sway-roll-vaw plane. and as such vary with L and
2/ D. the latter of which remains constant for all changes in L/D (ie. L is varied

while D is held constant).

Control Plane Location

The location of the shaftline (quarter-chord axis) for the forward fins was varied from
15% to 40% of the full configuration vehicle length aft of the nose in 5% increments.
while the quarter-chord axis for the after fins (£agea) Was fixed at 81.2% of L. The
location of the shaftline for the after fins was varied from 60% to ¥5% of the full

configuration vehicle length aft of the nose in 5% increments. while the quarter-chord
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axis of the forward fins (£ foca) was fixed at 15.5% of L.

Figures 3-6. 3-7. 3-8 and 3-9 show that the coefficients X,. Y. Z.. K;. X,. and ¥,
are all virtually constant and relatively insensitive to variations along the hull x-axis
of the location of the control planes. Note that the last point on the plots for the
after control plane variations represents a location where a significant portion of the
control plane is over the cubic spline tail section rather than the parallel mid-body.
so the values of the added masses at that location do not follow the trend. Added
mass terms Y,. Z,. and A vary linearly with £y,cq OF Lagea- For the first two. it can
be seen that Y, = —Z,. The reason for the dependence can be more readily seen from
the corresponding terms .V, = —3/,.. where it becomes apparent that the moment
is affected linearly by the moment arm. Iyg OF fagea. K, is a result of roll-yaw
coupling caused by = # 0. Again. A, is dependent £ ycq OF Zoyeq a5 the moment arm.
Finally. M, = V. and they vary with £3,., 0r Ii,,. as would be expected of angular
momentum terms. Note that the third angular momentum term. K. is only affected
by moment arms perpendicular to the vehicle x-axis. and is therefore insensitive to

\AFIALIONS i0 £ fgeq OF Lagea:

Control Plane Size

The size of the control planes was varied by scaling the span. b (see Figure 2-12).
This really scales the volume. as the geometry of the whole fin is kept in proportion
by calculating each of the other dimensions from the span. The size was varied from
50% to 150% of the as-built control plane.

In analyzing the effects of the control plane size. the nominal base hull was used in
each case. and the total values of the added mass coefficients. including the hull. con-
trol planes and the interference effects were determined via ESAM. However. the bare
hull portions of the coefficients were ignored. and only the control plane (complete
with interference effects) were examined because the bare hull contributions remained

constant.



All of the added masses were significantly affected (See Figures 3-10 and 3-11). as
expected. There is a direct relation to the volume of the control plane as parameter-
ized by b° (where b is the span of the control planes).

3.4.2 Sensitivity Values

The sensitivity of the added masses to variations in geometry also changes with the
amount of variation. The maximum sensitivities of each significant added mass coef-
ficient are listed in Table 3.1 for the nondimensional coefficients. and in Table 3.2 for

the same coefficients multiplied by pl”).

Table 3.1: Maximum Sensitivity of Added Mass Coefficients to Changes in Geometric
Parameters
f [ Hull Control Plane
L/D | Location Size
Fwd | AR

(X, [ 27465 | _0.004 | 0011 1289
7 0.000
0,000
0.000
0.722
0.722
0.000
0.001
130

[ Y, | 12.286
| Z, | 12.236

K, | 29.310

From Tables 3.1 and 3.2. it can be seen that the dimensional forms of the coeffi-

cients have the same sensitivity to variations in control plane parameters as do the
nondimensional coefficients. i.e. the sensitivity of each of the added mass coefficients
is equivalent to the sensitivity of the corresponding dimensional form. On the other
hand. redimensionalizing the added mass coefficients has major effects on the sensi-
tivity of the coefficients to changes in hull geometry. This is a direct result of using

the hull length as the dimensionalizing factor. In all cases. it is the sensitivity of the
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Table & Maximum Sensitivity of Dimensional Added Masses to Changes in Geo-
metric P:
Hull Control Plane
L/D Location | Size
Fwd ARt |
X, (kg) 0318 | 0.004| 0.011 | 1.2589
Y. (kg) 2 | 0.000
Z, (kg)
K, (kg -m?)
M, (kg - m?)
V. (kg-m7)
X, (kg - m)
Y, (kg -m)
Y, (kg -m)

Z, (kg -m)
TR, (kg-m?%)

dimensional values that is of importance. since they are the values used in the model.
and represent the real effects of added mass.

The length-to-diameter ratio was varied from L, D = 3 to L/ D = 10. Sensitivity
was caleulated using L/ D = 6.7 (the as-built ratio) as the nominal value for the base
configuration. Table 3.2 suggests that all the added mass coefficients are affected sig-
nificantly® by the changes in L/D. especially the pitch and yaw added mass-momenta
of inertia. M, and N,.

The location of the shaftline for the forward fins was varied from 15% to 0%
of the full configuration vehicle length aft of the nose in 5% increments. while the
quarter-chord axis of the after control planes (rugea) was fixed at 81.2% of L. The
% of the full

location of the shaftline for the after fins was varied from 60% to
configuration vehicle length aft of the nose in 5% increments. while the quarter-chord
axis of the forward control planes(yee) was fixed at 15.5% of L. Sensitivity to
variations was calculated using 15.5% of L for 27,cq and 81.2% of L for Zagea (the as-

"Unless otherwise stated. the phrases “affected significantly” and “significantly affected” means
that the sensitivities are not negligibly small (<<1).




built locations) as the nominal position. but the change in the input parameter (the
location of the control planes) in equation 3.4 was divided by the length overall rather
than the nominal position of the planes. This makes the forward and aft values more
comparable. The sensitivity increases with movement of the control planes outward
from the center of mass. For changes in the location of the control planes. only Y..
Z,. M. N,. and K, are significantly affected.

The size of the control planes was varied from 50% to 150% of the nominal size.
All of the control plane added masses were significantly affected. however Y.. Z,.

Yp. M,. and N, have maximum sensitivities less than 1: X, and X, have maximum

ies of about 1: and Y,. Z,. K. and A, have maximum sensi

than L.
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Chapter 4

Sensitivity of Vehicle Response to

Hydrodynamic Parameters

Each of the six forcing functions include terms from both viscous effects (viscous
damping) as well as from pressure effects and gravity and buoyancy forces. The
nonlinear computer model used in the simulation uses lift and drag equations to
determine the forces on the hull and control planes (fins). The equations are written
in terms of coefficients of lift and drag. the density of the water. the geometry of
the vehicle (a reference area - wetted surface area is used in this model). and the
velocity. There are separate equations for the hull and each control plane. The forces
are added together (component-wise in the body-fixed reference frame) ro determine
the total force on the vehicle.

The moments caused by the lift and drag forces on the fins and hull are determined
by a crossproduct involving the forces and the position vector of the center of pressure
or center of effort.

The center of pressure (C'P) is the point on the control plane where the (fin) lift

and (fin) drag are assumed to act. For the wing-section fins. this point is usually

very close to the quarter-chord axis (C'Pc¢ = ¢/4) at some distance along the span

from the root chord towards the tip chord. In the case of the C-SCOUT vehicle.
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the center of pressure is assumed to be at the quarter-chord point 43% of the half-
span (CPs = 0,4295) out from the root chord. This location is based on formulae
presented in [79]. The model uses lift and drag on the control planes at angles of
attack below stall. This is justified because the base mnﬁguramm of C-SCOLT is
incapable of hover. and should th have d; domi by the effects of

forward velocity. i.e.. the angles of attack will be low. Lift and drag coefficients for

the control planes of small aspect ratio at angles of attack below stall are readily

from existing li such as [79].

The center of effort (CE) is the point along the axis of revolution of the bare
hull where the forces of (hull) lift and (hull) drag are assumed to act. In this sense
it is verv much the center of pressure of the hull. but it will be referred to as the
center of effort herein to avoid confusion with the center of pressure of the control
planes. The present model has a fixed center of effort on the axis of revolution.
forward of the center of buoyancy of the vehicle. There is significant uncertainty
associated with the actual location. and the location will move aft along the axis of

revolution as the vehicle angle of attack (the angle of the surge axis of the body frame

relative to the fluid flow) becomes larger. Therefore. it is important to know what
effect any variation of center of effort will have on motion of the vehicle. Lift and
drag coefficients for the hull. and the center of effort are determined using methods

developed for airships and guided missiles [73|.

4.1 The Need for Sensitivity Analysis

Hydrodynamic parameters are typically determined from physical-model testing and
there is usually some uncertainty concerning their exact values. However. one of the
key elements in the vehicle’s effectiveness as a test bed is a fundamental understanding
of its maneuverability and of its sensitivity to changes in hydrodynamic parameters.

This knowledge of the vehicle will be important when the vehicle is used as a testbed
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for other systems. It will facilitate the discernment of behaviours induced by the
system under study. by providing a baseline of behaviours inherent to the vehicle
itself. This will allow a clearer picture of the effects of the system under test.
Finally. it is important to look at the sensitivity of the vehicle in terms of ro-
bustness: how accurately does one have to know the parameters in order to ensure

acceptable performance.

4.2 Analysis Procedure

4.2.1 Sensitivity

The purpose of this sensitivity analysis is to determine the effect of variations of
specific parameters on the response of the vehicle in some standard maneuvers. For
each case the sensitivity of the response measure to the variation in parameter is

calculated as in

| (see equation (3.4)). The value of § can be thought of as the
percent change in the measured response variable corresponding ro the percentage
change in the input parameter.

Here the input parameters can be categorized as:
L. Geometric properties

(a) Scale

(b) L/D

(c) Control plane size

(d) Control plane location

Hydrodynamic properties

(a) Added mass

(b) Lift and drag coefficients



(c) Center of effort (CE) of the hull and center of pressure (CP) of the fins

(measured with respect to the vehicle center of mass)

These parameters are either direct design variables (i.e.. their values are chosen
in the design). or they are indirect design variables. The values of the direct design
variables greatly influence the values of the indirect design variables. so that obtaining
a certain value of the indirect design variable may be the motivating factor in choos-
ing a particular direct design variable. The geometric properties are direct design
variables. while the hydrodynamic properties are indirect variables.

The division of the parameters into direct/indirect design variables leads to a
more general. two-stage sensitivity analysis. First. the sensitivity of the added mass
coefficients to changes in geometry (scale. L/D. control plane size and location) is
determined using ESAM. This step was accomplished in Chapter 3 (and reported in
[52]). Note that the lift and drag coefficients are “fixed” by selection of the shape of
the hull and appendages. as are the centers of pressure and effort - a fundamental set

of decisions in the design process. Second. the sensitivity of the vehicle to variations in

the added mass i to lift and drag coeffici and to location of the centers
of effort and pressure is determined by multiple simulations of definitive maneuvers at
specific speeds and rudder/elevator angles. This is the subject of the present chapter
(and has been reported in [53]).

4.2.2 Definitive Maneuvers

The maneuvers chosen for measuring the response of the vehicle to changes in design
parameters are turning circles and horizontal and vertical zigzag maneuvers. These

are standard tests i on ships and and so provide readily under-

standable criteria for evaluating performance.
To perform the turning circle. the vehicle is commanded to travel with steady

forward motion. When this straight and level flight is achieved. the rudder is com-
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manded to a particular deflection angle. such that the vehicle enters into a turn (see
Figure +1'). The rudder angle is maintained (as is the commanded forward speed)
while the vehicle continues to turn in a circle. There are several measures in the
turning circle maneuver which can be used as performance indicators. Here. the ra-
dius of the turning circle was chosen as a measure of steady-state response. and the

advance was chosen as a measure of the transient response. [n terms of the simula-

3
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Figure 4-1: Turning Circle

tion. this maneuver was easily implemented by simply setting the upper and lower
control planes to the desired angle of defiection at a given time (10s). A variable step
integrator was used in the Simulink”* model. and each simulation was run for 1005

to ensure a complete circle was performed even at low speeds.

'Ref. Fig.20. C. L. Crane. et al.. “Controllabil;
vol. IIL E. V. Lewis. Ed. The Society of Naval Architects and Marine Engineers. Jersey City. )
1989.
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The horizontal (vertical) zigzag also starts with the vehicle travelling in straight
and level flight. Then the rudder (elevator) is commanded to a given deflection
angle. The rudder (elevator) angle is held until the yaw (pitch) angle of the vehicle
reaches a specific value. then the rudder (elevator) is commanded to an equivalent
deflection angle on the oppusite side (see Figure 4-2*). The new deflection angle
is held until the vehicle yaw (pitch) angle reaches the specific value. then the first

rudder (elevator) deflection angle is again commanded and the cycle is repeated.

With the zigzag the 1 are the period (7). the time to
reach second execute after the first execute (reach). the overshoot angle (). and the
overshoot width of path (pg). The first two parameters are measures in time. while
the last two are measures in space: each of them may have a different relationship
to the variation of the particular coefficient. The zigzag gives a clearer picture of
the transient response of the vehicle and a better indication of its controllability
than the turning circle does. The zigzag maneuver was more difficult to implement
than the turning circle. since the zigzag depends on feedback of the vehicle vaw
angle. The vehicle achieves the yvaw angle setpoint at a time when the state of the

vehicle is changing in a nearly linear manner. i.e. when the variable step integrator is

taking large time steps. C v. the simulation often by a si

amount the time when the correct vaw angle is achieved. resulting in what appears
to be spurious data for the vehicle response measures. To avoid this. a fixed step
integrator was used and the time step adjusted so that when the vehicle achieves the
vaw setpoint. it was detected quickly. The results from this integration method are
vastly improved from the variable step simulations. but there is still some variation
in the data due to not detecting exactly the time ar which the vehicle reaches the
vaw setpoint. This can have some effect on the trend line analysis.

" FRef. Fig136. C. L. Crane, ot al.. ~Controllability.” Chapter [X in Principles of Naval Archit

ture. vol. IIL. E. V. Lewis. Ed. The Society of Naval Architects and Marine Engineers. Jersey City.
NJ. 1989.
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Figure 4-2: Zigzag Maneuver
4.3 Effects of Varying Hydrodynamic Parameters
on Vehicle Response

The hydrodynamic varied are the significant ( ) added mass coef-
ficients. the lift and drag coefficients for the hull and control planes. and the center
of effort of the hull and center of pressure of the control planes. These parameters
represent a comprehensive set of variables that influence the behaviour of the AUV.
For each of the parameters. a range of simulations at a representative surge (forward)

speed and control plane deflection angle were performed.



4.3.1 A Note on the Model

The transit time for the flow over the control plane (mean chord) is the mean chord
length divided by the speed of the vehicle:

u=0.036s at a vehicle speed of 3m /.
This time is two orders of magnitude less than the shortest period of vehicle motion
during zigzags in either plane at 3m /s. Therefore the quasisteady state modeling
approach used here is valid.

The control actuator dvnamics are not included in the model. This allows step
inputs to the vehicle. resulting in clear indications of vehicle behavior. The reaction
time for the control plane is expected much less than the response time of the vehicle.

so this simplification is reasonable.

4.3.2 A Note on the Data Analysis and Plots

Note that in some of the figures to be presented later in this analysis. the trend lines
do not pass through the data points (diamonds - “Actual” in the plot legends). The
trend lines (~Trend™ in the plot legends) were determined automatically by a software
routine that subjects the data to progressive series of regressions. Each set of data
was first averaged. If the data were within 1% of the average. a constant trend line
equal to the average was used. If the data were not within 1% of the average. a linear
regression was performed. [f all the data were not within 1% of the linear trend line. a
quadratic regression was performed. and so on until the order of the regression could
no longer be supported by the number of data points (the order of the polynomial
reached one less than the number of data points). Because of the automatic nature of
the software routine. the data points in some cases may show a definite trend which
is not reflected by the trend line because the variation in the data is less than 1%.
In some cases the 1% tolerance was relaxed to 5% when the order of the polynomial
describing the trend line was large (e.g. 5 or 6). This was done because the order

of the trend line polynomials may be artificially large due to effects of the integrator

(see above). Some of the hydrody i i v the lift and drag



coefficients for the hull and control planes) are functions of the sine and cosine of
their respective angles of attack. In the cases of these parameters the polynomial

regression is not a good option.

