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SAMENVATTING 
 
 
Gedurende de laatste tien jaar is er een toenemende belangstelling voor het onderzoek 
naar stuurautomaten voor schepen. De komst van traag reagerende, voor de mens lastig te 
sturen schepen, en vooral de stijgende brandstofprijzen hebben dit onderzoek gestimu-
leerd. Kleine en goedkope digitale computers bieden voorts de mogelijkheid om moderne, 
optimaliserende en adapterende regelstrategieën toe te passen in de praktijk. 
 
Een relatief eenvoudig wiskundig model van het stuurgedrag van een schip is de basis 
voor het ontwerp van een adaptieve stuurautomaat. Vergelijking met andere in de litera-
tuur beschreven modellen toont aan, dat dit model, ondanks zijn eenvoud, een aantal ver-
schijnselen goed beschrijft. Verder moet aandacht worden geschonken aan de 
verstoringen die het sturen beïnvloeden, zoals wind en golven. 
 
Voor het optimaliseren van het stuurgedrag is, naast een wiskundig model, een criterium 
noodzakelijk. 
 
Twee verschillende stuurmodes kunnen worden onderscheiden: koersveranderen en 
koershouden. 
 
Tijdens het koersveranderen blijkt het gewenst te zijn om met constante draaisnelheid, of 
eventueel met een constante draaicirkeldiameter van koers te veranderen en zonder door-
slingering op de nieuwe koers te komen. Wat de gebruiker betreft is het voldoende als 
slechts de draaisnelheid instelbaar is; aan andere instelknoppen heeft hij geen behoefte. 
 
Tijdens het koershouden is het soms gewenst om zeer nauwkeurig te sturen, bijvoorbeeld 
in nauw vaarwater. Meestal echter is de stuurnauwkeurigheid niet erg belangrijk, maar 
wel het sturen met minimaal snelheidsverlies, waarbij uiteraard ook het minimaliseren 
van de koersfout een rol speelt. Het blijkt dat dit in een eenvoudig kwadratisch criterium 
is uit te drukken. Naast het vinden van de optimale regelaarinstellingen, blijkt het nodig 
om snelle roerbewegingen te onderdrukken. Deze hebben nauwelijks positieve invloed op 
het stuurgedrag en leiden tot extra weerstand en slijtage aan de stuurmachine. Bij het op-
timaliseringsprobleem zijn niet alleen zuiver technisch-economische factoren van belang. 
Ook de wensen van de gebruikers spelen een rol. Met behulp van een enquête onder offi-
cieren van de koopvaardij en de Koninklijke Marine werd hierin inzicht verkregen. Bij 
koershouden blijkt voor de gebruiker eveneens een instelknop voldoende te zijn om te 
kunnen kiezen tussen nauwkeurig en economisch sturen. 
 
De in gebruik zijnde stuurautomaten vereisen voor het beïnvloeden van het stuurgedrag 
onder wisselende omstandigheden de instelling van twee of drie parameters van een PID-
regelaar en de instelling van een begrenzer en een dode zone. Dit aantal instelknoppen is 
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te groot en bovendien hebben deze knoppen geen duidelijk verband met de hierboven 
geformuleerde wensen van de gebruiker. Daarom dient de eigenlijke regelaarinstelling te 
worden geautomatiseerd door toepassen van een adaptieve regelaar. 
 
De automatische adaptatie van de beschreven stuurautomaat is vooral gebaseerd op de 
theorie van de model referentie adaptieve systemen (MRAS). Vanuit de basistheorie wor-
den structuren afgeleid waarmee een optimaal gedrag onder wisselende omstandigheden 
kan worden gegarandeerd. Bij koersveranderen kan MRAS worden toegepast voor directe 
adaptatie van de regelaarparameters. Bij koershouden wordt MRAS gebruikt voor de 
identificatie van de parameters van een wiskundig model, waarmee optimale regelaarin-
stellingen kunnen worden uitgerekend. Ook het probleem van het onderdrukken van 
hoogfrequente roerbewegingen blijkt hiermee op een elegante wijze te kunnen worden 
opgelost. De regelaarinstellingen worden niet alleen met MRAS aangepast, maar wat va-
riaties in de scheepssnelheid betreft, tevens door een vooruitsturing van de snelheidsin-
formatie. 
 
Met de ontworpen adaptieve stuurautomaat zijn naast een groot aantal experimenten in 
een simulatie-opstelling, diverse ware-grootte-proeven aan boord van drie verschillende 
schepen en een serie proeven met een schaalmodel in een sleeptank uitgevoerd. Bij deze 
proeven lag het accent vooral op de mogelijkheden van de adaptieve automaat tot brand-
stof besparing. De metingen op zee, verricht bij zeetoestanden van 2-4 geven indicaties 
voor een brandstofbesparing van ongeveer 0,5 procent voor achterinkomende golven, en 
ongeveer 3 procent voor voorinkomende golven. Deze besparingen worden bereikt bij 
vergelijking met een goed ingestelde conventionele stuurautomaat. Tijdens de model-
proeven werden in hogere zeetoestanden (5-7) nog grotere besparingen gevonden. 
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SUMMARY 
 
 
During the last ten years there has been an increasing interest in the research on autopilots 
for ships. The introduction of sluggishly reacting VLCC’s which are, especially manu-
ally, difficult to steer, and the rising fuel prices, in particular, have stimulated this re-
search. Small and inexpensive digital computers enable practical application of modern, 
optimal and adaptive control strategies. 
 
A relatively simple mathematical model of the ship's steering dynamics is a basis for the 
design of an adaptive autopilot. Comparison with other models which are described in the 
literature shows that this model, despite its simplicity, gives a good description of a num-
ber of phenomena. Besides, attention has to be paid to the disturbances which influence 
the steering behaviour, such as wind and waves. 
 
For optimization of the steering performance not only a mathematical model but also a 
performance criterion is necessary. 
 
Two different steering modes can be distinguished: course changing and course keeping. 
 
During course changing it appears to be desirable to turn to the new heading with a con-
stant rate of turn, or possibly with a constant turning radius. The new heading should be 
reached without overshoot. The possibility to adjust the rate of turn is the only setting 
required by the user. 
 
