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The process of engineering involves devising machines capable of performing new
functions, developing them and standardising them. Machines to perform higher order
or multiple functions are created by integrating sets of standard components into
systems. As the number of components integrated increases the systems become more
complex, both internally and in terms of their interaction with the rest of the world.
During development, simplifying assumptions are necessarily made in order to predict
the performance of the overall system. Trials in an idealised environment are
performed. Once the system is considered to have demonstrated the minimum
performance requirement it is put into production. However, although the system now
meets the minimum performance requirement in the environment in which it was
tested, if it is at all complex it is most unlikely that it will have been tested under all of
the conditions it will experience during its in-service life; it will not have been fully
characterised in terms of defining its performance under all conditions; and its overall
performance is unlikely to have been globally optimised.

This Thesis describes a means of improving the performance of in-service complex
systems by more fully characterising them. The method addresses the full complexity
of the system. This necessarily involves the measurement of its response to a large
number of parameters. Taguchi experimental methods are used to make this feasible.
Complementary sets of measurements under controlled conditions on a physical
model in the laboratory and measurements on the full-scale system in service are
devised.

The method is developed in the context of the propulsion system of a specific
Autonomous Underwater vehicle (AUV), AUTOSUB. The generic properties of AUV
systems and their propulsion requirements are described, together with that of the
subject vehicle. A Systems Engineering approach is taken to describe the system and
determine its response to its principal characteristics. The issue of complexity is
discussed and the case made for the propulsion system of a multi-function AUV being
considered as a complex system. The requirement for laboratory experiments and full-
scale trials is derived and their design developed. A description of the conduct of
these and the results of the experiments and trials are provided, together with the
method for analysing the results. Finally conclusions are drawn, both in generic terms
and in terms of the vehicle under discussion.
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PREFACE

This thesis addresses the subject of how to characterise the performance of complex
systems in their real environment, taking into account the full complexity of both the

system and its environment.

1.1.1 Concept of systems

Early machines were usually single purpose and stand-alone. Limited functionality was
achieved through a single, comparatively simple, assembly of components. By contrast,
many needs today are met by systems of components, each of which may have a defined
stand-alone function, but which together achieve the higher functionality sought.
Development of such systems requires many of the specialist systems engineering
techniques, such as formal requirement definition and overt control of interfaces between

the components.

1.1.2 System complexity

As with the phenomenon of life, that of the development of man-made systems appears
to lead inexorably towards greater complexity with time. In a way analogous to the
pressures of evolution, economic pressures, competition and the growth of knowledge
result in systems of ever-greater complexity. For example, at the beginning of the last
century this thesis would have been typed on a simple mechanical typewriter, comprising
a set of levers that cause cast letter dies to impact on an ink ribbon held against a sheet of
paper. A hand powered mechanism for moving the paper enabled control of the relative
spacing of the letter imprints. In today’s word-processor, the input keyboard bears
superficial similarity to that of the typewriter, but the rest of the mechanism, mouse, PC,
display and full colour dot matrix printer, bears no relationship, either in design, in part
count, or in the number of parameters needed to describe it or its performance. By any
measure, its complexity is orders of magnitude greater. Furthermore, although the basic
purpose of the two machines is identical, the functionality of the more modern machine
is considerably greater. We can characterise the latter type of machine as being more
complex. Formal definitions of complexity are considered later, but for now it is
sufficient to consider it as a property of a system such that: many parameters are required

to describe the system; where the output of the system may be a function of the
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interaction between sets of these parameters; and where these interactions may be non-
linear. As in the example above, new, more complex systems may be developed to
produce better ways of achieving an existing capability. More interestingly, they may be

used to enable new functions.

1.1.3 Environment complexity

All machines operate in an environment. Often this is well controlled and benign, as is
normally the case for the word-processor. However, the more interesting systems are
required to work in harsh, dynamic environments, such as deep space, or the depths of
the ocean. Here, determining the performance of the system becomes a greater challenge,
both because of the difficulty of simulating the environment, and because of the

complexity of possible interactions between the system and its environment.

1.1.4 Determination of performance

The design process for complex systems is a matter of establishing which parameters are
most important to the required system performance and finding the best compromise
between them. Of necessity, the full complexity of the system cannot be addressed
during design. For any reasonably complex system it will invariably prove impractical to
take account of all possible system and environmental parameter interactions.
Simplifying assumptions are inevitably made when calculating the effects of alternatives,
or when measuring them under laboratory conditions. Cost and timescale pressures will
lead to one of a large number of sub-optimal solutions being chosen. System
performance may meet the specified performance when it enters service, but it is likely to

be sub-optimal in terms of what the system could achieve.

Before entering service, systems are subject to a series of acceptance tests to establish
their performance. However, these are usually carried out for contractual purposes and
are designed to establish whether performance meets specification. The full capability of
the system may, therefore, still be unknown in so far as all corners of its envelope need
not have been explored. In particular, it is often the case that some performance
_parameters, although critical, are very difficult to measure and so remain untested. As an
example, for a missile system, the ability to engage the specified range of targets in all
weathers from flat calm (with its multi-path problems) to full storm conditions (with its

clutter and attenuation problems) is likely to be impossible to simulate and so not be
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directly measured, even though it is possibly one of the key performance parameters of
the system. So for many cases actual performance under operational conditions will not
be known.

Additionally, even in those areas where performance on delivery is fully
characterised, performance will change with time during service due both to modification
and to deterioration. So confidence in performance and performance optimisation will
deteriorate with time.

For all of these reasons, a means of readily determining key performance
parameters under actual operating conditions is needed, both on entering service and,
thereafter, throughout life. Where the parameters are readily measurable, this is
comparatively simple to achieve. For these cases, most systems are reasonably
comprehensively instrumented, both for direct system output purposes and for in-service
maintenance. Many systems have continual monitoring of these parameters together with
logging of the data. However, where key parameters cannot readily be measured in-
service (e.g. the sub-clutter visibility of a radar system, where independent determination
of the clutter present is difficult, or, as in the subject of this thesis, the drag force of a

vehicle, where no drag transducer exists), a means needs to be developed of doing so.

1.1.5 Performance estimation

Usually system performance models are devised during development as an aid to
decision making as to how most economically to meet the requirement. For the reasons
given above, modelling of the system outputs is necessarily founded on simplification.
For optimal performance the full complexity of the system needs to be captured in the
model. Any digital simulation necessarily implies deciding in advance the important
interactions between parameters and the nature of these interactions. The output of such
models will require verification. It is, thus, concluded that if performance is to be
globally optimised, decisions should be made, where possible, based on measurements of
the real system in its real environment. Where this is not possible, modelling should be
undertaken with a minimum number of simplifications by using analogue models under

realistic conditions.

1.1.6 Three levels of characterisation

This thesis considers the problem of characterising a complex system at three levels. At

the higher level, a superficial description of a generic system-engineering problem has
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just been outlined. This is considered in no greater depth, but these principles are
developed at the next level in the context of the propulsion system of Autonomous
Underwater Vehicles (AUVs). Finally, the propulsion system of a particular vehicle,
AUTOSUB, is considered by way of an example. This leads to consideration of the
measurement of one particular system parameter, that of drag. Specific means of
determining this parameter in the context of the full complexity of the vehicle and its
environment is addressed.

A systems engineering approach to the problem of in-service improvement of the
propulsion performance of an AUV is described together with the development of a set
of tools to enable the improvements sought. The tools described have been developed
for, and demonstrated on, AUTOSUB. However, it is believed that the principles
underlying the design are widely applicable across a range of AUVs and will help in the
systematic development of current and future generations of vehicles. The approach may
also find use in the wider world as part of the move from taking an idealised approach to
engineering, to attempting to take a holistic view. The work described here is a step on
the road towards taking into account the full complexities of reality when optimising

complex systems.

1.1.7 Structure of this document

Because of the breadth of subjects covered, the thesis is divided into four parts. No
separate literature review has been included. Rather reference is made to the relevant
documents in each chapter, as appropriate.