4.3.3 Added Mass

When a body accelerates in a fluid. the fluid around the body is disturbed and is
also accelerated. The movement of the fluid requires additional force over and above
that necessary to accelerate the body itself. Added mass is the proportionality factor
relating the additional force to the actual acceleration of the body [31]. The value of
the added mass is important in the accurate calculation of vehicle accelerations.
The nature of the hull-fluid interaction also means that the added mass is not
a simple scalar. but must account for the accelerations in all six DOF that result
from each of the forces and moments. The general form for an added mass matrix
has 36 elements to completely describe the ratio of additional force to acceleration
in cach combination of DOF. For any body there are really only 21 unique elements
in the added mass matrix. because the matrix is svmmetric about the diagonal. i.e..
X, =Y. Xo = Z,. etc.[73]. For a typical torpedo-like vehicle such as the C-SCOUT.
there are 11 non-zero elements: X,. X. Ye. Y. Y. Ze. Z,. K. Koo M, and V. s0

the matrix of added mass derivatives is:

X. 0 0 0 X, 0
0¥ e % O %

°
=
N
B
N

(4.1)

0 K 0 N
OF the eleven. six are along the main diagonal of the matrix. and represent the

principle coefficients. That is. if the vehicle is forced in a particular direction (or
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rotated about a particular axis). one of these six values represents the added mass

(or added f-inertia coefficient ): the ratio of additi force
(moment) required to achieve the acceleration in that DOF. The remaining five off-
diagonal values represent coupling terms which describe the effects of force in one
DOF on the acceleration in another DOF.

Since the reference frame is attached to the center uf mass for simpler calculation
of the dynamics. X,. ¥,. and A, are typically not zero. The remaining coupling
elements. Y, and Z,. are the result of fore-aft asymmetry in the vehicle.

Computer simulations were carried out where each of the significant added masses
was varied from 0% to 200% of the nominal values (the values determined by ESAM
for the as-designed vehicle). A range of simulations for each of the definitive ma-
neuvers were performed in order ro give a comprehensive measure of the vehicle

performance.

Turning Circles

The turning circle is a steady-state maneuver: once the vehicle has entered the circle
its state of motion remains constant. the only acceleration being an angular accel-
eration due to the changing direction of the velocity vector. Because of this. the
maneuver is expected to be relatively insensitive to variations in added mass values.
The only variations in the response measures should be in the transient portion of
the maneuver. as the vehicle is moving into the turn from its original straight and
level course.

The results of simulations of the turning circle maneuver showed that the radius
of turn (for a fixed rudder deflection) was indeed virtually insensitive to variation of
any of the added mass elements. Even in the transient portion of the maneuver. only
a few of the 11 significant added mass elements affected the vehicle response.

The results did show that there is a very slight increase in the tactical diameter of

the vehicle when the added mass in surge (.',) was increased. however the increase
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Figure 4-4: Variation of Tactical Diameter with Sway Added Mass. Y,

Figure 4-5: Variation of Time to Reach 130° with Yaw Added Mass-Moment of Inertia.
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Table 4.1: Maximum Sensitivity of Turning Response Measures to Variations in the
Added Mass Coeffici

Turning Circles ]
Radius Tactical | Tmeto |
of Turn | Advance | Diameter | Reach 180°

X. | -0.0001 |_-0.0015 | 0.0004 00315

Y. [ -0.0020 | 0.0237 | 0.0461
Z. | 00002 -0.0182 | 0.0004
K, | 0.0003 | 00117
3, |_0.0002
N, | 0.0007
X, | 0.0005
Y, | 0.0007 | 00174
Y, | 00002 | 00237 | 00073
Z, | -0.0002 |__0.0146 | _0.0002
K, | 0.0006 | -0.0137|_0.0005

unaffected while the other three measures do show varving degrees of change indicates

that the effects of added mass are significant in the transient part of the maneuver

(accelerating into the turning circle). but are not significant in the steady turn.
Since the elements represent virtual added inertia. the response measures increase

with increase in the added mass element:

. as the virtual inertia increases. the
vehicle requires more time and space to perform the maneuver (as expected).

The measured responses to turning circles were analyzed using equation (3.4).
and the maximum values of S are recorded in Table 4.1 as the measure of sensitivity
of that particular response variable to the specific added mass element. Turning
circle response is virtually insensitive to variations of added mass coefficients. i.e.. the

maximum sensitivities determined are all much less then unity.
Zigzags
For zigzag maneuvers. the added masses and added mass-moments of inertia corre-

sponding to the plane of the maneuver are expected to cause variation in the response

measures: e.g. increasing Y;. .V,. and possibly Y. causes all the horizontal zigzag re-
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sponse measures to increase. These same added masses and added mass-moments
of inertia would ideally have no effect on the response measures for vertical zigzags.
The added mass elements Z,. M;. and Z, affect the vertical zigzag response in a
similar manner. and should not affect the horizontal zigzags. The zigzag maneuver
by nature involves constantly varyving acceleration in an angular DOF - either yaw
in the horizontal plane. or pitch in the vertical plane. Therefore it is reasonable to
expect that varying N, and M, will effect the vehicle motion in the applicable plane.
The angle of the hull relative to the flow is also changing in a sinusoidal manner in
the zigzag maneuver. This means that changes in Y, will be significant in the hori-
zontal zigzags. and Z,. will be significant in the vertical maneuvers. Variations in the
coupling elements Y, and Z, may also be influential on the vehicle response.

[ncreasing the added mass-moments of inertia. .V, and M,. cause the vehicle to

be slower and require more space to accomplish the zigzags. because the vehicle is
harder to turn. i.e. it is harder to change its course. Figures 47 and 4-3 show that
this is indeed the case for .V,. while Figures 4-9 and 4-10 show the same for M,. The

response measures increase linearly as the added mass-moments of inertia increase.
Increasing the added masses. Y. and Z,.. cause the vehicle to be slowed. but to take
less space. The vehicle will not drift as far. and its turning ability is unimpaired. For
zigzags. the (period and reach) increase as Y. increases.

but the spatial measures (overshoot angle and width of path) decrease (e.g. see
Figures +11 and +12). For vertical zigzags. the temporal measures also increase
linearly as Z,. increases. and the spatial measures decrease (e.g. see Figures 413 and
+14).

Varyving Y, does not affect the response measures significantly in either plane.
In the vertical plane maneuvers. there is no asymmetry to cause a sway force or a
vaw moment. [t is reasonable to expect that the sway-vaw coupling. ¥;. would have
an affect on the horizontal zigzags. but the simulations show that the effects are

insignificant. causing less than 1% variation in the response measures. This leads
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Figure 4-10: Variation of (Vertical) Zigzag Overshoot Width of Path with Pitch
Added Mass-Moment of Inertia, My

Figure 4-11: Variation of (Horizontal) Zigzag Period with Sway Added Mass, Y;
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to the conclusion that the sway added mass. Y. and the vaw added mass-moment

of inertia.

dominate the response. Both of these latter values are much greater
than Y;. The pitch-heave coupling. Z,. does affect motion in the vertical plane: all
the response measures increase linearly with increasing Z,. The effects of gravity on
the vehicle amplify the importance of Z,. That is. the moment couple of the gravity-
buoyancy forces resists any pitching moment. and is therefore a stabilizing moment in
the vertical plane. However. the effect of increasing the heave-pitch coupling added
mass is to increase the virtual rotational inertia in the vertical plane. decreasing the
effectiveness of the gravity buoyancy couple as a stabilizing moment. and making the

vehicle less “stiff". allowing larger motions. Varving Z, also has a very slight effect

on zigzags in the horizontal plane. c

using the spatial measures (overshoot angle and

overshoot width-of-path) to increase by a small amount as Z, increases. There is a
very weak coupling between roll and vaw that. along with the asvinmetry about the
x-y plane of the vehicle. results in the slight (less than 1%) variation in the spatial
measures.

The zigzag response measures (in either the horizontal or the vertical plane) are
not significantly sensitive to variations in any of the other coupling terms or the roll
added mass-moment of inertia. A,.

The zigzag mancuver response measures have a greater sensitivity to variations
in the added mass coefficients than do the turning circle response measures: zigzag
maneuvers provide a better test for transient measures than turning circles do. see
Tables 4.2 and 4.3.

For horizontal zigzags. the sway added mass. Y,. the yaw added mass-moment of
inertia. N,. and the sway-vaw coupling. ¥ affect the vehicle response. but a large
variation of any of these would only change the response by a small amount: e.g. a
positive 10% change in C-SCOUT's .V, would increase the overshoot angle by 3.1%.

For vertical zigzags. the heave added mass. Z,. the pitch added mass-moment of

inertia. M. and the heave-pitch coupling. Z,. affect the vehicle response. Like the
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Table 4.2: \ ity of Zigzag R M

tions in the Added Coefficients

Horizontal Zigzags
Overshoot
Period | Reach | Angle | Pathwidth

X | -0.0022 | 0.0000 | -0.0001 -0.0002
Y, | 0.0556 | 0.0432 | -0.2104 -0.1411
Zy, | 0.0000 | 0.0000 | -0.0000 -0.0000
K, | 0.0000 | 0.0000 | 0.0000 | _ -0.0000
M; [ 0.0000 | 0.0000 | -0.0000 -0.0000
N; | 0.1028 | 0.0907 | 0.3098 0.1832
X, | 0.0000 | 0.0000 | 0.0000 0.0000
Y; | 0.0000 | 0.0000 | -0.0002 0.0002
Y: | 0.0423 | 0.0324 0.0545
Zz | 0.0000 | 0.0000 | -0.0000 -0.0000
K; | 0.0000 | 0.0000 | 0.0001 0.0000




Table 4.3: Maximum Sen.mmn of Vertical Zigzag Response Measures to Variations
in the Added Mass Ce

Vertical Zigzags
vers|
Period l Reach | Angle | Pathwidth
X, | -0.0012 | 0.0000 | -0.0001 0.0002
Y. | 0.0000 o.moo 0.0000 0.0000
Z,. | 0.0557 | 0.0428 | -0.1699 -0.1494
R, | 0.0000 [ 0.0000 | 0.0000 0.0000

31, [ 0.1003 | 0.0878 | 0.2301 0.1308
N, |_0.0000 | 0.0000 | 0.0000 0.0000
Xy 0000 | 0.0000 0000
Y, | 0 0000 |_0.0000 0000
Y, | 0.0000 | 0.0000 | 0.0000 1.0000
| Zq 170.0391 | 0.0321 | 0.0303 0.0491

A, [ 00000 | 0.0000 [ 0.0000 0.0000

horizontal plane elements. the sensitivity of vehicle response to variations in these
vertical plane elements are small: e.g. a positive 10% change in C-SCOUT's M,

would increase the overshoot angle by only 2.8%.

Design Implications

The foregoing results confirm the intuitive design criteria that the added mass prop-
erties of the vehicle should be reduced as much as possible. Although they have little

effect on the steady state motion they can have an effect on the transient motions.

The physical mass and inertial properties of the vehicle are:

347 0 0 0 0

0 314 0 0 0 0
0 0 347 0 0 0
Mp = (4:2)
0 0 0 22 0 08
0 0 0 0 1522 0
0 0 0 0.8 0 151.7
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while the virtual added masses. moments of inertia. and coupling terms are:

-253 0 0 0 003 0
0 -16449 0 -180 0 13.88
0 0 16449 0 -1388 0
M, = (4.3)
0 -180 0 360 0 0.14
0.03 0 ~-1388 0 -7483 0
0 13.83 0 0.14 0 7483

The negative signs are because the pressure forces on the hull would tend to retard the
vehicle motion. The real mass. Mg. and the virtual added mass. M,-. are originally
on oppasite sides of the equation: one is a rigid body property. while the other is
related to the (pressure) force experienced by the vehicle. When rhe virrual mass is
“subtracted” from the real mass. the net effect is greater apparent mass in most DOF.

hence the virtual mass is “added mass™.

317.23 0 0 0 -0.03 0
0 479.19 0 1.30 0 —13.88
0 0 479.19 0 13.88 0

= (4.4)
0 1.80 0 5.80 0 0.66

—0.03 0 13.88 0

0 —13.88 0 0.66 0 226.53

Comparing the three matrices (see Table 4.4) it can be seen that the surge added
mass derivative makes up only a tiny fraction of the inertial effect in the surge DOF.
therefore even doubling it should not affect the vehicle response. This is confirmed
by the very low sensitivity values in Tables 4.1. 4.2. and 4.3. and by the simulation
data (e.g. Figure 4-3). The small magnitude of the surge derivative is due to the
relatively small cross-sectional area of the hull of the AUV.

In comparison. the planform area of the vehicle is much larger. and this is reflected
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Table fagnitude and Sign Effects of Added Mass Derivatives
der of Magnitude Percent of Effective
Apparent | Apparent Mass | Sign of the

Mass | Real | Virtual | Virtual Mass
10° 99.2 0.8 +
10 65.7 33 +
10° 65.7 H3 +
107 379 62.1 o
10° 67.0 33.0 #
0 10° 67.0 33.0 +
X0 10-7 10 0.0 __100.0 =
¥ 0 107 107 0.0 _100.0 T3
Y. | 0 107 10" 0.0 1000 -
Z; | 0 10" 107 0.0 __100.0 +
R, | 0° | 100" | 10° 1216|216 -

in the contribution the sway and heave added masses make to the apparent mass* of
the AUV (34% each in their respective DOF). as well as in the contribution the pitch
and vaw added mass-moments of inertia make to the vehicle’s apparent mass (33%
each in their respective DOF). Because the effects of added mass are associated with

vehicle acc i even these signifi contributions are not of major importance

to the steady state motions. and variation of these derivatives does not really affect the
response of the vehicle in turning maneuvers (see Table 4.1). The small sensitivity to
variation in added mass occurs only in the advance phase of the maneuver where the
vehicle transitions from straight ahead into the turn. In the zigzag maneuvers. where

the vehicle i s accelerations the . the contributions of

the added mass derivatives are manifested. For example. varying ¥, by 10% will
cause the response measures in the horizontal zigzag to vary by as much as 3.1% (see
Table 4.2). Varying M, by 10% will cause the response measures in the vertical zigzag
to vary by as much as 2.8% (see Table 1.3).

$The apparent wass is the sum of the real (physical) mass of the vehicle and the virtual added

mass: i.e.. what the vehicle mass appears to be in terms of the force necessary to accelerate the
vehicle.
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The added mass-moment of inertia in the roll DOF. K. is actually larger than
the real moment of inertia about the surge axis. but even the sum of the two is a
small magnitude. and has little effect on the vehicle response in turning circles (see
Table 4.1). and next to no effect on the vehicle response in zigzags (see Tables 4.2
and 4.3).

The coupling derivatives. X, and Y. are so small for C-SCOUT as to be of little
consequence to the vehicle response.

The Y; and Z, coupling derivatives are a result of the fore-aft asymmetry. partic-
ularly the control surfaces on the aft end of the parallel mid-body. If there is a sway
force pushing the vehicle to the starboard. the fuid force on the control planes will
cause a positive vaw moment about the heave axis. in effect decreasing the inertia

in vaw. hence the negative sign in Table 4.4, [f there is a heave force pushing the

vehicle down. the fuid force on the after control planes will cause a negative pitching
moment. in effect increasing the inertia in pitch. These two derivatives are not a
major infuence on the vehicle response in turning circles: e.g. a 100% change in Z,
will only change the advance by about 2% (see Table 4.1). Tables 1.2 and 4.3 show
that variation of these derivatives do effect the response of the vehicle in horizontal
and vertical zigzag maneuvers.