During course keeping sometimes very accurate steering is required, for instance, in re-
stricted waters. However, usually the steering accuracy itself is not important, but rather 
minimization of the loss of speed due to steering. For the latter minimization the course 
error plays a role as well. A simple quadratic criterion can be derived to measure the 
steering losses. Besides optimization of the controller gains, suppression of fast rudder 
motions is essential because they have hardly any positive effect on the steering behav-
iour. They only cause extra drag and wear of the steering machine. The optimization pro-
cedure is not only based on purely technical and economical factors but on the 
preferences of the users as well. An inquiry among officers of the Royal Netherlands 
Navy and the merchant marine has provided insight into their wishes. One setting, the 
selection between accurate and economical steering, appears sufficient for the users dur-
ing course keeping. 
 
Present autopilots require adjustment of two or three parameters of a PID controller, as 
well as adjustment of a limiter and a dead band in order to obtain the required steering 
behaviour under changing circumstances. The number of settings is too large and these 
settings do not bear a clear relation to the above-mentioned requirements of the user. 
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Therefore, the controller settings themselves should be automatically adjusted by means 
of an adaptive controller. 
 
The automatic adaptation of the autopilot described is mainly based on the theory of 
model-reference adaptive systems (MRAS). From the basic theory, structures are derived 
which realize an optimal performance under varying circumstances. During course chang-
ing MRAS can be applied to direct adaptation of the controller gains. During course keep-
ing MRAS is applied to identification of the parameters of a mathematical model which 
can be used to compute optimal controller gains. It appears that the problem of suppress-
ing high-frequency rudder motions can be solved simultaneously in an elegant manner. 
The controller gains are not only adjusted by means of MRAS, but for variations in the 
ship's speed, by gain scheduling as well. 
 
The adaptive autopilot designed was tested by means of a great number of experiments 
with a simulation set-up, various full-scale trials with three different ships, and a series of 
scale-model tests in a towing tank. During the experiments the main emphasis was put on 
the fuel-saving potential of the adaptive autopilot. The full-scale trials, with sea states 
between 2 and 4, indicate possible fuel savings between 0.5 percent, for following seas, 
and 3 percent for head seas, compared with a well-adjusted conventional autopilot. Dur-
ing the model tests, in higher sea states (5 to 7), even higher savings were found. 
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1 INTRODUCTION 
 
 
 
 
Steering of ships, which is, especially on long straight tracks and in bad weather 
conditions, a dull and fatiguing job, has already been automated a long time. As early as 
1922 Minorsky and Sperry reported on automatic steering devices, a time when there was 
hardly a control-theory basis. 
 
The early autopilots of a pure mechanical construction provided only a very simple 
steering action: rudder was given proportional with the heading error. To prevent an 
oscillatory behaviour, a low controller gain had to be selected which made the autopilot 
useful only during course keeping, in situations where a relatively small accuracy was 
required. 
 
The introduction of a PID-algorithm greatly improved the potential performance, and 
until recently all makes of autopilots were based on this algorithm. Although later the 
replacement of the purely mechanical devices by electronic equipment made the 
autopilots more flexible, from a system's engineering point of view, hardly any progress 
was made. 
 
The main disadvantage of these PID-type autopilots is that they are difficult to adjust 
manually. The number of controller settings is too large and there is no clear relation 
between the settings and the operational demands or the environmental changes. This 
implies that in practice their use is limited to course keeping in open sea at normal 
cruising speed. In this situation the steering behaviour remains approximately constant 
and adjustment of the controller is not very critical, as long as fuel economy is 
disregarded. 
 
In recent years there has been a growing interest in the design of autopilots, brought about 
for several reasons. 
 
– The sharp rise in fuel prices in the period since 1973 has made it profitable to invest in 

energy-saving systems. Because of the growing relative importance of the fuel costs it 
will be worthwhile to investigate the fuel-saving potential of an improved course-
control algorithm. 

– The increased traffic density at sea demands more accurate steering, not only during 
course keeping at cruising speed but also at lower and varying speeds and during 
course changing. New steering modes are needed to facilitate the steering in situations 
where manual control is still required at present. In these situations the officer of the 
watch should not be bothered by difficult procedures necessary to adjust the autopilot. 
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Therefore, the autopilot has to be simple to adjust and should have self-adjusting 
properties as well. 

– The tremendous growth in the size of ships, resulting in the very large crude carriers 
(VLCC's) of several hundred thousand tons with steering properties which make them 
difficult to handle, has also necessitated improved controllers. 

– The theory for optimization and automatic adjustment of controller settings is 
presently being more and more applied to different fields. It is a challenging problem 
to apply it to ship steering as well. 

– The decreasing cost and size of digital hardware makes it possible to economically 
realize controller algorithms which until shortly required large and expensive 
computer capacity. 

 
In recent years a large number of publications about new autopilot designs has appeared. 
Various algorithms have been proposed to give these autopilots optimizing and self-
adjusting (adaptive) properties. It has also stimulated the research on criteria needed to 
define "optimal steering performance". 
 
Autopilots based on the theory of model-reference adaptive systems have been reported 
by Honderd and Winkelman, 1972, Van Amerongen and Udink ten Cate, 1973, 1975, 
Van Amerongen and Van Nauta Lemke, 1978, 1979, and Van Amerongen, 1980, 1981. 
 
Designs based on self-tuning regulators have been described by Kallstrom et al., 1977, 
1979, Kallstrom, 1979, Brink et al., 1978, and Tiano et al., 1980. 
 
Automatic hill climbing has been used by Schilling, 1976 and Reid and Williams, 1978. 
 
A design based on on-line identification of a stochastic model has been proposed by 
Ohtsu et al., 1976, 1978. Another design based on on-line identification has been reported 
by Herther et al.,1980, 
 
Monitoring of the environmental conditions as a basis for adjustment of the autopilot has 
been described by Oldenburg, 1975, Sugimoto and Kojima, 1978, and Kanamaru and 
Sato, 1979. 
 
Steering criteria were discussed in several papers presented at the symposium on Ship 
Steering Automatic Control, 1980, by Van Amerongen and Van Nauta Lemke, 1980, Van 
Amerongen et al., 1980, Kallstrom et al., 1980, Clarke, 1980, Broome et al., 1980 and 
Kasahara et al., 1980. Earlier publications on this subject were written by Koyama, 1967, 
and Norrbin, 1972. 
 
This thesis describes the design of an adaptive autopilot which can be easily adjusted and 
which automatically optimizes the course-changing and the course-keeping performance. 
The objective is to realize this optimal performance without needing to introduce a lot of 
expensive extra sensors or extensive modelling. That means that the autopilot should be 
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realized at not much more cost than that required for installing a conventional autopilot. 
The adaptive autopilot is mainly based on the theory of model-reference adaptive 
systems. 
 