The initial part considers the overall problem of the propulsion performance of a
particular AUV, whose performance, on entering service, was found to be less than
expected and whose performance was then found to further deteriorate with time. The
propulsion system is considered as a systems engineering problem and the system
analysis is described. This part concludes that, of the key parameters affecting
propulsion, the drag of the hull and/or the thrust of the propulsor under operational
conditions is unknown. One reason for this is that the hull-form is more complex than
had been allowed for during design. Another is that the vehicle is operated in service in a
different regime from that anticipated during development. The case is made for a
complementary programme of laboratory experiments on a scale-model, together with
trials on the full-scale vehicle in service. The intention of the scale-model trials is to

characterise separately, the components of the hull over the range of conditions likely to
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be met in service. This should enable the performance of different hull forms to be
predicted. Additionally, a means of measuring the added mass of the vehicle is required,
for use in analysis of the data from the sea trials. The sea trials are to develop and
demonstrate a means of readily determining the propulsion characteristics of the vehicle
whilst in service. It is also required to establish the range of values of key parameters
over which the laboratory measurements need be made.

Part 2 describes the design and practice of the series of laboratory experiments to
determine the contribution to drag of components of the hull and its added mass. In
particular, it addresses the problem of how to determine the effects of, and interactions
between, a large number of parameters in an affordable series of experiments. It
concludes with a model for predicting the drag of a range of hull-forms, together with an
estimate of the bare hull added mass.

Part 3 describes the design and practice of an in-service trial intended to readily
enable the propulsion performance of the vehicle to be determined during deployments.
It describes the data analysis process and an estimate of the drag of the vehicle is made
from measurements of speed as a function of time. It also determines the range of angles-
of-attack and hydroplane angles over which the laboratory experiments need to be
conducted, together with the relationship between each of these and with speed.

Finally, part 4 pulls together the whole thesis and draws conclusions.
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SYSTEM ANALYSIS
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Chapter 1.1

INTRODUCTION

Part 1 begins with a generic description of AUVs. The particular AUV used as an
example for this work, AUTOSUB, is then described, together with the symptoms of the
propulsion problem. To calibrate the problem, AUTOSUB’s performance is compared
with that of similar vehicles.

Attention then switches to consideration of the issues associated with systems
engineering of an in-service system and definitions of complexity. The first consideration
is an analysis of the propulsion system of AUVs, using AUTOSUB as an example. This
analysis begins with capture of the overall requircment and the development of a
parametric model to enable the sensitivity to fundamental system parameters to be
established. The performance of each of the major sub-systems is then assessed and its
influence determined. Conclusions are drawn as to where effort should be concentrated.
In particular the need for a greater understanding of the hull drag characteristics,
propeller and hull/propeller interactions is established. Of these it is argued that effort
should be concentrated on further exploration of the drag of the hull under operational
conditions. Because the detail of the hull-formchanges from mission to mission as a
result of changes needed to payload and services, the need for a method of determining
the effects of these is required. The implications and complexity of determining drag
across the full range of operational conditions and hull-form options is discussed.

The need for physical modelling is discussed and the alternatives compared. The
vehicle was extensively modelled during its development phase. However, as is usual, an
idealised hull-formwas used. Although the models used provided an accurate reflection
of the clean hull used in service, it lacked the detailed appendages, and did not reflect, for
example, the surface condition that the real vehicle has when operated in the harsh
environment of a seaway. In this thesis methods are described for establishing the effects
of the full complexity of the vehicle as operated at sea. It addresses the problem of
designing a programme of experiments to explore a large set of complex interactions.
The need for both laboratory experiments and trials on the full-scale vehicle at sea is

developed.
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Having introduced the subject matter of this part and described its overall

structure we can now move into the subject matter starting with an introduction to AUV,
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Chapter 1.2

AUTONOMOUS UNDERWATER
VEHICLES

1.2.1 Introduction

The demand for knowledge of the oceans, of what they comprise, how they work, and
what is in them and under them, has never been greater. In the past this quest for
knowledge was driven by the need for improved navigation and by scientific
curiosity. Today the major non-military drivers are the threat of climate change,
resource management, exploration for new resources, and a need for a holistic
appreciation of the mechanisms that influence the world’s ecosystem. Unlike the
atmosphere, the oceans comprise a body of fluid that is not susceptible to long range
observation. Electromagnetic radiation, unless at ultra low frequency (and hence data
rate) attenuates very rapidly and sonic radiation, although much more penetrative, still
will not produce high-resolution information at more than a few 10’s of kilometres.
There is, therefore, a need to take sensors into the body of the ocean. Manned vehicles
are expensive, and remotely operated vehicles necessarily limited by short-range,
limited-bandwidth communications, or the length of a high-bandwidth umbilical.
Hence the need for autonomous underwater vehicles.

There is a considerable history of building underwater vehicles from manned
submarines to guided torpedoes and remotely operated vehicles (ROV’s). However,
the principal characteristic of these devices is that they have either been controlled by
a man in the loop, as for submarines or ROV’s, or have been single shot, one way
devices, such as torpedoes and some scientific instruments. Only comparatively
recently, from the mid 1980’s, has the technology been developed to allow completely
autonomous operation at reasonable cost. During this period most major economies
have invested in this new technology. Not surprisingly the vast majority of the effort
expended has been spent on the essential aspects of autonomy: automatic navigation,
guidance and control. Considerable progress has been made and this progress is

accelerating. In 2002 there were more than 100 vehicle types, often one-off designs,
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routinely operated by more than 20 countries. The USA alone boasted 35 types of
vehicle. (Funnell, 2001).

1.2.2 The essential characteristics

An AUV is an autonomous underwater transport system. Its function is to carry a
payload. Normally the load is carried internally which requires dedicated volume,
possibly with some form of conditioning, such as power supplies or pressure
resistance.

Autonomy implies the ability to carry out tasks independent of real-time
human control. This requires an on-board mission controller. At the lowest level, this
implies that the vehicle be capable of storing and executing a series of pre-planned
instructions. This limited capability is only useful for operation in open water, where
no unplanned obstacles are expected. To operate in confined spaces more advanced
designs are required, which incorporate the ability to adapt the mission to local
conditions. This implies real-time decisions being made on the basis of sensor
information. For example, the AUTOSUB vehicle has a collision avoidance routine
based on the input from a forward looking and a downward looking sonar. For
operation in still more complex environments, such as some of those encountered by
the military, it is likely that future vehicles will incorporate the ability to ‘learn’ from
their environment, that is adapt their decision making rules according to historical
precedent.

In order to carry out the mission the vehicle will need to be capable of
navigation. It will need some means of determining its starting point and its position
thereafter. When submerged the vehicle will be incapable of receiving signals from
the standard navigation beacons used for surface navigation, since these are invariably
transmitted over the EM spectrum. Some form of dead reckoning will, therefore, be
required, based on measurement of heading and distance. Distance will need to be
measured directly by some form of log, or computed from measurement of time and
velocity and/or acceleration.

Having knowledge of current location, from the navigation system, and the
desired location, from the mission controller, the vehicle requires a means of
locomotion and a means of controlling it in terms of speed and direction. Locomotion
implies some means of interacting with the water such that motion with a forward

element may be obtained. This often implies a motor and some form of propeller,
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although forward motion can be obtained by passive means such as gliding. An
energy supply is needed to power the means of propulsion. Normally some form of
internal energy storage is essential, although in some cases, such as solar powered
AUVs, this may be supplemented by energy extracted from the environment.

Direction control is usually achieved by means of trainable thrusters or by
control surfaces.

Finally, to operate underwater, a means of depth control is required. This may
be achieved as in manned submarines, by buoyancy control, but often the vehicles are
designed to have marginal positive buoyancy for recovery purposes. In this case depth

is maintained either by directed thrust and/or negative lift control surfaces.
1.2.3 Progress to date

1.2.3.1 Size and shape

Free-flooded tail
Tail exoskele:

Pressure hull

Batteries

Main ballast priven hink assembl

Figure 1.2.1 AUVs come in all shapes and sizes
(Clockwise from top left: Hugin, Slocum, Maridan, VCUUYV)

AUVs are at that exciting stage of evolution where an enormous variety of different
architectures are being tried and before the natural selection pressures of economy and
efficiency have whittled these down. They come in a considerable range of sizes and
shapes as illustrated in Figure 1.2.1. Sizes range from the 950 mm length of the RAO
(Funnell, 2001), to the 11 m of the Manta, with the latter having a displacement of 16
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tons (French and Lisiewicz, 1999) and shapes vary from very low drag forms, through
the more easily manufactured, but slightly less hull-efficient torpedo shape, to those
where manoeuvrability is all. The latter may have completely inefficient

hydrodynamic shapes but allow full 6 degrees of freedom movement.