The A coupling derivative is a result of asvinmetry about the x-v plane. partic-
ularly the uneven offset of the upper and lower control planes relative to the center
of mass of the vehicle. The center of pressure of the upper fin is further from the roll
axis (which is through the center of gravity according to the chosen body reference
frame) than the center of pressure of the lower fin. When the vehicle is subjected
to a positive roll moment. the Huid force on the upper fin is greater than that on
the lower fin. The net result is a force that causes a positive yaw moment on the
vehicle. in effect reducing the yaw inertia. The combined effects of the x-z product of
inertia and the roll-vaw coupling added mass-moment of inertia have little effect on

the response of the vehicle in turning circle or in zigzags.
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In terms of vehicle design. it is useful to reduce the influence of the added mass
derivatives as much as possible. This can be accomplished by streamlining the vehicle
and reducing the size of the appendages. Reducing the overall size of the vehicle will
not reduce the relative contribution of the added mass on the vehicle response. as
that contribution will still be in the same proportion to the real mass.

Three of the coupling derivatives actually reduce the inertia of the vehicle. A
X, and Y,. The latter of these three can be increased by moving the center of mass
forward in the vehicle. but this would mean increasing the Z, coupling derivative as
well. increasing the inertia in heave-pitch. The two former derivatives can be increased
by moving the center of gravity down in the vehicle. which would also make the vehicle
more stable in roll and pitch. Moving the center of mass down also increases the effect
of Y, meaning the vehicle will roll more with application of a side force. These three
derivatives (A,. X,. and Y;) do not form sufficient grounds for moving the center of

mass. The design goal should therefore be to reduce all the added mass derivatives.
4.3.4 Lift and Drag Coefficients

Expected Results

The lift and drag coefficients are important during the steady motions. since th
used to calculate the -
empirically derived dimensionless numbers. Lift and drag on the hull are applied at

tatic” forces of lift and drag. The lift and drag coefficients are

the center of effort (CE). well forward of the center of mass of the vehicle. and thus
the lift force produces a moment that tends to destabilize the vehicle. That is. if the
vehicle is perturbed from a straight and level path. the lift on the forward-moving hull
will cause the vehicle to continue to turn even after the disturbing force is removed.
The lift and drag on the (after) fins are applied well aft of the center of mass. at the
center of pressure (C'P) of each control plane. and. therefore. the lift force on the fins
tends to stabilize the vehicle. That is. if the vehicle is perturbed from a straight and

level path. the lift on the after control surfaces will cause the vehicle to return to its
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original straight and level path. Commanding a change of heading or pitch attitude
is accomplished by deflecting the control planes. Changing the angle of defiection of
the control planes initially produces a moment on the vehicle. initiating a turn. The
lift force on the hull will tend to cause the vehicle to keep turning in that direction.
As the turn progresses. the moment caused by the deflected control planes decreases
until the moment actually changes sign. i.e. the vehicle has turned past the point
where the lift on the fin is zero. and now the fin lift starts to work against the hull

lift. The vehicle hull will continue to yaw until the moment caused by the hull lift

and the moment caused by the control planes are in dynamic balance. This balance
will oceur at a specific angle of drift. the angle between the hull and the fAuid fow.
The hull lift is a function of the drift angle of the vehicle. The control plane lift is a
function of the drift angle and the deflection angle of the fins. the sum of these two
being the angle of attack of the control plane.

Because the center of effort of the hull lift and drag is well forward of the center
of mass of the vehicle. as the lift on the hull increases. it is expected that the vehicle
will turn quicker and in a shorter distance. It is also reasonable to expect rthat the
time and space required to reverse the turn will be greater as the hull lift coefficient
is increased. unless greater control effort is expended: i.e. the vehicle requires more
control authority as the hull lift increases. The temporal measures also increase with

the increase in the hull drag coefficient. since drag slows the vehicle down. The

cased drag. however. means less distance is required for the turning mancuver.
since the vehicle achieves full actuator response in a shorter spatial distance. Hull
drag may effect the ability to reverse the turn. causing an increase in the required
space for the zigzag maneuver.

Increasing the lift on the control planes is equivalent to increasing the control
authority of the vehicle. This causes the vehicle to respond quicker to a turn command
and it is easier to reverse the turn. meaning the temporal and spatial requirements are

less as the fin Lift coefficient increases. Drag on the coutrol planes also tends to slow
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the vehicle. increasing the time needed for the The spatial

remain virtually constant or decrease slightly with increasing fin drag. However. at
small fin-deflection angles. the drag on the fins represents a small proportion of the
total drag on the vehicle.

For both the hull and the control planes. the lift and drag coefficients were varied
from 60% to 200% of the nominal values. Again. simulations at a representative
surge speed and control plane deflection angle. varving each of the coefficients. were
performed.

Turning Circles

All the response measures change with variations in the hull lift coefficient. If up to
five percent tolerance is allowed for in the trend lines for the simulation results (see
Section +4.3.2). the radius of turn (see Figure 4-15) and the tactical diameter vary as
the inverse of the square of the hull lift coefficient. while the advance and time to
reach 130° vary linearly (again. when five percent tolerance applied) as the inverse of
the hull lift coefficient. If only one percent error is allowed in the simulation results.
then the order of each of these relationships increases by one (e.g. the radius of turn
varies as the inverse of the cube of the hull lift coefficient).

The radius of turn varies inversely (linearly) with the coefficient of drag of the
hull (see Figure 1-16). as does the tactical diameter and the advance. while the time
to reach 180° varies directly (linearly) as the hull drag coefficient (see Figure +-17).

The radius of turn varies directly as the fourth root of the fin lift coefficient (within
1% - see Figure +13). The tactical diameter varies as the cube root. The time to
reach 180° varies as the square root of the fin lift coefficient. and the advance varies
linearly with the fin lift coefficient (see Figure +19). When the trend line tolerance
is allowed to be up to 5%. the radius of turn and the tactical diameter vary as the
square root of the fin lift: the time to reach 180° varies linearly: and the advance is

constant over the range of variations of C¢,,,,-
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Figure 4-16: Variation of Radius of Turn with Hull Drag Coefficient
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Table 4.5: Maximum Sensitivity of Turning Response Measures to Variations in the
Lift and Drag Coefficients

Turning Circles
[Radius Tactical | _Time to
| of Turn | Advance | Diameter | Reach 130°
Cepon | -11062 | 00998 | -0.9105 | -0.2838
Cpy | 00450 | -0.1721 | -0.0442 0.1607
Ce,... | 00879 00251 0.6295 0.1884

Cop,... | 00070 | 00171 _0.0045 0.0508

4 I

The radius of turn is not significantly affected by varving the fin drag coefficient.
but the advance decreases linearly with increasing fin drag coefficient (see Figure +
20) and the time to reach 1830° increases linearly with increasing fin drag coefficient
(see Figure 4-21). Even these two measures are practically constant if 5% rolerance
is allowed when calculating the trend line equations.

The responses in turning circles are sensitive to variations in the lift coefficients
on the hull and fins. as may be expected since the lift and drag forces are functions
of velocity and not acceleration. This is seen in the maximum sensitivity values
for radius of turn (see Table 4.5). For both the hull and fins. changes in the lift
coefficients affect the response measures more than changes in the drag coefficients
do. Increases in the hull lift coefficients tend to cause decreases in the radius of
turn and the advance. as is evidenced by the negative sign preceding the maximum
sensitivity value. This is a result of the center of effort (the point of application of
the hull lift and drag forces) being forward of the center of gravity. An increase in
lift on the hull will cause the vehicle to turn more abruptly. since the moment caused
by the force is in the direction of the turn. The drag force on the hull. on the other
hand. tends to slow down the vehicle. meaning the turn is accomplished in a shorter
distance. The lift and drag forces on the fins tend to stabilize the vehicle after the
turn is initiated. since these forces are applied at the control plane center of pressure.
well aft of the vehicle center of gravity. Therefore. increasing the lift on the fins will

cause a larger radius of turn and advance. It is therefore evident that decreasing the
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Figure 4-20: Variation of Advance with Fin Drag Coefficient

122



lift on the fins will cause a smaller radius of turn. However. this must have a limit
as zero lift does not mean the vehicle spins on its axis. Rather there is a point when
the lift on the fins is no longer effective as an agent for initiating the turn. and the
vehicle will not turn at all. Drag on the fins. like drag on the hull. slows the vehicle
down. but to a lesser extent. Thus the vehicle advance is reduced but the turning
radius is increased with an increase in the drag coefficient. The drag coefficients for

both the hull and fins affect the advance more than the radius of turn.

Zigzags

The vehicle response in horizontal zigzags was very similar to that in vertical zigzags.
both qualitatively and quantitatively. For maneuvers in both planes. the period
of response (7) varied nonlinearly with variations in the hull lift and the fin lif
coefficients. and linearly with variations in the hull drag and fin drag coefficients. For
changes in the hull lift coefficient. the period. the overshoot angle and the overshoot
width of path increased as the square root of the hull lift coefficient (e.g. see Figure
422

while the reach measure decreased linearly with increase in the lift coefficient
(see Figure +23). The response measures in zigzags generally increase linearly with
increasing hull drag (e.g. see Figure 4+-24). though the spatial measures of overshoot
angle and overshoot width of path reduce to constants when up to 5% tolerance in
the trend lines for the simulation data is allowed. This would indicate that the major
effect of hull drag is to slow down the vehicle (as expected). bur that drag has only
a small effect on the actual space required for the maneuver. The obvious result is
that the hull should be designed with the minimum drag possible.

When 5% tolerance in the trend lines is allowed. the period varies as the inverse
of the cube of the fin lift coefficient. while the reach becomes (inversely) linear. The
overshoot width of path varies with the inverse of the fin lift coefficient to the fourth
power. and the overshoot angle varies as the inverse of the coefficient to the fifth

power. These high order polynomials may be artefacts of the integration. showing
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Figure 4-21: Variation of Time to Reach 180° with Fin Drag Coefficient

Figure 4-22: Variation of (Horizontal) Zigzag Overshoot Angle with Hull Lift Coeffi-
cient
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Figure 4-24: Variation of (Horizontal) Zigzag Overshoot Width of Path with Hull
Drag Coefficient
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Table 4.6: Maxi Sensitivity of i Zigzag Measures to Varia-
tions in the Lift and Drag Coefficients
Horizontal Zigzags
| Overshoot

Period | Reach | Angle | Pathwidth
Cepon | 02158 | 0.0216 | 0.7104
Cryo | 03361 | 03356 | 0.1221
Cey.., | -11976 | 01374 | 34213
Cpy... | 0.0467 | 0.0432]-0.0397

Table 4.7: Maximum Sensitivity of Vertical Zigzag Response Measures to Variations

in the Lift and Drag Coefficients
= 1 Vertical Zigzags

I T Overshoot
Period | Reach | Angle | Pathwidth
-0.0268 | 0.6813 0.5079

03480 | 0.0304 | 00175
Cey,.. | 12540 | 0443 | 30019 18472
Coy.., | 00413 | 0.0428 | -0.0291 | __-0.0101

up as uncertainty in the results. rather than actual trends in the data. Both the

appear to be imately inversely fonal to the square

of the lift coefficient when the data is viewed by eve (see Figure 4-25 for example).
The period (Figure 4-26) and the reach increase linearly as the fin drag coefficient
is increased. while the overshoot angle tends to decrease with increasing Cp,,., . and
the overshoot width of path is not significantly affected.

The maximum sensitivity values for the horizontal zigzag maneuvers and the verti-
cal zigzag maneuvers are very similar. differing only in the signs of some of the values
near zero (sec Tables 4.6 and 4.7). The values of maximum sensitivity indicate that
it is important to know the lift coefficients accurately. since a 10% variation in C¢,,.,,,
can mean an 7.1% change in the overshoot angle (Table 4.6) and a 5.1% change in
the overshoot width of path (Table 4.7). This is even more evident in the case of
the fin lift coefficient. C',.,,. where a 10% increase can result in a 24.8% decrease in

the overshoot width of path and a 34.2% change in the overshoot angle (Table 4.6).
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The hull drag coefficient must also be known with some accuracy. while the fin drag

coefficient can be much more approximate.

Design Implications

In steady state maneuvers such as the turning circle. it is beneficial if the hull lift is
large as this produces a tighter turn. Increased hull drag also reduces the radius of

turn. but at the expense of time (and energy ) to the In
turning circles. the less the lift on the after control fins. the tighter the turn. Like the
hull. only on a smaller scale. increasing the drag of the control planes will tighten the
turn at the expense of time and energy. The contradictory nature of these relations
for the fins suggests that there is an optimal size for the control surface. The optimal
size would also be a function of the hull lift and drag characteristics and the placement
of the control planes on the hull.

In zigzag maneuvers. increasing the hull lift causes greater overshoots. and gen-
erally poorer performance. Increasing the hull drag increases the time raken ro ac-
complish the maneuver. but has little (less than 1%) effect on the overshoot angle
and width of path. Increasing the fin lift reduces the time and space required for the
maneuver. I[ncreasing the fin drag increases the time required. but has little effect
on the spatial requirements. [t should be noted that lift and drag are related so that
increasing one generally means increasing the other. Clearly. the design must seek
the optimal balance between the lift and drag on the fin that will allow the vehicle

to meet its performance criteria while minimizing the energy expended in doing so.

4.3.5 Center of Effort (Hull) and Center of Pressure (Control

Planes)

The center of pressure (CP) of the control plane is the point at which the lift and
drag forces acting on the plane are assumed to act. For angles of attack below stall.

this point is typically located very near the ¢/4 (quarter-chord) point of the section
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of the control plane (for NACA 00XX symmetric sections). The C-SCOUT control
planes are designed such that the locus of ¢/4 points along the span of each plane is
perpendicular to the hull. Variation of the location of the center of pressure along
the chord and the span is included in the study for completeness.

The center of effort (CE) of the hull is the assumed point of application of the hull
lift and drag forces. and is varied along x-axis. “Center of effort™ rather than “center
of pressure” is used for the hull to make it easier to determine which component.
the hull or a control plane. is being addressed. The location of the center of effort is

not easily

as it is lent on dy ics of the fluid flow. The location
will move aftward along the axis of rotation of the hull as the angle of artack of
the hull increases. In addition. the point of transition from laminar to turbulent
Hlow is important. and vortex shedding and after-body separation are also significant
factors in determining the location of the center of effort. Variation of the location is
an important issue for accurate modeling of underwater vehicles using lift and drag
equations. In the model used in the present study. the center of effort is fixed at
the nose of the vehicle since the vehicle motion is dominated by the forward (surge)
velocity. such that the effective angle of attack between the hull and the fluid Aow is
small.

Expected Results

As the location of the CE increases (CE moves forward). there is a greater moment
arm (about the center of mass) applied to the hull lift force. This will result in a
greater drift angle. .J. in turns and an increased need for control authority (the effort
needed to achieve commanded states). meaning that it will be harder to reverse a
turn. There should be little effect on the drag of the vehicle.