The following three chapters provide the theoretical background required to design such 
an autopilot. Chapter 2 deals with mathematical models describing the ship's steering 
behaviour as far as it is relevant. Models for disturbances acting on the ship will also be 
given. 
 
Chapter 3 discusses the requirements for optimal steering in different operational 
situations. It will be shown that conventional PID-type autopilots cannot meet these 
requirements. 
 
Chapter 4 starts by giving the theoretical background for designing an adaptive system. In 
particular the theory of model-reference adaptive systems (MRAS) will be discussed in 
some detail. Emphasis will be given to the design of an adaptive autopilot. It will appear 
to be necessary to modify the basic design of the adaptive controller because of the non-
linearities and disturbances which are present in a practical system. 
 
In chapter 5 the realization of the algorithms in a digital computer is described and the 
results obtained with this prototype are given. The fuel-saving potential of the adaptive 
autopilot will get special attention. After extensive simulation several full-scale trials and 
scale-model tests have been carried out. 
 
Finally chapter 6 gives conclusions and suggestions for further research. 
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2 MATHEMATICAL MODELLING 
 
 
 

2.1   INTRODUCTION 

A mathematical model that describes the dynamics of the process to be controlled is es-
sential for the design of a controller and for the evaluation of its performance by simula-
tion. The required complexity of a model depends on the purpose for which it is to be 
used. A rather complex model will be required when it has to be used for the prediction of 
the effects of different alternative constructions on the steering performance. Such models 
are especially of interest to shipbuilding engineers. These types of models, based on phys-
ical laws, require extensive knowledge of the phenomena involved and their mutual rela-
tions. These models could be used for the design of a controller as well: when a ship's 
steering behaviour and the influence of all kinds of disturbances on the steering behaviour 
are exactly known, a relatively simple controller can be constructed. 
 
However, this necessitates a lot of modelling and parameter identification, which is ex-
pensive and has to be repeated for each different ship. In general, in control engineering a 
different approach is being used: the controller design is based on a relatively simple 
mathematical model that only describes the most important dynamics. But it is kept in 
mind that this model is not exact and that its parameters may vary. This leads to the de-
sign of more complex controllers that are able to maintain a good performance when the 
process dynamics or the disturbances change. A slightly more extensive model than that 
used for the controller design will be necessary for simulation purposes: to test the con-
troller designed. A model based on physical laws may be a good starting point for deriv-
ing a simple model, suitable for controller design. This approach will be further 
considered in Section 2.2. 
 
A totally different approach is to base the model on the measured response of the system 
to suitably chosen test signals, applied at the input of the system. In general this black box 
approach will lead to simple models whose parameters may be estimated during normal 
operation as well. 
 
The best results may be expected when a mixture of these two approaches is applied. 
From the more complex structures simplified models may be derived. The validity of 
these models can be verified with the aid of full-scale measurements. Full-scale meas-
urements may also be used to estimate the parameters of the model. In Section 2.3 trans-
fer functions will be given, which can be derived by this approach. Section 2.5 deals with 
parameter identification from full-scale measurements. 
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In the following chapters the course control loop will be further investigated. This means 
that the transfer between the actuating signal, the rudder angle, and the variable to be con-
trolled, the ship's heading is of major importance. In principle this is a single-input, sin-
gle-output system (SISO). Other variables that play a role in ship's steering are then 
classified as disturbances (figure 2.1), which can be subdivided into two categories: 
 
– disturbances that influence the parameters of the transfer function (multiplicative sig-

nals) 
– disturbances that can be considered as additional input signals (additive signals). 
 

 
 

Fig. 2.1  SISO model 
 
Some of these disturbances are ‘real’ disturbances, not controllable in any way, while 
others can be influenced, but their control is determined by other control loops; they have 
a parasitic effect on the course-control loop. In table 2.1 some disturbances that are im-
portant for ship's steering are given according to this classification. The boundaries be-
tween the various categories are rather vague: a signal that mainly influences the transfer 
function may have its influence as an additive signal as well. 
 
Table 2.1 Classification of ‘disturbances’ 
 
 not directly  

controllable 
 
 

controllable 

influencing the 
transfer function 

I  - depth of water 
     - load condition 
     - trim 
 
 

II  - ship's speed  
   or  
 -. thrust 

Additional 
inputs 

III   - wind 
       - waves 
       - current 

IV      - stabiliser fin  
   angle 

 
In the following the influence of stabilizing fins (category IV) will not be further ana-
lyzed. As far as they influence the ship's motions in the horizontal plane they will be con-
sidered as disturbances of category III. Mathematical models of wind and waves 
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(category III) will be discussed in Section 2.4. It will also be shown that with respect to 
control of the heading current does not play a role and may thus be neglected. The not-
directly controllable variables (category I) such as depth of water, load condition and trim 
will not be explicitly modelled in order to keep the modelling procedure simple. Vari-
ations in these variables will cause variations in the parameters of the mathematical 
model of the system. By means of automatic adaptation and on-line identification their 
influence will implicitly be taken into account in the controller adjustment procedure. 
 
Because the ship's speed, or thrust (category II), has a great influence on the steering dy-
namics it makes sense to model it explicitly. This leads to a model with two inputs: rud-
der angle and thrust, and two outputs: heading and ship's speed. There is another reason 
to consider the ship's speed as a second output signal. In designing an optimal autopilot, 
an important criterion will be that the steering process must cause minimum loss of speed. 
In figure 2.2 this idea is illustrated. The two different ways to treat thrust variations are 
indicated by the dotted line. 
 

 
 

Fig. 2.2. Signals of interest in a course-control system 

2.2  MATHEMATICAL MODELS BASED ON PHYSICAL LAWS 

To analyze a ship's dynamics it is convenient to define a coordinate system as indicated in 
figure 2.3. The ship's center of gravity G is chosen as the origin of this ship-fixed coordi-
nate system and the axes of symmetry are chosen as x-, y- and z-axes. 
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Fig. 2.3 The ship-fixed coordinate system 
 
In the most general case there are six degrees of freedom: motions in the x-, y- and z-
directions as well as rotations around these axes. For surface ships, however, it is com-
mon practice to consider only motions in the horizontal plane. This reduces the number of 
degrees of freedom to three: 
 
– motions in the x-direction (‘surge’) 
– motions in the y-direction (‘sway’) 
– rotations around the z-axis (‘yaw’) 

 
In figure 2.4 and table 2.2 the coordinates and variables that play a role in the modelling 
process are defined. 
 