1.2.3.2 Applications

The large variety of AUV forms is partly due to the drive to try out new ideas and find
out what works, but is also driven by the large range of potential applications. The
early AUV had much of the characteristics of a technological solution looking for a
problem. Advertised ranges, payloads and navigational accuracy were suspect and
reliability was insufficiently proven to justify business cases for serious investment in
industrial capability. The principal areas that supported the investment were those
supporting engineering research, the science community (who had no other way of
obtaining some highly desirable data sets), and the military. This is now changing
with the accumulated body of knowledge resulting from these first-generation
vehicles and the advent of second-generation vehicles. A sample of possible
applications is listed below.
e Science.

o For use where access by other means is impossible, e.g. for obtaining
extensive data on phenomena that occur under ice-shelves, where the
only alternative would be bore holes, which are both expensive and
intrusive.

o Where the presence of a more intrusive vehicle would interfere with
the measurement being made, e.g. for measurement of fish stocks,
where it has been shown by AUTOSUB that fish will avoid a surface
vessel, but apparently ignore an AUV.

o Where the application is driven by lower cost and rapid deployment
without extensive pre-planning, e.g. for the measurement of pressure
waves, where the alternatives are buoy arrays, aircraft or satellites
(Healey and Riedel, 1999).

e Industry

o Survey, maintenance and laying of services (e.g. telephone cables, or

oil facilities).

o Exploration for mineral resources.
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o Fish stock management.
o Environment forecasting.
e Military.
o Reconnaissance.
o Mine hunting.
o Target tracking.
o Navigation beacon.
o Communications relay.
o Attack of surface and submarine targets.
o Beach survey.

o Surveillance.

1.2.3.3 Overall AUV system performance

Many of the AUVs built to date have been considered, to a greater or lesser degree, as
a total integrated system. However, the systems level work has been directed
primarily at either scoping the overall AUV as an initial design study (and so has
taken a mainly parametric approach (Huggins and Packwood, 1994)) or has
concentrated on producing an integrated navigation and control system (D Fryxell,
1994). Few have had as its primary intent the optimisation of propulsion efficiency.
Propulsion optimisation driven research has, in general, concentrated on the
motor/propulsor interaction (Bradley et al., 2001) or motor/controller matching
(Hunter and Stevenson, 1994) (Brown and Kopp, 1994). Such research has been
directed at investigating the way in which off-the-shelf components may be
integrated, rather than on determining the cost of using non-optimised components.
Work has been undertaken on a number of other sets of sub-systems within the overall

propulsion system (Glover and Guner, 1994), (Stevenson, 1996).

1.2.3.3.1 Endurance

In principle, those vehicles that can extract their energy from the environment are
limited in endurance only by their need for maintenance. In practice all vehicles
require some form of on-board energy storage, and this usually involves primary,
rather than secondary, energy. A range of up to 40,000 km is claimed for the
SLOCUM glider (Funnell, 2001).
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However, most vehicles are entirely dependent upon the energy with which
they are charged at the beginning of a mission. Proposals have been made for in-
mission docking, for re-fuelling without the need for the vehicle to be recovered, but
these remain at the experimental stage. Of the vehicles that carry their energy supplies

with them, the maximum range is in the region of 750 km (AUTOSUB and
THESEUS (Funnell, 2001)).

1.2.3.3.2 Speed

AUVs are inherently energy and power limited devices, with the power available
being dependent on the characteristics of the energy supply. The power required to
propel a submerged vehicle increases as the cube of the speed. Whereas high
underwater speeds are undoubtedly achievable, with, for example, super-cavitating
devices, these are only possible over short ranges, and even then require high energy
density power supplies and propulsors. For most applications range is a higher
priority than speed so AUVs tend to operate at very low speeds of around 2 m/s

(4knots).

1.2.3.3.3 Depth

The technology to enable travel to great depths has been established such that the
deepest oceans have received at least tentative exploration. However, engineering the
vehicle to withstand the pressures at such depths is very expensive. Nevertheless, one
of the attractions of AUVs is to be able to operate at much greater depths than is
achievable with ‘conventional’ manned submarines. Many of the applications for
AUVs may be achieved on or near the continental shelf and in the major ocean basins
within a depth range of 1000 m. This has tended to be the maximum depth to which
first generation AUVs have been designed, although some of these are now being
modified to enable depths of up to 3000 m to be achieved. However, if depth can be
increased to 6000m then more than 90% of the seabed area becomes accessible. Some

second-generation vehicles are, therefore, being designed to this standard.

1.2.3.3.4 Positional accuracy

The ability of the AUV to be aware of its position to a defined degree of accuracy is

required for three principal reasons.
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1. So that collected data may be referenced and correlated with other data.

2. So that useful range may be maximised (as discussed in chapter 1.5).

3. So that the recovery area for the vehicle at the end of a mission is small.
Although GPS may be used to provide an accurate fix before diving, once submerged
the vehicle is usually dependent upon on-board sensors. Accuracy is, therefore,
limited to the inherent discrimination of the sensors and the rate at which their

performance drifts. Positional accuracies of 0.2% of range have been claimed.
1.2.3.4 Sub-system performance

1.2.3.4.1 Mission controller

The most basic controller comprises a small, dedicated processor carrying out a list of
instructions. However, this tends to be inflexible, both in terms of ability to update the
controller and in terms of being able to reconfigure the system. These disadvantages
are compounded by the fact that this key component forms a single point of failure
node. More advanced AUVs, therefore, have opted for distributed intelligent control.
This allows reconfiguration of sensor and payload systems. The intelligence enables
complex tasks to be automated and the distributed nature of the system both enables
new functions to be readily incorporated and critical functions to be duplicated. This

type of system is used, for example on OCEAN VOYAGER as described by (Smith,
1994).

1.2.3.4.2 Navigation

The navigation problem for the submerged underwater vehicle is the unavailability of
navigation information transmitted via the electromagnetic spectrum, such as that
from the Global Positioning System (GPS). One way round the problem is to create
an underwater equivalent of the GPS by laying a pattern of acoustic transponders at
known positions, from which vehicle position can be derived. However, this is
expensive and only practical for comparatively small areas. For longer range vehicles,
or for those required to undertake surveys themselves, autonomous navigation is
required.

Thus, on-board sensors are required to enable position to be estimated by
dead reckoning. This requires measurement of distance travelled and direction of

travel. Direction may be derived from a combination of accelerometers, pendulums
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and/or gyro or flux gate compass (D Fryxell, 1994). Distance may be derived from
measurement of time and velocity or acceleration. Velocity is usually derived from
acoustic Doppler systems measuring speed over ground from bottom measurements

and speed through water from specula reflections.

1.2.3.4.3 Vehicle attitude control

The aim of the control system is to be able to induce pitch, roll and yaw accelerations
with sufficient accuracy to enable the required trajectory to be followed within
defined error margins. The requirement is to achieve zero steady-state error with a
system that demands a bandwidth that is consistent with realisable actuators, and with
closed loop damping and stability margins (Fossen, 1994). There are two principal
methods of generating control forces: via control surfaces, or by directional thrusters.
Examples of both exist, but the additional weight and complexity of separate thrusters
is only justified where very high manoeuvrability is required at low speed. Generally,
for long-range vehicles only control planes are used.

Within the constraints given above, the size of the control surfaces needs to be
minimised to reduce steady-state drag. However, the size required is a function of the
speed of the vehicle and the minimum economic speed is determined by that at which
control can be maintained. Clearly there is an interaction between speed, the size of
the control surfaces and control system performance. The design of the control system
and control surfaces can be optimised to minimise the overall drag (Fryxell et al.,
1994) for any given mission profile. The size of control surface and whether both fore
and aft planes are required depends on the agility required by the mission profile.