Variation of C'P outward along the span of the control plane should have no
significant effect on the vehicle response. Variation aftward along the chord. however.

will effectively mean a slight increase in the moment arm for the fin lift force. resulting
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in greater control authority. This will make it easier to reverse a turn. and the vehicle
should respond more quickly and in a shorter distance. It will also result in a smaller
drift angle in steady turns. These same effects could be more readily achieved by
moving the whole control plane aft along the vehicle.
Turning Circles
The radius of turn decreases with an increase of the distance from the center of mass
to the center of effort. but that rhere is a minimum at about the nominal location of
CE. which is at the nose of the vehicle. When the center of effort is located beyond
the nose of the vehicle. the radius of turn increases again (see Figure +27). The
variations of the advance and time to reach 180° increase nonlinearly as the distance
from the center of mass to the CE increases (e.g. see Figure 4-28).

As the center of pressure of the control plane moves aft along the chord. there
is a change in the moment arm along the longitudinal axis of the vehicle. so there

should be some effect of the variation on the response me:

sures. [n turning circle
maneuvers. the radius of turn. the advance. and the time to reach 130° all increase
with movement aft of the center of pressure (e.g. see Figure 4-29). It is expected that
they should increase. since movement of the center of pressure aft tends to increase
the stability of the vehicle (makes .3 smaller). making turns harder to accomplish.
Changes in the location of the center of pressure for the control planes appear to
have little effect on the turning circle response measures. A 10% shift in the location
of the center of effort. however. can cause as much as a 5.4% change in the radius of

turn. Therefore. it is important to know where the center of effort is (see Table 4.3).

Zigzags

The effect of a larger C'E in the zigzag maneuvers will be to increase the period

of the maneuver. and to increase the reach. the overshoot angle. and the overshoot
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Figure 4-25: Variation of (Horizontal) Zigzag Overshoot Angle with Fin Lift Coeffi-
cient

Table 4.8: Maximum Sensitivity of Turning Response Measures to Variations in the
Location of the Center of Effort (Hull) and Center of Pressure (Fins)

Turning Circles
Radius Tactical Time to
of Turn | Advance | Diameter | Reach 180°
CEpwi | -0.5429 |  0.1034 | -0.3823 0.1611
CPspins | 0.0059 0.0116 | -0.0004 -0.0234
CPcpins | 0.0666 0.0142 | 0.0512 0.0280
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Figure 4-26: Variation of (Horizontal) Zigzag Period with Fin Drag Coefficient

width of path. Plots of resp in zigzag versus the variation

in the location of the CE show that the response in the horizontal plane is very
similar to the response in the vertical plane (compare Figures 4-30 and 4-31). In
both cases the period, the reach, and the overshoot width of path do indeed increase
with increasing distance from the center of mass to CE, but the overshoot angle
decreases with increasing distance to CE. The period increases linearly (see Figure
4-32) as the center of effort moves forward. The reach and the overshoot width of
path increase nonlinearly as CE moves forward (e.g. Figure 4-31). The overshoot
angle generally decreases as the location of CE is moved forward as can be seen in
Figure 4-33 (the odd shape to the trend line may be an artifact of the integrator
used in the simulation).

As the center of pressure of the control plane moves outward along the span, there
is no change in the moment arm along the longitudinal axis of the vehicle, since the

control planes were designed such that the quarter-chord axis of the control planes are
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Figure 4-27: Variation of Radius of Turn with Length-Wise Variation of Hull Center
of Effort
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Figure 4-28: Variation of Advance with Length-Wise Variation of Hull Center of
Effort
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Figure 4-29: Variation of Radius of Turn with Chord-Wise Variation of Fin Center
of Pressure
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Figure 4-30: Variation of (Vertical) Zigzag Reach with Length-Wise Variation of Hull
Center of Effort, CEput
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Figure 4-31: Variation of (Horizontal) Zigzag Reach with Length-Wise Variation of
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Figure 4-32: Variation of (Horizontal) Zigzag Period with Length-Wise Variation of

Hull Center of Effort
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perpendicular to the hull. This suggests that there should be almost no change in the
vehicle response in turning circles or zigzag maneuvers for variation of the location
of C'P along the span. Analysis showed this to be true.

The aftward movement of CP along the chord makes it easier to reverse a turn.
and therefore. the zigzag response measures should all decrease. This is shown in the
simulation results. where all but the reach decrease (e.g. see Figure 4-34). the reach
remains constant (within 1%).

The sensitivity of the vehicle response measures to changes in the locations of the
centers of effort and pressure are shown Tables 4.9 and 4.10. Again. the response
Table 4.9: Maximum Sensitivity of Horizontal Zigzag Response Measures to Varia-

tions in the Location of rhe Center of Effort (Hull) and Center of Prt\:\u? (Fins)
T Horizontal Zigzags

Overshoot 1
Rea ngle | P‘\th idth |
CEmnu 03931
CPsFuns 0.0000 [ -0.0006
TCPerim [-0.0108 | -0.1481 | -0.0706

Table 4.10: Maximum Sensitivity of Vertical Zigzag Response Measures to Variations
in the Location of the Center of Effort (Hull) and Center of Pressure (Fins)
‘ Vertical Zigzags |
i Overshoot |
Period | Reach | Angle | Pathwidth
CEpu_| 04078 | 03919 | -0.2662 0.5982
CPsfuy |_0.0000 | 0.0000 | -0.0004 -0.0003
CPcrom, | -0.0209 [ -0.0107 | -0.1110 20.0627

measures are relatively insensitive to variations in the location of the center of pressure
of the control planes. but sensitive to variations in the location of the center of effort

of the hull.
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Design Implications

‘When the center of effort is moved aft of the nose. the measures of vehicle response in a
turn increase. The same measures increase as the center of effort is “moved” forward
of the vehicle nose. indicating that the optimal place for the center of effort is at
the nose. It is not possible to ensure that the optimum location can be maintained
throughout the motion of the vehicle through the Auid. since the center of effort is

ds dent on the How conditions. [ ing the distance from the center of mass

to the center of effort (moving it forward) will lead to increased period. reach. and
overshoot width of path. but decreased overshoot angle. This indicates 4 need to
move the center of effort closer to the center of mass. but again. the center of effort
is a function of the flow around the vehicle. and there is no clear design variable that
can ensure optimal location of CE over the whole range of vehicle motions.

The effect of moving the location of the control plane center of pressure aft is
to increase the response measures. in the same manner as increasing the fin lift did.
This means that for a given fin shape (with a specific lift coefficient). the effect of lift
force can be made larger by moving the fin aftward on the hull. Moving the control
plane center of pressure aft along the chord of the plane will reduce the measures of
vehicle response in zigzag maneuvers. This is again similar to the c

the lift on the control plane.

for increasing
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Figure 4-33: Variation of (Horizontal) Zigzag Overshoot Angle with Length-Wise
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Figure 4-34: Variation of (Horizontal) Zigzag Overshoot Angle with Chord-Wise Vari-
ation of Fin Center of Pressure
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Chapter 5

Vehicle Response with Control
Plane Faults

Control planes have a two-fold role in vehicle dynamics. First, the lift and drag forces
on the (after) fins are applied well aft of the center of mass, at the center of pressure
(CP) of each control plane, and, therefore, the lift force on the fins tends to stabilize
the vehicle. That is, if the vehicle is perturbed from a straight and level path, the lift
on the after control surfaces will cause the vehicle to return to its original straight and
level path (see Figure 5-1). If the vehicle has forward fins, the C'P of the forward fins

Hull Drag

Flow | )

Vehicle Stability

Figure 5-1: Effects of Aft-Mounted Control Planes on Vehicle Stability
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will tend to destabilize the vehicle. but they will facilitate greater maneuverability.
Second. the fins are used to initiate a turn. or a dive. Commanding a change of
heading or pitch attitude is accomplished by deflecting the control planes. Changing
the angle of deflection of the control planes initially produces a moment on the vehicle.
initiating a turn (see Figure 5-2b). Since lift and drag forces on the hull are applied
at the center of effort (CE). well forward of the center of mass of the vehicle. the lift
force produces a moment that tends to destabilize the vehicle. That is. if the vehicle
is perturbed from a straight and level path. the lift and drag forces on the forward-
moving hull will cause the vehicle to continue to turn even after the disturbing force
is removed. Therefore. once the turn is initiated by the control plane. the lift force on
the hull will tend to cause the vehicle to keep turning in that direction (see Figure 5-
2¢). As the turn increases. the angle of attack of the deflected control planes decreases
(because the angle of attack of the control plane is decreasing as the angle of attack
of the hull is increasing) until it actually changes sign. i.e. the vehicle has turned past
the point where the lift force on the fin is zero (Figure 5-2¢). and now the fin lift force
starts to work against the hull lift force. The vehicle hull will continue to yaw until
the moment caused by the hull lift and the moment caused by the control planes are
in dynamic balance (Figure 3-2d). This balance will occur at a specific angle of drift.
the angle between the hull and the Huid flow. The hull lift force is a function of the
drift angle of the vehicle. The control plane lift force is a function of the drift angle
and the deflection angle of the fins. the sum of these two being the angle of attack of

the control plane.

Stability and ility are conflicti i for any vehicle. For

a vehicle to hold a stable course. it must be able to reject any kind of force that
would cause it to deviate from that course. On the other hand. for a vehicle to be
maneuverable. it must be able to change course quickly. One of the key elements
of control plane design (size. shape. and location) is to find an applicable balance

between these two requirements. The measure of the ability of the control planes
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to affect change in the vehicle direction is referred to as the control authority of the
control plane. The fins taken together (with the propulsor) form the total control

ity for the base confi ion of C-SCOUT. If the ability of one or more of the
control planes to take up the commanded deflection angle is impaired. the process of

diving or turning may be adversely affected. The control authority of that fin. and
indeed the vehicle. is reduced.

5.1 Physics of Fault-Free Vehicle Motion

To understand the effects of control plane fault conditions. it is necessary to review the
behaviour of the vehicle in its “healthy™ state. To examine the nominal (“healthy™)
state and the fault conditions. three maneuvers common to normal operation will
be simulated. These simulations were performed using a linear model of the base

configuration of C-SCOUT (Figure 5-3).

5.1.1 Hold Course

To hold course. the vehicle must maintain depth and heading in the face of any

envi 1 disturb Thisisa lator problem. Any controller that is robust
to actuator faults such as jams and control plane losses must be able to hold course
even when the faults are present. There should be no roll in this type of motion unless
there is a disturbance.

5.1.2 Dive

Diving is a maneuver in the x-z plane of the vehicle. Since the vehicle is
about this plane. there is no cross-coupling into other DOF: i.e.. no induced roll. yaw.

or sway. The motions involved are surge. heave and pitch only.
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Trajectory

Figure 5-4: Comparison of Vehicle Response in a Turn With and Without Rudder
Ratio Compensation

5.2 Physics of Vehicle Motion During (Actuator)
Fault Condition

Fault conditions that can occur in operation run from power loss to programming
errors to mechanical difficulties. This study is focused on hardware rather than soft-
ware problems, though there is much overlap in the effects of various fault conditions.
Hardware faults include such things as degradation or loss of propulsion, which would
have major impact on the motion of vehicles like the base configuration of C-SCOUT,
since these type of vehicles are entirely dependent on the propulsor not only for at-
taining motion, but for facilitating directional control as well. Other major faults

involve the jamming of control planes, which may occur due to an electrical or me-
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(actuators for control in the horizontal plane) can also be used to cause roll or to
compensate for roll induced by other forces acting on the AUV. Although roll is not
desirable. when the vertical fins are used. they tend to cause a roll moment because of
the asymmetry about the horizontal (x-v) plane. i.e. the distance from the center of
mass to the center of pressure of the upper control plane is greater than the distance
from the center of mass to the center of pressure of the lower control plane. When a
turn is the desired maneuver. the hydrodynamic forces in the horizontal plane induce
a roll moment on the vehicle. leading to a pitch and depth excursion.

[froll can be eliminated. or at least. minimized. there should be a forced decoupling
between horizontal and vertical maneuvers. such that there is no change in depth when
the desired motion is a turn. Further. since a fault condition on any single control
plane is likely to induce a roll motion. controlling the roll motion may be key to
ensuring reliable motion characteristics even when such faults occur.

The asymmetry about the horizontal (x-v) plane suggests that it may be possible
to pre-compensate (a form of feed-forward) for this roll effect by using the ratio of
moment arms to the upper and lower fin centers of pressure to allocate the rudder
deflections. However when this kind of compensation is implemented. the vehicle
responded with a greater depth excursion in a turn: ie. the roll is prevented but
there is a greater change in depth (see Figure 5-4). To negate the roll induced by
the asymmetry of the vertical control planes about the surge axis (the x-axis of the
body-fixed reference frame). a greater lift force is required on the lower control plane.
which has the shorter moment arm. The increase in depth excursion is a result of the
increased drag force on the lower control plane as it deflects more in order to produce

a greater lift force.



Figure 5-4: Comparison of Vehicle Response in a Turn With and Without Rudder
Ratio Compensation

5.2 Physics of Vehicle Motion During (Actuator)
Fault Condition

Fault conditions that can occur in operation run from power loss to programming
errors to mechanical difficulties. This study is focused on hardware rather than soft-
ware problems. though there is much overlap in the effects of various fault conditions.
Hardware faults include such things as degradation or loss of propulsion. which would
have major impact on the motion of vehicles like the base configuration of C-SCOUT.
since these type of vehicles are entirely dependent on the propulsor not only for at-
taining motion. but for facilitating directional control as well. Other major faults

involve the jamming of control planes. which may occur due to an electrical or me-
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chanical defect. or due to operational hazards such as being fouled with seaweed. etc.
It is even possible to loose a control plane if it gets snagged. or is involved with an
impact with some other body. (The C-SCOUT control planes are designed with a
shear pin such that any significant collision will result in the fin breaking off. rather
than in structural damage to the hull and its contents.) There are many other types
of fault conditions possible during the course of operation of an AUV but this study
is limited to jammed and missing control planes.

5.2.1 Catastrophic Failures
Propulsor inoperative

This fault is one of the more likely fault conditions. since it is a single point failure. If
the propulsor is inoperative. the vehicle will be unable to achieve controlled forward
motion. Since the directional control of the vehicle (via control planes) is dependent
on the flow of water over the control planes. no forward motion means no directional
control. The vehicle is “dead in the water”. If the propulsor operation is merely
degraded. the control authority of the control planes will be reduced by the square

of the vehicle speed. because the control authority is a function of the lif

and drag
forces on the control planes. and each of these is directly proportional to the square

of the velocity of Huid flow.

All four control planes missing

The probability of this fault condition occurring is very low. If all four control planes
are missing. there is no directional control. and no stabilizing force on the vehicle.

The vehicle is rendered useless.



All four control planes jammed

The probability of all the fins jamming due to mechanical damage is very low. however
electronic or controller faults could cause such a loss of control authority. As with
four missing fins. there would be no directional control available. In addition. the
vehicle trajectory would be fixed by the angles of control planes.

‘Three control planes missing, fourth jammed: three control planes jammed,
fourth missing; two control planes missing, remaining two jammed
The probability of these conditions occurring is very low. since each of these conditions

implies several faults occurring simultaneously.

‘Three of the four control planes missing

Again. the probability of a multi-point Failure like this is low. It is expected that
the remaining control plane would induce complex coupling of roll-pitch-yaw. making

directional control virtually impossible. and course stability highly questionable.

Three of the four control planes jammed

The probability of this fault occurring due to mechanical problems is low. however
electronic or controller faults could cause such a loss of control authority. Depending
on the angles at which the control planes are jammed. there could be possible complex
coupling of roll-pitch-yvaw. making directional control virtually impossible. In some
very special circumstances there may be enough control authority in the one healthy

fin to accomplish some control objectives. but this is expected to be highly unreliable.
Two control planes missing, one jammed; two control planes jammed, one
missing

Again. the probability of any of these conditions occurring is low. It is expected that
these fault conditions would mean complex coupling of roll-pitch-yaw. with directional

146



control virtually impossible. and course stability questionable.

