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Abstract

AN ADAPTABLE MATHEMATICAL MODEL FOR
INTEGRATED NAVIGATION SYSTEMS

JOHN CHUDLEY

ABSTRACT

The project has been directed towards improving the accuracy and safety of marine
navigation and ship handling, whilst contributing to reduced manning and improved fuel
costs. Thus, the aim of the work was to investigate, design and develop an adaptable
mathematical model that could be used in an integrated navigation system (INS) and an
automatic collision avoidance system (ACAS) for use in marine vehicles.

A general overview of automatic navigation is undertaken and consideration is given to the
use of microprocessors on the bridge. Many of these systems now require the use of
mathematical models to predict the vessels' manoeuvring characteristics. The different types
and forms of models have been investigated and the derivation of their hydrodynamic
coefficients is discussed in detail. The model required for an ACAS should be both accurate
and adaptable, hence, extensive simulations were undertaken to evaluate the suitability of
each model type.

The modular model was found to have the most adaptable structure. All the modular
components of this model were considered in detail to improve its adaptability, the number
of non-linear terms in the hull module being reduced. A novel application, using the
circulation theory to model the propeller forces and moments, allows the model to be more
flexible compared to using traditional B-series four-quadrant propeller design charts. A
new formula has been derived for predicting the sway and yaw components due to the
propeller paddle wheel effect which gives a good degree of accuracy when comparing
simulated and actual ship data, resulting in a mean positional error of less than 7%.

As a consequence of this work, it is now possible for an ACAS to incorﬁorate a ship
mathematical model which produces realistic manoeuvring characteristics. Thus, the study
will help to contribute to safety at sea.
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CHAPTER 1

INTRODUCTION

1.1 Prelude

The work that has been undertaken was initiated as part of a research and development
programme, involving the former Ship Control Group of Polytechnic South West (now the
Marine Dynamics Research Group of the University of Plymouth), in collaboration with
Kelvin Hughes Ltd. The project was directed towards improving the accuracy and safety of
marine navigation and ship handling, whilst contributing to reduced manning and improved
fuel costs. The aim of the work covered by the group was to investigate, design and
develop an integrated navigation and automatic collision avoidance system (ACAS) for use

‘in marine vehicles.

The purpose of the research covered in this thesis was to develop an adaptable
mathematical model that can be used in the ACAS, or similarly, in the control software. An
adaptable mathematical mode! should be able to simulate any vessel to which the proposed
system is fitted, without requiring time consuming and expensive trials to formulate the
hydrodynamic coefficients. The different types and form of model are investigated and the
derivation of their hydrodynamic coefficients discussed. The model required should be both
accurate and adaptable, hence, extensive simulations are undertaken to evaluate the
suitability of each model type. The model found to have the most flexible structure will be
considered in detail to improve ‘its adaptability. The propeller forces and moments will be
modelled using the circulation theory, this allows the model to be more flexible compared
to using traditional B-series four-quadrant propeller design charts, as is done at present. A
new formula will be derived for predicting the sway and yaw components due to the
propeller paddle wheel effect. As a consequence of this work, it will be shown possible for
an ACAS to incorporate a ship mathematical model which produces realistic manoeuvring
characteristics. Thus, the study will help to contribute to safety at sea.

The research programme presented was initiated in 1989 and has been undertaken on a
part-time basis since, the author being employed as a lecturer in marine technology. It is for
this reason that during the thesis it will be seen that some of the work in the overall
programme has been completed at an earlier date.
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Introduction

Figure 1.4 also shows the role of the ACAS, in which principally, all responsibility will be

taken from the operator; whether closing the loop is a realistic option will be discussed
later in the thesis. Once again the mathematical model will become the central element of

this system; it obviously requiring a model of own ship behaviour. A lengthy discussion of
ACAS will not be undertaken here as the diagram shows the principle components, a full

description can be obtained from Blackwell (1992).

1.3 Obijectives

The main objectives can be listed as shown below:

to undertake a survey of automatic navigation and existing 'state of the art' integrated
navigation systems;

investigate all existing mathematical model types and compare, through various
simulations, their accuracy and adaptability;

to improve on the mathematical models adaptability and validate against a range of

vessels differing in size;

implement the mathematical model into a collision avoidance system.

As well as the list given there are a number of secondary objectives that should be

considered.

l.

2.

Forthcoming IMO standards for manoeuvrability have highlighted the problems of
predicting manoeuvring behaviour of new designs. Indeed, The Marine Technology
Directorate Ltd (MTD) have recently funded the MOSES (manoeuvrability of ships and
estimation schemes) programme, one of the long-term goals of which is the
development of ‘'manoeuvring for design’ software, Wilson (1992).

It is envisaged that the model developed during this research could be used for
manoeuvring predictions at the preliminary design stage. A personal computer (PC)
based simulator will be produced.

The model is being used in other research work, undertaken by members of the Marine
Dynamics Research Group, in different applications. This is expanded upon later in the
thesis.
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1.4 Organisation of Thesis

The contents of the succeeding chapters of this thesis are organised as described below.

.

Chapter 2: Automatic Navigation.

A general overview of automatic navigation in the marine industries has been
undertaken along with a review of the important factors that have had a
significance in their development, including marine electronic navigation and the
use of microprocessors on the bridge, which have had an immense impact on the
way one navigates today. The chapter subsequently discusses the integration of
navigational data and surveys state of the art integrated navigation systems.

Chapter 3: Mathematical Models in Ship Manoeuvring,

With the introduction of microprocessors on the bridge and advanced ship
simulators, there are now many systems that require the use of mathematical
models to predict the vessels' manceuvring characteristics. The definition and
general form of the mathematical model are described. The different types and
form of model have been investigated and the -derivation of their hydrodynamic
coefficients is discussed in detail.

Chapter 4: Model Formulation and Simulation.

The adaptability of the mathematical model is the most important aspect of this
research. Manoeuvring simulations have been. undertaken using linear holistic,
non-linear holistic and non-linear modular models. Simulations of a range of
different vessel type and size are shown to verify not only the models accuracy but
also its adaptability.

Chapter 5: The Adaptable Modular Model.

From chapter 4 it is shown that the modular model lends itself to being the most

adaptable of the models presented. All the modular components are considered in

detail and, where necessary, each component has been altered to improve its

adaptability. The propeller thrust has been modelled using the circulation theory

and validated against towing tank tests as well as standard propeller series data.
7
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By using the circulation theory it is demonstrated that any propeller of any
geometry can accurately be modelled without the use of standard series data that
are restricted to a certain blade profile and section. The propeller paddle wheel
effect has been investigated and a new formula predicting this phenomena is
presented. All other model data and additional information required are discussed.

o Chapter 6: The PC Based Simulator.

A PC based simulator has been developed to model vessel manoeuvring. To
validate the simulator/model a range of vessels differing in size from 12.5m to
343m have been used. So as to validate the model, frue data was gathered from
actual vessel sea trials that were undertaken on two vessels, the results of which
are presented in this chapter, so as total reliance was not placed on published data
or simulations of simulations. A comparison between the adaptable modular model
and the original non-linear modular model, presented in chapter 4, is shown.

« Chapter 7: Automatic Collision Avoidance System (ACAS).

Previous research, at the University of Plymouth, has resulted in the development
of an Intelligent Knowledge-Based System, IKBS, for an ACAS. This system
maintains a continuous warching brief on ships and other potential hazards in the
vicinity and recommends, through a rule structure containing the rules of the road,
avoidance action. This system only contained very simplistic ship models where
true arcs of circles were used to simulate turns and no speed reduction in the turn
was made. This chapter describes the components of the ACAS and shows the
inclusion of the adaptable mathematical model into the system. The problem of
modelling the hazard vessel is addressed and a solution presented.

o Chapter 8: Conclusions and Further Work.
This chapter offers conclusions on the work presented throughout the thesis and
then points the way for future developments.

e Appendix A: General Vessel Principal Dimensions.
The principal dimensions of the various vessels that are used in chapter 4 to assess

the model's adaptability are presented.
8
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Appendix B: General Vessel Hydr.odynamic'Coeﬂicients.
The hydrodynamic coefficients. of the various vessels that are used in chapter 4 to
assess the models adaptability are:presented.
Appendix C: Afterbody Forms.
Diagrams of the afterbody forms required when calculating the vessels total
resistance-are shown,
Appendix D: Adaptable Model Vessel Dimensions and Program Input Data.
All the required information for the adaptable mathematical model programs input
are given.
Appendix E: Propeller Geometry.
The geometric details of the two propellers used to validate the circulation theory,
in chapter 5, are shown.
Appendix F: Tank Tests.
Details of the tank tests carried out at the Royal Naval Engineering College,
Manadon, are presented.
Appendix G: Standard Ship Manoeuvres.
The various standard trials manoeuvres undertaken with Picket Boat 9 and Sand
Skua are described.
Appendix H: Trials Data.

The trials data collected for Picket Boat 9 and Sand Skua are presented in
tabulated format for future reference and simulation studies.

9
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o Appendix I: List of Publications.

Papers published by the author are listed chronologically.

10



Automatic Navigation

CHAPTER 2

AUTOMATIC NAVIGATION

2.1 Introduction

The safe passage of a ship from port to port is the responsibility of the Master, who must
use his skills and experience to ensure safe navigation. That none of these skills have been
lost is shown in numerous feats of navigation which are frequently reported by the media.
So why does the mariner need electronic navigation aids, integrated navigation systems,
adaptive autopilots and other systems dependent upon the power of the microprocessor? Is
there an argument for increased automation on the bridge? There are several factors which
suggest that there is a requirement for moves in this direction, without completely
eliminating the mariner from the command loop. This is the case in avionics, where the
pilot retains ultimate control of his aircraft, even though automatic navigation and landing
systems are installed in the latest generation of airliners. It would be reasonable to suppose
that the travelling public would wish this to continue, as the very existence of automatic
systems on the flight deck allows the air crew to undertake their tasks more efficiently, and

hence, more safely.

Although modern land based marine electronic navigation systems are capable of fixing a
vessels position to 50 metres at their best, coverage by many of these systems is restricted
to small coastal areas outside of which accuracy is steadily reduced. Modern satellite
navigation (Transit) can give a fix anywhere in the world to an accuracy of 100 metres but
satellite passes are infrequent, with up to four hours between fixes. The second generation
satellite system, Global Positioning System (GPS), is gradually becoming available and will
give complete 24 hour coverage at an accuracy to within 100m.

Autopilots are well established navigation aids in modern commercial and military shipping,
currently in use on ships simply to maintain a vessel on course in the open sea. Whilst the
technology is available to navigate an unmanned ship between ports, avoiding other vessels,
with weather routeing and piloting, will the legislation be available to allow such
developments, and is this what the operator and the public require?

11
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2.2 Marine Electronic Navigation Systems

There is a Chinese legend that the Emperor Hoang Ti, who reigned about 4300 years ago,
succeeded in pursuing his enemy through a thick fog with the aid of a directional device.
However, Nedham (1962), suggests the earliest development of a compass in China, or
anywhere else in the world, is no earlier than 1088 AD. The sextant and chronometer
followed at much later dates, and these three were virtually the only instruments available
to the mariner up to the turn of the century. After the development of wireless telegraphy
by Marconi and others it was soon realised that the early aerials used had directional
properties and that this phenomenon could be used to obtain a bearing. There followed a -
period of much ingenious work by such pioneers as Marconi, Bellini and Tosi, and Round,
to name but a few, Dove and Chudley (1989). The development of flight gave an entirely
new emphasis to the importance of navigation, and by 1914 radio direction finding systems
and the radio compass, were available, Keen (1938). Air navigation between the two world
wars was largely concentrated on developing radio beacons as the counterparts of marine

buoys and lighthouses.

The development of modern electronic navigation systems dates from the period 1939-
1945, It was to meet the exacting demands of World War 2 that a dramatic phase of
development took place, Jones (1975) and Fennessy (1979). This development was to form
the basis of many of the systems in use today. The direct measurement of range using
electromagnetic waves depends upon accurate measurement of the time taken for the radio
signal to travel from transmitter to receiver and back again. Prior to the development of
frequency standards and atomic oscillators such measurement for a ship to shore system
was impractical and hence the early systems tended to measure the difference in time of
arrival of two radio signals, so that position fixes were related to hyperbolic position lines.
The Loran system was an early example of such a system. Loran A was developed in the
U.S.A. and was in use in World War 2. In the United Kingdom naval scientists developed
what was to become known as the Decca Navigator. Both Loran A and the Decca
Navigator were in commercial use soon after the end of World War 2. Since 1945 the use
of electronic navigation aids has steadily increased; whilst in the period since 1970, with the
appearance of minicomputers and microprocessors and the decreasing costs of electronic
equipment, the growth has been more spectacular. In particular there has been a vast
increase in the use of electronic navigation aids by small craft navigators .

There are two distinctly different satellite navigation systems available to the mariner. The
first, known as Transit or NNSS (Navy Navigation Satellite System) was developed to the
requirements of the US Navy and has been commercially available since 1967. Each
satellite transmits at 150 and 400 MHz and the shipboard receiver measures Doppler shift
"to determine the relative velocity between satellite and receiver. Use is made of hyperbolic
navigation and transferred position line principles to determine the ship's position so that
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only a single satellite is required for a fix. A single frequency receiver.is adequate for most
marine navigational purposes but for highly accurate position fixing a dual frequency
receiver is required. Such uses include hydrographic survey, land survey and the accurate
positioning of off-shore platforms.

By 1975 a number of individual systems were thus available to the commercial operator.
Each had its inherent advantages and disadvantages, so that no single system was
completely satisfactory for navigation in all phases of a voyage. The Omega system, for
example, provides world wide coverage, but is insufficiently accurate for inshore
navigation. The Decca Navigator, or Decca Navigation System (DNS) as it is now being
called, will provide accurate position data near the centre of a chain, but its accuracy
reduces with increasing range, due mainly to skywave interference. The Transit Satellite
System is sufficiently accurate for survey work, provided a two frequency receiver is used,
but the time between satellite passes makes it unsuitable for coastal navigation in most

cases.

The 1980s have seen the development of the second satellite system, known as Navstar or
Global Positioning System (GPS). The original specification was for the needs of the US
Airforce because Transit is of little use for aircraft navigation. The advent of GPS may
make all other position fixing systems redundant, as it will give continuous 24 hour world
wide cover with a high degree of accuracy. The advent of high accuracy crystal oscillators
has enabled the system designers to produce a receiver which will give a direct
measurement of range. Not all the satellites are yet in orbit and the development of the
system was severely retarded by the Challenger shuttle disaster in 1986. It might therefore
be the mid 1990s before GPS is fully operational for commercial use. Public access will be
provided by the Standard Precision Service (SPS) at a reduced accuracy of 100 metres for
95 per cent of fixes. The exclusively military system and the deliberately introduced
degradation of accuracy will thus have some drawbacks. It is worth mentioning at this
stage that the Russian Glonass satellite system will have approximately the same level of
accuracy as GPS. Despite the global coverage and accuracy of GPS and Glonass, a number
of European organisations see the need for alternative civilian satellite based navigation
aids, Diederich:(1989).

A typical set of equipment fitted in a merchant ship would now comprise a gyro compass
with autopilot and repeater compasses, electromagnetic, pressure and/or Doppler log,
Decca Navigation System or Loran C, together with Omega and/or Transit Satellite
Navigation System. Increasingly there will be a demand for GPS, backed up by a standby
system such as Loran C. This would give the navigator reasonable world wide coverage
and sufficient accuracy for most of his needs. Radar, automatic radar plotting aid (ARPA)
and direction finder would also be fitted. DNS and Loran yield comparable accuracies in
the primary coverage areas, however, for coverage of a given area fewer Loran than Decca
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stations are required, thus lower operating costs are incurred. Unfortunately the basic
accuracies of DNS, Loran and GPS are in many cases inadequate. A further point which
needs emphasis, is that high risk transports require a degree of integrity which cannot be
provided by any of these systems separately. Thus, even when GPS is fully operational,
there will still be a need for alternatives.

The advent of GPS has led to a great deal of debate in Europe, aﬁd at least one
conference, sponsored by the International Association of Lighthouse Authorities (IALA)
in 1987, was held to discuss the need for a European back up system for GPS. One
viewpoint being put forward is to extend the Loran coverage to those parts of European
and Mediterranean waters not already covered, and to phase out the Decca chains.
However there are a large number of small craft Decca users, including increasing numbers
in the marine leisure industry. Some 1060000 DNS receivers were installed in leisure craft by
1990, with a further 30,000 Transit or Loran receivers, largely in the Mediterranean. It may
thus be difficult to phase out any of these systems easily. Political, nationalistic and financial
considerations will undoubtedly govern the final choice of an adequate back up system,
rather than sound technological judgements.

2.3 Factors in the Development of Automatic Navigation

The period 1945 to 1960 saw little change except that radar, electronic position fixing
systems, and autopilots became more widely fitted in merchant vessels. There was also a
move away from the towed log to electromagnetic and pressure logs. The 1960s saw the
advent of twin radar, twin gyros, and dual channel steering systems, for obvious safety
reasons, but there were no new concepts between 1945 and 1970.

By 1970 however it had become apparent that the advent of ‘Very Large Crude Carriers’,
VLCCs, and fast container ships operating in increased traffic density, would require
modern navigation systems. These demands, coupled with the dramatic achievements in the
world of electronics, paved the way for the systems available today but before dealing with
them it is necessary to consider the requirements of the ship owner and the problems
associated with the developments.

Ship owners and operators have, by the very nature of their business, been conservative.
Tradition dies hard and there were none of the incentives which faced the aircraft industries
in 1945. Ship design was stable, diesel engines were being widely fitted, equipment was
largely satisfactory and efficient, and there were no spectacular disasters such as those
which dogged the development of the world's first commercial jet airliner, the De Haviland
Comet. Things remained that way for twenty years or more; perhaps this was a factor in the
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such as the seabed or navigation marks combined with knowledge of their proximity to the
vessel's current position, and an accomplished understanding of the Collision Regulations
including where, when and how to take avoiding action for both static and dynamic
hazards.

The problems which began to emerge in the 1970s may be divided into two distinct areas,
namely the docking and anchoring of large displacement vessels and the handling of large
and fast vessels through restricted waters. An additional problem is associated with the
emergence of oil and gas platforms and their siting in waters frequently used by trading

vessels.