Where there is no requirement for high agility, it may be possible to use a
propulsor that is capable of generating control forces as well as thrust and so do away
with the need for separate control surfaces. This can be achieved through a steerable
propeller, or more elegantly by having ecach propeller blade independently
controllable in pitch. Pitch can then be varied both collectively to provide forward
thrust, and cyclically to provide lateral thrust, in much the same way as the rotor of a

helicopter.

1.2.3.4.4 Depth control

Manned submarines are equipped with ballast tanks so that buoyancy may be

controlled. However, these systems are complex, expensive and consume valuable
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space. AUVs, therefore, tend to be designed to be constant buoyancy devices. For
security of recovery in the event of a catastrophic failure, they usually have a small
margin of positive buoyancy (of the order of 0.1%). Drop weights are also often
included to provide an additional margin of safety.

Pressure at depth tends to reduce the volume of the vehicle and, therefore, its
inherent buoyancy. For this reason some form of stable buoyancy margin is provided
in the form of syntactic foam or spherical glass vessels.

Under conditions of positive buoyancy, depth is maintained either by ‘flying’
the vehicle downwards, using negative lifting surfaces, or by the use of directed
thrust. The thrust may be directed by means of a gimballed main thruster, by auxiliary

thrusters, or by controlling the angle-of-attack of the vehicle by moving its centre of

gravity.

1.2.3.4.5 Energy supplies

An ideal vehicle would extract its energy from the environment when needed.
Examples in the above-water world include sailing craft utilising wind currents and
gliders utilising a mixture of thermal energy stored in the atmosphere and
gravitational energy stored in the mass of its structure. It is noticeable that the
apertures through which they capture this energy determines the size of the vessel.
However, underwater potential energy supplies such as pressure, currents and
temperature have very low gradients. To use these requires a very much larger
aperture compared with the size of the vessel such that they are largely impractical.
However, there has been some interest in buoyancy powered underwater gliders.
These are necessarily slow, and have difficulty in maintaining constant depth, but
propulsion efficiencies of the order of 70% have been claimed (Simonetti and Webb,
1999).

Another source of external energy is that from the electromagnetic spectrum in
terms of solar energy. Whilst this is practicable for some applications on the surface,
solar radiation is attenuated so rapidly in water that it is currently of no use at any
significant depth. However, a solar powered AUV has been developed that relies on
returning to the surface to charge its batteries during daylight, and then using the
stored energy at night. Potentially its range is unlimited, but its average speed at depth

is necessarily limited by the need to spend time at the surface recharging.
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Because of these limitations, except for very specialised applications, all practical
AUVs carry their energy supplies with them. The key measure of goodness of an
energy store is energy density. However, this needs to be balanced against other
factors including cost, safety and the rate at which energy can be drawn (power
density). A list of possible energy storage media and their associated energy and
power densities is given in Table 1.2.1.

Table 1.2.1 shows that, by far the greatest energy density can be obtained
using nuclear technology. However, cost and safety issues preclude these from use in
virtually all applications. Hydrocarbon fuels also have very high energy densities.
However, use of these in heat engines is invariably complex in that a source of
oxygen is required, as is a sink for the exhaust products. Pressure balancing for
outboard exhaust is complex and storage uses precious volume (Kumm, 1990) (Potter
et al., 1998). As a consequence, the associated prime movers are bulky and net energy
density low. Hydrocarbon based fuel cells appears more promising, but there is the
need to crack the fuel into useable constituents and the complexity of the fuel cell

itself (Sedor, 1989) (Hart and Womak, 1967).

Energy Store Energy Density
Wh/kg
Electrical super capacitor 5
Electrical superconducting electromagne 5
Thermal storage 30 -60
Hydrocarbon fuel 12000
Mechanical Flywheel 132 -198
Secondary Batteries 17 - 260
Primary Batteries 20 - 660
Fuel Cells 1500
Nuclear >3x10M4

Table 1.2.1 Energy Source Densities

The use of Fuel cells using other than hydrocarbon fuels has been explored. Ideally a

variety that operates at low temperatures is desirable for containment and safety
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reasons, e.g. the polymer-electrolyte fuel cell (Tamura et al., 2000). A 1.7 kW
aluminium fuel cell developed specifically for AUVs is described by Scamans, et al
(Scamans et al., 1994). The energy density of this device is dependent on the form of
oxygen storage used, but is of the order of 260 Wh/1 for compressed oxygen and 320
Wh/1 for liquid oxygen. It is generally accepted that the key to economic development
of practical fuel cells lies in the speed and direction of developments in the
automotive market, and until this matures purpose built fuel cells will prove an
expensive option.

Because of these complications and costs, chemical batteries power the great
majority of AUVs. Secondary batteries are preferable in that refuelling is simple and
cheap. However, initial costs are higher and energy densities were lower than for
comparable primary batteries, so for first-generation vehicles, primary batteries
tended to be used. However, there is now a distinct trend to using higher energy
density secondary batteries in second-generation AUVs as the costs decrease.

Affordable energy supplies, therefore, provide a severe constraint on the range
of the vehicle. Foreseeable developments in battery (Sharkh et al., 2002) and fuel cell
technology are unlikely to increase energy density to such an extent that available

energy will not remain a severe constraint on the range performance of these vehicle.

1.2.3.4.6 Prime movers

A prime mover is required to convert the stored energy into mechanical energy for use
by the propulsor. Clearly the motor must be compatible with the energy supply.
Nuclear power is usually used to heat a boiler to produce steam, which may be used to
drive a turbine, although in principle it could be used as the heat source for any other
form of external combustion engine such as a Stirling engine. The prime mover may
be connected to the propeller either directly through a gearbox, or indirectly by
interposing a generator and electric motor. Because of the severe disadvantages of
nuclear power these devices will be considered no further.

Hydrocarbon may be used either aerobically, employing stored oxygen, or
cracked into components for use in a fuel cell. When used aerobically, they may be
used in internal combustion engines, such as conventional diesels, or in external
combustion engines such as steam turbines, steam reciprocating engines or Stirling
engines. A principal requirement for true submarines is that they should be

independent of the need for air from the atmosphere, although the Canadians have
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developed a successful submersible vehicle, DOLPHIN, that is powered by a
conventional diesel engine, with air supplied through a snorkel (Funnell, 2001). The
Japanese have developed a true submarine driven by a closed cycle diesel engine, but
it appears not to have been very successful.

A wide range of air independent Stirling engines have been developed and
tested in simulations (Reader et al., 1998). A typical engine could develop 15 kW and
be suitable for vehicles of 5 tons or greater (Nilsson, 1989), although there are
references to engines small enough for use by individual divers (Reader et al., 1998).

Because of the cost and complexity of using heat engines, the great majority of
AUVs use directly supplied electric motors, matched to conventional electric
batteries.

Of electric motors by far the most popular is the permanent magnet dc
machine coupled with a Pulse Width Modulation (PMW) Controller. This is partly
because of the ready availability of dc power in battery-powered vehicles and partly
because of its power density, ease of control and torque characteristics. The critical
parameters when considering the motor and its controller are described in (Brown and
Kopp, 1994) and (Kenjo and Nagamori, 1985a). This type of system is described in

more detail in the chapter 1.3.

1.2.3.4.7 Motor/Propulsor Coupling

For rotating propulsors, gearboxes are aften used to match the optimal speed/torque of
the motor to that of the propeller (Clower and Poole, 1992). However, gearboxes
require an allocation of the volume/mass budget, are potentially noisy, and, although
inherently efficient, do not pass all of the energy to the propulsor. There is, therefore,

a strong incentive to provide an integrated, hard coupled, motor/propeller design.

1.2.3.4.8 Propulsors

Novel means of propulsion based on ‘bio-mimicking’ have been explored, including a
mechanism that mimics the jet used by squid (Muggeridge, 1992) and oscillating foils
which mimic tuna (Moody, 2001). Although cfficiencies of greater than 70% have
been claimed, these remain very much at the early exploratory stage.