5.2.2 Recoverable Failures: Multi-Point
Two control planes missing

The probability here is somewhat low. since it requires a multi-point failure. [f the
condition does occur. it is more likely that two adjacent fins (e.g. port and upper)
rather than that two opposite fins (e.g. port and starboard) would be missing. This
assumes that the loss is the result of a coilision or snagging incident. In dealing
with multi-point failures. no combination should be ignored. It is expected that

there would be some degradation of the directional control of the vehicle. however

it is possible that at least some subgroup of control (and mission) objectives can be

accomplished.

Two control planes jammed

As for two missing planes. the probability is somewhat low. unless there is an elec-
tronic or software problem. Stability and maneuverability are expected to be affected
by the particulars of the jam conditions. It is expected that there would be some
degradation of the directional control of the vehicle. however it is possible that at

least some subgroup of control (and mission) objectives can be accomplished.

One control plane missing, one jammed

The probability is somewhat low. since it would likely mean two separate but simulta-
neous faults. It is very possible that some directional control is available. though full
control may not be possible. It is expected that a subgroup of the original objectives

may be accomplished.
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5.2.3 Recoverable Failures: Single-Point
One control plane missing

This condition is a more probable fault. since it represents a single-point failure
rather than a multi-point failure. It may be that full controi is still possible. while

maintaining course stability.

One control plane jammed

Again. this fault is more probable than multiple fin failures. Full control may still be

possible. Course stability should be achievable.

5.3 Vehicle Behaviours

Does there exist a single controller that will provide adequate control of the vehicle
without regard to the control plane status: i.e. a single robust controller for fault-
free operation that will also provide acceptable performance when one of the control

planes i

jammed or missing? To help answer this question. a series of simulations
using the linear model of C-SCOUT (operating at a steady forward speed of 3 m/s)
were performed. The series included various fault conditions.

5.3.1 Simulation Procedure

The series of simulations included three basic maneuvers common to AUV missions:
holding course. diving (in this case a 100 m descent). and turning (here a starboard
turn through 1802). The vehicle was assumed to be in the fault condition at the start
of the simulation. and the dive and turn maneuvers were initiated well after the start
of the run. Note that in all the plots that follow. the starting position of the vehicle is
(0.0) in both the horizontal (x-y) and vertical (x-z) planes. All the simulations used

the linear model of the C-SCOUT with the dynamics corresponding to straight and
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level flight at 3m/s.

Hold (Course)

For the vehicle to hold its course (and speed). all rates except the surge velocity (i.e..
forward speed) should be zero. In terms of the velocity parameters described in the
body frame. this means

r=w=p=q=

0

and u is a constant. In terms of the velocity parameters described in the inertial

frame. it means

The values of i and j are constant. therefore = and y will vary linearly with time.
however the heading angle. v, will be constant. There may be some small angle of
roll (o) and/or pitch (8) to balance some external force or moment. but these angles

should not result in changes to the heading or depth.

Dive 100 m

At the end of the dive maneuver. the depth. :. should have a new. constant value
(20 = 100m). Otherwise the vehicle velocity and position variables should be as
described under Hold (Course). In the simulations. =, is zero even though the vehicle
is assumed to be deeply submerged even at the start. though strictly speaking. the
100 m dive represents a A from the nominal depth. = # 0.

Turn Through 180°

At the end of the turn. the heading. v should have a new. constant value (vt + 180 ).
Otherwise the vehicle velocity and position variables should be as described under

Hold (Course). In the simulations. v is zero.

149



Roll Compensation and Depth Control Gain

The simulations were performed using closed-loop (proportional) control for the head-
ing. depth. and roll. The individual control plane deflections (after starboard. after

port. after upper. and after lower. respectively) were commanded as follows:

bip = s (Sanrpcne — Zecrwut) + Ko, R, (Oucepount = Oucyuat)

bap = K:(Gsetpnt — Zactuat) — Koakor (Ouetpomnt = Oactuat) (5.1)
Saw = K (Csntpoune = Cactuat) ~ Koakor (Osetpone = Oactuat)

b = ke (Vsetpornt = Canctuat) = Koakor (Osetpornt = Oactuat)

For the horizontal control planes a positive deflection means trailing edge down. while
for the vertical control planes. a positive deflection means trailing edge to port. In
either case. a positive deflection of the control plane pair will result in a negative
moment on the vehicle - negative pitch (nose down) for the horizontal pair. and
negative vaw (nose to port) for the vertical pair.

For each of the three maneuvers a simulation was performed for four modes of roll

compensation:

N - without active roll compensation (i.c. ouly the passive roll stabiliry effects)

- no active compensation. Passive roll stability is provided by the vertical
distance between the center of buoyancy (the buovant force acting through the
center of the volume from which water is displaced - see Figure 5-3) and the
center of mass (or gravity. where the weight of the vehicle acts). When the
vehicle is upright. the forces of buoyancy and weight have a common line of
action. but opposite directions. and for a neutrally buoyant vehicle. they cancel
each other. When the vehicle rolls. the lines of action of these two forces are no
longer colinear. and a righting moment is produced which will tend to return

the vehicle back to the upright position (see Figure 5-5). The lack of active roll

compensation was implemented by setting k,, to zero in equations (5.1).
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Buoyant Force Buoyant Force

Weight Weight

Figure 5-5: Passive Stability

e E - active roll compensation via elevators (starboard and port “horizontal”
control planes). Here a differential deflection of the horizontal control planes will
actively force the vehicle back to the upright position; e.g., a positive deflection
of the port plane and a negative deflection of the starboard plane will generate
a positive roll moment on the vehicle. This form of active roll compensation

was accomplished by setting k,, to unity and k,_ to zero in equations (5.1).

e R - active roll compensation via rudders (upper and lower “vertical” control
planes). The R-type active roll compensation was implemented by setting k,,

to unity and k,, to zero in equations (5.1).

A - active roll compensation via all control planes. Here the roll compensation

was performed by setting both k, and ks_to unity in equations (5.1).

In each case where ky,, ks and k,_were not being used as a filter mechanism (i.e.
set to unity or zero), the gain value was the same, 0.0148.

In addition, each of these cases was further simulated at two values of depth
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controller gain. In the vertical plane. the gravity-buoyancy couple acts as a restoring
moment. making the vehicle response very similar to a first-order system. where the
magnitude of the controller gain can cause the system to exhibit an overdamped (no
overshoots) response or an underdamped (overshoots present) response in depth. The
former response was achieved by setting the depth controller gain. k. = 0.01. while

the latter response was accomplished with a depth controller gain of 0.07.

5.3.2 Nominal (No-Fault) Behaviour

All maneuvers were achieved. In the cases of holding course (see Figure 3-6) and
diving 100 m (see Figure 5-8). no roll was induced. therefore there were no parasitic
motions even without active roll compensation. The vehicle response under all modes
of roll compensation is identical during course holding. Note the slight descent of the
vehicle as it settles into a nonzero pitch attitude thar will result in level flight. As
well. the vehicle response under all modes of roll compensation is identical during the
diving maneuver. In the turn through 180 °. a roll angle was induced on the vehicle
and a change in depth occurred. Using the rudders to affect roll compensation did
reduce the roll angle. but increased the depth excursion (see Figure 3-10 where the
vehicle starts off moving in the positive x-direction then almost immediately turns
through 1807 and continues on in the negative x-direction). Roll compensation via
the elevators or via all control planes working together reduced both the roll angle and
the depth change. However. with no active roll ion. the depth ex ion is

less than 1% of the distance travelled. Therefore. compensation is not really required

for the healthy vehicle even in turns.

The vehicle response with the underdamped (k. = .07) depth controller was very
similar to the vehicle response with the overdamped (k. = 0.01) depth controller.
except that the depth was better controlled (less steady state error). as expected
(see Figures 5-7. 5-9 and 5-11). Note that the higher gain does mean overshoots are

present in the transient response.
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Figure 5-6: Comparison of Vehicle Response in Course Holding with and without
Active Roll Compensation (k, = 0.01)
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Figure 5-7: Comparison of Vehicle Response in Course Holding with and without
Active Roll Compensation (k, = 0.07)
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Figure 5-8: Comparison of Vehicle Response in a 100 m Dive with and without Active
Roll Compensation (k, = 0.01)
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Figure 5-9: Comparison of Vehicle Response in a 100 m Dive with and without Active
Roll Compensation (k, = 0.07)
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Figure 5-10: Comparison of Vehicle Response in a 180° Turn with and without Active
Roll Compensation (k. = 0.01)
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Figure 5-11: Comparison of Vehicle Response in a 180° Turn with and without Active
Roll Compensation (k. = 0.07)
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5.3.3 Jammed Fin Faults

Holding Course with Control Planes

At large angles of jam on the horizontal (port or starboard) control planes the vehicle
response with roll compensation via elevators. E. is unacceptable. due to the large
depth excursion (e.g. see Figure 3-12). To control the roll. the other horizontal
plane would have to match the angle of jam. and the net result would be a change
in depth for which the depth controller is not able to adequately compensate. In
addition the compensation via elevators induces a large heading error. Compensation
via the rudders. R. or via all control planes. A. improves the vehicle response in
heading (over the response of the vehicle without active roll compensation. N). but
the error in depth for N is equal to that for R. and less than that for A. Therefore
the best overall control in this instance includes active roll compensation via the

rudders. R. but the response is only slightly better than that for A or N. The depth

)

excursion is greater when the depth controller gain is lower (compare Figures
and 3-13). The heading error is not significantly affected. except for control with
roll compensation via the elevators (E). which is still unacceptable due to the depth
excursion induced. The response for R is still marginally better than the response
for A and N. The sign of the angle of jam determines whether the vehicle will rise
or descend (compare Figures 5-12 and 3-14): it also determines the direction of the
induced heading error in all cases except E. where the controller is unable to recover
from the initial heading error. While the error in depth for N is still equal to that
for R. and less than that for A. as in the case of the starboard control plane jammed
at a negative angle of deflection. when the control plane is jammed at a positive
angle of deflection. the drift in heading is worse for R and A than it is for N. This
suggests that the initia) heading error plays a significant role in determining which
is the best method of compensation (N in this latter case). The magnitude of the

depth excursion also decreases with a reduction in the angle of jam (see Figure 5-15).
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Figure 5-12: Comparison of Vehicle Response in Course Holding when the Starboard
Control Plane is Jammed at -25° (k. = 0.07)
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Figure 5-13: Comparison of Vehicle Response in Course Holding when the Starboard
Control Plane is Jammed at -25° (k, = 0.01)
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Figure 5-14: Comparison of Vehicle Response in Course Holding when the Starboard
Control Plane is Jammed at 25° (k. = 0.07)

xy Plane

Figure 5-15: Comparison of Vehicle Response in Course Holding when the Starboard
Control Plane is Jammed at -10° (k. = 0.07)
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as does the heading error. For a given sign of the angle of jam, the relative merit of
the various compensation methods remains unchanged. A jam on the opposite side
control plane changes the direction of heading error induced (compare Figures 5-12

and 5-16), otherwise the vehicle response is basically the same.
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Figure 5-16: Comparison of Vehicle Response in Course Holding when the Port Con-
trol Plane is Jammed at -25° (k, = 0.07)

Holding Course with Jammed Vertical Control Planes

‘When the jam involves the upper control plane, it is the vehicle response with roll
compensation via rudders, R, that is unacceptable (see Figure 5-17) because of the
large heading error induced by the matching of the lower control plane deflection to
the upper jam angle in order to reduce the roll of the vehicle. Compensation methods
E and A improve the heading error that occurs with N, but they are very slightly
greater in depth error. Even in the face of slightly worse response in depth, the best

overall control is provided by E, since the heading error is very nearly zero. Again, the
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Figure 5-17: Comparison of Vehicle Response in Course Holding when the Upper
Control Plane is Jammed at -25° (k. = 0.07)

depth excursion is greater for the depth controller with the lower gain, however, the
heading error is the same in both cases (compare Figures 5-17 and 5-18). When the
angle of jam is zero, the vehicle holds course pretty much as the undisturbed nominal
(fault-free) vehicle does (compare Figures 5-7 and 5-19). The major effect of the sign
of the angle of jam is to change the direction of heading error (compare Figures 5-17
and 5-20). When holding course, the vehicle response is severely degraded, even when
A is used, if the lower control plane is jammed at large deflection angles (see Figure
5-21, where it can be seen that the best vehicle response is achieved when N is used).
At lower angles of jam, however, the vehicle response for the lower plane jams and

the upper plane jams, is similar.
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Figure 5-18: Comparison of Vehicle Response in Course Holding when the Upper
Control Plane is Jammed at -25° (k, = 0.01)
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Figure 5-19: Comparison of Vehicle Response in Course Holding when the Upper
Control Plane is Jammed at 0° (k. = 0.07)
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Figure 5-20: Comparison of Vehicle Response in Course Holding when the Upper
Control Plane is Jammed at 25° (k. = 0.07)
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Figure 5-21: Comparison of Vehicle Response in Course Holding when the Lower
Control Plane is Jammed at -25° (k. = 0.07)
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Diving 100 m with Jammed Horizontal Control Planes

None of the compensation methods were effective in the dive maneuver at high nega-
tive angles of horizontal control plane jam. The dive was not achieved with or without
active roll compensation (see Figure 5-22). At lower jam angles the dive was achieved,

xy Plane

)

Figure 5-22: Comparison of Vehicle Response in a 100 m Dive when the Starboard
Control Plane is Jammed at -25° (k. = 0.07)

except when the roll ion via was i 1 (see Figure 5-23).

Compensation via the rudders, R, or via all control planes, A, improves the vehicle
response in heading (over the response of the vehicle without active roll compensa-
tion, N), but the error in depth for N is equal to that for R, and less than that for A.
Therefore the best overall control in this instance is that using R, but the response is
only slightly better than that for A, while N has a significant offset in sway. Again,
the higher gain depth controller reduced the steady state error in depth (compare
Figures 5-23 and 5-24). The heading errors are comparable with either gain for the
depth controller. At a jam angle of 0°, the control authority of the one remaining
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Figure 5-23: Comparison of Vehicle Response in a 100 m Dive when the Starboard
Control Plane is Jammed at -10° (k. = 0.07)
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Figure 5-24: Comparison of Vehicle Response in a 100 m Dive when the Starboard
Control Plane is Jammed at -10° (k. = 0.01)
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horizontal control plane is still insufficient to achieve the commanded depth change
in a reasonable amount of time if the horizontal control plane is used (alone. i.e. E)
for roll compensation as well as depth control (see Figure 5-25). Control with R or A
does result in the vehicle accomplishing the dive with less error in track than does the
control without roll compensation. When the angle of jam is 25°. the controller with
E is unable to stop the descent (see Figure 5-26): i.e.. the remaining horizontal fin has
insufficient control authority. The best control is with N. since the vehicle response
shows the least depth error and the least drift in heading. The vehicle response is
very similar whether it is the port control plane or the starboard that is experiencing

the jam condition. except that the direction of the heading error changes.