 
 

Fig. 2.4  Definition of motions in the horizontal plane 
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The basic equations of motion are obtained by writing Newton’s laws in a space-fixed 
coordinate system. 

 (2.1) 

 (2.2) 

 (2.3) 

To determine the influence of forces and moments directly acting on the hull of the ship, 
a ship-fixed coordinate system is more convenient. Transformation of equations (2.1) - 
(2.3) yields 

 (2.4) 

 (2.5) 

 (2.6) 

where X and Y are the summations of all the forces in the x- and y-directions, which act 
on the hull of the ship and N is the moment caused by these forces. It is not easy to de-
termine the relationship between X, Y and N and all the variables involved. 
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Table 2.1 Definition of variables 
 

   space-fixed coordinate system 
  ship-fixed coordinate system 

  course angle or heading 
  rate of turn or course-angular velocity  

  rudder angle 
  drift angle 
  ships center of gravity 

  instantaneous speed vector 
  speed in forward direction 
  drift or sway speed 

  forces in the - or - direction 
  forces in the x- or y- direction 

N  moment with respect to the z-axis 
m  mass of ship 

  moment of inertia with respect to the z-axis 
 
In general, approximations are made by writing, for example, 

 (2.7) 

Expansion of this equation into a Taylor series yields 

  (2.8) 

where the small variations are denoted as u, and so on. 
  
When the ‘hydrodynamic derivatives’ are denoted as, for instance, 

 (2.9) 

 equations (2.6) and (2.8) can be rewritten into 

 (2.10) 

Similar expressions can be written for the equations (2.4) and (2.5). 
 
By taking into account the symmetry of the ship the equations can be simplified. The 
complexity of the model further depends on the phenomena to be described. For small 
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variations linear models suffice, but for large signals the models have to be extended with 
non-linear terms. 
 
A simple linear model has been suggested by Davidson and Schiff, 1946; Gerritsma, 
1980: 

 (2.11) 

 (2.12) 

Assuming the forward speed constant, the equation in the x-direction vanishes. Although 
this model is relatively simple it is still difficult to estimate its parameters from full-scale 
trials. Use of scale models in a towing tank enables the hydrodynamic derivatives to be 
measured independently of each other (see, for instance, Motora, 1973). The viscosity of 
the water, which is the same at full scale and at model scale, introduces errors and there-
fore the accuracy of this method is limited. 
 
When the expansion of the Taylor series is carried out further and non-linear terms are 
introduced as well, a much more complex model is obtained (Abkowitz, 1964). Although 
this model enables the description of quite a lot of phenomena of interest with respect to 
steering, its complexity makes it unattractive for the purpose of designing a controller. 

2.3   TRANSFER FUNCTIONS 

For control purposes transfer functions are a convenient tool. Formally speaking, transfer 
functions can only be defined for linear systems, but it is common practice to combine 
linear blocks with transfer functions, and non-linear blocks into one block diagram. One 
way to derive transfer functions of the ship-steering process is to use the mathematical 
models, based on physical laws, of the former section. 
 
In the following the definition of positive rudder angles will be chosen anti-clockwise in 
order to obtain a positive gain in the transfer functions. 
 
Thus 

 (2.13) 

where  was defined in figure 2.4. 

2.3.1  The models of Nomoto 
Nomoto, 1957 has proposed two simple linear transfer functions based on the model of 
Davidson and Schiff (eqns. (2.11) and (2.12)). The limitations of Nomoto's model are 
similar to the limitations of the original model. Because the forward speed is assumed to 
be constant the model is only valid for constant thrust and small rudder angles. 
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Eliminating the sway velocity v in eqn. (2.12) yields (see Appendix) 

 (2.14) 

or, after Laplace transformation: 

 (2.15) 

The parameters of this model can be expressed as functions of the hydrodynamic deriva-
tives of eqns. (2.11) and (2.12). 

 (2.16) 

 (2.17)  

 (2.18) 

 (2.19) 

 (2.20) 

Because one of the poles is nearly cancelled by the zero, eqn. (2.15) can be simplified 
into 

 (2.21) 

with 

 (2.22) 

The simplicity of this model makes it attractive. For a large class of ships it gives a rea-
sonably accurate description of the course-keeping behaviour. 

2.3.2  The model of Bech 
Because of the assumption of mean constant forward speed, the models of Nomoto are 
only suitable for small rudder angles. Another phenomenon that cannot be described by 
these linear models is the effect of ‘course instability’. 
 
The course stability of a ship could be defined as the stationary heading error remaining 
after a temporary disturbing moment. When a ship is course unstable there is no new sta-
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tionary heading, but a stationary, constant rate of turn. This turn can only be stopped by 
an appropriate (counter-) rudder angle. The equilibrium at zero rate of turn is thus unsta-
ble. By measuring the static relation between the rate of turn and the rudder angle , 
course instability can be demonstrated. In figure 2.5 so-called spiral characteristics for a 
course-stable and a course-unstable ship are shown. 
 

 
           course stable              course unstable 

 
Fig. 2.5  Spiral characteristics 

 
To omit the hysteresis loop it is convenient to describe the rudder angle as a non-linear 
function of the rate of turn (Bech, 1968). 

 (2.23) 

Plotting the rudder angle that is necessary to maintain a certain rate of turn yields the re-
versed-spiral characteristic described by . Examples for a course-stable and a 
course-unstable ship are shown in figure 2.6. 
 

 
        course stable             course unstable 
 

Fig. 2.6  Reversed spiral characteristics 
 
Bech and Wagner Smitt, 1969 have proposed a model that uses eqn. (2.23) to describe the 
effects of course instability as well as the influence of large rudder angles. 
 
This model can be derived from eqn. (2.14), the second-order model of Nomoto. 
 
Bech states that some coefficients in eqn. (2.14): τ1τ2, τ1 + τ2 and K depend on the value 
of  and thus on the value of δ, while for constant thrust 
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,  and  are approximately constant. 

Dividing both sides of eqn. (2.14) by  yields 

 (2.24)     (2.24) 

Substituting  yields 

 (2.25) 

In the steady state when , it follows that , which is the formula 
describing the reversed spiral characteristic. A good approximation for the non-linear 
function has appeared to be 

 (2.26) 

A non-zero value of c0 is caused by any asymmetry in the hull, or by flow conditions due 
to single screw propulsion. Course instability results in a negative value of c1. 