The majority of AUVs, therefore, use conventional rotating propellers. Many
use ‘off-the-shelf” rather than purpose designed propellers, often from the model

aircraft industry (MARIUS and ABE). This fact well illustrates the lack of priority
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given to date to propulsion efficiency. Where propulsion efficiency has been given
some priority, consideration has been given to the use of contra-rotating pairs in order
to recover energy dissipated in radial motion. However, calculations undertaken by
DERA (Stanier, 1992) concluded that for low speed lightly loaded propellers, the
additional efficiency obtained is marginal. An alternative means of increasing
efficiency is to provide a duct and either pre- or post-swirl vanes to produce a pump
jet (Glover and Guner, 1994). However, again for most AUV applications there is
little gain over a large diameter open-water propeller. A less complicated
arrangement, where propellers are operated in smooth ducting is sometimes used,
although gains can be small since improved hydrodynamics is offset by increased
friction drag as a result of increase in surface area. Shrouding of the duct has been
shown to improve the hydrodynamics still more, but at the expense of increased
complication. (Holappa and Page, 2000)

Propellers are suitable for cruising or precise manoeuvring, but not both
simultaneously. A compromise between the bio-mimicking and conventional
propellers has been developed in the form of flexible fins, the so called Nektors
(Moody, 2001). These have the ability to allow vehicles to translate in any direction
and to yaw, pitch and role. Four of these will enable 6 degrees of freedom motion.
They are claimed to be as efficient for cruising as propellers but have yet to be proven

on a production vehicle.

1.2.3.4.9 Hull-form

Most designs of AUV have recognised the importance of incorporating low drag
hulls. The technology for minimising drag centres on the shape, design of the body
surface and modification of the boundary layer itself. A large number of low drag hull
forms have been developed (e.g. that at (Kawai and Kioichi, 2001)). However, all are
of complex shape. This makes them expensive to manufacture and makes the efficient
utilisation of the enclosed volume difficult. It also makes no allowance for payloads
and system services, which need to interact with the AUVs environment, via
windows, orifices or appendages. Practical hull shapes are, therefore, nearly always a
compromise.

To be effective, low drag hulls are also dependent on very smooth surfaces.
These are expensive to produce and difficult to maintain in service. Alternatives to

smooth surfaces, including compliant coatings and riblet films, have been explored,
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but to date have only been used in special circumstances (Osse, 1998). The efficacy of
the surface in reducing drag can be complemented by specific measures to change the
properties of the boundary layer. These include injecting micro-bubbles (Madavan et
al., 1986) or creating partial vacuums via a micro-porous skin, heating the hull
surface, and injecting polymers. All of these require the AUV to carry additional

consumables.

1.2.4 Bio-mimicking

There is a large body of experimental data that suggests that biological systems
achieve very high overall propulsive efficiency and that, therefore, reproducing their
properties may make for better AUVs. Fish and related species achieve high
performance by means of a flexible, streamlined body propelled by oscillating flexible
and adaptable surfaces. Understanding of the phenomena involved is increasing
rapidly, but development of the technology to reproduce the effects is in its infancy.
For example it is known that the flexible properties of some fish can compensate for
boundary layer fluctuations in pressure and so reduce the onset of turbulence
(Babenko et al., 2000). However, these properties have yet to be synthesised in the
laboratory. MIT has built a robot based on the design of a tuna. This supports the
belief that there is considerable potential for very high propulsive efficiencies under
certain circumstances. But, at present, there are disadvantages in terms of the
efficiency with which bio-mimicking prime movers convert energy, and in the
practicality of the space available for the payload in any fish shaped vehicle.

In general, biological systems have evolved to be able to cope with a broad
spectrum of circumstances simultaneously. Thus, a typical fish has characteristics
which are a compromise between those necessary for low energy cruising, in order to
find food, and those necessary for rapid linear and angular accelerations, in order to
avoid becoming food. Even multi-role AUVs tend to be more specialised than this, so
there is likely to be a limit to the degree to which bio-mimicking may be usefully
taken. It is more likely to be useful in terms of sub-systems, rather than in providing

complete system solutions.

1.2.5 The next steps

The technology for producing AUV systems is now moving from early design stage

towards maturity. A first generation of reliable, capable AUV designs have now been
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produced and these are being built upon. Although there remain a large variety of
architectures, a number of classes of AUV, with identifiably similar features, are
emerging. These include:

e Small short-range hand launched vehicles, of the order of 1 m in length, and
capable of being launched from the shore or from small boats. These tend to
be torpedo shaped and modular in construction so that their function may be
readily changed.

e Medium range vehicles with high manoeuvrability, which tend to be of the
order of 2 m in length and involve the use of a number of thrusters as well as
a main propulsion propeller. These tend to be more cubic in shape to provide
inherent positional stability.

e Long range vehicles of the order of 7 to 10 m in length. These tend to be
torpedo shaped and to rely solely on hydroplanes for depth and directional
control.

The required characteristics of the major sub-systems are now well known and
further advances in, for example, navigation and control, are likely to be evolutionary.
They will to some extent be dependent on advances in other technologies, such as
increased processing power, reduced memory costs and improved gyroscopes.

Achieving increased depths at acceptable costs remains a challenge. Components
to withstand depths of 1000 m are fairly readily available as a result, for example, of
demands from the oil industry. Components such as glands and connectors to
withstand depths greater than this remain problematic. The size and shape of vehicles
suitable for greater depth has also yet to be finalised, with some suggestion that
smaller slower vehicles may be appropriate.

The final key challenge for AUV technology, that of achieving long range at
affordable cost, remains to be satisfactorily met. At present there seems to be little
prospect that increased energy density energy storage systems will produce a step
increase in capability. Propulsion motors are reasonably efficient, and the technology
of propellers is well developed. There appears to be some scope for reduced drag hull-
forms, but this again is likely to produce only small incremental improvements. The
only remaining solutions are a completely new approach to the whole problem, or
squeezing the maximum out of the currently available components by careful

optimisation of the whole propulsion system. The approach of mimicking biological
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designs may offer a fresh approach in the medium term, but the technologies are
poorly understood at present. This leaves the option of propulsion system

performance optimisation, which forms the subject for the remainder of this thesis.

1.2.6 Summary
It has been argued that improving the range of AUVs by optimisation of their

propulsion systems is one of the major outstanding issues in AUV technology. We

next consider the case of a particular AUV, that of AUTOSUB, to put this issue in

context.
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Chapter 1.3

AUTOSUB

1.3.1 Introduction

To this point we have described a generic issue whereby it is unlikely that the full
characteristics of any system exhibiting a reasonable degree of complexity will be
known on entry into service. This has two consequences. The first is that it is unlikely
to have been optimised to realise its full potential performance and the second that,
because of uncertainty as to its actual performance, it will be operated with a larger
margin of safety than would be necessary if its full characteristics were known.

We have then focussed on a particular class of system, that of the AUV, and
described its current state of evolution. We have argued that one of the outstanding
issues in AUV technology is range optimisation and it is concluded that it is likely
that many of the first generation of AUVs now in service are likely to be operating
with sub-optimal propulsion systems.

In this chapter we focus still further on a particular AUV design, that of
AUTOSUB, with a view to assessing its performance. The chapter begins by
describing the purpose and construction of the vehicle. To provide a yardstick, its
overall propulsion performance is then compared with that of other AUVs of similar
size. This chapter concludes with a comparison between the performance actually

achieved in-service and that expected at the design stage.

1.3.2 Purpose

AUTOSUB is a multi-role, re-configurable system for the collection of
hydrographical and biological scientific data. It is intended for use on long transits. As
such, the qualities of endurance and range are valued above those of agility and

attitude control. The formal requirement is discussed further in chapter 1.5.

1.3.3 Description

The vehicle is torpedo shaped. Its form is illustrated in Figure 1.3.1.
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It is 6.7m long by 900 mm in
diameter and weighs 1500 kg in
air, with a displacement of 1700
kg. Because of its size special
handling equipment is required.
An indication of its size and the
handling equipment required is

given in Figure 1.3.2.