Diving 100 m with Jammed Vertical Control Planes

For jams to the upper control plane. the vehicle response in a dive maneuver is un-
acceptable when the controller uses R (see Figure 5-27) because of the large heading
error induced by the matching of the lower control plane deflection to the upper con-
trol plane jam angle. In fact. only N results in the vehicle achieving the dive without
a huge heading error. When the depth controller gain is lower. vehicle response for
N is still the only one acceptable for this maneuver (see Figure 5-28). The vehicle
response when the jam angle is 0 * is like that of the fault-free vehicle (compare Fig-
ures 5-9 and 5-29). The response for the vehicle with the lower control plane in a jam
condition is worse for E. R. and A at large angles of jam than that of the vehicle with
an upper control plane jammed (compare Figures 5-27 and 5-30): for N the heading
error is worse for the lower plane. while the depth error is the same as that of the
upper plane jammed at the equivalent angle of deflection. At lower angles of jam.
however. the vehicle response is similar whether the upper or the lower control plane
is jammed. The sign of the jam angle for either the upper or lower control plane

affects the direction of the heading error induced.
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Figure 5-25: Comparison of Vehicle Response in a 100 m Dive when the Starboard
Control Plane is Jammed at 0° (k. = 0.07)
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Figure 5-26: Comparison of Vehicle Response in a 100 m Dive when the Starboard
Control Plane is Jammed at 25° (k. = 0.07)

166



xy Plane

Figure 5-27: Comparison of Vehicle Response in a 100 m Dive when the Upper Control
Plane is Jammed at -25° (k. = 0.07)

Figure 5-28: Comparison of Vehicle Response in a 100 m Dive when the Upper Control
Plane is Jammed at -25° (k. = 0.01)
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Figure 5-29: Comparison of Vehicle Response in a 100 m Dive when the Upper Control
Plane is Jammed at 0° (k, = 0.07)
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Figure 5-30: Comparison of Vehicle Response in a 100 m Dive when the Lower Control
Plane is Jammed at -25° (k, = 0.07)



y of N and y of Fault Conditi

Both dives and holding course are maneuvers in the x-z plane of the inertial reference
frame. Assuming the vehicle starts (and ends) the maneuver in straight and level
flight (i.e.. the body-fixed heave axis is parallel to the inertial z-axis). this plane is
also the plane of symmetry of a vehicle like C-SCOUT. Vehicle response is expected
to reflect this symmetry. Since the vehicle is not symmetric about the x-y plane of
the body-fixed reference axes (even when the body-fixed heave axis is parallel to the
inertial z-axis). the vehicle response is not expected be symmetric in the horizontal
plane. The fault condition simulations show that. for holding course and diving

maneuvers. the following are true:

 Symmetry condition 1: vehicle response with a jammed starboard control plane
is similar to vehicle response with a jammed port control plane for any given

angle of jam. the major difference being the direction of heading error induced:

e Symmetry condition 2: vehicle response with the upper (or lower) control plane
jammed at a positive deflection angle is similar to vehicle response with the
upper (or lower) control plane jammed at the same magnitude of negative de-
flection angle. with the direction of induced heading error again the major

difference:

® Asymmetry condition 1: vehicle response with a jammed upper control plane

similar to vehicle response with 4 jammed lower control plane

for comparable angles of jam: and

e Asymmetry condition 2: vehicle response with the starboard (or port) control
plane jammed at a positive deflection angle is not necessarily similar to vehi-
cle response with the starboard (or port) control plane jammed at the same

magnitude of negative deflection angle.



The turning maneuver. on the other hand is not in the plane of symmetry. and
while the asymmetry conditions hold. the two symmetry conditions do not necessarily
apply: there may be significant differences in response between the port and starboard
jam conditions. [n the case investigated here (a 130° turn to starboard). the starboard
fin is inboard. while the port fin is outboard. The reverse vccurs for a turn to port.

and the responses outlined below for each of these fins would be reversed: i.e. the

responses for a jammed starboard fin during a tur fo starboard should be similar
to the vehicle response when the port control plane is jammed (at the same angle)
during a turn to port. since each is the inboard control plane in their respective
maneuvers. The same asymmetry is applicable to the sign of upper or lower control
plane deflection angles. For example. the vehicle response in a turn fo a particular
side at a given rudder deflection angle. for a positive angle of jam on the upper control
plane will not be similar to the response in a turn to the same side when the upper
control plane is jammed at an equivalent (in magnitude) negative deflection angle.
However. the response to the upper fin positive-deflection-angle jam during a turn to
starboard should be similar to the equivalent npper fin negative-deflection-angle jam

during a turn to port.

Turning 130 ° with Jammed Horizontal Control Planes

Vehicle response in a turn using E is unacceptable when inboard fin (starboard in
this case) is jammed at —25°. since the vehicle does not achieve the turn. Vehicle
response in a turn using A is also unacceptable. since large heading and depth errors
are induced. The response for control with R is best. since it reduces the drift in depth

31). When the starboard control plane is

that occurs when N is used (see Figure 3

jammed at 25 °. the depth increases rather than decreases for control with N. and the

magnitude of the excursion is greater (compare Figures 5-31 and 5-32). Control with

R is still superior to that with N. since the drift in depth is reduced with R. When

the outboard (port in this case) control plane is jammed at —25°. the best response
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Figure 5-31: Comparison of Vehicle Response in a 180° Turn when the Starboard
Control Plane is Jammed at -25° (k. = 0.07)
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is provided by the controller using A for roll compensation. while R tends to turn
the vehicle more than desired and to induce a drift in depth (compare Figures 5-31

*. the control with A

and 5-33). When the outboard control plane is jammed at 2.
still reduces the depth error. but the heading error is greater than that for N. Control
with R is unacceptable for large-angle jams on the outboard control plane. while it
is preferred for large-angle jams on the inboard control plane. When the lower gain
is used for the depth controller. the vehicle response is generally poorer (larger depth
excursions and greater heading error) in turns with an inboard control plane jammed
(e.g. compare Figures 5-32 and 5-35). however the response for positive jams on the
port (outboard) control plane is improved when A is used along with the lower gain
for the depth controller (compare Figures 5-34 and 5-36). The vehicle response for
Jjams at zero degrees for either control plane are similar (compare Figures 5-37 and
5-38). as might be expected since nominally both fins would be near zero deflection

in a turn. anyway. Again. E causes more problems than it solves.

Turning 130 ° with Jammed Vertical Control Planes

When the upper control plane is jammed at —25°. the vehicle will turn past 180 °
if no roll compensation is used (see Figure 3-39). Active roll compensation via the
elevators or all (remaining) control planes will help the vehicle achieve the correct
amount of turn. while keeping the depth excursion small. Similar behaviour results
when either depth controller gain is used. but the higher gain depth controller reduces
the depth excursion (compare Figures 5-39 and 5-40). When the upper control plane
is jammed at 25°. the vehicle will not achieve 180° if no roll compensation is used
(see Figure 5-41). Again. active roll compensation via E or A will help the vehicle

achieve the correct amount of turn. while keeping the depth excursion small. When

the lower control plane is jammed at —25 . the vehicle will again turn past 1807 if N
is used. but in this case. neither E or A will not help the vehicle achieve the correct
amount of turn in a reasonable time (see Figure 5-42). When the lower fin jams at
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Figure 5-33: Comparison of Vehicle Response in a 180° Turn when the Port Control
Plane is Jammed at -25° (k, = 0.07)
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Figure 5-34: Comparison of Vehicle Response in a 180° Turn when the Port Control
Plane is Jammed at 25° (k. = 0.07)
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Figure 5-36: Comparison of Vehicle Response in a 180° Turn when the Port Control
Plane is Jammed at 25° (k. = 0.01)
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Figure 5-37: Comparison of Vehicle Response in a 180° Turn when the Starboard
Control Plane is Jammed at 0° (k. = 0.07)
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Figure 5-38: Comparison of Vehicle Response in a 180° Turn when the Port Control
Plane is Jammed at 0° (k, = 0.07)
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Figure 5-39: Comparison of Vehicle Response in a 180° Turn when the Upper Control
Plane is Jammed at -25° (k. = 0.07)
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Figure 5-40: Comparison of Vehicle Response in a 180° Turn when the Upper Control
Plane is Jammed at -25° (k. = 0.01)
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Figure 5-41: Comparison of Vehicle Response in a 180° Turn when the Upper Control
Plane is Jammed at 25° (k. = 0.07)
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Figure 5-42: Comparison of Vehicle Response in a 180° Turn when the Lower Control
Plane is Jammed at -25° (k. = 0.07)

177



25°. the vehicle response is not acceptable even with active roll compensation. since
the vehicle will not achieve 180° if N is used. and it turns past 180° if E or A is used
(see Figure 5-13). The controller with no active roll compensation gives a reasonable
response if the upper control plane is jammed at zero degrees (see Figure 5-44). The
vehicle response with the lower control plane jammed at zero degrees is similar to
that with the upper control plane jammed at zero. In fact. the responses for jams
at £10° are similar for the upper and lower control planes: it is only at the higher

angles of jam that there are significant differences in the vehicle response.

General Comments on Jammed Control Planes

Using the elevators alone was ineffective when the jammed plane is one of the hor-
izontal planes. The same was true of the rudders when the jammed plane is one of
the vertical planes. The vehicle response (in terms of depth and heading error) when
active roll compensation via all planes. A. is incorporated is sometimes worse than the
response of the vehicle without active roll compensation. N. but these errors may be
corrected by supplementing the present proportional controller with integral action.

The vehicle response with the underdamped depth controller (k. 0.07) was

0.01).

similar to the vehicle response with the overdamped depth controller (

except that the depth was better controlled (less steady state error). a

expected. [n
turns. this improved depth control also induced a reduction in heading error.

5.3.4 Missing Control Planes

Holding Course with Missing Horizontal Control Planes

For the cases of port or starboard control plane mi:

ng. active roll compensation does
not significantly improve the vehicle response for holding course when the overdampecd
(lower gain) depth controller is used (see Figure 5-15). The errors in heading and

depth are small even when N is used. The control with E induces a drift in depth
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Figure 5-43: Comparison of Vehicle Response in a 180° Turn when the Lower Control
Plane is Jammed at 25° (k, = 0.07)
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Figure 5-44: Comparison of Vehicle Response in a 180° Turn when the Upper Control
Plane is Jammed at 0° (k, = 0.07)
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Figure 5-45: Comparison of Vehicle Response in Holding Course when the Starboard
Control Plane is Missing (k, = 0.01)

that would make the vehicle less ble. The for the vehicle
when the port control plane is missing is essentially the same except that the heading
error is in the ite direction. When the underdamped (higher gain) ller is
used, the vehicle response becomes unstable in all cases except for control with E (see
Figure 5-46). Only active roll ion via the el provides stable control,
but the vehicle is unable to maintain depth, though the error is small for holding

course.

Holding Course with Missing Vertical Control Planes

When either the upper or the lower control plane is missing, there is no induced roll
and the vehicle has the same response while holding course with or without active roll
compensation (see Figure 5-47). The vehicle response is very similar to that of the
nominal (healthy) vehicle (compare Figure 5-47 with Figure 5-6). This result assumes
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x-y Plane

Figure 5-46: Comparison of Vehicle Response in Holding Course when the Starboard
Control Plane is Missing (k. = 0.07)

x-y Plane
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Figure 5-47: Comparison of Vehicle Response in Holding Course when the Upper
Control Plane is Missing (k. = 0.01)
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that whatever the cause of the missing control plane. the vehicle remains symmetrical
about the x-z plane: this is somewhat unlikely in the context of a real mission.
Diving 100 m with Missing Horizontal Control Planes

When either of the horizontal planes is missing. R or A gives better vehicle response

in dive than control without active roll compensation. since they reduce the heading

error (sway offset - see Figure 5-48). Roll ion via E is. v
inadequate. This is true when the overdamped (k: = 0.01) depth controller is used.
however. when the underdamped (k. = 0.07) depth controller is used. rhe vehicle
response is not acceptable for any of the cases (see Figure 5-49). Roll compensation
via E provides the best response. but it is still insufficient to achieve the dive in a

reasonable time.

Diving 100 m with Missing Vertical Control Planes

The vehicle response in dive is very similar to that of the nominal (healthy) vehicle
(compare Figure 5-50 with Figure 5-8). When either the upper or the lower control
plane is missing. there is no induced roll and the vehicle has the same response with

or without active roll compensation.

Turning 180 ° with Missing Horizontal Control Planes

For the overdamped depth controller. the vehicle response in turns with R was best.
but it was only slightly better (less heading error) than the response with N (see
Figure 5-51). For the underdamped depth controller. only active roll compensation
via the elevators was able to adequately accomplish the turn. but even this controller

was unable to maintain the depth (see Figure 5-

. The response in a turn with
the port control plane missing is similar to that with the starboard plane missing
(compare Figure 5-51 and Figure 5-53). Again. the response with R is slightly better

than the response with N.
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Figure 5-48: Comparison of Vehicle Response in a 100 m Dive when the Starboard
Control Plane is Missing (k. = 0.01)
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Figure 5-49: Comparison of Vehicle Response in a 100 m Dive when the Starboard
Control Plane is Missing (k. = 0.07)
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Figure 5-50: Comparison of Vehicle Response in a 100 m Dive when the Upper Control
Plane is Missing (k, = 0.01)

Figure 5-51: Comparison of Vehicle Response in a 180° Turn when the Starboard
Control Plane is Missing (k; = 0.01)
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Figure 5-52: Comparison of Vehicle Response in a 180° Turn when the Starboard
Control Plane is Missing (k. = 0.07)

x-y Plane

S0 W0 70 w0 0 400 S0 2 A0 0

x-z Plane

100)

Figure 5-53: Comparison of Vehicle Response in a 180° Turn when the Port Control
Plane is Missing (k. = 0.01)



Turning 180° with Missing Vertical Control Planes

In the cases of the vertical control planes missing during turns. the integrator was

unable to resolve the model. and no data is available.

5.4 Operational Envelopes

5.4.1 Safety Context
Submarines(83]

Manned submarines can have two basic hazards: flooding and depth excursions such
as may be caused by a jammed control plane. In both cases. the recovery procedure
involves ascending.

In the case of fooding. the submarine must surface to allow the crew to escape:
there is little hope of keeping the submarine from sinking eventually (unless the
flooding can be stopped quickly enough). because. even at the surface. submarines
have very little reserve buoyancy. ~Recovery” from flooding involves blowing the
main ballast tanks. invoking whatever buovancy is still available. To supplement the
hydrostatic force of buovancy. hvdrodynamic lift forces can be generated by increasing
speed and setting the dive planes to cause the submarine to ascend. Clearly. the faster
the submarine is travelling. the more rapidly it will ascend when the control planes
are used. This indicates that. at greater depths. there is a minimum safe operating
speed that will allow recovery from a flood situation at that depth.

On the other hand. depth excursions due to control plane jams are more danger-
ous at higher speeds. since the submarine will dive deeper in a given time period.
Therefore the recovery procedure will involve reducing speed. For some submarines.

setting the rudders hard over will assi:

in slowing down the submarine. The as-
cent will be assisted if the unjammed fins are set to pitch the submarine upwards.

(Submarines often have a set of dive planes forward on the hull or on the sail. in
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addition to the after planes. If one of the control planes jams. it may be necessary
to set the corresponding plane on the other side of the submarine to the same angle
to avoid roll. but the other set of dive planes can be used to counteract the dive.)
The possibility of a jammed control plane suggests that there is a maximum safe
operating speed at depth. Further. if it is assumed that the control plane will jam at
the angle it was set to. the possibility of a depth excursion due to a jammed plane
also suggests that there should be restrictions on the control plane deflection angles

when operating near the maximum depth for the submarine. This suggests that there

exISts an ional envelope™ for a range of safe operating speeds and

control plane deflection angles.

AUV

In the case of an AUV. the risk to human occupants does not exist. but it is desirable
to be able to recover the vehicle. Vehicles like the C-SCOUT have an Emergency
Response System (ERS) of one form or another. C-SCOUT's ERS will include a
releasable ballast. C-SCOUT is also free-flooding except for the pressure vessel and
the control plane actuator motor housings. If the pressure vessel floods. the elec-
tronics will shut down and the ERS will automatically release the ballast. bringing
the vehicle to the surface rapidly. (This recovery method is not really suitable for
manned submarines since the rate of ascent would be rapid. and the slamming of the
vehicle after it breaches the surface would be dangerous for a large structure and its
occupants.)