2.3.3   The model of Norrbin 
Norrbin, 1963 has proposed another non-linear model by extending Nomoto's first-order 
model (eqn. (2.21)) in an empirical way. To describe large rudder angles as well as course 
instability the following model is proposed: 

 (2.27) 

where α1 = +1 for course-stable and α1 = –1 for course-unstable ships. Of course this 
model can also be extended with a constant and a quadratic term. This yields, in the 
steady state, when : 

 (2.28) 

The coefficients α 0, α 1, α2, α3 can be found from eqn. (2.26) by dividing the latter by c1. 
 
Thus 

 (2.29) 

and so on. 
 
With eqn. (2.28), eqn. (2.27) can be rewritten as: 
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 (2.30) 

2.3.4  Applicability of the various single-input, single-output models 
Block-diagram representations of the various single-input, single-output models are given 
in figure 2.7. A zig-zag manoeuvre can be used to illustrate the usefulness of the various 
models in different situations. In figure 2.8 a zig-zag manoeuvre is plotted. This is one of 
the standard manoeuvres used during full-scale trials to determine the steering behaviour 
of a ship. In Section 2.5 this manoeuvre will be described more into detail. In this section 
the potential of the various models to describe the zig-zag manoeuvre will be analyzed.  
 
It turns out that in a zig-zag manoeuvre when large rudder angles are applied, the first 
rate-of-turn response clearly differs from the others: there is an overshoot. This overshoot 
is apparently caused by the loss of speed at the beginning of the manoeuvre. During the 
following responses the speed remains approximately constant and the rate-of-turn re-
sponses are also similar. Of course these phenomena depend on the amplitudes and  
frequencies of the rudder angles that are applied. 
 
The Nomoto models that were derived under the assumption of constant speed, can be 
used to describe the steering behaviour for small rudder angles, when the loss of speed is 
negligible, and to describe the behaviour during the stationary part of the zig-zag ma-
noeuvre, where the speed remains constant as well. However, the parameters of the mod-
els are different for different rudder angles. 
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Fig. 2.7 Summary of single-input, single-output models 

 
The model of Norrbin, being of the first order, has the same limitations, but the introduc-
tion of the non-linear feedback enables a set of constant parameters to be found for all 
rudder angles. 
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Fig. 2.8 Zig-zag manoeuvre 
 
The second-order, non-linear model of Bech has the same possibilities as the model of 
Norrbin, and it is also able to describe the behaviour of the first response of the zig-zag 
manoeuvre. However, different sets of parameters will be found when describing the re-
sponses with and without overshoot. Table 2.2 summarizes the foregoing. 
 
Table 2.2 Applicability of the various SISO models 
 
+ = useful 

– = not useful 

 small rudder  
angles or  
stationary part 
of  
zig-zag 

 first part of  
zig-zag 

 course-
unstable  
ships 

 constant  
parameters  
for all parts  
of zig-zag 

Nomoto  
first order 

 +  –  –  – 

Nomoto  
second order 

 +  +  –  – 

Norrbin 
 

 +  –  +  – 

Bech 
 

 +  +  +  – 

In order to describe the whole zig-zag manoeuvre with one single model and with rudder-
angle-independent parameters, the forward speed has to be explicitly modelled as well. 
The following section deals with such models. Another reason to explicitly model the loss 
of speed during manoeuvres is that, for economic reasons, the loss of speed during auto-
pilot steering should be minimized. 
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2.3.5  The model of Van Leeuwen 
A relatively simple model that describes the loss of speed during manoeuvres has been 
proposed by Van Leeuwen, 1970. Van Leeuwen introduces the variables: 
 

 (2.31) 

 (2.32) 

 and  

 (2.33) 

where 
 
L is the length of the ship 
 
U = U0 – ΔU is the instantaneous speed 
 
U0 is the forward speed at zero rate of turn 
 
ΔU is the loss of speed 
 
ds* is the distance covered by the ship in the time interval dt, non-dimensionalized by the 
ship's length. 
 
Van Leeuwen uses the instantaneous speed U for non-dimensionalizing the variables in-
stead of the stationary speed U0, which is more commonly used. This makes it possible to 
propose the following, relatively simple, mathematical model: 
 

 (2.34) 

 (2.35) 

with 

 (2.36) 

and 
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 for course-stable and 

 for course-unstable ships. 

Van Leeuwen also gives an equation for the drift velocity, but this is not of further inter-
est for the present purpose. 
 
Substitution of eqn. (2.33) in eqn. (2.34) and eqn. (2.35) yields: 

 (2.37) 

 (2.38) 

 The output variables and U are found from 

 (2.39) 

and 

 (2.40) 

A block diagram of the total model of Van Leeuwen is given in figure 2.9. 
 

 
 

Fig. 2.9  The multivariable model of Van Leeuwen 
 
Several series of full-scale trials, described in Section 2.5, have been carried out in order 
to determine the parameters of this model (see also Van Amerongen, Haarman and Ver-
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hage, 1975; Van Amerongen, De Keizer and Verhage, 1977). However, it appeared to be 
impossible to obtain a good fit between the measured responses and the responses of the 
mathematical model. This can be attributed to the fact that, according to eqn. (2.39) there 
are no dynamics between the speed signal U and the rate-of-turn signal . 
 
Multiplying both sides of eqn. (2.37) with U/L results in a model where the input signal δ 
is multiplied with U/L instead of the output signal , and this introduces dynamics be-
tween variations in U and . 
 
This leads to the model, De Keizer, 1977: 

 (2.41) 

 (2.42) 

with H(r*) defined according to eqn. (2.36) and 

 (2.43) 

For a better fit with the experimental data the non-linear function H(u*) has been intro-
duced. A block diagram of this modified model has been given in figure 2.10. 
 
Comparing eqn. (2.30) with eqn. (2.41) shows that the latter can be considered as a gen-
eralization of the model of Norrbin. 
 
The introduction of the factor U/L enables the description, with one set of parameters, of 
the steering behaviour for various speeds and all rudder angles. The zig-ntroduction of the 
factor U/L,  is very small and  can be totally neglected. This means that, after put-

ting  equal to zero by assuming no asymmetry, eqn. (2.41) can be simplified into: 

 (2.44) 

It can be considered as a generalization of the first-order Nomoto model. This model will 
be used in the following as a basis for the controller design. 
 