The docking problem was largely one of considering the ship's momentum. Limiting the
momentum for a 250,000 tonne ship means the approach speed can only be ten percent of
that for a 25,000 tonne ship. Jetty damage was found to be increasing with vessel size, and
many port authorities were forced to employ permanent repair gangs for repair of jetties.
The demand for decreased approach speed gave extra problems to masters and pilots. For
example a normal person cannot sense a yaw rate of less than 0.005 degrees/second (3
degrees/minute). A major factor in solving this problem has been the development of
Doppler Sonar and Radar devices, which are normally sited ashore. They measure the
vessel's speed as it approaches the berth, after which the information is transmitted to the
master and pilot. When the vessel is being manoeuvred into its berth the bow and stern
speeds are measured, from which the operator can obtain the overall approach speed and
yaw rate of the vessel.

One of the factors associated with the full speed problem was the emergence of too much
data on the bridge, so that one man was increasingly unable to handle the increased
information flow, whilst undertaking all the other duties required of the Officer of the
Watch (OOW). For example he might have several sensors on the bridge, giving him
heading (gyro compass), water speed (pressure log), ground speed (Doppler log), collision
avoidance information (ARPA), navigational data (X band and S band radar) and positional
information (Decca and Loran). The second factor -also concerns the vessel's momentum.
Large vessels at speed have large momentum and hence require long stopping distances and
large diameter turning circles. This all requires: more sea room at a time when the vessel's
increased draft means the ship may have less space in which to manoeuvre.

2.4 The Use of Microprocessors on the Bridge

Target plotting and tracking was very primitive in the 1950s and 1960s, and consisted

mainly of the use of chinagraph pencils to mark a special reflection plotter, which is a

detachable optical system, mounted on the front of the radar screen, and on which the
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position of other ships is plotted. With larger and faster ships came the demand that the
OOW started plotting each target earlier; he was also required to plot more targets, a task
which became increasingly difficult. All of this led to the development of Collision
Avoidance Systems, (CAS), which were the first navigation aids to use micro computers
and which led to the first integrated navigation systems:in use at sea. These were later to be
called ARPA. Essentially ARPA means interfacing the radar, or radars to a digital
computer, which has software programs to solve the collision problerﬁ for a number of
targets, and to present these solutions to the operator in a form, or forms, which can be
easily and quickly interpreted. In order to calculate the true course and speed of each target
then "own ship" speed and heading must also be inputs to the computer program. For
collision avoidance, speed through the water is required, because the international collision
regulations require the give-way vessel to act on the heading of the target and not its track
over the ground. This entails the use of a pressure or electromagnetic log. However, if the
software is to be used for navigation, then speed over the ground is required; this may be
obtained from a 2 axis Doppler log input to the computer.

Once the computer was accepted as part of the bridge equipment, designers wished to use
it for other navigational tasks. In the early 1970s the idea of interfacing navigation aids
such as Decca and Loran were explored. With the advent of Transit further suggestions
were made, and early developers, of whom Sperry and Racal Decca were one of the first,
produced a system which not only integrated the navigational aids, but produced an output
to control the steering through the autopilot. However, the idea did not fully catch on with
ship owners, perhaps due to the conservatism referred to earlier. These concepts are
illustrated in figure 2.3.

While the completely integrated bridge system has not found favour in commercial trading
vessels, single system deficiencies have led to the development of systems in which the
manufacturer has attempted to combine two or more receivers in to one piece of
equipment. For example Racal Marine Electronics have produced the MNS2000, which
combines the Decca Navigator, Loran-C, Transit and Omega, while Sage and Luce (1983)
describe the use of a Kalman filter to combine Omega and Transit, or Omega and Loran.
Many of these more sophisticated integrated navigation systems use techniques which have
been developed from space navigation.

2.4.1 Integration of Navigational Data.

There are essentially two types of integrated systems, information systems and control
systems, Larsen (1989). A typical example of an integrated control system is that of a ship
manoeuvring system for docking procedures. The integration of navigational data can be

placed under the heading of an information system, the purpose of which is to provide
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The ship is also acted upon by disturbances such as wind, tide and current. These
disturbances may be random, as in a gust of wind for example. As the vessel moves sensors
measure the position and velocity, but these measurements may be noisy, that is they
contain random errors. The Kalman-Bucy filter is a recursive algorithm which estimates the
values of the variables of a stochastic system from measurements which contain randomly
fluctuating noise, thus minimising such noise. Figure 2.5 shows how a Kalman-Bucy filter
can be used to filter position and velocity values in an integrated GPS/Navigation System;
essentially the filter is being used to reduce the random noise to be found in the radio

signals from the satellites.

2.5 Integrated Navigation Systems

The operators of today's ocean going and specialist vessels have numerous electronic aids
available. The traditional role of each navigation aid has been one of a stand alone unit with
the mariner, by his experience and training, co-ordinating the data from all the sources
available to him in order to optimise vessel performance. As casualty statistics indicate
however, when under stress or at times of peak work load, he may be a poor co-ordinator
of information available, particularly when that information is from a number of different
sources. The development of automatic navigation will therefore continue with evolution
rather than revolution being the key. In West Germany, Japan, the Netherlands, the United
Kingdom and France, projects have been undertaken on the "ship of the future". These
projects were largely attempts to optimise design, operations, maintenance, investments
and energy consumption against the criteria of costs efficiency and safety. Not all of these
studies have been successful, and not all of the conclusions have been in favour of increased
automation of the navigation process. Automation today is not a question of whether a
process can be automated, but whether it should be, taking into consideration various
human factors. It is perhaps highly questionable whether total systems safety is always
enhanced by allocating functions to automatic devices rather than to human operators,
Schuffel et al (1989).

Despite these findings there has been much progress. The Scandinavians require
exceptionally high standards for automation in their luxury cruise ferries operating between
Stockholm, Turku and Helsinki. These waters consist of a maze of islets which are ice-
infested throughout the Baltic winter. During the course of a normal passage, ships may be
required to make as many as 120 course alterations without significantly reducing speed,
Maconachie (1989). As a direct result of this Krupp Atlas developed the NACOS 25
navigation and command system, one such system is fitted on the bridge of Viking Line's
Athena, Anon (1989a). This is a development of the NACOS 20 package developed by
Krupp Atlas as part of its involvement in the West German Schiff der Zukunf (ship of the
future) project and is a most sophisticated system. There are two radar with slave displays,
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a map storage system for the intended routes, an integrated echo sounder, an adaptive track
pilot, a nautical information display and Doppler log.

Perhaps one of the most advanced integrated systems offered on the market place at
present is from Sperry Marine. Although at present international regulations only permit
one man operation of vessels during daylight hours, and then only under certain conditions,
the system has been approved by Det Norske Veritas for operation by only one person on
the bridge day and night. In 1989 the system was fitted on an 84000 dwt product carrier
Petrobulk Mars, since then two sister ships, Petrobulk Jupiter and Petrobulk Zaria, have
also been delivered with the system fitted, Anon (1989b). Central to the integrated system
is the 'touch screen' controlled Rasterscan Collision Avoidance Radar (RASCAR)/ARPA.
This is interconnected to the ADG autopilot, and a Voyage Management Station, all
integrated by Sperry Marine's own Seanet Token Ring Data Network, which, in the event
of a malfunction of one processor, does not make the whole system inoperative.

The majority of integrated systems are manufactured by a sole company and use all their
own equipment; one drawback with this is that an operator might feel that the complete
package does not offer all he may require. This is the feeling of the West German firm
Anschutz whose philosophy is to integrate equipment from other manufacturers for which
the ship owner may have a preference; this is useful for companies who may not offer a
complete integrated system. One such company is Kelvin Hughes who do not at present
offer an integrated navigation system based on their latest Rasterscan ARPA, the Concept
range. They do however realise this potential as the Concept series are equipped with
standard interfaces capable of displaying navigation data and machinery data and could be
part of a highly advanced bridge. Concept radar/ARPA are of the new generation type
capable of carrying on screen map diagrams; once entered maps are maintained correctly in
true motion by speed log input and by successive position fixes fed in from Transit, GPS,
Decca, Loran-C or Glonass receivers via an RS423 interface to NMEA 0183 standard

protocol.

2.6 Conclusion

In conclusion it would seem that the specialist operators such as those engaged in offshore
and survey operations are prepared to go for a completely automated navigation and
guidance system, whilst the ferry, cruise liner and cargo operators are concentrating on
developing ergonomic bridge designs with only a degree of automation in such functions as
the autopilot, coupled with integration of two or more navigation aids. However
manoeuvring vessels in confined waters is a very feasible application of the use of
computers through Dynamic Positioning Systems (DP). For example a vessel fitted with a
cheap but reliable DP system would be able to forego the use of tugs. DP has established
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itself firmly in:the offshore industries and will take an ever increasing role in this sometimes
harsh environment. There is then a great deal of room for expansion in dynamically related
operations which include enhancement of existing operations, together with applications of
DP techniques to vessels in restricted waters and in the deep oceans where the: next
generation of offshore exploration will take place.
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CHAPTER 3

MATHEMATICAL MODELS IN SHIP MANOEUVRING

3.1 Introduction

Researchers at the University of Plymouth have developed and are improving a system for
the fully automated, unmanned ship, which, if ever implemented will assist the mariner.
Dove (1984), has investigated the use of Kalman filters for improvements to position fixing
in the approaches to a port; this work is was studied further by Miller (1990). In joint
research with Dove, Burns (1984), has studied the guidance problem; together, the results
from these projects form an optimal filter together with-an optimal controller, thus breaking
the guidance problem down in to two distinct phases. Computer simulations have been
carried out, Dove et al (1985), and the system is now installed in the University's Survey
Vessel, Burns et al (1988).

Automatic Ship Steering was developed near the beginning of the century, as a direct result
of the appearance of the gyrocompass, Sperry (1922). By 1932, four hundred of Sperry's
systems had been installed on merchant ships throughout the world. Minorsky (1922) also
presented the basic theory for directional stability of automatically steered ships and
summarised various control equations that might be.applied.

Following this there were a number of studies on steering and turning, the standard work
probably being that of Davidson and Schiff (1946), who employed equations of motion
with several coefficients. The solution of these equations determined the motion of a ship
for a given helm angle. Thus, the dynamic character of a ship in steering is described by the
equations and consequently by a set of these coefficients. The majority of modern day
research is based upon this work and further work by Abkowitz (1964). Nomoto et al
(1957) realised a practical difficulty in the work of Davidson and Schiff (1946), namely
determination of the coefficients for a given ship required lengthy experimental procedures.
They went on to propose a method of determining the motion of a ship in terms of indices,
associated with a transfer function, Nomoto (1966). The use of Nomoto's mathematical
model is, however, limited in the manoeuvres it can simulate as it uses a single input/single
output approach, Ankudinov et al (1987).
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3.2 Definition and General Form of the Mathematical Model

Mathematical models of ship dynamids' are required for many different’ purposes but can
generally be considered in one of three categories:

a. ship manoeuvrability analysis;

1. ship design,
1. waterway improvement and port facilities;
iii. safety regulations and casualty studies,

b. training and research simulators;
c¢. shipboard manoeuvring predictors.

The research underway at the University of Plymouth is to develop a shipboard
manoeuvring predictor, to provide assistance to the navigator in track control and path
keeping and otherwise planning the trajectory of the vessel so mishaps are less likely to

occur,

The development of the mathematical model starts with a set of generalised equations to
express the dynamics of a rigid body in a fluid medium derived from Newton's second law

of motion;

Jforce = mass x acceleration ... 3G.1n

These equations are then extended to model the complex hydrodynamic forces and
moments experienced by a hull manoeuvring in response to the control.inputs of rudder and
propeller. By numerical integration using small time steps the motions of the vessel can be
solved. Further forces and moments are then introduced in response to the disturbance
inputs of wind and tide.

A ship at sea can move in all six degrees of freedom of motion, translation along three
orthogonal axes and rotation about each of the three axes, Linkens (1980). Employing
equations for linear and angular momentum, Abkowitz (1964), demonstrated that the three
force equations and the three moment equations may be written as an Eulerian set.

Force Equations

Surge X=mli+qw-r—x(q" +r*)+y;(pg—r)+z,(pr+q)]
Sway Y=mv+ru-pw—y, (¢’ + p)+zo(qr—p)+x,(gp+F)] ... (3.2)
Heave Z=mWw+pv—qu-z,(p* +q* ) +x5(rp—§) +y, (rqg+ p)l
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3.3 Types of Mathematical Model

It is well known that the type and complexity of the mathematical model, will depend
entirely on the purpose for which the mathematical model is to be used. In the past
comparisons of simulator mathematical models have been made by McCallum (1984) and
Case et al (1984). Between different research establishments there is little commonality of
ship manoeuvring mathematical models and hydrodynamicists have over the years
developed models of various forms and fidelity.

The major reason for this is the complexity of the flow phenomena around the hull,
propeller, and rudder, particularly due to the generation and losses of vorticity and surface
waves, Ankudinov et al (1987). The mathematical model designed for ship manoeuvring
must be capable of representing a. wide range of ship types and configurations, machinery
and propulsion/steering devices. Dependent on the models use the following characteristics

of ship dynamics should be inherent in the ship mathematical model:

 realistic turning for all rudder angles including helm delay and loss of speed in the turn;
the response to rudder action should also be non-symmetrical for a single screw ship;

« realistic acceleration and deceleration including inertial effects and engine delays;

o ahead and astern motion;

e reduction in ahead motion and effective helm in shallow water;

« drift caused by a variable tidal stream;

e drift and yaw caused by a wind variable in both magnitude and direction acting on the
hull and the superstructure of the ship;

» single or twin screw operation, including independent control of each screw in both
directions, and turning rate;

» variable pitch operation of the screw;

o squat effect in shallow water,

o ship to ship or ship to shore interaction;

» constraint of ship movement when moored to a buoy or at anchor;

o external forces on the hull caused by tug operation;

o ship motion due to waves;

o the ship model should be amenable to alteration in order to simulate a range of hull
forms and vessel sizes ranging from a fishing boat to a super tanker,

o the ship model should ideally be modular in form in order to independently evaluate hull
forms, rudder geometry, propeller and engine characteristics, and environmental

conditions.

The many differing types of mathematical model, can generally be placed under one of four

headings:
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i. input-output relationship model,
ii. a holistic model;

iii. a force. mathematical model;

iv. a modular manoeuvring model.

Each of these will be briefly described in the following sections.

3.3.1 The Input-Output relationship model

When using this type the researcher starts with the simplest possible model and then tries to
fit the model response with the response to the real system: When fitting is not accurate
enough, the model can be extended until a fit has been achieved with desired accuracy,
Biancardi (1988). If the system requires a non-linear model, the parameters can be derived
from full scale trials or from trials with scale models. The simplest model in the input-
output approach is known as the first order Nomoto model governing yaw response to
rudder motion. This can be expressed as;

By taking Laplace Transforms and assuming the initial conditions are zero, the first order
differential equation (3.6a) becomes

Ts*pw+sy=K§ ... (3.6b)
giving a transfer function
v._ K 66
& s(sT+1)

The first order Nomoto model can be expanded to a second order differential equation,
Bech (1969):

TLy+(F+ L)+ y=K@G+T,8) ... (3.7)

where the coefficients 7, 7,, (7, +7,), 7, and K are functions of the instantaneous
values of wyand &. They are also time constants which are related to the vessel's

hydrodynamic coeflicients.

Bech (1972), noted that ship manoeuvres could only be accurately described by equation
(3.7) in a very small range of y and . He rewrote the equation to include non-linearities:
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V! OO T K. . K : .
t =t = |t = H() = ——(5+T;8) oo 3.8
‘ [ﬂ 7;)"’ A A

The main non-linearities of this equation have been placed together in the steering
characteristic H () which describes yras a function of 6. /() can be determined, in

general, by the reversed spiral test or in cases of dynamic stability by the Dieudonne spiral

test.

The same approach can be followed in order to estimate the sway speed, Biancardi (1988).

The simplest linear model is given by:

Tv+v=KdS ... (3.9)

This can be-expanded to the following:
TL+(L+1)W+v=KS+KTSE ... (3.10)

For use in simplified simulations this type of model for ship manoeuvring will indeed be
adequate but for simulating manoeuvres where high order non-linearities occur, its
performance is not sufficient. Current practice is that the input-output relationship model
should not be used for ship manoeuvring predictors but can be used in applications to ship
control, Honderd (1972).

3.3.2 The holistic model

This type of model has proven to be highly successful and is installed in many ship
simulators in use today. Racal SMS Systems Ltd, as a marine simulator manufacturer, used
this form of ship modelling in early versions of their MRNS9000 navigation simulator. The
holistic model has been adopted and refined by many institutions with interests in
hydrodynamics.

This type of model is highly formal and systematic. It treats the hull-water interface as a
black box and models the system as a complete entity. It is based on the premise that a
manoeuvre is a small perturbation from an equilibrium state. of steady forward motion at a
nominal service speed. It has been used successfully for the simulation of ship manoeuvres
by the application of rudder control by Strom-Tejsen (1965), and, in a modified form has
been applied to engine manoeuvres by Crane (1973) and Eda (1974), despite the fact that

such manoeuvres can hardly be described as small perturbations.

Dand (1987) describes this type of model as
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" a model which performs satisfactorily when taken as a whole, but does not allow
individual elements to be changed readily as the design is.changed"

The former Ship Control Group at the University of Plymouth has used this type of model
in past research. The selection of the important non-linear terms were made by reviewing
the work of Strom-Tejsen (1965), Lewison (1973), Gill (1976) (1980) and Eda and Crane
(1965). The non-linear functions of the control parameters (rudder and propeller) were also

required in the final non-linear equations of motion.

The complete set of the holistic model non-linear equations of motion as evaluated by
Burns (1984) become:

mi—mrv= X+ X, (u+u)+ X 2 + X, >+ XV + X r*+ X8, +

v v 2
..... X, + X n"+x, u

mv+mur =Yy +Y,(v+v )+ Li+Yr+ Y n 2+ V' +F ' +

----- Vot 8, 4+ e 6, + Y, 8,07 + Y.Va

. _ . . ¥ 2 — 3 — 2
IF=Ny+N,(v+v )+ N;F+Y¥ n +N v +Nr+N_r‘+

..... Nt 8, + N8+ Ny, 8,0 +7, v,

The above model has been described in various papers, Burns et al (1982) (1985a) and has
been shown to give accurate representation of the three degrees of ship motion in all
manoeuvring situations. A comparative evaluation of the mathematical model was made
with full scale measurements taken for the USS Compass Island by Morse and Price
(1981). The USS Compass Island was constructed with a Mariner type hull form and a
complete set of hydrodynamic coefTicients for this class of vessel have been measured by
Chislet and Strom-Tejsen (1965) using the Planar Motion Mechanism Test.