If one of the actuator motor housings floods. the control plane would most likely
Jjam.

The baseline C-SCOUT has only one set of horizontal control planes. Recovery
from a jammed horizontal plane should involve reduction in speed to avoid large depth

excursions. Restrictions on speed and deflection angles may also be appropriate.
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5.4.2 Performance Context

The idea of operational envelopes can be utilized for performance criteria as well
as safety considerations. In Tables 5.1 through 5.6. N. E. R. and A are as defined

above. The iower case letters represent the individual control planes which jam: s
for starboard. p for port. u for upper. and ! for lower. The two columns represent
the two possible cases of roll relevance. Either the roll is important. such as when
holding course on a swath scanning mission. or the roll is unimportant. such as when
turning around at the end of a particular track. The values in the tables represent
the approximate (hence the tilde. ~) range of safe deflection angles: i.e.. if the control
planes jammed at these angles. the maneuver would still be achievable within the

above limits. Note that ~0 means the defiection angles should be limited ro near

zero. and NR (no range) indicates the response was not acceptable even at a jam of
zero degrees.

The control planes are used in pairs in this work: e.g.. the upper and lower control
planes are used together as a rudder to affect turns. The italics indicate that particular
control plane has a less restrictive operating range. but it has heen assigned the
restrictions that apply to its counterpart: i.e.. each pair of control planes is restricted
by the most limited range of the individual control planes that make up the pair.

For example. in Table 3.1. the safe operating range for the upper control plane is

[25.25). however. since it is used in conjunction with the lower control plane which
has a safe operating range of ~[-10.10]. the upper control plane is also limited to
~/-10.10]. and the fact that this range is imposed on it by the lower control plane
constraint is indicated by italics.

As an example. Table 5.2 shows the safe operating range of control plane deflec-
tion angle for each control surface. for each roll compensation method. for holding
course with a depth controller gain of 0.07. When roll is important (i.e. it must be
kept within =1 * of zero. the information in the table indicates that for the controller

without roll compensation (N). all the fins must operate near zero degrees of deflec-
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tion angle to avoid compromising one of the following two (arbitrary) conditio

Zerr < 1m. and (b) v, < 0.01rad. When the roll angle can exceed the above limit.

the information in the table indicates that for N. the port and starboard (horizontal)

control planes may operate within a range of

25 * of deflection angle. but the up-
per and lower (vertical) control planes may only operate within a range of £10° of
deflection angle without danger of compromising either one of the two conditions.

Figures 3-34 through 5-39 show envelopes of acceprable operation: they are graph-
ical displays of the information in Tables 5.1 through 5.6. for each compensation
method when the depth controller gain is 0.07. For example. Figure 5-54 is a graphi-
cal representation of the information contained in the first four rows of Table 5.1 for
the controller without active roll compensation. used to hold course when the specific
fins experience a jam condition. The roll compensation method used is indicated
by the letter (N. E. R. or A) in the upper left corner of the figure. and the depth
controller gain is noted along with the maneuver type above the coloured block. The
heading across the top indicates the angle of jam for the particular control plane. The
control planes are listed down the left side.

The coloured block is a matrix of jammed plane conditions. and the colour of a
particular element of the matrix indicates the acceptability of the vehicle response
in the specified maneuver with the particular control plane jammed at the given
angle. The vellow (lightest gray) and shaded yellow (next lightest gray) areas show
the response of the vehicle is acceptable in depth (z,, < I m). and heading (v',, <
0.01rad). The shaded blue (dark gray) and blue (next darkest gray) areas indicate
the vehicle response is not acceptable in depth and heading. The shading indicates
where the roll requirement (0 < 0.01743 rad) is not met.

For example. Figure 5-34. only the upper and lower control planes at =

are
blue. indicating a compromise of the above criteria. Therefore if roll is not important.
the horizontal control planes may operate within a range of £25°. and the vertical

control planes may operate within a range of =10°. However. all the control planes
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are shaded at £10° and £25°. indicating that when the roll angle must be limited.
all the control planes should operate near 0° of deflection (which is not practical).

The best situation would see the entire block as vellow (lightest gray). These
figures represent the performance envelopes at a speed of 3 m/s. For a more complete
picture of the operational performance limits. a
must be added.

imilar analysis at other vehicle speeds

5.4.3 Simulation Results

Based on the information in Tables 5.1 and 5.2. it is recommended that the higher

depth control gain (0.07) be used when holding course. since the operating ranges
for horizontal control planes are broader for the N. R. and A controllers when roll
is not important. and the operating ranges are broader for the R and A controllers
when roll must be controlled to within one degree. The higher gain in effect increases
the control authority of the horizontal control planes. leading to faster response and
tighter depth control.

With a depth controller gain of 0.07. if vehicle roll angle is not an important

issue. no active roll compensation is necessary. The operational envelope will be

unrestricted (up to the i =25°) for the hori: arboard/port) planes.
and restricted to about =10 * for the vertical (upper/lower) control planes (see Figure
5-34). If roll is important. it can be kept within =1’ using active roll compensation
via all the (remaining) control planes. [n rerms of the operational envelope. the cost
of controlling the roll is that the horizontal planes are now restricted to about =10°
too (see Figure 3-33).

Tables 5.3 and 5.4 show that the depth controller gain of 0.07 gives better results
(though perhaps only marginally). since the safe operating range for the controller
without active roll compensation (N) is increased from ~[0.10] to ~{10.10].

With the depth controller gain set to 0.07. and if roll angle is not important.

then no active roll compensation is required. The operational envelope (see Figure
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Table 5.1: Range of Safe Control Plane Deflections for Vehicle Holding Course Based
on Jammed Control Planes (k. = 0.01)

{ Hold (k. = 0.01) [ Roll Important | Roll Cnimportant |

B 0 -0 |

0 ~0

0 ~710.10]

0 ~110.10]

0 0

0
~1-10.10]
=10.10]

=)

~lzle x| ~=[e]e|~& ]«

>

< [«

~10.10] 1
T 10.10] i

Table 5.2: Range of Safe Control Plane Deflections for Vehicle Holding Course Based
on Jammed Control Planes (k. = 0.07)

Hold (k. = 0.07) Roll Important | Roll Unimportant
N S 0 ~125.25]
ip: 0 51
Tu 0 -10.10]
| [ T -10.10]
E S
| el
Tug
1
R 5|
P
u
T
A s —
P I |
u | i j
| L] ~F10.10] ]




Table 5.3: Range of Safe Control Plane Deflections for Vehicle Diving 100 m Based
on Jammed Control Planes (k. = 0.01)

[ Dive (k. = 0.01) [ Roll Important | Roll Unimportant |
~ [0 0 l
p| 0 =0

u| 0 ~10.10 |
7] 0 [ ~/o-10] |
E 5[ SR | 1
p | NR | NR 1
w | [10.10] [ [10.10] 1
1] [10.10] [ T[10.10]
R s 170 =0
pl 0 170
u| 0 =0
[ 0
= 5|0 0
[ Pl 0 0
u | [10.10] TEI0.0]
i 1| [F10.10] ~1-10.10]

Table 5.4: Range of Safe Control Plane Deflections for Vehicle Diving 100 m Based
on Jammed Control Planes (k. = 0.07)
i 0.07) | Roll Important Roll Unimportant '
-0 "0

5
{ p | =0
I u| - ~110.10]
T ~[10.10] 1
| s NR i
I | NR
Tu TT10.10]
11 10.10] T 10.10]
R 510 0
i 'p| 0 0
| Tu| 0 -0
i [0 0 |
EN 510 =0
210 0
w | [-10.10] ~[10.10] 1
1| -[10.10] ~1-10.10]
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Table 5.5: Range of Safe Control Plane Deflections for Vehicle Turning 180 Degrees
Based on Jammed Control Planes (k. = 0.01)

Turn (k. = 0.01) Roll Important | Roll Unimportant
N NR 170

SR 0
SR ~J0.10]
~[0.10]

._‘_A
[ | ~|= ||« |~[=]c]|=

~[-10.10]
~[-10.10]
0
0
NR
NR
=0 |
0 1
T " [-10.10] |
~1-10.10] |

Table 5.6: Range of Safe Control Plane Deflections for Vehicle Turning 180 Degrees
Based on_Jammed Control Planes (k. = 0.07)

Turn (k. = 0.07) " Roll Important | Roll Unimportant |

N TS NR =T

AR

[10.10]
u| NR

SR
R
0
u

7

»TTm e |

~[-10.10] ‘I ~[-10.10] |
~[-10.10] [~F10.10] 1
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5-56) would indicate that horizontal control planes should be restricted to angles
near zero. but this would not allow the maneuver to be achieved in reasonable time.
therefore. the envelope should be expanded to at least £10° and some degradation
of performance expected if one of the horizontal planes does jam at an angle not near
zero. If the roll angle must be kept within one degree of zero. active roll compensation
using all the remaining unjammed control surfaces is best. The operational envelope
(Figure
angles near zero. but this should be expanded to at least £10° and some degradation

) would also indicate that horizontal control planes should be restricted to

of performance expected if one of the horizontal planes does jam at an angle not near
zero.

Comparison of Tables 5

and 5.6 indicates that the depth controller with a gain
of 0.07 still provides better performance. since it broadens the safe operating range of
the port and starboard control planes both when no active roll compensation is used.
and when roll compensation via rudders is used.

As with holding course and diving. when the higher gain depth controller is imple-
mented. and if roll is not important. then there is no need for active roll compensation
and vehicle response is better without it (Figure 5-38).

On the other hand. if roll is the active roll compe ion via all planes

improves the vehicle performance (Figure 3-39). since the vehicle without active roll
compensation is unable to maintain the desired roll angle even if the jam is near zero

(see Figure 5-58).

5.5 AUV Fault Self-Diagnosis Maneuvers

The idea of the “self-diagnostic™ vehicle maneuver is to use the behaviour of the

vehicle during a er to d

whether there is a jammed or
missing control plane. The condition would be detected by measuring an asymmetry

in the hydrodynamic loads on the vehicle or fin. that would indicate the type of fin
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Figure 5-54: Operational Envelope Based on Control Plane Jams for the AUV Holding
Course (Depth Controller Gain of 0.07; No Active Roll Compensation)

k, =0.07
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Figure 5-55: Operational Envelope Based on Control Plane Jams for the AUV Holding
Course (Depth Controller Gain of 0.07; Active Roll Compensation via All Control
Planes)

k, =0.07
Dive

Figure 5-56: Operational Envelope Based on Control Plane Jams for the AUV Diving
100m (Depth Controller Gain of 0.07; No Active Roll Compensation)
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Figure 5-57: Operational Envelope Based on Control Plane Jams for the AUV Diving
100m (Depth Controller Gain of 0.07; Active Roll Compensation via All Control
Planes)

k, =0.07

Figure 5-58: Operational Envelope Based on Control Plane Jams for the AUV Turning
Through 180° (Depth Controller Gain of 0.07; No Active Roll Compensation)
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Figure 5-59: Operational Envelope Based on Control Plane Jams for the AUV Turning
Through 180° (Depth Controller Gain of 0.07; Active Roll Compensation via All
Control Planes)
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fault e.g. free-swivelling. gone. jammed at non-zero angle.

Simple diagnostic tests of a single fin actuator can show whether the shaft is
moving or not. and whether it is moving the correct amount (as commanded by
the software). so in this way the fin actuator servo motor and control software can
be checked. Without a shaft torque sensor. all that can be accomplished by this
diagnostic is to determine whether the shaft rotates or not. but not whether the fin
is still attached to the shaft. To look at hydrodynamic loads on the control plane.
we would need a shaft torque sensor. This sensor would verify whether the fin is still
attached to the shaft or not. If the fin is still on that shaft but does not turn when
the shaft turns rhen the fin should be self-aligning to the local How direction so there
should be some detectable drag force. but no lift force or pitching moment can be
generated. [f the fin is fixed to the shaft but the shaft is jammed in a position such
that the fin is at zero angle of attack to the local flow direction. then there should be
some detectable drag. but no lift or pitching moment. If the fin is fixed to the shaft
but the shaft is jammed at a non-zero angle of attack to the local flow. then there
should be some detectable lift. drag and pitching moment. The ideal situation would
be to have the actuator housing mounted on a three-component balance so that the
fin lift. drag and pitching moment can be measured. for each fin. This is not usually
practical for an operational AUV.

Knowledge of how the vehicle behaves during fault conditions can be used ro
provide the information about the nature of the fault condition. assuming an inertial
navigation unit or some external tracking device provides trajectory data. Some
vehicle maneuvers can be devised that allow the vehicle to deduce whether (i) the
fin is still on the actuator shaft. (ii) the fin is gone. (iii) the actuator shaft (or fin) is
jammed at zero angle. or (iv) the actuator shaft (or fin) is jammed at some non-zero
angle.

When a fault condition occurs. and the vehicle trajectory is affected. the control

system should detect the deviation in track. It can then institute a maneuver or
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series of maneuvers to ascertain the nature of the fault. Knowing the nature of the
fault. the control system is able to classify the expected effects of the fault. and make
decisions concerning the viability of the task at hand (or even the mission). and
about which fault recovery procedures to implement. This assumes the behaviour
in the fault condition is significantly different than nominal behaviour. but if it isn't
there is no need for fault recovery procedures.

For example. if the fault condition is a jammed control plane. once the control
system detects a fault. and determines which fin is stuck. it may find a deflection
angle for the opposing fin that brings the vehicle behaviour (response) back to being

[* (although degraded). e.g. dives without turning. Then the angle of

“symmetrics

jam of the defective fin can then be deduced from the angle at which vou need ro set

the opposing fin in order to regain “symmetrical behaviour™.



Chapter 6
Conclusions

This work has entailed two sensitivity studies to look at design choices that influence
vehicle behaviour. and a simulation study to examine vehicle behaviour in the presence
of control plane fault conditions. They were carried out to increase knowledge about
the physics of vehicle response. so that better control could be obtained. especially
with a view to extending the nominal (fault-free) ability of an AUV to carry out a
mission or a task. even with a control plane fault.

Sensitivity analvses provide a better understanding of the behaviour of the C-
SCOUT. The results for C-SCOUT are qualitatively valid for vehicles of the same
general type. because it is typical of many vehicles active in the world today. Further.

the procedure itself is applicable in general to

v vehicle geometry. Quantifving
the sensitivity for a typical vehicle like C-SCOUT is one step in understanding the
fundamental behaviour of AUV in general.

The sensitivity of added mass values to changes in geometry is important for mod-
ular vehicles. where changes to vehicle configuration may be desired during operation
(e.g. swapping out pavload packages). This work has provided a systematic study
of the sensitivity of added mass to variations in vehicle geometry. To the authors
knowledge. this kind of study has not been reported before.

Added mass and other hydrodynamic parameters can have varying degrees of

199



effects on the vehicle response. The parameter values result from choices made during
design. and it is therefore important to understand the nature of the effect of the
parameters on vehicle response. and how sensitive the vehicle is to changes in the
parameters. Also. since the parameters are typically determined from physical model
testing and there is usually some uncertainty concerning their exact values. it is

important to look at the sensitivity of the vehicle in terms of how significant the

uncertainty is. Although a study of this nature has been done using a nonlinear
model before [54]. this wurk has provide new data. based on a different modelling
approach.