Figure 1.3.1 AUTOSUB form

Figure 1.3.2 AUTOSUB handling

The vehicle comprises three main sections:
o A free flooding elliptical nose section reserved principally for the payload.
e A dry cylindrical central section comprising a set of pressure vessels, which
contain the batteries, power distribution system and main electronics.
e A free flooding faired truncated conical tail section devoted mainly to

propulsion and control.
The fore and aft sections are built on a framework of channelled aluminium which

allows ready reconfiguration of the components located in these areas, as illustrated in
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Figure 1.3.3. Fairing of these sections is provided by cast GRP panels fixed by
countersunk screws. The fore and aft sections are connected to the central cylinder by
means of stainless steel rings, which also contain the apertures to enable free flooding

and drainage.

Autssu® - 1
robat seanmne

Figure 1.3.3 Construction of fore and aft sections

The central section comprises seven wound carbon fibre pressure vessels
arranged to form a cylinder, with the interstices filled with syntactic foam for
buoyancy purposes. Four of these cylinders are dedicated to the energy storage, one
each to power distribution, and mission control and one to data logging, navigation
and communication. A general schematic is given in Figure 1.3.4.

The energy supply comprises 17 battery packs in each of the four pods. Each
battery pack comprises 75 alkaline manganese cells, providing a total of 5,100 cells
with a mass of 600kg. The cells are arranged to provide a nominally 96 v d.c. rail.

Acoustic communication is provided for when the vehicle is submerged but
close to the deployment facility. The vehicle is equipped with satcom EM links to
facilitate rapid data transfer when surfaced.

Navigation fixes are provided by differential GPS when surfaced and by dead
reckoning, provided from ADCP logging and fluxgate compass heading, when
submerged. Mission control is by means of a series of waypoints, where the vehicle
surfaces, if possible, to use GPS to correct dead reckoning errors.

Propulsion is provided by a five bladed propeller directly mounted on the rotor

of a permanent magnet motor. This is described in greater depth in chapter 1.6
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Figure 1.3.4 General schematic

Control is exercised by a cruciform set of 4 identical hydroplanes with moveable
surfaces driven by stepper motors.

The vehicle is fitted with syntactic foam sections to maintain constant
buoyancy with depth. It is ballasted to have a small reserve of positive buoyancy, the
centre of which is designed to be above that of the C of G so that the vehicle is
maintained in a stable attitude. Depth is controlled by means of the hydroplanes and

the vehicle is fitted with drop-weights for use in emergency.

1.3.4 Design compared to other AUVs

For navigation purposes, most other first generation vehicles use similar combinations
of sensors, i.e. a Doppler sonar log, coupled with accelerometers and a compass.
Some next generation vehicles, including the latest version of AUTOSUB, are
planned to have inertial navigation systems (INS) for use when submerged.

The hull shape is a compromise between cost of manufacture, ease of use of
internal volume, and drag characteristics. Lower drag designs are in service, e.g.
HUGIN, but most vehicles of this size and range have similar hull forms to
AUTOSUB.

AUTOSUB is fitted with a specially designed, purpose built, motor tailored
specifically to its requirements. The motor comprises a fixed wound stator surrounded
by a permanent magnet rotor. The specially designed propeller blades are mounted

directly on the rotor casing. This is unusual. Most other vehicles use off-the shelf
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motors and propellers, with the motor being matched to the propeller through a
gearbox.

Most vehicles of this type are battery powered, although there are examples
using combustion engines and fuel cells. Many vehicles use secondary batteries to
enable rapid recharging. AUTOSUB has remained with alkaline primary batteries for

cost-effectiveness reasons.

1.3.5 Performance relative to comparable AUVs

Before a worthwhile comparison between the performance of AUTOSUB and that of
other AUVs can be made we need to determine a measure of goodness. AUTOSUB
is a long-range vehicle, designed for the collection of scientific data throughout the
world. Clearly the size of the payload that can be carried, together with the depth to
which it can be taken, and the accuracy with which its position can be measured are
all important. The climates under which it has been proven to operate are also relevant

There are vehicles that have been designed for extreme range and which
scavenge a large portion of their energy requirements from their environment.
Examples of this include the SLOCUM glider and the Solar-powered Autonomous
Underwater vehicles (SAUV). However, none have been built in the same class as
AUTOSUB. That is the scavengers are small (< 2 m long) and consequently have
little volume available for payloads. Similarly, the amount of on-board energy is
extremely limited and so their ability to service the payload is restricted. For these
reasons, we shall restrict out comparison to those vehicles that carry their own energy
supply.

Self-contained vehicles are necessarily energy limited. The discussion on
energy densities in chapter 1.2 demonstrated that it is reasonable to assume that all
contending vehicles are likely to have energy storage system of roughly equivalent
energy densities. Like-for-like range, coupled with payload carrying ability is,
therefore, directly related to the size of the vehicle. Thus, comparison is only made
with vehicles of similar size. According to Janes (Funnell, 2001) there are 8 such
vehicles. These are listed in Table 1.3.1. One of these, HUGIN, has first and second
generation versions with different depth capabilities, as does AUTOSUB. This issue
will be addressed shortly. A second, Dolphin, is air breathing through a snorkel. It is ,

therefore, incapable of diving to any significant depth and is considered no further. A
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third, Test Bed AUV, has been built as a technology demonstrator only, and so is also

considered no further.

Hull Dimensions Performance Payload
Name Length | Diameter| Volume Range | Endurance| Depth Speed | Volume
Cruising

(m) (m) (km) (hrs) (m) (mis) (m’)
DOLPHIN 7.3 0.99 5.62 550 26 6
AUTOSUB 1 6.82 0.9 4.34 800 100 600 2 1
AUTOSUB 2 6.82 0.9 4.34 800 100 1600 2 1
ISE-ARCS 6.5 0.7 2.50 37 4 400 25
ISE-THESEUS 10.7 1.3 14.20 500 70 1000 2 1
REDERMOR 6 i 4.71 70 7 200 2.7
R-One Robot 8.27 1.15 8.59 120 25 400 1 0.6

6-8 hr or 36

HUGIN 4.8 0.78 2.29 200 hr 600
HUGIN 3000 53 1 4.16 290 40 3000 2
Test Bed AUV 6.6 0.533 1.47

Table 1.3.1 Vehicles of similar size

Data on deployments of the remaining vehicles is not readily available. However,
AUTOSUB has undertaken to date in excess of 100 scientific missions worldwide. It
has been deployed in temperate, tropical and Antarctic waters: in the North Sea, in the
South West Approaches, the Mediterranean, and the Wedel Sea. AUTOUB’s
deployments are illustrated in Figure 1.3.5. It is unlikely that any of the other vehicles
has better demonstrated its ability to operate in all climates.

The remaining parameters selected for comparison are range, depth, payload-
volume and navigation accuracy. Where data are available on the internal volume
available for the payload, it can be seen (Table 1.3.1) that all of the types are
comparable. Where data are published, navigation accuracy, of the order of 1% of
distance travelled, is also found to be comparable. This leaves range and depth. These

are compared in Figures 1.3.6 and 1.3.7.
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Figure 1.3.6 Range comparison
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Figure 1.3.7 Depth comparison

To produce a design capable of propelling a vehicle at greater speed for a given range
and depth enables a mission to be completed more rapidly and, therefore, has value.
However, all of the vehicles chosen travel at about the same speed, so this parameter
is not an effective discriminator. Equally, diving to great depth requires either a more
massive structure or a more elegant engineering solution than an equivalent design
capable of lesser depth. Thus, one would expect a trade-off between range and depth.
For a rational comparison, these two parameters, therefore, have to somehow be
combined. The weighting to be applied to each is a matter for judgement. Since, all
else being equal, depth is the more difficult to achieve, one would expect this to be
given a greater weight. However, in the absence of any agreed yardstick, they are
taken as equal for the purposes of this comparison, and the straight product of range
and depth taken as the measure of goodness. A comparison of the performance of the
contenders on this basis is shown in Figure 1.3.8. The two versions of AUTOSUB and
HUGIN are included to show the effect of improving the depth parameter in this

comparison.
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Figure 1.3.8 Range x depth comparison

The measurement of total propulsion performance is complex. However, the objective
of the system is to maximise range for a given vehicle within a defined performance
envelope of speed and depth. For submarines, unlike surface vessels, volume and
weight is expensive, so a reasonable measure of effectiveness might be range per unit
volume. Since only vehicles of comparable volume have been considered, the analysis
presented indicates that the performance of AUTOSUB is comparable with that of
similar vehicles. The next step is to compare its performance with that which may be
possible, by comparing the performance of the vehicle in-service with that expected

when the vehicle was being designed.