Although this model gives accurate simulations of ship manoeuvring it does not allow
rudder, propeller or hull geometry to be changed with ease. Modern day requirements of
mathematical models do require the model to be adaptable.

3.3.3 The force mathematical model

This type of model was first proposed by McCallum (1980) and essentially treats the hull as
a lifting surface inclined at a drift angle to the water flow, thus generating lift and drag
forces, as on an aerofoil section. McCallum postulates that a linear relationship exists

between the lift force on the hull to the angle of incidence, up to about one radian, whilst
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The yaw equation is.obtained by taking moments about the centre of gravity.
1F=[-N,-Lyd cosa-Dyd sina+ Ld, cosa, - Dd,sina, +d,F,] ... (3.12c)

Research work is still continuing to refine this type of model and to investigate different
methods of calculating the hydrodynamically generated forces by both slender-body theory
and wind tunnel experiments, Pourzanjani et al (1987). The later versions of the Racal
Marine Systems Ltd MRNS9000 navigation simulator employ models based on this
approach and incorporates a basic ship's editor to enable other ship types to be modelled.

3.3.4 The modular manoeuvring model

Current research on ship manoeuvring modelling tends to favour this type of model as
shown by the Mathematical Model Group (MMG) of the Society of Naval Architects of
Japan, Ogawa (1978). This was subsequently followed by various papers on the subject,
Inoue et al (1981), Kose (1982), and a further refined model in 1984 to simulate various
ship manoeuvring motions in harbour, Kose (1984). Research in Germany, by Oltmann and
Sharma (1984), is based on the modular concept, as is the modular manoeuvring model
developed at British Marine Technology Ltd (BMT) between 1983 and 1984,

A modular manoeuvring model is one in which the individual elements, such as the hull,
propeller, rudder, engines, and external influences, of a manoeuvring ship are each
represented as separate interactive modules. Each module, whether it relates to
hydrodynamic or control forces or external effects is self-contained. The modules are
constructed by reference to the detailed physical analysis of the process being modelled.
The system as a whole is then modelled by combining the individual elements and
expressing their interaction by other physical expressions.

The equations of motion for a modular manoeuvring model are generally expressed by:

mi-mrv=X,+X,+X,+ X,
mv—mru=Y, +Y, + L, +Y, ... (3.13)
I, =N, + N, + N, +N_

where the suffixes H, P, R and £ denote components of hull, propeller, rudder and external
forces.

The model arranged in this way lends itself to a number of applications. For example it
allows research on one particular module and the effect that module has on the system
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model as a whole. This is invaluable when trying to determine the effect of various rudder
areas on the manoeuvring performance of a vessel. Previously a series: of captive model
tests had to be undertaken to select optimal rudder area. Advances in any particular field of
related research can be incorporated into a module and into the system as a whole without
having to alter other system modules.

Other advantages of this approach are the expansion facilities it allows. In addition to the
modules shown in equation set (3.13), extra modules can be employed to simulate bow

thrusters and stern thrusters for example. The surge equation would then look like:

mi—mrv=X, +Xp+ X+ Xg+ Xy + X, . (3.14)

where the suffixes B and S denote the components of bow and stern thrusters. Hence the
model can be tailored to suit a number of applications and such effects as ship to shore and
ship to ship interaction can be investigated. Gradually a very sophisticated model
incorporating all of the more specialised attributes was developed by Tapp (1989), which

will be shown in detail in a later section along with simulated results.

3.4 Hydrodynamic Coeflicients

It has already been seen that the equations of motion to represent a ship contain the
hydrodynamic coeflicients. The hydrodynamic forces of a rigid body, travelling with
forward speed in free surface waves; is a complicated problem, Abkowitz (1969), Baar
(1984). Hence, the accuracy of the motion predicted not only depends on the type of
mathematical model, but significantly on the ability to determine these hydrodynamic
forces, Abkowitz (1980).

The hydrodynamic coefficients required in the equations of motion of a body moving
through a fluid are usually classified into three general categories, Barr (1987):

i. static - coefficients due to the components of linear velocities of the body relative to
the fluid;

ii. rotary - coeflicients due to components of angular velocity;,

iii. acceleration - coefficients due to either linear or angular acceleration components, also
termed 'added mass' coeflicients.

The number and types of hydrodynamic coefficients required will vary depending upon on
the complexity of the problem being investigated, the type of mathematical mode, and. the
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extent to which various hydrodynamics effects are included in the representation. There is

little point increasing the number of coefficients in. the mathematical model if their effect is

a marginal contribution to the main forces and moments.acting on the ships hull.

3.4.1 Derivation of Hydrodynamic Coefficients

Various methods for deriving the hydrodynamic coefficients may be summarised as follows.

Estimation and extrapolation from already available models may be held in some form
of data base, Oltmann and Sharma (1984). Ship manoeuvring performance data bases,
containing data from ships trials and model tests can provide hydrodynamic coefficients
from a number of vessels. One such data base is that established by the US. Coast
Guard, Barr and Miller (1983).

Captive model tests made in a towing tank, Gill and Price (1977). This method is
expensive and only available to large research establishments specialising in
hydrodynamic investigations. It includes such tests as the Planar Motion Mechanism
and the Rotating Arm.

Free running model experiments, De Vries (1984). This method entails access to an
open stretch of sheltered water and involves considerable instrumentation
implementation to obtain worthwhile data. One methodology by which this is
accomplished is termed 'parameter identification'.

Calculation of the constants from hydrodynamic theory, Mikelis (1982). Such methods
are particularly useful for the:estimation of the 'acceleration derivatives'.

Empirical calculation methods related to the basic geometry of the ship, Clarke (1983).
Wind tunnel tests. Pourzanjani et al (1987).

Full scale ship trials, Norrbin (1971) and Burns et al (1985b). By suitable
instrumentation all the necessary coefficients may be derived by this method without
the necessity of scaling, as required by model experiments. The basic trial needed to

derive the equations of motion is a spiral manoeuvre, such as the Bech reverse-spiral
technique, Bech (1966).

System identification methods, Abkowitz (1980). If all of the inputs and the associated
outputs of a system are known, then the system can be 'identified’. In the case of a
manoeuvring ship if the inputs (control actions) are known and the ensuing outputs
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(the ship's motion responses) are known, the equations of motion and the numerical

values of the coefficients can be determined.
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CHAPTER 4

MODEL FORMULATION AND SIMULATION

4.1 Introduction

The four general mathematical types outlined in chapter 3 can, and do, produce accurate
simulations. However, the ACAS requires the model to be both accurate and adaptable.
This chapter will undertake simulations using various model types with the aim of
concluding which model lends itself to the requirements of the ACAS.

The single input-output and force mathematical model have been discarded at this stage,
the reason being that both of these model types require vessel trials or tank tests to obtain
the required model components. The holistic and modular model hydrodynamic coefficients
can either be:calculated, estimated or obtained from published data.

The models used in the simulation exercise include:

Three degree of freedom linear holistic;
Four degree of freedom linear holistic;
Three degree of freedom non-linear holistic;
Four degree of freedom non-linear holistic;

oA WD -

Three degree of freedom non-linear modular.

For ease of comparison it was assumed that there was no current or wind -and that all
simulations were taking part in a flat calm seaway with no external influences.

A number of different vessel types were used throughout this study to assess the developed
models adaptability. The vessels used include:

25m training vessel - ITV Somerset;
63m converted dredger - Sand Skua;
11m catamaran - Catfish;

325m tanker - Esso-Osaka;

16 1m Mariner hull;

“weh W -
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13m training vessel - Picket Boat 9,
150m ro/ro ferry - MS Zenobia;
152m container ship;

o N o

150m car ferry.

The full details of these vessels are shown in appendix A and a full listing of coefficients
derived/used are given in appendix B.

4.2 Manoeuvring Simulations

The model equations used in the simulation exercise are shown in sections 4.2.1-2.

4.2.1 The Holistic Model

Section 3.3.2 described the holistic model as

" a model which performs satisfactorily when taken as a whole, but does not allow
individual elements to be changed readily as the design is changed "

This statement is due to the black box approach used by the holistic type model; the

equation represents the whole vessel.
Roll has been included into some of the holistic models to see if accuracy can be improved.
There is a natural roll caused by rudder movement and the turning of the vessel. Due to
rudder motion the vessel will initially roll into the turn before sway forces make the vessel
roll in the opposite direction and sustain this angle throughout the turning manoeuvre.
4.2.1.1 Three Degree of Freedom Linear Model
Surge is assumed constant in the linear model

my+our =Xv+ ¥y +Yr+Vr+Y,8

IF=Ny+NyV+Nr+Nrs+NG
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4.2.1.2 Four Degree of Freedom Linear Model
Surge is assumed constant in the linear model
mv+nmur =¥y +¥y+Yr+Yi+Y;6+Y,p+ ¥, p+ 1@
Ii=Ny+Ny+Nr+Ni+NS+N,p+N,p+Ne®
Ip=Kv+Ky+Kr+Kri+K;5+K,p+K,p+ K, -nmgGMP

As calm water is only being considered here, the term mgGAM® represents the vessels
righting moment considered within the limits of'its initial stability, i.e. the roll equation can

be considered as;
Resultant moment = Rolling moment - Righting moment ... (4.2a)

where the rolling moment is represented by the various hydrodynamic coefficients.

4.2.1.3 Three Degree of Freedom Non-linear Model

mii—mv=Xgi+ X (uru)+ X 8 + X, 0+ X V' +X rt+ X6, +

2
..... X, + X n=+x, 1,

mr A

. - . 37 2 7 37
mv+mur =Y+ Y, (v+v )+ L+ Yr+Y n +Y vV +Y v +

""" ?’l"ljJIAZ 514 + ?nn&iindz5:l ! + 7&1' 64-! ‘;2 + ),vn va

.......... (43)
IF=Ny+N G+v)+Ni+¥n’+N _V+Nr+N_ rn'+
""" I\—InnénAzé‘A + l—v_nn&ﬁnzizéfil + Ivﬁwaflvz + K’ava
4.2.1.4 Four Degree of Freedom Non-linear Model
mit—nrv= X+ X (u+u)+ X 00 + X, 00+ X, v+ X 1P+ X8," +
..... X, un, + X0’ +x, 1,
mv+mur =Yy +Y.(v+v )+ i+ Yr+Yon P+ ¥ v +V v +
..... Yoo, 8, + Y, 5’8+ 8V +Y, v, + Y, 0+
..... Y.p+Y,p+ Yupnp +Y qur®+Y, uud®+Y uv®d
__________ (4.4)
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IF=Ny+N,v+v )+ NF+¥n ' +N_ v+ Nr+N, '+
..... Nos 8, + N ss1,' 8, + Ny 8,V +F, v, + N, @+

A

..... Npp+Npp+N np+ N, uv®

Ip=Kv+Ky+Kr+Ki+KS5+K,p+K,p+K, D+
..... Kpup +K, v+ K w+ K, pp-mgGMP

4.2.2 Three Degree of Freedom Non-linear Modular Model

This model has the general form of equation set 4.5.
mi—mrv=X,+X,+ X+ X,
mv—mru=Y,+Y, +Y, +Y. ... (4.5)
Ii=Ny+N,+ N+ N,

Taking this equation set each of the modules can be looked at in turn.

4.2.2.1 Hull Forces and Moments

The hull forces and moments module contains all the hydrodynamic data which is specific
to the hull alone. They can be expressed by equation set 4.6.

X, Xu+Xu+Xv+ Xr+Xu+ XH+X

|u| |u|

Y, = Yv+Y;+Yuv+ Yr+Y vy

Ny,=NF+Ny+N_ r+— Nv+N v+N e

|"|

The equations are a further development of previous research work, Burns (1984), on the

holistic type model with the important non-linear terms being similar to enable comparisons
of the models to be made. The multiplier u/]u| included in some of the terms is to correct

the sign of the derivative during astern motion of the ship.
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4.3 Discussion

The difficulty when undertaking a comparison of various models and vessels is to obtain all
the required hydrodynamic coefficients and model components. The coefficients for the
simulated vessels were obtained from various references, as shown in appendix B, and
where they could not were calculated or estimated.

A direct comparison between different model types was not the ultimate aim of this
exercise. All models, for a particular vessel, can be made to work and produce accurate
results. This may seem a very bold statement but with the correct model input data holds
true. The requirement of this exercise, in the model formulation and simulation, is to find
the most adaptable model with an acceptable accuracy. Each model will now be discussed

in turn,

4.3.1 Three Degree of Freedom Linear Holistic

This model lends itself to being adaptable as all of the required hydrodynamic coefTicients
can easily be obtained due to them being linear. However, this model cannot be considered
accurate as the forward velocity of the vessel is assumed to remain constant during a
turning manoeuvre. Reduction in speed during a turn could be an important aspect for the
ACAS and therefore this model is not suitable.

4.3.2 Four Degree of Freedom Linear Holistic

Accuracy over the three degree of freedom linear holistic model could be improved slightly
if a vessel with a high freeboard or superstructure were to be modelled. This model will be
unsuitable for the ACAS forthe same reasons given in section 4.3.1.

4.3.3 Three Degree of Freedom Non-Linear Holistic

This model proved to be accurate when modelling a number of vessels. The majority of
hydrodynamic coefficients could be obtained reasonably well, however, some of the higher

order non-linear terms could only be obtained from publications containing full scale or
tank test results. A model that works well with questionable adaptability.
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4.3.4 Four Degree of Freedom Non-Linear Holistic

As with the three degree of freedom non-linear model this model can produce accurate
simulations. However, due to the extra degree of freedom and hence, the extra
hydrodynamic coefficients, it does not.lend itself to be adaptable.

4.3.5 Three Degree of Freedom Non-Linear Modular

This model proved accurate and showed the most promise in terms of its adaptability. The
formulation of the model being separated into modules allows for propeller, rudder data or
external influences to be altered without resulting in the whole model being recalculated.
Some of the higher order non-linear hull terms were difficult to obtain, however, this
problem will be addressed in chapter 5 now that this model has shown itself to be the most
suitable.
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CHAPTER §

THE ADAPTABLE MODULAR MODEL

5.1 Introduction

During the past ten years fellow researchers at the University of Plymouth have developed
a comprehensive range of mathematical models, of various forms and fidelity, for many
different ship types, Burns (1984), Tapp (1989) and Miller (1990). The main drawback
with these medels is that they are time consuming to formulate and expensive to produce,
requiring tank tests or full scale trials to obtain the necessary hydrodynamic coefficients. An
adaptable mathematical model, when fitted into the ACAS, should allow the system to be

'portable”between vessels without requiring expensive trials.

In chapter 4 it was concluded that the modular model had the greatest potential to be
‘adaptable’. The model presented in section 4.4 will be investigated in greater detail and
modified to create an adaptable mathematical model. Methods to calculate all necessary
hydrodynamic coeflicients, forces and moments will be developed.

5.1.1 Derivation of Modules and their CoefTicients

It has already been seen that the modular manoeuvring model is one in which the individual
elements, such as the hull, propeller, rudder, engines and external influences of a
manoeuvring ship are each represented as separate interactive modules. This philosophy is
demonstrated in figure 5.1, where it can also be seen that additional modules can be
continuously added. Each module, whether it relates to hydrodynamic or control forces or
external effects, is self contained. The modules are constructed by reference to the detailed
physical analysis of the process being modelled. The system as a whole is then modelled by
combining the individual elements and describing their interaction by other physical

expressions.
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The equations developed by Clarke (1982) give the non-dimensional hydrodynamic

derivatives in terms of the prime system, this system was used in the holistic model
calculations. When the original modular model was developed by Tapp (1989), he decided

to-adopt the-bis:system and this system was carried forward into the present research. Tapp

used the bis system as it is applicable to ship manoeuvring in all regimes; the prime system
uses instantaneous speed as one of its dimensionalising quantities, problems therefore occur:

when the.instantaneous speed is zero, i.e. when reversing from ahead to astern. To convert

the acceleration derivatives to the bis system of non-dimensionalisation it is necessary to

multiply by a factor of L'/2V; to convert the velocity derivatives the correction factor is

by U/2V\/gL. As an alternative to converting the velocity derivatives Norrbin (1971)

derived the following formulae:

r LT?

= ——X

x1.69-0.04

uy

x1.28+40.02

x1.88+0.09

To aid in the computation of the coefficients table 5.1 can be used to check the sign of'the

derivative.

Derivative Sign of the derivatives
F' always negative
N, always.negative
Ny always negative
N either positive

or negalive
r'  either positive

or negative
I’ always positive

N.B. Signs in italics refer to the signs of derivatives for usual ship forms.

Table 5.1. Signs of the Hydrodynamic Derivatives.
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5.2.2 Surge Terms

The term R,, in the surge equation of the modular model, represents the ship's total

resistance on a straight course and is modelled by the following expression:

"
i

A third order polynomial fit of the plot of the total resistance for a particular vessel against

Ry=Xu+—=X > +X,0 ... (5.4)

the associated longitudinal velocity, results in a cubic function of the form:

X=au+bu* +c* ... (5.5)
where; u = longitudinal velocity
X = total resistance
a = normal multiplier = X,
b = square multiplier = X = X2""
i . X
¢ = cubic multiplier = X, = g‘“‘

The multipliers a, b, and ¢, and hence X, X,, and X, can be determined by fitting a

Lagrange polynomial to the total resistance curve, a routine is included in the model
programme to undertake this. It is therefore necessary to obtain the total resistance of the
vessel over the operating speed range by numerical means. The method adopted is detailed

in section 5.3.

The final surge term, X, has a constant value of -0.05. It was found to have this value

after numerous simulation runs with varying vessel types.

5.3 Total Resistance

The total resistance to motion of a vessel in a calm seaway can be considered as summation
of the individual components, Holtrop and Mennen (1982) and Holtrop (1984):

Ry =R(1+k)+Rpp + R, + Ry + Ry + R, . (5.6)
where:
R, = frictional resistance according to the ITTC!-1957 formula;
1+k = form factor of the hull;

UITTC is the International Towing Tank Conference,
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Rpp = appendage resistance;

R, = wave resistance;

R, = additional pressure resistance of bulbous bow near the water surface;
Rp = additional pressure resistance due to transom immersion;

R, = model-ship correlation resistance.