For various types of ships K* and τ* have the same order of magnitude: 0.5 to 2.0. 
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Figure 2.10 The modified multivariable model 
 
For simulation purposes the model of eqns. (2.41) - (2.43), extended with the influence of 
several disturbances, will be used. It can also be extended with dynamics that describe the 
relation between the thrust, or the propeller revolutions (or on ships with a controllable 
pitch propeller the propeller pitch), and the stationary speed U0. The system of figure 2.11 
has turned out to provide a good description. 
 

 
 

Fig. 2.11   Acceleration dynamics 
 
Nomoto, 1978 describes a model, developed for use in manoeuvring simulators that is 
slightly more extended than the model described here. This model could be used for 
simulation as well. 

2.3.6  The steering machine 
The transfer functions described in the former sections give the relation between the rud-
der angle δ and the rate of turn . The actuator, which makes the actual rudder angle δ 
equal to the desired rudder angle δr set by the helmsman or the autopilot, is the steering 
machine. 
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The steering machine is controlled by a rudder-control loop that is generally part of the 
autopilot. It is primarily an on-off system. Figure 2.12 gives a simplified sketch of a two-
stage hydraulic steering machine. 
 

 
 

Fig. 2.12 Simplified diagram of a two-stage hydraulic steering machine 
 
The on-off signals from the controller open and close the valves of the telemotor system. 
When, for instance, the port valve opens the oil pressure will move the floating lever into 
the desired direction, and when the rudder-control algorithm works well, it will be 
stopped at the desired position. Supposing that the rudder itself is still in its original posi-
tion, the floating lever will be in the indicated position (b). This causes a second valve to 
open: the steering cylinder. For small displacements the valve opening is proportional to 
the error between the telemotor position and the actual rudder position. The maximum 
opening of the valve determines, together with the pump capacity, the maximum rudder 
speed. For large rudder movements this limited rudder speed dominates the response of 
the steering machine. 
 
The oil pressure in the main servo loop will move the rudder into the desired direction. 
Position feedback of the actual rudder angle δ is realized because the rudder is connected 
to the floating lever. The floating lever is in position (c) when the desired rudder angle 
has been reached. In position (c) the valve of the steering cylinder is closed again and the 
actual rudder angle δ will be equal to δt, which was made equal to the desired rudder an-
gle δr. This is a static reasoning. When the dynamics are taken into account as well, the 
block diagram of figure 2.13 can describe the system. 
 
Because the telemotor system is fast, compared with the main servo, it may be disre-
garded in a simplified model of the steering machine. Further the time constant of the 
main servo, τd, is of minor importance compared with the influence of the limited rudder 
speed. This leads to the block diagram of figure 2.14 that will be used to design the auto-
pilot. In the simulation set-up the model of figure 2.13 will be applied. 
 
 



Chapter 2  Mathematical Modelling 

 23 

 
 

Fig. 2.13  Block diagram of the steering machine  
 
The rudder limiter in figure 2.14 is either determined by the rudder-angle constraints of 
the autopilot or by the mechanical constraints of the steering machine itself. Generally, 
the maximum rudder deflection is about 35 degrees to both sides. The maximum rudder 
speed, being determined by the maximum valve opening and the pump capacity, is com-
monly between 2.5 and 7 degrees per second. The minimum value is determined by the 
classification companies’ demand that the rudder must be able to move from 35 degrees 
port to 35 degrees starboard within 30 seconds. 
 

 
 

Fig. 2.14  Simplified block diagram of the steering machine 
 

2.4   DISTURBANCES 

2.4.1  Types of disturbances 
In the preceding sections models were derived, without regard to the disturbances, which 
influence the steering of a ship. The disturbances have to be modelled as well to be able 
to take them into account during the autopilot design and in the simulation set-up. 
 
In Section 2.1 a classification of the different types of disturbances has been given. Be-
sides multiplicative disturbances, there is also a series of disturbances that are mainly ad-
ditive. Current, wind and waves belong to this class; they will be further discussed in the 
following sections. Of course there are other disturbances in this category, such as the 
influence of overtaking and meeting ships or banks. Although the latter play an important 
role for inland vessels, for sea-going vessels they are of minor importance. 
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2.4.2  Current 
Current is the major disturbance to be taken into account in navigation, but for course-
control systems it hardly plays a role. A steady uniform horizontal current causes the 
ship’s speed vector with respect to the ground to have another direction than the heading 
indicated by the compass. Therefore it plays a dominant role in track-keeping systems 
(Van Amerongen and Land, 1979). But as long as it is stationary, the current has no influ-
ence on the ship’s heading, indicated by the compass. 
 
A non-stationary current, for instance, at the entrance of a harbour, will cause a moment 
on the ship’s hull that can be modelled as a signal added to the rudder signal. This signal 
can have considerable amplitude. In these situations there are also forces acting on the 
ship. The displacement caused by these forces lies beyond the scope of a course-control 
system, because the compass is only able to measure rotations and not displacements. 

 2.4.3  Wind 
Wind is an important disturbance in a course-control system. The force Fw, caused by 
wind, depends on the direction and speed of the wind, the relevant area and shape of the 
surface on which the wind blows and on the air density. It can be described by the for-
mula 

 (2.45) 

 where 
 
ρ1 is the air density 
 
Cw (γ) is a geometrical factor, which is a function of the relative wind angle γ. It describes 
the influence of the aerodynamical shape of the surface 
 
Vwr is the relative wind speed; the speed of the wind as it would be measured on board 
 
S is the relevant area of the ship’s superstructure 
 
Vwr and γ can be found from a vector summation of the real wind vector and the ship's 
speed vector. 
 
With respect to the ship-fixed coordinate system of figure 2.3 eqn. (2.45) can be split into 
three similar equations describing the forces in the x- and y-directions and the moment 
around the z-axis. 

 (2.46) 
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 (2.47) 

 (2.48) 

where L is the length of the ship on the water line, and Swx and Swy are the areas of the pro-
jection of the part of the ship above water at planes perpendicular to the x-axis and y-axis. 
 
In the literature methods have been described to determine the geometrical factors C(γ) 
(Isherwood, 1973; Wagner, 1967). 
 
The geometrical factors can be described in a general form by the formula 

 (2.49) 

where k is an integer. 
 