1.3.6 Comparison of actual and anticipated performance

The performance of the AUTOSUB vehicle in service is readily monitored since the
vehicle is well instrumented and is equipped with a comprehensive data logging
facility. Change of performance with time can, therefore, be determined.

The vehicle is intended to cruise at 2 m/s and the key system components were
designed to achieve maximum range under this condition. It was expected that the

vehicle would need to expend energy at the rate of about 70 J/m (i.e. 140 W) to
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achieve this cruising speed. In fact the energy required has been consistently higher.
Furthermore, it has been found to increase with time such that, during one deployment
in the year 2000, it was found to be consuming 700 J/m (i.e. approaching 1 kW) to
achieve a speed of only 1.4 m/s. Clearly, either one or more of the components of the
propulsion system was not performing as expected or there were unanticipated
interactions between sub-systems causing a reduction in performance at the system
level. Furthermore, either the original cause of reduction in performance was
worsening with time, or additional detrimental mechanisms were evolving. An
analysis of the propulsion system to determine the causes of this effect is the subject
of the remainder of this part.

The requirement to improve the performance of an in-service AUV is by no
means unique to AUTOSUB. For example, exercises similar to that undertaken for
AUTOSUB has been taken on a comparable, albeit much smaller vehicle, REMUS,
(Prestero, 2002) and on a vehicle of completely different layout, ABE (Bradley et al.,

1995).

Summary

It has been demonstrated that AUTOSUB is a rugged, reliable, effective and adaptable
vehicle for the gathering of scientific data, and at least as good as designs worthy of
comparison. Nevertheless, it is clear that the propulsion system is performing sub-
optimally, leading to reduced speed, duration and range. Recovery of range, speed and
voyage duration would clearly lead to greater opportunities to investigate more
remote locations, as well as to sample larger volumes of the ocean per mission. The
remainder of this thesis is devoted to providing an analysis of the causes of sub-
optimal propulsion performance in order to facilitate an improved AUTOSUB
operational window. This begins with an analysis of the performance of the current
system. However, before undertaking this analysis, we need to consider some of the
issues associated with formal analysis of a potentially complex system and one that is

already in service.
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Chapter 1.4

SYSTEMS ENGINEERING CONCEPTS

1.4.1 Introduction

Because of the inevitable compromises in manufacture and the simplifying
assumptions made at the design stage, the performance of systems once in-service
seldom match that aspired to during the design stage. Calculations based on data
derived from full-scale trials of an in-service AUV (AUTOSUB) at sea indicated that,
although the performance of the vehicle was comparable to others of its type, the
energy required to propel it was considerably greater than that expected from the
results of scale-model tests undertaken during the design stage. Furthermore, it was
noted that overall propulsion performance was decreasing with time. Thus, one or
more of the components of the propulsion system was ecither not performing as
expected, or was producing unanticipated interactions. Additionally, either the
performance of one or more of the major sub-systems had been decreasing with time,
and/or the effect of an undesirable interaction between sub-systems had increased
with time.

Considerable investment has been made in developing and building the
vehicle. By analysing the system to determine the causes of performance shortfall it is
possible that significant improvement in performance may be obtained at
comparatively small additional investment. This chapter considers some of the
concepts that underly the subsequent analysis. It begins by discussing why we need to
consider the issue of propulsion efficiency as an integrated system problem and looks
at what this approach implies. It then debates the implications peculiar to the
application of systems engineering disciplines to a system that is already in service. It
ends by considering the issue of system complexity, how this may be defined and

some implications.

1.4.2 An integrated system

The net effectiveness of an AUVs propulsion is dependent upon the individual

performances of a large number of components. However, the performance of the
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parts does not provide the whole picture. Total performance is also a consequence of
the interactions it and the environment in which it finds itself. It is a consequence of
interactions with other components of the overall AUV, i.e. its internal environment
and with elements of the external environment within which the AUV operates. Any
explanation of sub-optimal in-service performance needs, therefore, to begin with an
analysis of the total energy conversion system.

So let us consider what we mean by ‘system’ and the characteristics that this
implies. A system implies a device designed to produce a set of outputs in response to
a pre-determined set of inputs. The system comprises a set of sub-systems, each of
which also have pre-determined characteristics and are in some way self-contained.
Another characteristic of many systems is that the net functional value of the system
is greater than that of the sum of its sub-systems (Roza, 2001). This implies beneficial
interactions between sub-systems, although there is a corollary, addressed later, that

there may also be unintended detrimental interactions.

Environment

Figure 1.4.1 System hierarchy

The system will interact with its environment. The environment may comprise
in part or whole, other defined systems. In this case it may be possible to exert some
control over that part of the environment. Alternatively, the environment may have a

larger or smaller element of uncontrolled features, such as, for example, a radar,
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which needs to interact with the atmosphere. This implies a hierarchy of elements.
For the purposes of this thesis the hierarchy is defined in Figure 1.4.1.

The initial step in analysing a system is to define the requirement that the
system is designed to meet. The requirement will comprise a series of functions that
the system needs to perform. Functional decomposition is usually required to arrive at
a level of understanding sufficient to enable analysis.

To perform an analysis, an understanding of the required outputs of the system
is needed so that a measure of goodness can be devised. The parameters that define
goodness may be derived from the requirement. From the requirement a system
boundary may be drawn, which defines the interface between the system and its
environment. The definition of the environment will include the specification of any
super-system within which the system must operate.

The system may now be partitioned into sub-systems. The connections
between sub-systems can be specified and the consequent interfaces defined. The
connections between sub-systems falls into two categories, those that are intended as
part of the system functionality, and those that are an unavoidable consequence of the
characteristics of the sub-systems. The unplanned interactions (cross-talk in electronic
systems jargon) are not always obvious. It is often difficult to identify in advance all
of the interconnection mechanisms, e.g. parasitic capacitance in electronic circuits. A
dedicated investigation is often required to identify where they occur. The
investigation will need to consider, not only the system, but also the critical sub-
systems. The latter often need to be characterised in some detail. This is a general
engineering problem that tends to emerge with the need to optimise systems after their
initial development. For example, in the manufacture of ‘system-on-chip’ electronic
components, until recently it was entirely satisfactory to use cell libraries that gave
standard characteristics for a cell type. However, as designers seek to obtain greater
and greater performance from the technology, they are finding that they need to
characterise the individual cells as they have been built, rather than as they were
conceived (Pezzati, 2003).

Once the critical interactions have been identified, they need to be controlled,
preferably by isolating one sub-system from another. In rf systems, for example, this
may be achieved by Faraday shielding. If this is not possible, then each interaction

needs to be characterised so that it can be allowed for in performance prediction.
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The number of possible interactions increases with complexity. The subject of
complexity is discussed later in this chapter, but for now it can be considered as the
number of possible interactions between sub-systems. The number of interactions can
increase as a result of two non-exclusive causes: an increase in the number of sub-
systems; and/or an increase in the number of possible interactions between sub-
Systems.

Another characteristic of systems engineering is the need to consider
holistically, not just the system as it exists at any point in time, but also its existence
throughout its life. In terms of the propulsion system problem, this implies, for
example, consideration of the maintenance and operation regime as it applies to
propulsion efficiency, as much as to the initial design.

Not only the state of maintenance of the system changes with time, but so
inevitably does its build state. There will be a need for modifications as a result of
obsolescence or in an attempt to improve system performance through life. The
introduction of new sub-systems can lead to unexpected changes in performance. It is,
therefore, necessary to maintain control of the build state during the system’s life.