5.3.1 Frictional Resistance (R.(1+4,))

Water flowing past the wetted hull of a ship, by means of the boundary layer, exerts a shear
force on the solid boundary in the direction of motion of the stream. This shear force is
known as surface friction resistance. Due to the very large wetted surface area of the ship's
hull, surface friction resistance is normally the largest component of the total resistance to

motion of a vessel.
R = O.SpSVfCF .......... (5.7

C,. is the coefficient of frictional resistance and, according to the 1957 ITTC, can be given
by:

where § is the wetted surface area of the ship's hull. If unknown, § can be estimated from
the following, statistically derived formula, Lewis (1988);

S= LT + B)Cy (0.4530+0.4425C, —0.2862C,, — 0.003467 B/ T + 0.3696C,,. } +2.38 A, /C,

5.3.1.1 Form Factor of the Hull (1+4))
The form factor is assumed to be invariant with R , Lewis (1988), and relates the two-

dimensional frictional resistance to the three-dimensional ship's hull. Holtrop (1984) gives
the following formula for the form factor:

| + kl — 093 +0487l ]8Cl4 (B/L)I.MB%(T/L)OHMOG (L/LR )0]2]563 (LS/V)O.SGJSG (l _ Cp )—0.604247
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L, is defined by;

L, =L(1-C,+0.06C, leb/(4C, D))  ......... (5.11)

where Ich is the longitudinal position of the centre of buoyancy forward of 0.5 L as a

percentage of L.

The coefficient ¢,, accounts for the stern shape. It depends on the stern shape coefficient

C

sfern

for which figures are given in table 5.2.

Aferbody form Coorm

Pram with gondola -25

V-shaped sections -10 ¢, =1+0.011C,,,,
Normal section shape 0

U-shaped sections

with Hogner stern 10

Table 5.2. Stern shape coefficient. After Holtrop (1984}

Figures showing the afterbody form are given in appendix C.

5.3.2 Appendage Resistance (R,,,)

Rudders, shaft brackets, stabiliser fins, bilge keels, wake fins and sonar domes are some of
the principal appendages that can add as much as 10% to the resistance to forward motion
of a ship. The appendage resistance can be determined from:

Rypp = 0.50V78 0 (1 4k, )Cr (5.12)

where §,,, is the wetted surface area of the appendages and 1+4, is the appendage

resistance factor, tentative values of which are given in table 5.3.

The 1+4, value for a summation of appendages is given by:

1+k,)S,
('1+k2)eq = Z(i-S“) P
APP
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rudder behind skeg 1.5-2.0
rudder behind stern 1.3-1.5
twin screw balanced rudders 2.8
shaft brackets 3.0
skeg 1.5-2.0
strut bossings 3.0
hull bossings 2.0
shafts 2.0-4.0
stabiliser fins 2.8
dome 2.7
bilge keels 1.4

Table 5.3. Approximate 1+ k, values. After Holtrop and Mennen (1982).

5.3.3 Wavemaking Resistance (R,;)

Pressure variations around a ship's hull when it is in a forward motion generate waves on
the surface of the sea, the energy in the wave systems being derived from the ship's
propulsion system.

Holtrop and Mennen (1982) undertook a statistical analysis to determine the wave
resistance. This was re-analysed with a greater sample, Holtrop (1984), and two formulae
were derived dependant on the vessels speed range in terms of the F :

for the speed range F, )0.55;
Ry_p = CeycVpgexp{mF +m, cos(AF2)} .. (5.14)
for the speed range [, (0.40;
R,_, = cce,Vpgexp{mFd +m, cos(AFY)} ... (5.15)

For the speed range 0.40(F, {0.55 a simple interpolation formula can be determined:

+ (IOF,. _4)(RV—BM, B Rw_,qu,)
1.5

Ry = RW—AM
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where;

R, _,., is the wave resistance prediction for F, = 0.40
Ry_g,,, is the wave resistance prediction for F, = 0.55

The various coefficients and variables in equations (5.12)-(5.16) can be calculated using the

following formulae, Holtrop (1984):

m, =0.0140407 L/ T-1.75254 V" /L -4.79323 B/ L ¢,
m, = =7.2035( B[ L)*¥%® (T/B)***"
m, = c,,0.4exp{~0.034F >}
1=1446C, -0.03L/B  when L/B(12
A=1446C,-0.36 when L/B)12
d=-09
¢, =2223105¢;™" (T/ B) "™ (90—, )"
c, = exp{—1.89\/a}

¢, = (0.56 A3 )/(BT(0.31{ 4, + T, —h,))

The coeflicient ¢, determines the influence of the bulbous bow on the wave resistance.
¢, =(1-0:8 4,)/(BTC,,)
¢, =0.229577(B/L)****  when B/L1{0.11
¢;=BfL when0.11{B/L{0.25
¢, =05-0.0625L/B when B/L)0.25
¢ =—-169385 when [’/V(512

¢, = —1.69385+(L/V" -8)/2.36  when 512¢1*/V{1726.91
¢, =0 when ’/V)1726 91
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C,s = 8.07981C, ~13.8673C% +6.984388C)  when'C,(0.8
6 =1.73014-0.7067C,  when C,)0.8
¢y = 6919.3C;1 ¥ (V/ Y™ (L] B~ 2)"

The half angle of entrance, /_, is that made at the waterline, by the bow, by neglecting the stem, and unless

known can be approximated by:

i, =1+89exp{(L/B) (1~ C,p ™™ (1~ C, - 0.02250cb)*™(1,,/B)"**" (100v/ )"}

5.3.4 Additional Resistance due to Bulbous Bow (R;)

If a bulb is fitted to the bow of a ship below the waterline, the waves it generates will
interfere with those generated by the bow. With careful design and positioning of the bulb it
is possible for the two wave systems to be in antiphase at the ship's cruising speed with
consequent destructive interference and reduction of wavemaking resistance. However, a
contribution of additional resistance has to be taken into -account due to the bulbs wetted
surface area and its presence near the surface. This can be given by Holtrop (1984):

R, =0.11exp{-3P;? }F2 4L (1f81,ﬂ.) .......... (5.17)

where I is the Froude number based on the immersion of the bulb and P, is a measure of

the-emergence of the bow.

o v
" (T~ hy—0.25 04, ) + 0157

_0.564/4,,
2T (T, - 1.5Ry)

5.3.5 Additional Resistance due to Immersed Transom (R;,)

The immersion of the transom causes an added resistance and is a function of the immersed
transom transverse area-and the vessel speed:

Ry =05pV*4.¢c, ... (5.18)
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5.4.1 Basic Circulation Theory

The modern theoretical methods of circulation theory used to design propellers are based
upon the concept, due to Lanchester (1907), that the lift developed by the propeller blade
is caused by a circulation flow that takes place around the blade. The theory is based upon
the lifting force experienced on a rotating cylinder in a stream called the Magnus effect,
Magnus (1853). '

If a cylinder is placed in a uniform stream in a non-viscous fluid, without any circulation
flow, the streamlines will be symmetrical about the flow axis, and no force will be exerted
upon the cylinder, Figure 5.5(a). The stagnation points upon the cylinder occur at 0° and
180°, i.e. 0° is the incident flow axis.

If now a circulation flow is developed around the cylinder, the flow pattern becomes
asymmetrical and the stagnation points move towards each other, Figure 5.5(b). The
velocities due to the circulation and to the free stream are added vectorially at every point
around the cylinder. At the point E the velocity parallel to the flow axis is increased
(V,+v), while at F the velocity is decreased (V,-v). This asymmetry of velocity
distribution gives rise to an asymmetry in the pressure distribution. A lifting force is then
produced across the pressure gradient , perpendicular to the uniform stream flow.

The circulation around a foil can be-considered in a similar manner, mapped to a cylinder by
the Joukowski Transformation, O'Brien (1969). The position of the stagnation points is
determined from the physical requirements of flow about a foil and these points mapped
back to a cylinder, calculating the circulation from simpler mathematical analysis.

As fluid starts to flow past the foil, the stagnation points tend to form at the ends of the foil
(at 0° and 180° on the corresponding cylinder), Figure 5.6(a). The angle of attack, a,
governs the position of these points. In real fluid flow, at the trailing edge where the
underside fluid tries to flow around the sharp edge, violent separation occurs. This only
occurs for an instant, as point (b) is then swept back to the trailing edge , Figure 5.6(b).
According to the stagnation hypothesis of Joukowski, O'Brien (1969), this is necessary to
avoid an infinite velocity around the cusp of the foil. This shift in the rear stagnation point
corresponds to a shift in the rear stagnation point on the cylinder, and to provide vertical
symmetry, a downward shift in the forward stagnation point. A theoretical circulation has
now been established around the foil. The magnitude of this circulation is determined by the
movement of the stagnation points.
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The transverse lifting force per unit span acting upon the foil, with circulation in uniform
~ flow, may be shown-to be given by:

dL=plV, ... (5.24)

where; p = the density of the medium,
I' = 2 = strength of circulation flow,
V, = resultant fluid velocity relative to the propeller blade.

Equation (5.24) is known as the Kutta-Joukowski equation, (Lewis 1988), and it applies to
all bodies regardless of their shape, the shape factor being contained in the circulation factor
.

5.4.3 Application to Screw Propellers

Circulation theory is important in the design of marine screws as it can be used to calculate
the fluid velocity relative to a particular blade section, corrected for induced velocities. This
is significant as the angle of incidence of the fluid to the blade element governs the lift and
drag characteristics of the blade, which in turn decide the final thrust and torque produced.
The theory can be adapted to calculate the performance of a screw with given geometrical
characteristics over a range of operating conditions, i.e. to make detailed screw
performance calculations. It is this aspect that is of interest for propeller modelling.

In applying a simple circulation theory to a propeller, each blade is assumed to be replaced
by a vortex line that extends from propeller axis to blade tip, O'Brien (1969). The vortex
line rotates around the propeller axis and around the line there is a circulation. This line is
called the bound vortex line, figure 5.8.
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5.4.3.2. Screw Performance Calculations

Betz (1919) established a minimum energy loss condition for a screw with a large number
of blades which is operating in a homogeneous flow in a non-viscous fluid and under
moderately loaded condition. This moderately loaded condition is described when the
inflow factors @ and a’ are small and when the slipstream contraction can be neglected. It is
reasonable to make this assumption for use in the adaptabie mathematical model.

To satisfy the Betz condition, the circulation around a propeller blade can be given by:

where, from figure 5.11, U, = 2a’ar . Substituting and applying the appropriate Goldstein

correction K,

The tangential inflow factor, &', is the fraction of the tangential velocity that is induced as.a
tangential inflow component as the propeller advances. From figure 5.11:

a'= tanf (tang, —tanf)

1+tan® B,

where f is the hydrodynamic advance angle and g, is the hydrodynamic pitch angle
corrected for induced velocities. The hydrodynamic advance angle is the ratio of the
advance speed to the tangential speed of the propeller:

Vﬂ

tanff=—=2— ... 5.30
A xmD ( )

and the hydrodynamic pitch angle can be determined from,
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where A, is the advance ratio corrected forinduced velocities. Also, for the same condition,

from.the definition of the advanceratio,

tan S, :—il .......... (5.39)

Now an expression for tanf; in terms of tanf and 7, can be derived, combining (5.30),
(5.33), (5.34) and (5.35) as:

ang =28 (5.36)

For each blade element the ideal thrust d7; and ideal torque d0. can be detérmined as;

dl =Z.dL.cosf, ... (5.37)

and,

dQ =Z(dLsinf) ... (5.38)

The 1deal thrust and torque values do not account for the viscous effect of drag upon each

blade element.

Previously an expression for the lift from the Kutta-Joukowski equation has been
developed, equation (5.23), where the resultant fluid velocity relative to the blade is; from
figure 5.11:

Ve=awr(1-a')secf, ... (5.39)

Combining this with equation (5.28) and substituting into equation (5.23), for the blade

element dr:
dL =%47rpxr‘°‘w2a'(l—a')secﬂ,..dr __________ (5.40)
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Now the lift for the blade section has been calculated it can be non-dimensionalised to give
the coefficient of lift for the blade element foil section:

where ¢ is the chord length and c.dr is the effective area of the blade surface. Substituting
the expression for lift from the Kutta-Joukowski equation into equation (5.41) gives,

4tk

) Z%(l—a')‘[(lﬂanzﬂ,.)

The dT, value can be determined by combining equations (5.37) and (5.40),

i —Ampir’wia'(l-a') ... (5.43)
dr

Substituting for the angular velocity, i.e. @ = 2m.

%ﬁ: 167 prta'(1-a') ... (5.44)
¥

The dQ, value can be determined by combining equations (5.38) and (5.40):

d_‘* = 47{p[0"40)20'(] -a'Mtanf, ... (5.45)
3

dQ

—L =p—tanff ... 5.46

d | dr anf, (5.46)

The ideal thrust and torque values are then given by:

=g . (5.47)
s dr
j gQafr .......... (5.48)
where R = blade tip radius,
rs = radius of the propeller boss.

The blade element values for ideal thrust and torque coefficients can then be expressed as:
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d o _dhjde _RW@Ljdr) g

K, =—XK,
Toa' " pD'w pD*n?

Combining (5.44) and (5.49):

K, =2k’ (1-a')  .......(5.50)

Similarly:

d p _d0/dx _rR@l/dr)tanf, (5.51)

K =% r _
O d Y pDn? pD’n?

which, by combining (5.44), (5.46) and (5.51), reduces to:

.......... (5.52)

The ideal thrust and torque coefficients are approximately constant across the whole
operating range for the screw as they do not account for the lift and drag characteristics of
the blade foil section. The angle of incidence of the blade will dictate the lift and drag
produced varying with respect to each other, as can be seen in figure 5.14.

The coefficient of drag can be obtained from a 'standard series' chart for a particular foil
type. Figure S.15 shows a plot of the coefficient of drag against the thickness ratio, (¢/c), for
various angles of incidence. The chart is for a NACA! section a=1.0 mean line?. For
inclusion in the model software a least squares fit was applied to the standard series data.

INACA is the National Advisory Committee for Aeronautics.
23=1.0 indicates the proportion of the blade chord over which the pressure is theoretically uniform.
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To obtain the real K, and K, values, a correction is.applied to each blade element:

K, =K, (1-¢gtanfB) ... (5.55)

K, =Ky(1+ecotf) ... (5.56)

These expressions now account for lift, drag and incidence, giving;

The values of K and Ké are then integrated across the total blade length to determine the
blade and hence the propeller K, K, values. This process can be repeated for any advance

coefficient, J, at which the propeller is run.

5.4.3.3. Application of Calculations to a Screw

Applying the equations outlined in section 5.4.3.2 to screw performance is, in reality,
complicated by the fact that the hydrodynamic pitch is not already known. In the design
process, an ideal efficiency for the screw can be obtained from a Kramer (1939) chart and
the hydrodynamic pitch angle can then be determined. Hill's (1949) prediction method
overcomes this problem by assuming that the hydrodynamic pitch angle is found from the

following relationship:

where «, is a small assumed angle of attack. A range of these angles of attack are used and
the hydrodynamic pitch angles are calculated for each one. The coefficient of lift is
determined for each angle of attack and plotted, figure 5.16.

The required section lift coefficient is given by:

C.=C,(H,+H;) .o (5.59)

However the actual section has a lift coefficient value for infinite aspect ratio, C,,, of
10/ /¢ due to its camber. The angles of attack required to compensate for the difference
between the section lift coeflicients and the lift coefficient due to camber, are calculated
using the fact that the resulting lift coefficient increases linearly with the angle of attack at
the rate of 0.1097 per degree. These values of incidence are also plotted against the ideal lift
coeflicient, figure 5.16.
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5.4.4 Wake Distribution

Standard propeller model tests are undertaken in the open water condition and not in the
'behind hull' condition. When a propeller i1s placed behind the hull of a vessel conditions
alter, the water in which the propeller is working has been disturbed by the hutl and
generally the water in the area of the stern has some forward motion. This forward moving
water is called the wake and results in the propeller advancing at a speed I/, when the ship is

advancing at a speed V.

The relationships between thrust, torque and revolutions in open water will now alter

causing a change in the propeller efficiency as the inflow velocity is now not uniform.

As stated by Lewis (1988), the wake is due to three principal causes:

1. the frictional drag of the hull causes a following current which increases in velocity
and volume towards the stern, and produces there a wake having a considerable
forward velocity relative to the surrounding water,

2. the streamline flow past the hull causes an increased pressure around the stern, where
the streamlines are.closing in. This means that in this region the relative velocity of the
water past the hull will be less than the ship's speed and will appear as a forward or
positive wake augmenting that due to friction;

3. the ship forms a wave pattern on the surface of the water, and the water particles in
the crests have a forward velocity due to their orbital motion, while in the troughs the
orbital velocity is sternward. This orbital velocity will give rise to a wake component
which will be positive or negative according to whether there is a crest or a trough of
the wave system in the vicinity of the propeller.

From this it can be seen that as a propeller rotates, a section at any given radius passes
through regions with varying wake contributions: Wake diagrams can be obtained for
various ship types and after body forms, as shown in figure 5.17, and the average
circumferential wake.can be calculated for any particular radius.
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3.8 Discussion:
The components of a new adaptable mathematical model have been presented.

The method adopted for calculating the total resistance of the model, section 5.3, has been
used in other applications by the author and is known to be accurate and reliable.
Applications have included finding vessel resistance at the design stage to calculate engine
and propeller requirements. Many vessels, in service, have propellers designed by the
author and no problems have been experienced using the method detailed.

The circulation theory is usually used in the design of wake adapted screws. However, it
can also be used to calculate propeller performance. Comparative results have been shown
for both the B-series and non B-series propeller types, figure 5.20 and 5.23, and from the
diagrams it can be seen that the calculated thrust coefficient is consistently below that of
the tank test result, (the B-series results are obtained from tank tests). The primary reason
for this error is in the calculation of the drag coefficient. The drag coefficient is calculated
for a NACA foil section a=1.0 but neither the B-series nor the selected non B-series screw
has blades of this exact section. However, adaptability is the goal. In selecting the NACA
foil section to calculate C,, an acceptable level of accuracy can be achieved for the
majority of propeller types. As will be seen in chapter 6 the accuracy of the model is not
greatly affected by adopting the use of the circulation theory and reliance on standard series
data is no longer required.