[n order to increase reliability of AUV, it is also useful to look at vehicle behaviour
under conditions beyond the scope of nominal. fault-free control: under conditions
such as control plane jams and loss of a control plane. Rather than aborting a

mission because of such a failure. knowledge of the expected vehicle behaviour can

enable the controller to replan rhe mission 50 as to complete some or all of the mission

objectives. This study is new in aim and scope.

6.1 Sensitivity of Added Mass Coefficients to Vari-
ations in Geometry

A numerical study has been made of the effect of variations of geometry on added mass
coefficients for a typical axisymmetric. streamlined AUV. The results are summarized
in Table 6.1. In the study. the length-to-diameter ratio of the hull was varied from
a value of 3 to a value of 10. using a hull with no appendages. Next. the location
of the forward control planes was varied from 15% to 40% of the (full configuration)
vehicle length. aft of the nose: and the location of the after control planes was varied
from 60% to 85% of the vehicle length. aft of the nose. Finally. the size of the control
planes was varied from 50% to 200% of the nominal size. Here. the base configuration

hull was used. and the hull-fin interactions included in the data. but the contribution




of the hull to the vehicle added mass coefficients was ignored when investigating the
effects of varving the size of the control planes.

Reference frames are necessary to describe the forces and moments acting on a ve-
hicle. and hence the accelerations it experiences. To simplify the dynamics equations.
a reference frame is fixed to the center of mass (gravity) of the vehicle body. The xp-
axis of the body-fixed reference frame is pointed towards the nose of the vehicle. the
va-axis points directly to starboard. and the zg-axis is directed toward the bottom
of the vehicle. The six basic motions (degrees of freedom. or DOF) are: translation
along rthe xg-axis (called surge). transiation along the yvg-axis (swav). translation
along the zg-axis (heave). rotation about the xg-axis (roll). rotation about the vg-
axis (pitch). and rotation abour the zg-axis (vaw). Each of the rranslation motions
has an associated added mass. and each of the rotational motions has an associated

added mass-moment of inertia. [n addition. there a

dded mass coupling coefficients

that represent interactions between the different motions.

Table 6.1: Variance of Mass Coefficier ith Geometric Parameters
1 Hull | Control Plane |

L,/D " Location

(L D) | Const.

For changes in the length-to-diameter ratio (L/D) ratio (made in the parallel
mid-body to preserve the nose and tail geometry). examination of the hull without

appendages showed that the sway added mass Y. the heave added mass Z,. the roll
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added mass-moment of inertia A},. and the added mass coupling coefficients Y,

and A, all vary linearly with changing L/D. while the surge added mass X,. and
the added mass coupling coefficients X,. and Z, vary roughly as the square of this
ratio due to the variation of the center of buoyancy expressed by the variation of =/ L
with L/D. Finally. the pitch added mass-moment of inertia M, and the yaw added
mass-moment of inertia .V, vary with (L/D)". As the L/ D ratio increases. it is the
mass-moments of inertia about the axes normal to the longitudinal centerline of the
hull that are most affected.

For changes in the location of the control planes. added masses vary with £y,
(£4ea being the distance along the surge axis to the quarter-chord axis of the control

planes). where n =0 for X,. Y. Z,. Kp. X and Yy n = 1 for Yi. Z,. and A.: and

n =2 for M, and N,. It is the mass-moments of inertia about the axes normal to
the length of the hull that are again most affected by this variation of the vehicle
geometry

For changes to the size of the control planes. where the shape of the plane is
preserved. the added mass coefficients vary roughly with the cube of the scaling
parameter (here the span. b. i.c.they vary as b'). Varving the size of the control
planes affects all the added mass cvefficients in more or less the same manner.

The study illustrated the effects of variation of geometry on the added mass of a
given vehicle. The next study showed how the added mass (and other hydrodynamic
parameters) affect vehicle motion. Together. these studies provide the vehicle designer
with valuable data about several design choices. The data can be applied to a given

set of constraints. enabling the designer to make informed decisions.
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6.2 Sensitivity of Vehicle Response to Hydrody-
namic Parameters

In addition to added mass. there are other hydrodynamic parameters of import for
determining vehicle motion behaviour. In the nonlinear model of C-SCOUT. based as
it is on lift and drag equations. these other parameters are the lift and drag coefficients
for the hull and control planes. and the locations of the centers of pressure for the
hull (center of effort) and control planes. Each of these parameters was included in

the sensitivity study.

6.2.1 Variation of Added Mass

Changes to the magnitudes of added mass have no effect on the vehicle response
except during transient conditions. The steady state motions are dominated by the

effects of the lift and drag forces.

In turning circles the added masses affect only the
advance of the vehicle into the turn. and those response measures that include this
portion of the maneuver (the advance. the ractical diameter. and the time to reach
1830°). Even then. only a few of the added mass elements cause significant changes in
the vehicle response when they are varied. The overall effect of varving these elements
caused relatively minor variations in the response measures. The worst case variation
of a turning circle response measure is less than 6% for a 100% change in the sway
added mass. Y.

For horizontal zigzags. varving the sway added mass. Y. and the yaw added mass-
moment of inertia. .V,. did have noticeable effects on the vehicle response: e.g. a 10%
change in N, results in a 2.6% change in the overshoot angle. In the vertical plane
it was the variation of the heave added mass. Z,.. and the pitch added mass-moment
of inertia. M. that were significant (e.g. a 10% change in M, results in a 2.9%
change in the overshoot angle). Although changing the roll added mass-moment of

inertia. K. does not cause any significant change in the vehicle response. it is clear




that the other principle coefficients must be known with reasonable accuracy to have
a good model of the vehicle. since varying the principle added mass derivatives can
significantly change the vehicle response in transient maneuvers. Varying the heave-
pitch coupling element. Z,. also results in changing the response of the vehicle. but
none of the other coupling coefficients cause the same magnitude of effects.

Even though the vehicle is symmetric about the x-z plane. but not about the

chosen x-y plane (the center of mass is below the longitudinal axis of rotation). the

response in horizontal zigzags is very similar to the response in vertical zigzags.

It is useful to design the vehicle so as to reduce the influence of the added mass
derivatives as much as possible (to reduce the apparent inertia of the vehicle) by
streamlining the vehicle and reducing the size of the appendages. Reducing the overall
size of the vehicle will not reduce the relative contribution of rhe added mass on the

vehicle response. as that contribution will still be in the same proportion to the real

mass. An increase in each of the coupling derivatives. K. nd Yo, will actually
reduce the inertia of the vehicle. but rthey cannot be increased without increasing
other derivatives which wonld increase the apparent inertia of the vehicle. The design
goal should therefore be to reduce all the added mass derivatives. including A.. X,.

and Y,

6.2.2 Variation of Lift and Drag Coefficients

The turning circle response vary nonlinearly with variations in both the

hull lift coefficient and the fin lift coefficient. The measures vary as the inverse of the
square of Ct,_,, and directly as the square root of C,....

The response measures in turning circles remain constant or vary linearly with
changes to the drag coefficients - either hull drag or fin drag. The effect of drag is
mostly to increase the time of response. Variations in the hull drag coefficient have
a greater affect on the time required for the turn than do variations in the control

plane drag coefficient. because the hull is the largest component of the vehicle in the
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flow. The effect of varying the fin drag is relatively small in comparison. even with
four fins.

for zigzag are very similar whether the zigzag is in
the horizontal plane or in the vertical plane. even though there are some effects due
to the gravity and buoyancy forces and the couple they produce. Increasing the hull
lift force results in an increase in the period of the zigzag and in the overshoot angle
and width of path. each of these varying as the square root of the hull Lift coefficient.
The reach (time to reach a heading 90° from the original heading) is unaffected by
changes in the hull lift. Increasing the fin lift coefficient reduces cach of the measures:
they vary as the inverse of the fin lift coefficient squared.

Both Cp,., and Cp,.,,. slow the vehicle down further as they are increased in
value. In addition. increasing the hull drag increases the spatial requirements for
the maneuvers. [ncreasing the tin drag coefficient. however. decreases the spatial
requircments.

Increasing the hull lift force causes the vehicle to turn more s|

arply. but it makes
it more difficult to recover from the turn. This is consistent with the destabilizing
influence of a side force applied forward of the center of mass. Increasing the hull drag
slows the vehicle down. tending to reduce the spatial requirements for the maneuver
at the expense of requiring more time. and. consequentially. more energy. Hull lift
and drag forces are functions of the size and shape of the hull. which may be chosen
based on other criteria. such as mission or payload requirements. Some effort must
be made in the design of the vehicle to reduce the drag as much as possible. This
will also reduce the lift force on the hull. and therefore the (control) effort required
to cause the vehicle to turn and to recover from a turn.

Increasing the drag on the control planes has the same effect as increasing the
hull drag: the vehicle is slower and requires more energy to complete the maneuver.
Increasing the lift of the after fins increases the stability of the vehicle. reducing

the turning ability (increasing the radius of turn). but increasing the ability of the




vehicle to initiate and recover from turns: i.e. more fin lift translates into more control

authority. The downside of increasing the fin lift is that it means an accompanying
increase in fin drag. The design must seek the optimal balance between the lift and
drag on the fin that will allow the vehicle to meet its performance criteria while
minimizing the energy expended in doing so. However. the primary criterion for the
control plane is that it must have sufficient control authority to meet the performance
goals.

6.2.3 Variation of Centers of Effort and Pressure

When the center of effort of the hull is moved aft of the nose (closer to the center
of mass). the measures of vehicle response in a turn increase. The same measures
increase as the center of effort is moved forward of the vehicle nose. indicating that the

optimal place for the ce

iter of effort is at the nose. Moving the center of effort of the

hull forward. away from the vehicle center of mass. will lead to

creased overshoot
width of path (but decreased overshoot angle). This result indicates a need ro move

the center of effort closer to the center of mass in order to decrease the overshoot

width of path. and. in so doing. the overall width of path of the vehicle. Thus.
the vehicle response in transient conditions (as indicated by the response in zigzag
maneuvers) contradicts the response in steady conditions (as indicated by the vehicle
response in turning circles). In either case. however. the center of effort is a function
of the flow around the vehicle. and there is no clear design variable that can ensure
optimal location of CE over the whole range of vehicle motions.

Variation of the location of the center of pressure of the control plane along the
span of the control plane (perpendicular to the hull for C-SCOUT) has virtually no
effect on the response of the vehicle in any of the maneuvers studied. Moving the
location of the center of pressure aft along the chord of the control plane generally
causes an increase in the values of the response measures in turning circles and a

reduction of the response measures in zigzag maneuvers. This is consistent with the
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concept of increased control authority with increased moment arm to the center of
pressure. The effect of moving the location of the control plane center of pressure is
much the same as the effect produced by increasing the fin lift. This means that for
a given fin shape (with a specific lift coefficient). the effect of lift force can be made

ger by moving the fin aftward on the hull.

6.3 Vehicle Controllability in the Face of Control
Plane Fault Conditions

For holding course. the higher depth control gain (0.07) should be used. [f vehicle
roll is not an important issue. no active roll compensation is necessary. The oper-

ational envelope will be unrestricted (up to the maximum =:

“) for the horizontal
(starboard /port) planes. and restricted to less than about =107 for the vertical (up-
per/lower) control planes. If roll is important. it can be kept within =17 using active

roll

)} control planes. In terms of the operational
envelope. the cost of controlling the roll is that the horizontal planes are now restricted
to less than about £10° too.

When diving. the best gain for the depth controller is 0.07. Again. if roll angle
is not important. then no active roll compensation is required. The operational
envelope would indicate that horizontal control planes should be restricted to angles
near zero. but this would not allow the maneuver to be achieved in reasonable time.
therefore. the envelope should be expanded to at least =10 * and some degradation of
performance expected if one of the horizontal planes jams at an angle not near zero.
If the roll angle must be kept within one degree of zero. active roll compensation
using all the remaining unjammed control surfaces is best. The operational envelope
is the same as that of the vehicle without active roll compensation when roll is not
an issue. The same arguments apply.

The depth controller with a gain of 0.07 still provides better performance (a re-
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duction in depth error. and even in heading error) for turns. As with holding course
and diving. if roll is not important. then there is no need for active roll compensation
and vehicle response is better without it. On the other hand. if roll is important. the
active roll compensation via all planes improves the vehicle performance. since the
vehicle without active roll compensation is unable to maintain the desired roll angle
even if the jam is near zero.

In general. the depth controller gain should be kept as high as possible without
inducing instability into the system: in this study the value of 0.07 was a reasonable
value. The higher value of gain for the depth controller ensures smaller unwanted
depth excursions. and can lead to smaller heading errors when the heave or pitch
motions are coupled into the vaw by a non-zero roll angle. To guarantee adequate
performance even with jammed control planes. the port and starboard control planes
should be restricted to angles near zero. Since this is too restrictive. especially in
maneuvers involving diving. the operational envelope for the horizontal planes can be
expanded to =107, but some degradation of performance can be expected if one of
the horizontal planes jams at an angle not near zero. The operational envelope for
the upper and lower control planes is =10 to provide guarantees of acceptable per-
formance even with jammed planes. The choice of active roll compensation depends
on how important the roll angle is to the maneuver: use all the remaining planes to
compensate for the effects of the jammed plane if roll must be limited. otherwise no

roll compensation is necessary or of benefit.



Chapter 7

Recommendations for Future Work

The work presented here represents the first steps in gaining a systematic. fundamen-
tal understanding of vehicle behaviours. This knowledge will provide a foundation
for further analysis of behaviours in various planned (e.g. commanded changes) and
unplanned (e.g. actuator faults) conditions the vehicle will experience over the course
of its active lifetime. Future work should include activity in the following arcas.
7.1 Further Simulations
The computer model should be used to increase knowledge of AUV behaviour:

L. increased data points for sensitivity studies and fault condition simulations:

2. investigate multipoint failures.

7.2 Hydrodynamics

Experimental work is nec

ary. including:

1. computer model validation via PMM. MDTF. Cavitation Tunnel. and free-

swimming model tests:




w

validate simulation studies:

o

investigate behaviour of hull (PMM. Tow Tank tests. Cavitation Tunnel with

scale model). control planes (Cavitation Tunnel) at large angles of attack:

[

effects of variations of hull length. hull cross-section. fin size. fin location. fin con-
figuration (inverted Y. high-lift devices. rolling trailing edge). fin type. through-
body thruster placement. number of through-body thrusters.

7.3 Model Improvements

The hydrodynamics-based computer model should be improved upon by:

. increasing accuracy by determining applicable parameters (inertial properties.

hydrodynamic coefficients) through phy

ical model testing:

. include environmental effects - may require changing some constant coefficients
(e.g. added masses) to time varving coefficients to allow simulation of motion
while submerged but near the free surface and other boundaries such as the

bortom (important for simulation of bottom profiling missions):

“

inclusion of through-body thrusters:

=

include algorithms for vehicle behaviour at high angles of attack:

o

integration with a mission planner: environment simulation.

In addition. the model may be used to simulate missions for pre-screening control

seripts. and for post mission analysis where required.

7.4 Control

1. look into the combination of controllers necessary for robust control. and how

to switch between them



2. hover-cruise: forward-reverse controller switching:

3. investigate applications to multi-vehicle operations.

7.5 The C-SCOUT

C-SCOUT needs to be completed and tested in ROV mode. On completion of that
task. C-SCOUT needs to be brought up to operational status. including:

. integration of navigation instruments:

integration of acoustic communication equipment:

"

implementation of software and hardware necessary for autonomous operation.

particularly:

(a) mission level control:

(b) obstacle detection and avoidance equipment.
The vehicle usefulness could be enhanced by:
L. investigation of best energy storage system:

2. redesign for increased depth:

3. consideration of payload requi for particular. relevant missions.
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