The application of systems engineering implies the need for a process model
as well as a performance model. (A process model is analogous to a performance
model but it applies to people and organisations rather than electro-mechanical
components.) This will become clear as the thesis develops. A process will emerge
whereby performance is continually monitored through life and modelling capabilities
evolved, so that performance may be continually optimised.

The analysis of a system already in service brings a set of constraints
additional to those experienced during the initial design. These difficulties are

addressed prior to undertaking the intended analysis.

1.4.3 Concept of systems analysis of an in-service vehicle
Systems engineering involves a process whereby the needs of the customer are
satisfied throughout the life cycle of the system. To achieve this, the following tasks
are undertaken (ANSI/ETA632, 1999).

e State the problem: capture the requirement and define the system.

o Investigate alternatives: evaluate different combinations of sub-system.

e Model the system.

e Integrate: characterise the sub-systems, interfaces and interactions.
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e Produce the system.

e Assess performance

e [terate.

Problems in systems engineering are normally formulated at the beginning of the
system design process. However, the required improved performance in this case
became evident after a fully operational and very successful system was already
extant.

Now a key characteristic of systems engineering is that it is fractal in at least two
aspects, i.e. the same functions may be performed at any level in the system. The first

aspect of this is in the process of design, illustrated in Figure 1.4.2. This process may

be carried out at any level within the system, at system level, at sub-system level, or at

i

component level.

Figure 1.4.2 System design process

The second condition under which the fractal nature of systems engineering is
manifest is that of the systems engineering process. This process is defined in Figure

1.4.3, and it may be carried out at any point in the system life cycle. Thus, the
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process may be carried out on initial build, or at any time once the system has entered

service.

Continuous improvement

Validation

Verification

Figure 1.4.3 Systems engineering cycle
(Bahill and Dean, 2001)

Whilst all of the elements of system analysis are pertinent, the undertaking of a

post-production type systems analysis necessitates a modified approach (Bahill and

Briggs, 2001). In particular there is a need to:

Capture both the original and the current requirement at a time when the
customer’s views will have changed in the light of experience.

Understand the original design process when records may be incomplete.
Characterise the system and sub-systems as built, rather than as conceived.
Acknowledge the fact that the systems engineer is likely to work to the project
manager, not the customer.

Recognise that the role of the systems engineer will be that of an investigator
rather than instigator.

Realise that resources will be necessarily more limited, whereas the task may
be more complex.

Accept that such investment will already have been made that many of the

sub-systems and/or interfaces will be immutable.
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The advantages of undertaking the analysis post hoc include:

e The availability of archived data.

e The availability of a complete working system.

e The fact that many of the more complex issues will already have been
addressed.

e Ready acknowledgement by those who control resources that there remain
difficult issues that need to be investigated.

There are also a number of disadvantages, namely:

e Strong ownership of the current design resulting in the original designers
being defensive of the status quo.

e The need to change management systems that are already in place and so
challenge vested interests, or the need for the implementation of new systems
where the requirement for them has not previously been recognised, e.g. the
introduction of strict build state control.

e The need to work within the existing management structure, rather than design
it to fit the system.

e The scope for innovation is constrained by investments already made, both in

financial and intellectual terms.

1.4.4 Approach adopted for this investigation

The approach adopted for the AUTOSUB propulsion system investigation is based on
the principles outlined above and is summarised in Figure 1.4.4.

AUTOSUB is a vehicle designed to undertake a broad spectrum of scientific
missions. Consequently the configuration of the vehicle is altered according to its
mission. A primary aim of this work is to enable the propulsion performance of the
AUV to be optimised for the particular configuration required for each mission. The
hub of the analysis is, therefore, configuration management. The system configuration
is defined and assessments are made of its expected performance. These are compared
with measurements made on the full-scale vehicle and on laboratory simulations. As a
result an optimal configuration can be predicted that maximises propulsion efficiency
within the operational and mission payload constraints. The process loop continues

from mission to mission.
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Figure 1.4.4 Systems engineering approach

1.4.5 Complexity

For simple systems the problem of system design and improvement is trivial. It will
be established in chapter 1.7 that an AUV propulsion system, within the context of the
problem set here, is complex. Before we are able to make this assertion we have to be
able to define complexity and derive some method of measuring it. There are two
particular fields where complexity as a subject has been studied, that of the biological
sciences, such as physiology (Mikulecky, 2004), and that of computer programming
(Beckerman, 2000), (Abu-Sharkk, 2003), where the complexity of programmes is
now a limiting factor on further development.

As with many qualities the world may be divided into two: those that have it
and those that don’t. Thus, in principle, the world may be divided into those features
or processes that are complex and those that are simple. However, in practice,
everything in the real world is inherently complex. All things and events are
connected to all other things and events. Complexity is, therefore, not a quality of the

subject, but rather a quality of how we choose to view the subject. We may choose to
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consider a problem such as the position of a simple pendulum in an idealised form,
(say imagining that its bearing is frictionless, that its mass does not change with time,
and that it is operated in vacuo) in which case the solution is susceptible to a simple
harmonic equation. Alternatively, we may wish to dive a little deeper by including
friction and air resistance, in which case we find that the motion, far from being
simple, rapidly becomes chaotic, and is impossible to predict for more than a short
period ahead (Gleick, 1998). The degree of complexity we allow is a function of the
model we adopt, i.e. of the encoding we use to describe the problem and facilitate the
analysis (Mikulecky, 2004). Mikulecky defines complexity as follows.

‘Complexity is the property of a real world system that is manifest in the

inability of any one formalism being adequate to capture all its properties. It

requires that we find distinctly different ways of interacting with systems.

Distinctly different in the sense that when we make successful models, the

formal systems needed to describe each distinct aspect are NOT derivable

from each other.’

This implication of disconnectedness between consideration of systems at different
levels of complexity seems intuitively sound. Thus, it is inconceivable to describe
interactions at the level of a biological system, such as an animal, on the basis of
quantum physics, although the latter may well play a part in describing specific
processes, such as part of the functioning of the nervous system. However, this
concept is not directly helpful in describing the complexity of intermediate systems
such as that under consideration here.

Alternatively, Beckerman (Beckerman, 2000) suggests that the final state of
the system, in terms of whether it is likely to be steady state, dynamic, non-linear or
chaotic, can be used to describe system behaviour. Complex systems exhibit dynamic
and non linear behaviour, and are able to exist in a large number of possible system
states. This is readily applicable to digital systems where the number of states is finite,
but is not readily applicable to systems where possible outputs are described by a
continuum.

Another approach has been used in computer science where parameters have
been sought to enable the effects of complexity to be forecast in terms of cost and
program development time (Abu-Sharkk, 2003). Such parameters as execution time

and program storage requirements are not of direct use in the type of investigation

59



under consideration here, but we may be able to develop thoughts along these lines to

determine the complexity of a continuous system.

Low Complexity High
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tric ~ Digital Statisticz
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Figure 1.4.5 Characteristics of system complexity

We can combine the two approaches by considering the degree of reductionism
required to define the system sufficiently well to be able to analyse it to the level
required. This approach is illustrated in Figure 1.4.5.

Thus, for the purposes of this thesis, a complex system is defined as one that
comprises many components or sub-systems, has many interactions between each set
of components, has many interactions between sub-systems and components, and has
a significant number of unplanned interactions. Such a system is likely to require
many parameters to describe it. It is likely to exhibit random rather than deterministic
behaviour and require statistical methods to describe its characteristics. We now have
a set of tests that can be readily applied to measure the degree of complexity of the

system.
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Summary

Chapter 1.1 described a problem common to many types of system. Chapter 1.2
focussed on a particular problem associated with the in-service propulsion
performance of AUVs. Chapter 1.3 concluded by defining the requirement for the
analysis of the propulsion system of a particular AUV.

This chapter has described some of the general systems engineering concepts
that will underpin any analysis. It has discussed how these concepts need to be
adapted to cater for the case of a system that has already been introduced into service
and concludes by proposing a set of metrics by which the complexity of the system to
be analysed may be established. This will help in deciding which analysis tools are

appropriate.
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Chapter 1.5
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