The propeller sway and yaw terms are now calculated with a newly developed formula,
equation 5.71, that was created as part of the research, and is a function of the propeller
pitch/diameter ratio and its number of blades. The disc area ratio was found not to
significantly alter the-propeller sway and yaw characteristics and was therefore not included
in the formula.
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Forthcoming legislation, proposed by IMO! through MSC/Circ 389, will require all new
ships greater than 100m in length to satisfy stringent manoeuvring performance standards.
Due to the resources and finances that are required to build a modern ship; a designer will
have to be able to evaluate the manoeuvring characteristics and powering predictions of a
vessel before it is constructed. A simulator must use basic data from the preliminary design
stage of the vessel and not rely on data obtained from scale model experiments and/or trial
data. Therefore, at the heart of all simulators is the mathematical model used to predict the
vessels manoeuvring characteristics. This is also the requirement of the adaptable
mathematical model for use in the ACAS. Simulations will therefore be shown for various
vessels and validated against actual vessel trials.

Figure 6.2 shows a flow diagram representing the part of the PC simulation program that
calculates all necessary hydrodynamic coefficients and model data. Before the simulation
can be run, all the hydrodynamic coefficients and associated data representing the proposed
vessel must be calculated, as shown in chapter 5. The programs were written in Microsoft
C and designed to run on a Viglen 486 33MHz PC with Windows 3.1. Windows is required
as the results data file is interpreted in the spreadsheet Excel for Windows, thus a graphics
routine is not required within the C program allowing a faster processing time.

IThe International Maritime Organisation.
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6.2 Vessel Trials

To be truly adaptable the mathematical model should be capable of modelling vessels of
different size. Three vessels have therefore been chosen for validation and vgriﬁcation
purposes, full details and principal dimensions are given in appendix D:

1. the 'Esso Osaka', a 278000 dwt Oil Tanker. A full set of manoeuvririg trials have been
published by Crane (1979);

2. the 'Sand Skua', a 63m converted sand dredger, now a 1850 dwt cargo vessel. By the
kind permission of her owner trials were undertaken during a commercial voyage;

3. 'Picket Boat 9', a 13m Navy training vessel;l from now on referred to as PB9. Various
trials were-undertaken by kind permission of the Britannia Royal Naval College.

6.2.1 Sand Skua Trials

The 'Sand Skua', as shown in plate 6.1, is owned and operated by Trans Ocean Marine
Associates Ltd, a company registered in Malta. Captain Mike Smith, Managing Director of
Trans Ocean, allowed trials to be undertaken with the 'Sand Skua' on a scheduled voyage
from Liverpool to Dundalk on 24th April 1990. The vessel was fully laden with coal. The
weather was sunny, sea stale was calm and there was no wind. The trials site was
approximately 53°55'N and 6°5'W, Admiralty chart number 44, Howth to Ardglass.

There were no computers onboard to link with navigational aids to record position, speed
or heading data, therefore these were recorded manually at 30 second intervals. The
position was obtained using a Philips AP Decca Navigator. The following trials and
manoeuvres were:undertaken:

 log calibration check, resulting in the log under reading by 15%.

e 10° Port and Starboard turning circles.

e 20° Port and Starboard turning circles.

Unfortunately no other trials were undertaken due to time constraints. However, the author

acknowledges that 'Sand Skua' is a commercial vessel and expresses his sincere thanks to
Trans Ocean Associates Ltd for their invaluable assistance.
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6.2.2 Picket Boat 9 Trials

PB9, a Navy Training vessel, was recently refitted to include the following equipment,
Mayo (1992):

a 240V static invertor;

a Rigel EC 0551 flux gate compass;

an Autohelm ST50 paddle wheel log sender unit;
two notch.counter tachographs - one per shaft;
a Navstar GPS position fixing devif:e;

a potentiometer fitted to the rudder;

an Austin 286 16 bit micro processor with-a PC30 AT expansion board to handle the
data collection interface.

The initial software was written in Microsoft C, Mayo (1992), and interfaced with all the

above hardware and collected data from each sensor at every time interval.

The trials were carried out in the River Dart, near Dittisham, in conjunction with Gill

(1992). Standard ship manoeuvres were undertaken. as laid down by the 10th International

Towing Tank Conference, including basic trials such as turning circles, zigzag tests and

spiral manoeuvres. More information on these trial manoeuvres is given in appendix G.

Figures 6.11-6.12 show some of the raw data collected during the trials, no correction for

current or GPS errors has been applied.

As PB9 is a twin screw vessel with contra-rotating screws, if both propellers are run at the

same revolutions the port and starboard turning circles will be the same. This is due to
there being no paddle wheel effect and hence no ¥, or N, terms.

Plate 6.2 shows trials being undertaken on PB9.
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CHAPTER 7

AUTOMATIC COLLISION AVOIDANCE SYSTEM (ACAS)

7.1 Introduction

The ultimate aim of the research being undertaken by various members of the MDRG is to
investigate, design and develop an integrated navigation and collision avoidance system of
which the model forms an integral part. The intelligent collision avoidance system is to be
linked in with the options of either advisory or auto-control modes, using the ship model
within the expert system to predict the consequences of alternative courses of action. The
ACAS, fitted with a very simplistic model, has already been verified under sea trials and

usage by sea-going personnel, Blackwell (1992).

One specific area in which automated expert support could yield significant benefit, as
evidenced by numerous recent shipping disasters, is the recognition and avoidance of
potential collisions or grounding. Given the relevant background information, and suitable
input channels for continuously updating dynamically changing factors in the vessel's
environment, an Intelligent Knowledge-Based System (IKBS) would maintain a continuous
‘'watching brief on ships and other potential hazards in the vicinity. On detecting the need
for alterations of course and/or speed to eliminate the danger of hazardous potential
collision situations, a suitably tailored inference process would make recommendations of
appropriate actions to ensure safety. This implies the development of an accurate model for
the behaviour of the vessel undertaking such manoeuvres, and for the perception of a
hazard at a sufficiently future time in order for the manoeuvre to be carried out. The hazard
vessel should also be modelled as well as present technology allows.

7.2 An Intelligent Computer System for Collision Avoidance

Certain prerequisites for the proposed expert system are immediately evident:

1. it must be capable of receiving and processing all of the electronically sensed data
which is normally displayed on the bridge instruments, plus any additional information
which may be input by the user;
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2. it must be cognisant, as is the ship's master, of performance characteristics of the vessel,
plus any other relevant parameters - length, draught, etc ;

3. it must be- conversant with the International Regulations for Preventing Collisions at
Sea, IMO (1981), and the ramifications of those regulations in a multiplicity of
situations;

4. it must be capable of arriving at a reasoned response to current circumstances, and
presenting that response clearly, together with a succinct and unconfusing explanation
of its reasoning if required,

5. it must be able to re-evaluate changing circumstances, and give its conclusions within a
matter of seconds.

An initial framework for the rule base already exists, in the aforementioned anti-collision
regulations. By themselves, however, these regulations are inadequate for such a task, since
they leave the onus for certain major decisions with the mariner. Such phrases as 'in good
time', 'a clear turn', and 'a safe distance' are open to a wide variety of individual
interpretations, which may themselves vary with different contexts; sea state, nature of
vessel and cargo, possible manoeuvring restrictions (such as coastal features or shipping
lanes), traffic density, all affect decisions on collision avoidance manoeuvres. As with any
competent human personal assistant, therefore, the electronic advisor would have to be
conversant with that broader spectrum of 'rules' (i.e. situational responses) which derive
from applied common sense and years of experience; such experience, gleaned from human
experts, must be formalised into an inference structure which gives substance to the bare
bones of the official regulations. Continuing the analogy, the system should be unobtrusive,
providing information only as requested, in a meaningful way, but with the capability for
drawing attention to matters in need of immediate action.

A graphical representation of the current scenario is clearly a prerequisite; a well planned
display, invoking good use of colour-and scale, would allow the immediate situation to be
taken in by a cursory glance, without excessive detail. Such detail could be offered as
'optional extras', for example:

1. a status report, giving current speed and bearing , details of any current manoeuvre,
plus any pertinent data on nearby ships or other hazards (notably, projected time to

collision or near miss, if applicable);

2. an appraisal of the current situation, indicating advised course of action, with
supporting rationale for such advice available on demand; in a real-time expert system,
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that rationale would necessarily include reference to prior, and likely future, events - a
dimension absent from:most [KBS.

A desktop computer offering processing power hitherto associated with mainframes,
providing a true multi-tasking environment, front ended by a sophisticated WIMPS
(Window-Icons-Mouse-Pointer System) user interface and multi-colour graphics display,
forms a readily-accessible environment for this type of application. Such options could be
provided at the press of a button in a menu-driven WIMPS environment, with no
requirement for keyboard dexterity or other new skills. Information would be to hand
exactly as and when needed, without confusion or complication, particularly bearing in
mind that this facility is likely to be most needed-at times of greatest stress.

7.3 Previous Work

A customised expert system shell has been developed on an Acorn Archimedes RISC
(Reduced Instruction Set Computer) system, Blackwell (1992), chosen on the basis of
processing power at relatively low cost, good WIMPS and graphics facilities, and capability
for a variety of input/output options. The RISC-OS multitasking environment, coupled to
versatile IO handling, are well suited to the planned integrated system.

The screen display is in the form of three windows, as shown in plates 7.1 and 7.2. A
square graphics window, filling approximately half of the screen aréa, displays the tracks
and positions of one's own vessel (own-ship) and any other vessels in the vicinity, with
markers to show positions at corresponding times; owa-ship is shown as a green track,
others in various colours. At the current stage of development, only one other vessel (the
most threatening) will be 'processed’ by the rule structure as a potential hazard. The display
in the graphics window may be enlarged by reference to a pop-up menu (invoked and
actioned by mouse buttons), and any part of the scene studied in detail by scrolling the
window horizontally or vertically. A second window optionally displays a review of the
progress of the situation to date, including the decisions made by the expert system at
various stages; this window may also be scrolled, or expanded over the graphics window
temporarily, to display further detail of the stages of an encounter. A third window may be
selected and de-selected as required, again by a mouse-operated pop-up menu. This
window, appearing below the other two, displays data on the course, speed and current
manoeuvring (if any) of own-ship, plus such data as is available (via radar) on any other
vessel in the vicinity considered to be a hazard.
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7.3.1 Criteria for Decision Making

The ultimate objective of any collision avoidance procedure is to avoid collisions; a
secondary objective is to inform other mariners, through positive action, that the possibility
of such an incident has been récognised and is being dealt with. Both of these aims are
served by manoeuvres which seek to maintain a zone of clear water around one's vessel,
generally referred to as the domain. This observed -practice of experienced mariners,
Goodwin (1975), has been taken as a prime objective of the expert system. A consequent
concern is the distance at which another vessel or object should be considered as a potential
hazard, evaluated as such, and appropriate avoidance action initiated if necessary, Davis et
al (1980). Such proximity considerations were refined by Colley (1985) to a time-based
criterion, the RDRR (Range-to-Domain/Range-Rate); a ship's master applying a 12 minute
RDRR, for example (based on handling characteristics for his vessel), would evaluate a
potential encounter 12 minutes before anticipated domain infringement, and implement
appropriate action at that time.

Results from an early version of the system, Colley et al (1984), using the RDRR concept,
indicate that such a fixed 'decision scheduler' is not appropriate to every encounter
situation. A flexible time-constraint, matching decision time to interval needed for a safe
manoeuvre, ensures optimum manoeuvring time; adequate, but not excessive. This
Predetermined Optimal Manoeuvring Time (POMT) is found by simulating any projected
encounter well in advance, for increasing RDRR values (starting from some pre-set
minimum, say 10 minutes), until safe clearance is achieved. The simulation exercise is an
integral element of the decision logic, and corresponds to a human appraisal of whether or
not a situation requires particularly early remedial action. Figure 7.1 shows the principle of
the look-ahead simulation used within the expert system to select an appropriate RDRR,
i.e. the POMT, for any encounter. A fixed minimum RDRR is used in preference to a free-
floating JIT (Just In Time) strategy, in recognition of the need to take action in good time,
s0 as not to panic masters of other ships into emergency action.

The rule structure is designed to:

a) note the presence of a potential hazard, assess the threat in terms of expected time to
domain violation (if applicable) and derive the POMT for avoidance action;

b) at POMT, identify the type of encounter; fix the status of own-ship and perceived status
of hazard ship (give-way or stand-on) at this time in the encounter. Once decided,
status is maintained throughout the encounter, unless circumstances change - the
regulations rule out changes in status due solely to changes in relative positions through

avoidance manoeuvres;
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It is anticipated that (c) will be extended to incorporate the possible need for a change in
strategy in response to untoward action by other vessels; including emergency manoeuvres.
Such additional rules may be edited into the existing rule base.

The rules embody the International Regulations for Preventing Collisions at Sea, plus
clarification of specific practical detail as noted by Colley (1985) and used most effectively

in an earlier simulation.

7.3.2 Inference Engine and Rule Structure

The inference engine operates on a discrete time interval of 20 seconds. At each step the

inference engine will:

a) take dynamic information via communication channels from radar and own-ship sensors
(or simulators), from these parameters (speed, course and position) it will generate
secondary data, i.e. relative bearing and relative velocity components, for use in rule

evaluation;
b) apply the appropriate rule to these data, to ascertain the new situation;

c) trigger display and control/simulator outputs in response to any change in status;
invoke any new rules indicated by such a change, until a 'defer' flag is reached,
inhibiting any further action on the rule base until the next time step.

The rule base is a hierarchical structure; based on a binary tree, but with considerably more
flexibility in links to left and right 'sub-trees'. In this rule structure, links may lead to any
other node, up or down; two or more links may lead to a common node; a link may loop
back to a node at a higher level. Figure 7.2 shows a schematic of this structure, illustrating
part of the initial rule base.

The rule base is also in effect a state table, each node representing a possible state of own-
ship: no encounter currently in progress, second stage of a 'parallel-up' overtaking
encounter, etc. Each node contains:

1. left and right links to other nodes (or looping back to the same node) in the rule
structure, one of these links will be followed at every decision step (i.e. every time

step);

2. a mathematically-based decision function, used to determine which link is followed at
each stage;
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3. an'immediate/defer’ flag for each link, indicating action time for the next rule;
4. ship status flags, to pass display and control information.

Each rule incorporates a Boolean ﬁnction, using inequality tests on combinations of
displacement and velocity vectors. The bulk of processing is thus centred on evaluation of
trigonometric functions. This factor becomes increasingly-dominant as situations increase in
complexity - a major consideration in choice of language and form of rule structure for a

time-critical system.
Extension of the rule base is achieved by creating the relevant new nodes and resetting the

necessary links to insert them at the appropriate points in the structure. 1t is envisaged that
a software utility will ultimately:simplify this task for the non-computer specialist.

7.4 Ship Modelling in Collision Avoidance

The nature and complexity of ship models incorporated in collision avoidance systems
depends primarily on whether one is concerned with shore-based Vessel Traftic Control
(VTC) or bridge-based advisory systems.

A shore-based advisory/control system requires a working knowledge of the performance
characteristics of all vessels under surveillance at any time, since the ability to give helpful
directives presupposes a capability to accurately predict the likely outcome of manoeuvres
by one or more vessels. In general, those vessels will each fall into one of three categories:

1. known vessel, for which hydrodynamic coefficients are documented in
detail, and for which an accurate model may be defined,

2. known or unknown vessel, for which hydrodynamic coefficients are not
available but which may be fitted into one of a number of 'classes' of ship,
and thus matched approximately to a less tightly defined model;

3. unknown vessel for which little or no performance data is available (apart
from immediate observation), and which must therefore be judged on a very
broad basis, with a wide margin for error allowed around any assumptions

which have to be made.

Such considerations lead naturally to the need for:
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1. a file of 'modelling' data for all vessels for which data is available, and which
frequent the waters under surveillance;

2. a library of 'standard' vessel types, to which the majority of ships may be
fitted with reasonable accuracy;

3. a rule base which, in so far as is possible, avoids the need for suppositions
about any ship not susceptible to handling by (1) or-(2) - this may well mean
preferential treatment for such vessels, on the basis of 'when in doubt, keep
clear'.

Shore-based VTC, with its requirement for detailed modelling of a number of ships
simultaneously, demands substantial computing power to operate effectively in real-time. In
most other respects the problems of shore-based collision avoidance, and the function of
ship models therein, mirror those of bridge-based systems as considered further in the
paper. Further references to this topic are to be found in Colajanni (1990), Degre (1987),
and Bootsma and Poldermann (1987)

The requirement for ship models in the shipboard Collision Avoidance System (CAS) is
twofold: firstly, the expert system logic must be able to model ship behaviour in order to
predict likely outcomes of manoeuvres; secondly, the development of a simulated
environment it which own-ship and the various hazard vessels are represented by
appropriate computer models.

7.4.1 Modelling of Hazard Vessel

In a simulation environment alt of the vessels may be represented as accurately as current
modelling techniques permit. There is no problem of 'unknown identity', since vessels for
the simulation exercise may be chosen from those for which full sets of hydrodynamic
coeflicients are available. The only hindrance 1s the collection of a suitably representative
cross-section of single ship data, as outlined in chapter 4. However, in the absence of
specific data, parameters for a 'typical' ship of a specific type are adequate for such a task -
as proposed above for 'standard vessel types'. The question of adequate computing power
for such a task need not present a problem, since separate vessels may if necessary be
simulated on separate processors; such a technique has been shown to have various benefits
at certain stages of development, Blackwell and Stockel (1989). Alternatively, a
multitasking environment with substantial processing power (using one or more
processors) yields comparable benefits; such as the set-up described earlier. A less
satisfactory solution is to run the simulation slower than real-time to circumvent processor
limitations.
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This method produces acceptable results when compared. with actual and mathematical
mode! data. The following example is for the Esso Osaka:

Esso Osaka L, 325m
A 278000 dwt
A @ trials 319400 dwt

Results for 35° port turn;

D, calculated 894 m

mathematical model 900.2 m
actual 915 m

After validation, as shown above, and consideration that it offered the best solution at
present, this method was adopted for modelling the hazard vessel.