From the experimental data of Wagner, 1967 it follows that a simple approximation may 
be obtained by choosing 

 (2.50) 

 (2.51) 

 (2.52) 

These approximations are sketched in figure 2.15. 

 

Fig. 2.15  Geometrical factors 
 
For a specific ship better approximations can be found, but for simulation purposes the 
equations (2.50) – (2.52) sufficiently describe the influence of wind. 
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Just as already discussed in Section 2.4.2 with regard to current, only the moment caused 
by a disturbance plays a role in course control. Thus only eqn. (2.52) is of interest for the 
following. 
 
The models given before are valid without disturbances. It will be assumed that superpo-
sition of the moments of the disturbances to the other moments is allowed. Thus the mo-
ment of the wind may be added to the moment of the rudder. This implies, for instance, 
for the first-order model of Nomoto 

 (2.53) 

 with 

 (2.54) 

For simulation purposes the amplitude  may be expressed as the maximum rudder 
angle (for 2γ = π/2) which, divided by K, is necessary in the steady state to compensate 
for this disturbance. In the other models wind can be introduced in a similar way. 
 
Equation (2.53) shows that the influence of the wind can be compensated by an appropri-
ate rudder angle. When the wind is constant this rudder angle will be constant as well. 
 
In addition to a component of the wind with a constant speed and direction there is an-
other component: the turbulence, which can be considered as a stochastic fluctuation, 
added to . 
 
In the simulation set-up, described in chapter 5, the wind can be added in two different 
ways: 
 
– a wind component calculated according to eqn. (2.54) depending on γ, and thus on ψ, 

but supposing constant speed and direction of the wind 
 
– a variable wind component, representing stochastic variations of the speed and direc-

tion of the wind. 

2.4.4  Waves 
Waves may have quite different origins and quite different characteristics (see, for in-
stance, Groen and Dorrestein, 1976). However, for the design of an autopilot it suffices to 
consider only waves generated by the wind. In general, the pattern of the waves is rather 
complex. The resulting pattern is a summation of waves with different amplitudes, phases 
and frequencies and with various directions of propagation. 
 
The description of waves can be simplified by disregarding the different directions of 
propagation: only unidirectional waves will be described. The stochastic nature of the 
waves can be taken into account by describing the waves by means of a frequency spec-
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trum. Such a spectrum can be obtained from measured data of wave motions by applying 
fast Fourier transformation. In the literature formulas are also given to analytically de-
scribe a wave spectrum as a function of the wind speed (Pierson and Moskovitz, 1964) or 
as a function of the significant wave height and the average period. An example of the 
latter is the Bretschneider spectrum, recommended by the 12th International Towing 
Tank Conference. It can be written as, Beukelman and Huijser, 1976: 

 (2.55) 

In this equation H1/3 is the significant wave height that is determined as follows: Observe 
the wave height during a certain amount of time. Rank the waves with respect to their 
height and divide this set of measurements into three parts. Determine the mean height of 
the waves belonging to the third part, which contains the highest waves. This mean height 
is the significant wave height. It appears that a human observer estimate visually about 
the same wave height. The average wave period is defined as follows (ITTC, 1981; Ger-
ritsma, 1979): 

 

where 

 

and 

 

The average wave period is approximately equal to the visually estimated wave period. 
For a fully developed sea, the result of constant wind during a long period of time, there 
are fixed relations between H1/3,  and the wind speed Vw. In the literature diagrams are 
also given for H1/3 and  as a function of Vw and the time this wind has been blowing 
(see, for instance, Groen and Dorrestein, 1976). Figure 2.16 gives some spectra, com-
puted with eqn. (2.55), for various wind speeds and for fully developed seas. 
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Figure 2.16  Wave spectra for fully developed seas at different wind speeds 
 
The influence of the wave motions on a ship can be analytically computed. When it is 
assumed that the effect of the wind on the motions of the ship is linear, superposition is 
allowed and only simple sine waves have to be investigated. The total influence is the 
result of integration over all frequencies, weighted according to the frequency spectrum. 
 
Again, forces in the x- and y-directions and a moment are found. For course control only 
the moment is important. Just as in the case of wind geometrical factors can be defined to 
deal with the shape of the hull. Another approach uses strip-theory methods. The ship is 
divided into several segments and the influence of the waves on each segment is com-
puted separately, followed by integration over all segments (see, for instance, Gerritsma, 
1966). 
 
In a simulation the influence of waves can be added in a way similar to the wind, using a 
direction-dependent factor. The stochastic character can be introduced by approximating 
the frequency spectrum by adding a series of sinusoidal signals, each with an amplitude 
according to the spectrum. 
 
In this thesis a different approach that leads to a simple description of the effect of waves 
on the ship’s motions, will be used. Instead of computing the influence of the wave mo-
tions on the ship's rate of turn, this influence can also be measured at sea. The measured 
rate-of-turn signal is composed of components caused by the rudder and components 
caused by the waves. When the ship is well controlled (see chapter 3) the motions of the 
ship caused by the rudder are of low frequency compared with the motions caused by the 
waves. They can thus be clearly distinguished in a frequency spectrum of the rate-of-turn 
signal. The frequency spectra of the rudder and rate-of-turn signals can easily be obtained 
by means of fast Fourier transformation. 
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In Figure 2.17 some typical spectra of rudder and rate-of-turn signals are plotted, together 
with a spectrum computed with eqn. (2.55) for the same sea state (sea state 4, wind  
Vw ≈ 10m/s, H1/3 = 2m, ). These spectra were measured on the R.O.V Zeefakkel 
in the North Sea, with ship’s speed of 2.5 and 6.3 m/s. The angle γ, defined as 0 degrees 
for head seas and 180 degrees for following seas, was varied during the experiments. 

 
a) ship’s speed 2.5 m/s 

 
b) ship’s speed 6.3 m/s 

Fig. 2.17  Frequency spectra of the R.O.V Zeefakkel in waves 
 
Measurements were carried out with γ = 45, 90, 135 and 180 degrees. During the experi-
ments the ship was steered by a helmsman. Especially at low speeds the rudder frequen-
cies can be seen in the rate-of-turn spectra as well. 
 
Similar frequency spectra will be obtained when a signal containing the frequencies of the 
wave-induced motions is added to the rate-of-turn signals of one of the models given be-
fore, where the disturbances were supposed to be zero. Figure 2.18 illustrates this idea.  
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Fig. 2.18  Introduction of wave disturbances 
 
The typical shape of these frequency spectra can be generated by the system of figure 
2.19. 
 