To accurately predict the expected behaviour of the hazard vessel does, however, pose a
very real pragmatic question: given that one cannot read (still less guide) the thoughts of
the master of another vessel, what benefit may be derived from assessing the consequences
if a specific control were applied at a specific time on that vessel? The situation is very
different from shore-based VTC, where advice (or directives) may be communicated to any
vessel, in the manner of air traffic control. At best, one may take into account the
perceived manoeuvrability of the other vessel, and thus its ability to resolve a tricky
situation; at worst, one has to admit the possibility of an adverse manoeuvre on his part.
Until proven otherwise (by unreasonable procrastination or other 'rogue' action), it may be
reasonably assumed that the other vessel will conform with the 'rules of the road'; but any
attempt to model the other vessel's likely avoidance manceuvres would be purely
speculative, and should not form the basis for action on the part of own-ship.

Given the above caveats, the modelling of a hazard vessel has little part to play in the
expert system logic, other than consideration of continuation of current course and speed.
Turning action may be observed, and intent to avoid possibly inferred, but the:extent of the
manoeuvre may not be prejudged in detail. Any attempt to model the behaviour of another
vessel, beyond constant velocity projection, is based on untested assumptions and therefore
of dubious value.
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7.4.2 Modelling of Own Vessel

The mathematical model described in detail in chapter 5, and validated in chapter 6, has
been included into the 'own' ship system of the ACAS, this model accurately describes the
vessels manoeuvring characteristics. The adaptability and .modular structure of the model
allows the ACAS to be implemented on any vessel and also allows refit changes of

propeller or rudder.

7.5 System Validation

Prior to using the described mathematical model for modelling own vessel the turning
manoeuvre was modelled by a simple arc, this may seem crude but worked exceptionally
well. The system, with the simplistic approach of modelling the own vessel as an arc, has
previously been validated and approved, Blackwell (1992). Three methods were adopted.

1. Simulating one thousand randomly generated encounter situations and measuring the
separation at the closest point of approach, CPA, without, and then with, collision
avoidance directed by the expert system. Figure 7.3 shows the results-of this exercise.

2. Presenting a variety of simulated encounter situations to groups of experienced
mariners, and analysing their responses to the system's handling of those situations. The
results of this exercise support the opinion that the system fulfils its objectives, as a
flexible working decision system.

3. Installing the system on-board a research vessel, Picket Boat 9, equipped with ARPA,
setting up a number of encounter situations involving a sister vessel (the ‘hazard'), and
following the directions of the expert system in each case to assess its efficiency. This
exercise proved the efficacy of the expert system in its intended environment - at sea,
within the command centre of a marine vessel. In this respect the sea trials achieved
their intended objectives.

Since installing the model the only real visible difference is the reduction in speed that takes
place, this in turn causes the selected manoeuvre to be 'safer' as the closest distance
between own and hazard vessel will increase. This allows the system to return the vessel to
its desired course/track earlier, and if the ACAS was installed as a closed loop system, with
the autopilot, could result in an economic saving,

The energy saving capability of autopilots has long been known. Katebi and Byrne (1988)
referred to adaptive autopilots based on the optimisation of a cost function which
represents the energy used in maintaining a set heading.
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CHAPTER 8

CONCLUSIONS AND FURTHER WORK

The outcome of any serious research can only be 10 make two questions grow where only
one grew before.

Thorstein Bunde Veblen:(1857-1929).

The Place of Sciencein Modern Civilisation.

8.1 Introduction

The prime aim of this research has been to produce an adaptable mathematical model that
can be used in various elements of the integrated navigation system. The objectives to
achieve this aim have entailed:

e a survey of automatic navigation and existing 'state of the art' integrated navigation
systems;

o an investigation of all existing mathematical model types and a comparison, through
various simulations; of their accuracy and adaptability;

e the development of a new mathematical model and its validation against a range of
vessels differing in size,

o implementation of this mathematical model into a new collision avoidance system.

In addition to the primary objectives two secondary objectives were identified at the outset:

e to develop a personal computer (PC) based simulator that could be used for
manoeuvring predictions at the preliminary design stage;

o for the model to be used in other research work, undertaken by members of the Marine
Dynamics Research Group, in different applications.

All of the above objectives have been undertaken and achieved.
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8.2 Conclusions
8.2.1 The Adaptable Mathematical Model

During the past ten years members of the MDRG have developed a range of models for
different tasks. Much debate has been undertaken as to the complexity and non-linearity of
the model. The linear equations of motion only include first order terms and do not make
allowance for alteration of course and speed, for this reason they are of limited use when
considering large heading and speed changes. Dove (1984) attempted to overcome this
problem by developing a quasi-linear model. If sample times were kept small it was
reasoned that the linear equations could then be extended to incorporate the surge equation
and thus make allowance for variation in forward speed. The quasi-linear model was
unsuccessful. In turning circle tests the model turned much tighter; this also resulted in the
lateral velocity, and hence the drift angle, being greater than that of the real ship. From this
work it was concluded that the model should contain many high order non-linear terms to
accurately predict the vessels manoeuvring characteristics. |

Miller (1990), on continuation of Dove's work, produced a non-linear holistic model that
proved to be very accurate but also very complex. It was not possible to evaluate all of the
necessary hydrodynamic coefficients without vessel trials. After assessment of this work,
and the simulations undertaken in chapter 4, it was clear that a model with no non-linear
terms would result in the adaptability required, but not the accuracy.

The modular model that was produced from this research, as shown in chapter 5, is a
solution to this problem. It has been seen that the modular model has the following
structure.

Additional Modules
i.e. Tugs, Thrusters.

Figure 8.1. Structure of the modular model.
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The hull module, except for the surge forces, contain no non-linear terms. Thus the
hydrodynamic coefficients can be obtained by numerical methods. The second and third
order non-linear surge terms can easily be assessed from resistance information, as shown
in section 5.2.2. The developed adaptable modular model differs from the aforementioned
quasi-linear holistic model, in that the propeller and rudder modules are modelled
independently and to a very high accuracy. A novel application, using the circulation theory
to model the propeller forces and' moments, allows the model to be more flexible compared
to using traditional B-series four-quadrant propeller design charts.

Ship models have been developed and validated, and incorporated into a collision
avoidance system. An adaptable mathematical model has been presented that will allow the
system to be 'portable’ between vessels, without requiring expensive trials. The
requirements of the specification is to be able to input the principal dimensions of the vessel
and calculate the hydrodynamic coefficients for the model without sea trals, hence keeping
initial cost down. The model presented allows for this in a wide range of vessel size.

The adaptability of the model is highlighted by the fact that fellow members of the MDRG
have utilised the model in other research projects. Witt (1993) has been undertaking
research into the use of a neural network autopilot for ship guidance, and is at present

including an adaptive strategy using the modular mathematical model.

8.2,2 The PC Simulator

Two of the long term objectives of the MOSES program, as introduced in section 1.3, are
to:

e produce versatile simulation programs, which access experimentally derived
hydrodynamic forces and moments, or predict the necessary terms directly from a
knowledge of the hul! form particulars,

o develop manoeuvring for design software, capable of modifying a ship hull form
design, which gives rise to manoeuvring behaviour that satisfies prevailing
manoeuvrability standards.

The modular model presented in this thesis allows all the necessary terms to be directly
derived from a knowledge of hull, propeller and rudder particulars. The designer can then
alter any of the vessel principal particulars and undertake manoeuvring simulations to
appraise the vessels characteristics. The propeller details can be assessed in detail once the
vessels powering requirements have been calculated, allowing paddle wheel effect and its
effect on the turning performance to be investigated.
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At present, the master of a ship is accountable, in the eyes of the law, for all decisions made
by members of his crew. If automatic collision avoidance systems are to become-accepted
tools of the trade then the legal anomalies surrounding responsibility and liability for them
must be resolved. If an ACAS equipped vessel is involved in an' accident then where does
the:buck-passing stop, with the master, the software engineer, the hardware inst_allation and
maintenance engineer...? Until these legal questions have been answered it is essential that
man remains part of the collision avoidance strategy forming process.

Future work at the University of Plymouth will build on the existing system, that now
incorporates the adaptable mathematical model, with the aim of devising a computer based
system incorporating a rule base which is able to suggest anti-grounding and collision
avoidance manoeuvres for both single and multiple ship encounters in all surroundings.
Work is already underway to achieve this, Atkinson (1993).

Although current legislation restricts the function of automatic collision avoidance systems
to an advisory role only, technological capabilities do not. In the long term there is no
technical reason why ACAS should not be able to accept full command and responsibility
for collision avoidance tactics. Under such circumstances the mariner would be offered a
preferred course of action which he may choose to execute or override. However, if a
predetermined time period elapses and the mariner has failed to respond in either way, the
system would automatically administer the recommended manoeuvre via a computer link to
the vessels steering gear. Nonetheless, a question mark still hangs over the notoriously
conservative maritime industry's willingness to concede this change in responsibility.
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A Review of Mathematical Models used in

Ship Manoeuvres
J. Chudley, M.J. Dove and N.J. Tapp
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Plymouth, United Kingdom

ABSTRACT

The Ship Contrel Group at Polytechnic South West is developing, in
conjunction with a UK marine electronics company and consultants, an
Integrated Navigation System that will automatically steer the vessel aleng
a predetermined track, avoiding any obstructions and taking the necessary
precauticns to avoid collision with another vessel. Central to the research
prcaramme is the development of simple, yet accurate, mathematical
models of own ship and target ships. The paper describes the research
into different types of model and concludes that a non-linear modular type
couid be used for ‘own ship’ and a simpie linear mode!l for the ‘target

ship'.
INTRODUCTION

Recent zccidents at sea, together with a series of oil crises that have
increased the price of fuel vil, have made ship owners and operators
more satetv and economy conscious; this in turn has made the
requirements on ship steering more demanding, particularly in confined
waters, where extensive manoeuvring is needed. It is therefore important
to be able to predict the path of the ship precisely. It has been
suggestea {11 that 85% of all marine collisions and groundings are due to
human error and of these S0% occur n coastal waters [2]. On this
evidence ajone there is a case for research and development into
automating the control and guidance systems which are installed in ships.
Mariners on a sea passage are likely to experience periods of relatively
uneventfui sailing, interspersed with periods requiring careful attention and
substantial decision-making - such as traversing a busy seaway or
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entering port. The potential hazards of such a regime are twofold: on the
quiet stretches, a faise sense of security can lead to impending danger
being overlooked until it is too late; conversely, information input at busy
times may overioad the decision-making process (i.e. the Officer of the
Watch), leading to ili-judged actions or aangerous delays in manoeuvring.
Both of these problerns could be obviated by an electronic monitoring
system, which would analyse sensory inputs such as ARPA and
navigational information, and give reasoned and pertinent advice to the
mariner on the bridge. If such a system was available to advise the
Officer of the Watch, perhaps disasters such as those involving the
Exxon Valdiz and the Marchioness could be avoided.

Development of a production system fcr fully automated ship contol
probably lies well into the future. The tecnnology exists, but there are
other considerations governing the instrumentation installed on a vessel,
such as cost and legislation which may pose constraints in the immediate
future but may subsequently be 1relaxed. in connection with development
towards automatic navigation, “research at Polytechnic South West
(formerly Plymouth Polytechnic) is underway, to maintain the vessel not
only on course but also on track. To undertake this, more than just
positional information is required by the autopilot. That is, in particuiar,
velocity feedback in the two dimensions of surge and sway and rate of
turn are necessary in order to stabilize the system. While such
measurement devices are available they are rarely found in commercial
shipping due tc financial constraints. To overcome the problem of providing
the appropriate measurements, the use of Kalman filtering techniques may
be adopted. Research in this area has been underway for a number of
years and Dove [3]} has shown the concept of Kalman filtering as applied
to marine navigation; combining state estimates from measurements with
those from a mathematical model. This has further been investigated by
Miller [4].

The overall aim of the work is to investigate, design and develop an
integrated navigation and collision avoidance system -to provide advice to
the master of the vessel. This is a wide spectrum to cover and invoives
two full time research staff. A schematic diagram of the system is
shown in figure 1.

The system will;

i) interface to the ship's navigational aids,

i)  perform the mathematical model computations,

iii) perform the filter computations,

iv) display an electronic chart showing ship status, desired track
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must be capable of representing a wide range of ship types and
configurations, machinery and propulsien/steering devices. The many
different types of mathematical model can generally be olaced under one
of four headings. namely;

i) Input-Quiput relationship model,
i) An holistic model,

iii) A force mathematical model,
iv) A modular manouevring model.

Recently a study has been undertaken as to the type and complexity of
the required model for the proposed integrated navigation system. The two
types looked at in detail are the holistic model and modular mancuevring
model.

The holistic model
This type of model is highly formal and systematic. It treats the

hull-water interface as a black box and models the system as a complete
entity. It is based on the premise that a manoeuvre is a small
perturbation from an equilibrium state of steady forward motion at a
nominal service speed. It has been used successfully for the simulation of
ship manoeuvres by the application of rudder control by Strom-Tejsen [8]
and in a modified form has been applied to engine manceuvres by Crane
(9] and Eda [10], despite the fact that such manoceuvres can hardly be
described as small perturbations. Dand [11] describes this type of model
as;

" A model which performs satisfactorily when taken as a whole, but does
not allow individual elements to be changed readily as the design is
changed.”

The modular manoeuvring model

Current research on ship manoeuvring modelling tends to favour this type
of model. The Mathematical Model Group (MMG) of the Society of Naval
Architects of Japan, first published a paper describing a model of this
type in 1978 [12]. This was subsequently followed by various papers on
the subject [13-14], and a further refined meodel in 1984 to simulate
various ship manoeuvring motions in harbour [15]. Research in Germany,
by Oltmann and Sharma [16], is based on the modular concept, as is the
modular manoeuvring model developed at British Marine Technology Ltd
(BMT) between 1983 and 1984.

A modular manoeuvring model is one in which the individual elements, such
as the hull, propeller, rudder, engines, and external influences, of a
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manoeuvring ship are each represented as separate interactive modules.
Each module, whether it relates to hydrodynamic or control forces or
external effects is self-contained. The modules are constructed by
reference to the detailed physical analysis of the process being modelled.
The system. as a whole is then modelled by combining the individual
elements and expressing their interaction by other physical expressions.

The equations of motion for a modular manceuvring model are generally
expressed by;

mL)-mrv:XH+XF+Xp+XE
mv'—mru:YH+YF+YE+YE" (1)
IF= N+ N +N +N

where the suffixes H, P, R and E denote components of hull, propeller,
rudder and external forces.

The medel arranged in this way lends itself to a number of applications.
For example it allows research on one particuiar module and the effect
that module has on the system model as a whole. This is invaluable when
trying to determine the effect of various rudder areas on the manoeuvring
performance of a vessel. Previousiy, a series of captive model tests had
to be wundertaken to select octimal rudder area. Advances in any
particular field of related research can be incorporated into a module and
into the system as a whole without having to alter other system modules.
Other advantages of this approach are the expansion facilities it ailows. In
addition to the modules shown in equation set (1) extra modules can be
employed. to simulate bow thrusters and stern thrusters for example.
Hence the model can be tailored to suit a number of applications and
such effects as ship to shore and ship to ship interaction can be
investigated. Gradually a very sophisticated model incorporating all of the
more specialised attributes can be developed.

MODEL FORMULATION AND SIMULATION

Tha study involved the simulation of a number of different vessels,
however, to show the adaptability of the models the paper will show the
simulation results for two completely different vessels;

i) 278000 dwt tonnage tanker,
i) 2000 tonne converted dredger engaged in the European ccastal
trade.
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The different models used in the study were;

i) Linear holistic - 3 degrees of freedom,

- 4 decrees of freedom,
i) Non-linear holistic - 3 degrees of freedom,
iii)  Modular - 3 degrees of freedom.

A description of each model follows along with example plots. A
comprehensive range of results can be found in ref [17].

Linear holistic - 3 degrees of freedom

A floating bedv can move im all six oescrees of freedom of motion -
translation along three orthogonal axes and rotation about each of the
three axes - surqe, sway, heave, roll, oitch and yaw. Although werk nhas
been carried out on six degree of freecom models [18], it is not usual
for a vesse! 1o be represented by ai six equations. The eguations
describing ship motions in the horizonta! plane, which typically covers the
most practical needs of ship simulators, are a particular case of the
general equations of the six degrees of freedom, and are therefore
reduced to surae, sway and yaw. The eauations are further simplified if
the origin of the ship co-ordinate system is selected to coincide with the
mass centre of the vessel. The 3 degree of freedom linear holistic model
is of the simplest possible form derived from Abkowitz [19]. This type of
model performed reasonably well when rudder movements were relatively
small but when performing a complete turning circle the results were
inaccurate. For exampla, the linear model generally has turning circle of
approximately half that of the ship beinc modelled.

Linear holistic - 4 degrees of freedom

It was decided to expand the equations to include a fourth degree of
freedom, namely roll [20]. Results are shown for the 2000 tonne
converted dredaer in figs 2-3.

The results obtained were not an improvement over the 3 degree of
freedom medel and it was decided at this stage not to use the 4 degrees
in the modular model. The roll equation would be required if the navigation
system was ever to be installed in a long thin warship or perhaps, on
smaller craft where roll influences a turning manoeuvre.

Non-Linear Holistic Model

The Ship Control Group at Polytechnic South West has used this mode! in
past research. The selection of the important non-linear terms were made
by reviewing the work of Sirom-Tejsen, Lewison [21], Gill [22-23] and
Eda and Crane [24]. The non-iinear functions of the control parameters
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The simulated resuits cobtained were comparable with the full scale trials
results. Simulations were carried cut at varying depths and with wind and
tide influences. It was noted that on some simulated turning circles and
Kempf manoeuvres, the model tended to respond slowly to rudder
alterations, particularly to rudder angle alterations. This aspect of the
model performance is being investigated in the next phase of the research
programme,

CONCLUSION

The ultimate aim of the research into modelling at Polytechnic South West
is to develop an adaptable model that can be implemented into the
navigation system onboard any vessel. The reauirements of the
specification is to be able to input the principal dimensions of the vessei
and calculate the hydrodynamic coefficients for the model without sea
trials, hence keeping initial cost down. Without doubt the model that is
most practical and accurate is the modular type model. Its adaptability is
shown by the allowance of a new propeller being fitted with a new pitch;
by inputing the new dimensions manually through a keyboard, the propeller
module would be re-calculated. zltering the model without sea trials.

the majority of the hydrodynamic coefficients can be cerived adequately by
various analytical means. The surge terms can be found using a program
adapted from the work by Holtrop et al [33]. The linear acceleration and
velocity components for sway and yaw can be caiculated using such
formulae as that developed bv Clarke [34]. The cropeller and rudder
modules can be found as outlined earlier. The problem coefficients are the
third order huil terms, and investigations are in progress. to discover the
relationship between their value and the principai dimensions of the vessel.
Tnese terms are at present evaiuated from physical model tests or sea
rials.

The investigation into the different levels of complexity of the model
showed inaccuracies in the simple linear model. The navigation system will,
however, require two levels of model for two distinctly separate tasks:

i) The more complex non-linear modular form is required to model
the vessel in the navigation system.

i) A simple iinear form represents the target vessel in the ACAS
element of the system. It is intended to include a number of
models representing cifferent vessel categories; on detecting a
target vessel on the ARPA, the system will plan its own
manoeuvre taking due account of the estimated manoeuvring
capabilities of the target vessel.
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A simplified protoype system is fitted onboard the Polytechnics’ research

vessel

and encouraging results are being obtained. The model in use at

present will need to be expanded to simulate;

i)

i)
iii)
iv)
v)
vi)

Vil

slow speed operations of a vessel in the pilotage phase of a
voyage, '
stopping in narrow channels,
ship handiing procedures in an emergency,
anchoring procedures,
manoeuvring in shallow water,
berthing,
) use of bow and stern thrusters.

This section of work is central to the overall research at the Polvtechnic.

It is i

ntended to improve the model in use on the research vessel, so

that the software can be tested under operationa!l conditions. The

complete integrated navigation system will ultimately be fitted in the

vessel,

displaying the required data on VDU's, thus creating a central

navigation console.
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ABSTRACT

The paper commences with a very brief review of electronic navigation aids, and shows
how the advent of larger less manoeuvrable VLCC's and faster container ships led to a
requirement for more accurate position fixing and course keeping. [t continues by tracing
the development of integrated position fixing systems as being essential components of an
automatic feedback system to guide the vessel safely from port to port.

The paper goes on to .discuss the use of small powerful microcomputers in the
integrated navigation and position fixing systems which started to appear in the early
eighties. It will show the developments which have led to the use of real time computer
programmes, with the digital computer at the heart of a sophsticated guidance system
which controis the actions of propellers, thrusters and rudders to keep the vessel
automatically on track, or on station at a fixed location.

The paper will conclude by giving examples of the use of automatic control and quidance
systems in specialist ships such as Dynamic Positioning vessels used in -the offshore

industries.



Introduction.

The safe passage of a ship from port to port is the responsibility of the Master, who
must use his skills and experience to ensure safe navigation. That none of these skills
have been lost is shown in numerous feats of navigation which are frequently reported by
the media. So why does the mariner need electronic navigation aids, integrated navigation
systems, adaptive autipilots and other systems dependent upon the. power of the
microprocessor? Is there an argument for increased automation on the bridgé'? There are
several factors which suggest that there is a requirement for moves in this direction,
without compietely eliminating the mariner from the command loop. This is the case in
avionics, where the pilot retains ultimate control of his aircraft, even though automatic
navigation and landing systems are being installed in the latest generation of airliners. It
would be reasonable to suppose that the travelling public would wish this to continue, and
the very existence of automatic systems on the flight deck allow the aircrew to
undertake their tasks more efficiently.

Although modern land based marine electronic navigation systems are capable of fixing a
vessels position to 50 metres at their best, coverage by many of these systems is
restricted to small coastal areas outside of which accuracy i steadily reduced. Modern
satellite navigation (Transit) can qive a fix anyv»;here in the world to an accuracy of 100
metres, but satéllite passes are infrequent, with up to four hours between fixes. The
second generation satellite systern (GPS) is gradually becoming available and will give
compiete coverage with high precision, but will this level of accuracy be made available to
the commercial operator? The autopilots currently in use on ships simply maintain a
vessel on ccurse in the open sea. Whilst the technclogy is available to navigate an
unmanned ship between ports, avoiding other vessels, with weather routeing and piloting,
will the legislation be available to allow such developments, and is this what the operateor
and the public reguire?

Brief Survey of Marine Electronic Navigation Systems.

There is a Chinese legend that the Emporer Hoang Ti, who reigned about 4300 years
ago, succeeded in persuing his enemy through a thick fog with the aid of a directional
device. But Dr Joseph Nedham [1] suggests the earliest development of a compass in
China, or anywhere else in the world, is no earlier than 1088 AD. The sextant and
chronometer foliowed at much later dates, and these three were virtually the only
instruments available to the mariner up to the turn of the century. After the development
of wireless teleghraphy by Marconi and others it was soon realised that the early aerials
used had cirectional properties and that this phenomenon could be used to obtain a
bearing. There followed a period of much ingenicus work. by such pioneers as Marconi,
Bellini and Tosi, and Round, to name but a few. The development of flight gave an



entirely new emphasis to the importance of navigation, and by 1914 radio direction finding
systems, [2] , and the radio compass [3] were available. Air navigatiocn between the two
world wars was largely concentrated on developing radio beacons as the counterparts of
marine buoys and lighthouses. This period and the rapid developments of radio navigation
during World War 2 have been well documented by R V Jones [4] and many others.

The development of modern electronic navigation systems dates from the period
1939-1945. It was to meet the exacting demands of World War |l, writes Fennessy [5],
that a dramatic phase of development took place. This development was to form the
basis of many of the systems in use today. The direct measurement of range using
electromagnetic waves dependé upon accurate measurement of the time taken taken for
the radio signal to travel from transmitter to receiver. Prior to the development of
frequency standards and atomic oscillators such measurement for a ship to shore system
was impractical and hence the early systems tended to measure the difference in time of
arrival of two radio signals, so that position fixes were related to hyperbolic position
lines. The Loran system was an early example of such a system. Loran A was developed
in the U.S.A. and was in use in World War il. In the United Kingdom naval scientists
developed what was tc become known as the Decca Navigator. Both Loran A and the
Decca Navigator were in commercial use scon after the end of World War II. Since 1945
the use of electronic navigation aids has steadily increased; whilst in the period since
1870, with the appearance of minicomputers and microprocessors and the decreasing
costs of electronic eguipments, the growth has been more spectacular. In particular
there has been a vast increase in the use of electronic navigation aids by small craft
navigators . )

There are two distinctly different satellite navigation systems available to the mariner.
The first, known as Transit or NNSS (Navy Navigation Satellite System) was developed to
the requirements of the US Navy and has been commercially available since 1967. Each
satellite transmits at 150 and 400 MHz and the shipboard receiver measures Doppler
shift to determine the relative velocity between satellite and receiver. Use is made of
hyberbolic navigation and transferred position line principles to determine the ship's
position so that only a single satellite is required for a fix. A single frequency receiver is
adequate for most marine navigational purposes, but for highly accurate position fixing a
dual frequency receiver is required. Such uses include hydrographic survey, land survey
and the accurate positioning of off-shore platforms.

By 1975 a number of individual systems were thus available to the commercial operator.
Each had its inherent advantages and disadvantages, so that no single system was
completely satisfactory for navigation in all phases of a voyage. The Omega system, for
example, provides world wide coverage, but is insufficiently accurate for inshore
navigation. The Decca Navigator, or Decce Navigation System (DNS) as it is now being
called, will provide accurate position data near the centre of a chain, but its accuracy



falls off with increasing range, due mainly to skywave interference. The Transit Satellite
System is sufficiently accurate for survey work, provided a two frequency receiver is

used, but the time between satellite passes makes it unsuitable for coastal navigation in

most cases.

The 1980's have seen the development of the second satellite system, known as Navstar
or Global Positioning System (GPS). The original specification was for the needs of the
US Airforce because Transit is of little use for aircraft navigation. The advent of GPS
may make all other position fixing systems redundant as it will give continuous 24 hour
world wide cover with a high degree of accuracy. The advent of high accuracy crystal
oscillators has enabled the system designers to produce a receiver which will give a
direct measurement of range. Not all the satellites are yet in orbit and the development
of the system was severely retarded by the American shuttle disaster. |t might therefore
be well into the 1980's before GPS is fully operational for commercial use. Public access
will be provided by the Standard Precision Service (SPS) at a reduced accuracy of 100
metres .for 95 per cent of fixes. The exclusively military system and the deliberately
introduced degradation of accuracy will thus have some drawbacks. It is worth
mentioning at this stage that the USSR Glonass satellite system will have approximately
the same level of accuracy as GPS. Despite the global coveragé and accuracy of GPS
and Glonass, a number of European organisations see the need for alternative civilian
satellite based: navigation aids [8]. »

A typical fit in a merchant ship would now comprise a gyro compass with autopilot and
repeater compasses, electromagnetic, pressure and/or Deppler log, Decca Navigation
System or Loran C, together with Omega and/or Transit Satellite Navigation System.
Increasingly there will be a demand for GPS, backed up by a standby system such as
Loran C. This would give the navigator reasonable world wide coverage and sufficient
accuracy for most of his needs. Radar, autoematic radar plotting aid (ARPA) and direction
finder would also be fitted. DNS and Loran yield comparable accuracies in the primary
coverage areas. However, for coverage of a given area fewer Loran than Decca stations
are required, giving lower operating costs for the latter. Unfortunately the basic
accuracies of DNS, Loran and GPS are in many cases inadequate. A further point which
needs emphasis. is that high risk transports require a degree of integrity which cannot
be provided by any of these systems separately Thus, even when GPS is fully
operational, there will still be a need for alternatives.

The advent of GPS has led to a great deal of debate in Europe, and at least one
conference, sponsored by the iInternational Association of Lighthouse Authorities (JALA) in
1887, to discuss the need for a Eurcopean back up system for GPS. One viewpoint being
put forward is to extend the Loran coverage to those parts of European and
Mediterranean waters not already covered, and to phase out the Decca chains. However
there are a large number of small craft Decca users, including increasing numbers in the
marine leisure industry. Accerding to industry estimates, Dahi [7], some 100,000 DNS



receivers will be installed In leisure craft by 1990; with a further 30,000 Transit or
Loran receivers, 'Iargely in the Mediterranean. It may thus be difficult to easily phase out
any of these systems. Political, nationalistic and financial considerations will undoubtedly
govern the final choice of an adequate back up system, rather than sound technological
judgements .

Factors In the Development of Autornatic Navigation.

The period 1945 to 1960 saw little change except that radars, electronic position fixing
systems, and autopilots became more widely fitted in merchant vessels. There was also
a move away from the towed log to electromagnetic and pressure logs. The 1960's saw
the advent of twin radars, twin gyros, and dual channel steering systems, for obvious
safety reasons, but there were no new concepts between 1945 and 1970.

By 1970 however it had become apparent that the advent of large VLCC's and fast
container ships operating in increased traffic density, would require modern navigation
systems. These demands, coupled with the dramatic achievements in the world of
electronics, paved the way for the systems available today, but before deaiing with them
it is necessary to consider the requirements of the shipowner and the preblems

associated with the develcpments.

Ship owners and operators have, by the very nature of their business, been conservative.
Tradition dies hard and there were ncne of the incentives which faced the aircraft
industries in 1845, Ship design was stable,” diesel engines were being widely fitted,
equipment was largely satisfactory and efficient, and there were no spectacular disasters
such as those which dogged the development of the world's first commercial jet airliner,
the De Haviland Cemet. Things remained that way for twenty years or more; perhaps this
was a factor in the decline of European shipbuilding and ship operation, although it was
by no means the major or only factor in this decline.

But by 1870 problems had started to arise. There was a widely held view that
international shipping was not operated as safely as it might be, with the result that
more accidents occurred than were acceptable. To the extent that even well found ships
were not being equipped with the aids available to them, it could be argued they were
being developed in advance of their demand. Furthermore advanced navigation aids were
expensive, compared with the more traditional systems available, and there were no
definable standards against which to measure improvements in safety. There were a
variety of position fixing systems available, but none was completely acceptable,. Some of
the reasons for this have already been mentioned in this paper. There were; and still
are, difficulties in retaining high calibre trained staff at sea. There was, and still is, a
decrease in job satisfaction. Furthermore the huge oil price increases in the early
seventies were a major factor in increased operating cests, leading to a need for cgtmal
cperation of ships. Increasing traffic density, particuierly in waters such as the Straits of






established that in the ten years between 1973 and 1982 0.084 per cent of trading ships
were lost due to collisions. Marine accidents usually take the form of collisions or
groundings and 90 per cent ot them occur in coastal waters. Such occurances have been
reduced with the establishment of traffic separation zones, but it is not possible teo
establish these in all areas. Human error is almost invariably a factor, usually in the
form of negligence, ignorance of the International Regulations for the .Prevention of
Collisions at Sea or improper use of equipment. It has been suggested [111 that B5
percent of marine groundings and collisions are due to human error, perhaps giving
substance tc the case for improvement of navigation and guidance systems for marine
vehicles.

The problems which began to emerge in the 1970's may be divided into two distinct
areas, namely the docking and anchoring of large displacement vessels, and the handling
of large and fast vessels through restricted waters. An additional probem is associated
with the emergence of oil and gas platforms and their siting in waters frequently used by
trading vessels. |

- The docking problem was largely one of considering the ship's momentum. Limiting the

momentum for a 250,000 tomne ship means the approach speed can only be ten percent
of that for a 22,000 tonne ship. Put another way jetty damage was increasing with
vessel size, and many port authorities were forced to employ permanent repair gangs for
repair of jetties. The demand for decreased approach speed gave.extra problems to
Masters and Pilots. For example a normal person cannot sense a yaw rate of less than
0.005 degrees/second (3 degrees/minute). A major factor in -solving this problem has
been the development of Doopler Sonar and Radar devices, which are normally sited
ashore. They measure the vessel's speed as she approaches the berth, after which the
information is transmitted to the master and pilot. When the vessel is being manouevred
into her berth the bow and stern speeds are measured, from which the 'operator can
obtain the overall approach speed and yaw rate of the vessel.

One of the facters associated with the full speed problem was the emergence of too
much data on the bridge, so that one man was increasingly unable to handle the
increased information flow, whilst undertaking all the other duties required of the Officer
of the Watch (OOW}, For example he might have several sensors on the bridge, giving
him heading {gyro compass), water speed (pressure log), ground speed (Doppler log),
collision avoidance information (ARPA), navigational data (X band and S band radars), and
positionai information (Decca and Loran). The second factor also concerns the vessel's
momentum. Large vessels at speed have large momentum and hence require long stopping
distances and large diameter turning circles. This all requires more sea room at a time
when the vessel's increased draft means the ship may have less space in which to
manouevre .



The Use of Microprocessors on the Bridge.

Target plotting and tracking was very primitive in the 1950's and 1960's, and consisted
mainly of the use of chinagraph pencils to mark a special reflection plotter, which is a
detachable optical system, mounted on the front of the screen, and on which the position
of other ships is plotted. With larger and faster ships came the demand that the OOW
started plotting each target earlier; he was also required to plot more targets; a task
which became increasingly difficult. All of this led to the development of Collision
Avoidance Systems, (CAS), which were the first navigation aids to use micro computers
and which led to the first integrated navigation systems in use at sea. These were later
to be called Automatic Radar Plotting Aids. Essentially ARPA means interfacing the radar,
or radars to a digital computer, which has software programs to solve the collision
problem for a number of targets, and to present these solutions to the operator in a
form, or forms, which can be easily and quickly interpreted. in order to calculate the
true course and speed of each target then "own ship” speed and heading must also be
inputs to the computer program. For collision avoidance speed througiﬁ the water is
required, because the international collision regulations require the give way' vessel TO
ACT ON THE HEADING OF THEZ TARGET, AND NOT HER TRACK OVER THE GROUND.
This entails the use of a pressure or electromagnetic log. However, if the software is to
be used for navigation, then speed over the ground is required; this may be obtained
from a 2 axis doppler log input to the computer. There are of course other methods
available to find the ship's speed over the ground.

Once the computer was accepted as part of the bridge equipment, designers wished to
use it for other navigational tasks. In the eariy 1970's the idea of interfacing navigation
aids such as Decca and Loran were explored. ‘With the advent of Transit further
suggestions were made, and at least one developer produced an integrated system which
not only integrated the navigational aids, but produced an output to control the steering
through the autopilot, but the idea did not fully catch on with ship owners. Perhaps this
was due to the conservatism referred to earlier. These concepts are illustrated in Figure
2.

While the completely integrated bridge system has not found favour in commercial trading
vessels, single system deficiencies have led to the development of sytems in which the
manufacturer has attempted to combine two or more receivers in to one equipment. For
example Racal Marine Electronics have produced the MNS2000, which combines the
Decca Navigator, Loran-C,. Transit and Omega, while Sage and Luce [12] describe the
use of a Kalman filter to combine Omega and Transit, or Omega and Loran. Many of
these more sophisticated integrated navigation systems use techniques which have spun
off from space navigation.















The variety of applications in which DP is being used: include drilling and coring, pipelaying
and pipe covering, diving support, remotely operated vessel (ROV) support, mining and
trenching, semisubmersibles - including floatels, muilti purpose vessels, supply, standby,
rapid intervention, firefighting, survey and research vessels, and offshore loading tankers.

The major elements of a DP system are thus the sensors, which give position and
heading, an optimal control and filtering system, and the thrusters, propellers and rudders
to maintain the demanded position and heading. A simple description of a typical system
follows, as it illustrates all the salient points of a completely automatic navigation and
guidance system.

A Dynamlc Positioning System.

To ensure a high degree of accuracy, position and heading data are filtered to minimise
random errors and the best estimates are then fed to the controller, where they are
compared with . the demanded values. Signals are then sent to thrusters, rudders and
main engines to ensure that the vessel is retained in the corect position at the correct
heading. It is priority in DP systems to correct heading before allocating thrust to
correct positional offset. This is particularly true for keeping head. to wind in bad
weather conditions. To further increase the system performance the wind force and
direction is measured and fed forward as an input to the system.

Kalman filters require a mathematicai model of the vessel. The known inputs which drive
the system are also fed to this rnatherﬁatical model. These are usually based upon
Newton's laws of motion, and for DP ships, the model is often split into two parts,
namely. high and low frequency models. The low frequency model is able to estimate wind,
current and wave forces, the vessel dynamics, the thruster forces and moments, and the
intertaction effects between thrusters, hull and current flow. The high frequency model is
used in -obtaining estimates of the wave motion. The two parts of the model are then
combined to give the total vessel motion in three degrees of freedom. The model outputs
are then compared with the measured noisy values of position and velocity. The resulting
differences are multiplied by the filter gains and fed back to appropriate parts of the
model. The outputs from this optimisation process are the best estimates of position and
velocity available. These values are the inputs to the controller. They are compared with
the demanded values in order to establish the position and velocity errors. A block
diagram of the filter is shown in Figure 6.

If the Kalman filter is allowed time to acquire sufficient history of both variances and
weightings then the best estimate of the position and velocity becomes sufficiently
accurate to allow direct useage in the computation of thrust commands. In other words
no actual sensor input is nsccessary for a limited period. This is a very important
advantage of Kalman filtering techniques in the advent of sensor failure. It is standard
practice for DP operators to activate the system thirty minutes prior to commencement
of operations to allow the filter to stabilise.






Referring to Figure 6 the ship is guided by the use of the control vector (namely the
action of rudder, thrusters and engines) to counter the disturbances such as wind and
tide. As the vessel moves noisy measurements of position and velocity are obtained. The
noisy measurements are filtered using an optimal filter to produce the best estimates of
position and velocity. These estimates are used as inputs to the optimal controller, which
produces new values for the control vector, thus completing the feedback loop.

Conclusions

The operators of today's ocean going and specialist vessels have numerous electronic aids
available. The traditional role of each navigation aid has been one of a stand alone unit
with the mariner, by his experience and training, coordinating the data from all the
sources available to him in order to optimise vessel performance. As casualty statistics
indicate however, when under stress or at times of peak work load, he may be a poor
coordinator of information available, particularly when that information is from a number
of different sources. The development of automatic navigation will therefore continue with
evolution rather than revolution being the key. In West Germany, Japan, the Netherlands,
the United Kingdom and France, projects have been undertaken on the
"ship-of-the-future”. These projects were largely attempts to optimize design, operations,
maintenance, investments and energy consumption against the criteria of costs efficiency
and safety. Not all of these studies have been successful, and not all of the conclusions
have been in favour of increased automation of the navigation process. Automation today
is not a question of whether a process can be automated, but whether it should be,
taking into consideration various human factors. It is perhaps highly questionabte whether
total systems safety is always enhanced by allocating functions to automatic dév'sces"
rather than to human operators [20].

Despite these findings there has been much progress. The Scandinavians require
exceptionally high standards for automation in their luxury cruise ferries operating
between Stockholm, Turku and Helsinki. These waters consist of a maze of islets which
are ice-infested throughout the Baltic winter. During the course of a normal passage,
ships may be required 1o make as many as 120 course alterations without significantly
reducing speed [21]. As a direct result of this Krupp- Atlas developed the NACOS 25
navigation and cormmand system, one such system is fitted on the bridge of Viking Line's
Athena [22]. This is a development of the NACOS20 package developed by Krupp Atlas
as part of its involvement in the West German Schiff der Zukunf (ship of the future)
project and is a most sophisticated systemn. There are two radars with slave displays, a
map storage system for the intended routes, an integrated echosounder, an adaptive
track pilot, a nautical information display and doppler log.

Perhaps one of the most advanced integrated systems offered on the market place at



present is from Sperry Marine. Although at present international regulations only permit
cne man operation of vessels during daylight hours, and then only under certain
conditions, the system bhas been approved by Det Norske Veritas for operation by only
one person on the bridge day and night. Nine months ago the system was fitted on an
84000 dwt product carrier Petrobulk Mars, since then two sister ships, Petrobulk Jupiter
and Petrobulk Zaria, have also been delivered with the system fitted [23]. Central to the
integrated system is the ‘touchscreen’ controlled Rasterscan Collision Avoidance Radar
(RASCAR)/ARPA. This is interconnected to the ADG autopilot, and a Voyage Management
Station, all integrated by Sperry Marine's own Seanet Token Ring Data Network, which, in
the event of a malfunction of one processor, does not make the whole system

inoperative.

The majority of integrated systems are manufactured by a sole company and use all their
own equipment; one drawback with this is that an operator might feel that the complete
package does not offer all he may require. This is the feeling of the West German firm
Anschutz whoes philosophy is 1o integrate equipment from other manufacturers for which
the shipowner may have a preferance; this is useful for companies who may not offer a
complete integrated system. One such company is Kelvin Hughes who do not at present
offer an integrated navigation system based on their latest rasterscan ARPA, the Concept
range. They deo however realise this potential as the Concept series are equiped with
standard interfaces capable of displaying 'navigation data and machinery data and could be
part of a highly advanced bridge. Concept radars/ARPA are of the new generation type
capable of carrying on screen map diagrams; once entered maps are maintained correctly
in true motion by speed log input and by successive position fixes fed in from Transit,
GPS, Decca, Loran-C or Glonass receivers via an RS423 interface to NMEA 0183
standard protocol.

in conclusion then it would seem that the specialist operators such as those engaged in
offshore and survey operations are prepared to go for a completely automated navigation
and guidance system, whilst the ferry, cruise liner and cargo operators are concentrating
on developing ergonomic bridge designs with only a degree of automation in such
functions as the autopilot, coupled with integration of two or more navigation aids.
However manoceuvring vessels in confined waters is a very feasible application of DP. For
example a vessel fitted with a cheap but reliable DP system would be able to forego the
use of tugs. DP has established itseif firmly in the offshore industries and will take an
ever increasing role in this sometimes harsh environment. There is then a great deal of
room for expansion In dynamically related operations which include enhancement of
existing operations, together with abp!ications of DP techniques to vessels in restricted
waters and in the deep oceans where the next generation of offshore exploration will
take place.

_16_
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ABSTRACT

This paper discusses marine autopilots from the conventional
‘proportional-integral-derivative’ (PID) through to adaptive and ‘linear quadratic gaussian’
(LQG) controllers. It goes on to show some of the economic aspects which have
stimulated research and development in this area of ship guidance. Rudder roll
stabilisation is briefly considered.

In conclusion the paper considers some of the research currently being undertaken at
Polytechnic South West, which is directed to automatic track keeping.



Introduction

The 1990's. will be an unpfecedented era for navigation particularly with the phésing in of
the man made constellation called GPS (Global Positioning System). The anticipated 24
hour global coverage and the accuracy of GPS will bring the concept of automatic
navigation closer to reality._ . ’

Autopilots are well established navigation aids in modern commercial and military shipping;
in their basic form they will maintain a ship on course in the open seas. However, will
either technology or legislation allow a marine vessel to sail unmanned from port to port?
This would include automatically piloting the vessel out of a harbour, avoiding floating and
submerged obstacles on route, weather routeing and piloting the vessel into another -
harbour. Undeniably futuristic? Indeed, the Ship Control Group at Polytechnic South West
(formerly called Plymouth Polytechnic) has been undertaking research for many years in
related areas such as high precision navigation, control and guidance of marine vehicles,
mathematical modelling, weather routeing, automatic collision avoidance and control in port
approaches. The immediate goal! of the group is to produce a system that will assist the
mariner as fully as possible.

Conventional Autopilots

Few ships of any size are built today without an autopilot. Shipowners recognize this
equipment as an investment with a return on capital for many reasons. These include
reduced manpower, improved fuel econo'my, accurate course keeping and less -wear on
machinery.

Automatic ship steering was introduced many years before control theory was applied to
the design of autopilots {synonymous with autohelm or gyropilot). In 1922 both Minorsky
(1] and Sperry [2] produced papers on automatic devices. Minorsky treated the problem
of automatic steering mathematically, whereas Sperry considered it as a practical
problem invoiving a gyrocompass. Both papers contributed towards the development of the
modern autopilot. '

Very early autopilots were based on mechanical construction and were able to provide
rudimentary control of the rudder; today it is known as ‘proportional’ control. It is so
called because the rudder is moved by an amount proportional to the heading error.
Proportional control was adequate for the guidance of small craft such as torpedoes but
unsatisfactory for the steering of large ships. This type of control would cause the
vessel to continue to oscillate either side of the required course and the steering gear
would be censtantly hunting to keep the ship on the correct mean course. The vessel
would eventually reach its destination but excessive wear in the rudder gears and



abnormally high fue! consumption restricted their use as course keeping devices. Both
Minorsky and Sperry were aware of this problem. Early autopilots had other problems.
For example, the hydraulic telemotor unit, a device used to control the movement of the
rudder, was reported to malfunction because of a leakage [3] and an electrical system
now replaces this device.

The controller concept since 1922 has hardlj altered; developing technology only changed
the hardware of autopilots from purely mechanical devices to electronic systems. Until
the late 1970's most autopilot manufacturers used a control system based on the angular
displacement, mentioned above, to control the course of the vessel. |t was assumed that
the ship had already developed a course error before -the rudder was moved to correct
the error. Certain vessels, such as oil tankers, were becoming very large. In 1980
Patterson [4] showed how this system worked satisfactory for course stable ships, but,
proved to be unsuccessful on the very full tanker forms. A more appropriate method is
to monitor the angular acceleration of the ship and use this as feedback to control the
steering gear. However, almost all conventional, marine autopilots by 1980 were usually
based on the simple ‘proportional-integral-derivative’ (PID) controller systems. Such
systems take a signal proportional to the error between the actual and the desired
course as the controlling input. This heading error signal is als'o.electronic'altly integrated
producing integral control and differentiated producing derivative control data. The
proportional, integral and derivative control signals are electronically blended together to
produce a single control signal. To keep the ship on course, proportions of each of these
three signals can be adjusted manually by a control panel containing three electrical
potentiometers. Attempts to keep the ship on course were normally performed by trial
and error: in fact this was one of its major criticisms. Nevertheless, PID autopilots do
maintain a straight line course through the action of the ships rudder. In this respect,
the composite control signal of PID autopilots was far superior to the single signal
associated with proportional controlled autopilots.

Conventional, PID autopilots require manual adjustments to compensate for changes in the
ship’s environment; settings are seldom optimal for that ship. Adjustments for variations
such as waves, wind and currents are tedious and time consuming. Furthermore,
autopilots perform badly in rough seas as analysed for example, by Blanke in 1981 (5].
On such occasions manual steering has frequently been Used in place of the autopilot, yet
such circumstances require the use of automatic control, Further problems arise because
of changes in the dynamics of the ship; for instance variations in the speed, draught or
water depth. This explained the growing interest towards autopilots that could
automatically adjust or ‘adapt’ themselves to these changes.









account for changes in weather, water depth and changes in the ship loading condition. A
useful side effect of mathematical modelling is the ability to predict the path of the
actual ship.

Research has been undertaken into the effects of the ship's natural yaw action in relation
to the course to be steered. It has been found that a straight course is not necessarily
the most economical and the ship's natural yaw action should not be smcothed out. The
added resistance due to steering on a straight course has been analysed by Norrbin [14].
Disturbance levels and load conditions were shown by Astrom [15] to be factors.in this
process; adaptive control can minimize this loss. Reduced drag leads to fuel savings and
speed increase; fuel savings of 1-3% and speed increases of 0.5-1.5% were observerved
by Amerongen in 1984 [16]. The speed increases were mainly due to smoother rudder
movements. Consequently, there would also be less wear and tear of the steering
equipment, reinforcing the advantages of adaptive control. Earlier in 1979 Kallstrom et al
(171 also confirmed a reduction in drag and the corresponding economic benefits of
adaptive steering for tankers. Recently, Katebi and Byrnme [18]1 suggested an autopilot
using the LQG (linear guadratic gaussian) approach. It too minimised the added resistance
due to steering. Additionally, an improvement in the course keeping performance in all
weather conditions is suggested.

The 1980's have seen continuation of the work of the late 1970's. Emphasis is on the
production of a generation of autopilots with energy saving capabilities. The availability of
relatively inexpensive, fast digital microcomputers, the development of modern adaptive
control and optimal theories has given the impetus to produce more sophisticated
controllers. Thus, marginal savings in fuel consumption and accuracy in steering will
continue to improve. Autopilot design in the future will continue to improve steering
characteristics through the use of accurate filtering and modelling, and the improvement
of both hardware and computer software.

Rudder Roll Stabllisation

A relatively recent development is where an autopilot is not only used to control the
heading of the ship, but is used to reduce the roll motion as well. The rudder roll
stabilisation (RRS) system has been mentioned in a number of recent papers [19-23]. On
vessels such as ferries and naval ships as well as control of the heading, it is necessary
that roll motion is reduced. Conventional roll reduction systems include passive and
anti-passive rolling tanks and active and non-active stabilising fins. In general the control
systems of these devices (if required) are designed without attention to the Interaction
with the heading control system. A possibility being investigated and indeed being used in
the Dutch Navy is to use the rudder alone for contrelling both the headina and reducing
roll. This system offers advantages as it saves investments in expensive traditicnal roll
siabifisation techniques while it requires only mcderate additional investments in the



steering machine for the rudder. As a further advantage it may save fuel because the
additional resistance caused by large rudder motions is only present when the roll
reduction is really wanted. Fins give resistance whether they are in use or not.

Economic Aspects

In tracing the development of the marine autopilot, mention of some of the perceived
economic benefits and implications would appear nececsary to augment the technical
discussion. In this respect, in viewing the autopilot operations of course changing and
course keeping, it is the latter which in the main offers energy saving prospects. Here,
the development of the adaptive autopilot has provided. a particular milestone in improving
course keeping. That is, as well as benefits provided through reduced marual adjustment
compared with ‘conventional’ autopilots, the adaptive autopilot is able to steer the ship
more economically. As previously mentioned, Amerongen in 1984 in applying model
reference adaptive control {MRAS) to the automatic steering of ships pointed, in addition
to safer operation, to decreased fuel costs of between 1-3%. Of course, the actual cost
savings depend upon the price of fuel and today's fuel price stands at roughly what it
was some 15 years "ago. Thus, the economic benefits would not be as great as say in
1979-80 when a significant rise in fuel cost occurred and the fuel bill could occupy as
much as 55% of all operating costs (excluding Capital costs) depending upon the type of
vehicle and the mode of ocperation in the closed, semi-closed and the open market
sectors. However, although the competitive edge provided by fuel saving devices has been
blunted to some extent by reduced cost of fuel in the past few years it is interesting to
note that Amerongen in 1886, referred to the fact that the value of 3% in fuel savings
was still enough to repay the investment in less than one year.

In turning to the present day scene, and the energy saving capability of autopilots, Katebi
in 1988 referred to adaptive autopilots based on thé optimisation of a cost function which
represents the energy used in maintaining a set heading. The cost function should ideally
represent the added resistance due to steering and the elongation of distance sailed
effects, due to sway and yaw motions. However, it would appear that many of the
existing autopilots contain pcor models of added resistance and that their validity has
been questioned by Clarke [24]1 and Reid [25]. In fact the minimisation of these cost
functicns for adaptive autopilots may, it would appear, actually increase fuel consumption.
Katebi [18] proposed an autcpilot which would minimise the added resistance due to
steering and additionally improve the course keeping performance in all weather
conditions. This involved formulating a dynamic cost function optimised in a stochastic
‘Linear Quadratic Gaussian’ framework. This is the so called 'LQG adaptive autopilot’ and
it will be interesting to see a quantification of economic benefits compared with existing
adaptive autopilots.

Finally, looking to the near future, it is expected that marine autopilot development will



move towards advanced track prediction and track keeping systems. Research has been
directed towards this aspect at Polytechnic South West. This has been stimulated in part
by consideration of the perceived economic benefits in reducing the distance sailed. This
benefit was underlined by Meek [26] when it was estimated in a computer cost/revenue
sensitivity study on a Panamax vessel that a 2% reduction in distance steamed was
equivalent to reducing the crew cost by 10%. This involved the use of discounted cash
flow techniques to generate NPV (Net present value) and RFR (Required freight rate) in
order to quantify the relative merits of various savings in both operating and first cost
factors and was of course pursued at a time of very high fuel cost. Mever the less, this
emphasised the importance to operators of shaving every possible nautical mile off a
voyage by more accurate position fixing and more precise navigation as well as by track
keeping referred to here. It is planned shortly to quantify the economic benefits which
may be facilitated by the track keeping system developing at Polytechnic South West. An
outline of this research programme is provided in the closing sections of this paper.

Research at Polytechnic South West

Development of a production system for fully automated ship control probably lies well
into the future. The technology exists but there are other considerations governing the
instrumentation installed on a vessel such as cost and legislation which may pose
constraints in the immediate future. However, these may subsequently be relaxed. In
connection with development towards automatic navigation, research at Polytechnic South
West is underway to maintain the vessel not only on course but also on track. To
undertake this, more than just positional information is required by the autopilot. That is,
in particular velocity feedback in the two dimensions of surge and sway 'together with
rate of turn are necessary in order to stabilize the system. While such measurement
devices are avajlable, they are rarely found in commercial shipping due to financial
constraints. To overcome the problem of providing the appropriate measurements the use
of Kalman filtering techniques may be adopted. Research in this area has been underway
for a number of years and Dove [27] has shown the concept of Kalman filtering as
applied to marine navigation; combining state estimates from measurements with those
from a mathematical model. This has further been investigated by Miller [281.

The overall aim of the work is to investigate, design and develop an integrated navigation
and collision avoidance system to provide advice to the master of the vessel. This is a
large spectrum to cover and involves two full time research staff. A schernatic diagram
of the system is shown in figure 3. It will;

i) interface to the ship's navigational aids,

i) perform the mathematical model computations,

i) perferm the filter computations,

iv) display an electronic chart showing ship status, desired track and infermation

on target vessels,






its present level and is this figure accurate now that we are seeing the models of added:
resistance being questioned? When considering the economic benefits of a track keeping
system. thére can be no denial that savings will be made by reducing sailing distance;
however, the question of how much saving still remains.

Figure 1 showed the development of -autopilots: and asks the question what is next? The
work being undertaken at Polytechnic South West and at many other institutions in the
world will add another dimension to autopilots with the development of automatic
navigation and guidance systems. These are descirbed in a companion paper to this one
[29] and explain the concept of an automatic track keeping system to guide the vessel
along a predetermined track. The addition of an automatic collision avoidance package will
further enhance the system; perhaps we are closer to the unmanned ship than we would
care to think!! ‘
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