White noise with a bandwidth of 0.5 Hz is used as an input signal for a second-order low-
pass filter. This filter has a low damping ratio, z being about 0.05, and a natural frequency 
ωn, which corresponds with the peak in the measured frequency spectrum. 

 

Fig. 2.19  Simulation of wave motions 
 
The level of the noise is a function of the sea state. The peak frequency ωn  is not only a 
function of the sea state, as given by eqn. (2.55) but also depends on the ship’s speed and 
on the angle between the heading and the mean wave direction. It can be computed with 
the formula: 

 (2.56) 

where  
 
ω0 is the peak frequency in the wave spectrum 
 
U is the speed of the ship 
 
γ is the angle between the heading and the direction of the waves 
 
g is the acceleration of gravity 
  
For γ = 90 degrees ωn = ω0. 
 
This approach has as an advantage its simplicity for simulation purposes. It gives a good 
qualitative description of irregular waves. However, additional research is required to find 
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a general expression between the sea-state parameters, the ship dynamics and the param-
eters in figure 2.19 (z, ωn and the level of the white noise). 

2.5   IDENTIFICATION 

This section deals with off-line identification of the parameters of the transfer functions, 
described in Section 2.3, based on full-scale trials. On-line parameter estimation will be 
discussed later on, in relation to the autopilot design. 
 
In order to estimate the parameters of a model it is necessary that experimental data be 
collected. In general it will be necessary to use test signals, because the signals that can 
be measured during normal operation may have a low signal-to-noise ratio. 
 
For linear models a lot of identification methods are available (Eijkhoff, 1974), but for 
non-linear models ad-hoc solutions have to be developed. 
 
Åström and Källström, 1976 describe the identification of a linear model, with both the 
heading and the drift speed as output signals and the rudder angle as an input signal. The 
rudder is varied with a pseudo-random binary sequence with an amplitude of 10 degrees. 
Identification is based on the maximum-likelihood method. 
 
Thöm, 1975 describes the estimation of the parameters of the Nomoto, Norrbin and Bech 
models with a least-squares algorithm. Besides signals available during normal operation, 
turning-circle manoeuvres, to be described in the next section, have been used as well. 
For a good identification persistent excitation of the input and a high signal-to-noise ratio 
are essential. 
 
In the following an identification procedure based on the type of trials commonly carried 
out when a new ship is tested at sea is described. Section 2.5.1 describes these trials; the 
following sections deal with the identification of the parameters of the reversed spiral 
characteristic and with the identification of the dynamics, by means of hill climbing. 

2.5.1  Full-scale trials 
To determine a ship’s manoeuvring characteristics it is common practice to carry out a 
series of standard trials. Usual trials are 
 
– turning-circle manoeuvres 
– spiral tests 
– zig-zag trials. 
 
– Turning-circle manoeuvres are carried out to determine the path that a ship sails when a 
constant amount of rudder is given: for instance 10, 20 or 35 degrees. The information 
obtained by this manoeuvre, such as the turning-circle diameter, is important for normal 
navigation. When not only the path of the ship but also the rudder angle and the rate of 
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turn are recorded as a function of time, this trial is also very useful for parameter estima-
tion: it is the response of the ship to step changes of the commanded rudder angle. When 
the manoeuvre lasts long enough, for instance, by letting the ship turn 540 degrees, the 
static relationship between δ and  can also be determined by turning-circle manoeuv-
res. The procedure of carrying out a turning-circle manoeuvre is as follows: Before start-
ing the manoeuvre the ship sails a straight track until the forward speed is steady. The 
manoeuvre starts when the desired amount of rudder is given and stops when the rudder 
goes to midships again. Figure 2.20 shows the rudder, rate-of-turn and speed signals dur-
ing a typical turning-circle manoeuvre in ideal circumstances: that means no wind, no 
waves. In practice the circumstances will be less ideal. To be able to eliminate especially 
the influence of the wind the ship must turn about 540 degrees. Because of the loss of 
speed during the turning-circle manoeuvre, the ship has to sail a fixed course for some 
time afterwards, before the next manoeuvre can start. 

 

Figure 2.20  Signals measured during a turning-circle manoeuvre 
 
– The spiral test, originally meant to determine especially the course stability of a ship, 
can be used for identification as well. Because the static relation between δ and  may 
possibly be described by a hysteresis characteristic, conforming to figure 2.5, the spiral 
test is carried out according to a fixed schedule. Only small rudder angles are important 
with respect to the course stability. The following schedule could, for instance, be used: 
 
δ = –10, –8, –6, –4, –2, 0, 2, 4, 6, 8, 10 degrees 
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With each rudder angle the ship should turn, at least until a stationary rate of turn is 
reached. To measure the hysteresis loop in both directions, the trial has to be repeated for 
rudder angles going in the opposite direction from +10 to –10 degrees. 
 
Of course this fixed schedule is only important for course-unstable ships. For course-
stable ships the sequence of rudder angles is more arbitrary. Because of the small rudder 
angles applied, the spiral test takes a lot of time, and for course-unstable ships it may not 
be interrupted. Bech, 1968 has proposed modifying the conventional spiral test and carry-
ing out the reversed-spiral test. Instead of measuring  as a function of δ, the mean rud-
der angle needed to maintain a certain mean rate of turn is being measured. This leads to 
a reversed spiral characteristic, as plotted in figure 2.6. 
 
Together, the spiral test and a series of turning-circle manoeuvres provide the information 
that is necessary to draw a (reversed) spiral characteristic for the whole range of rudder 
angles. In addition, the turning-circle manoeuvres also contain information about the tran-
sient behaviour. 
 
– Zig-zag tests, especially, provide information about a ship’s dynamic behaviour by pe-
riodically varying the rudder angle. It was introduced by Kempf, 1944. It may be auto-
matically carried out with the system of figure 2.21 (Motora, 1973). 

 

Fig. 2.21  System for zig-zag manoeuvres 
 
Before the manoeuvre starts the ship sails with constant heading until its speed is steady. 
Then a certain rudder angle is given which is kept constant until the change of heading 
equals the rudder angle, or any other fixed value. At that moment the same amount of 
rudder is given in the opposite direction and so on. 
 
In figure 2.22 a typical zig-zag manoeuvre is plotted. 
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Fig. 2.22   
Zig-zag manoeuvre 

 
The rudder angle may also be varied by fixed time intervals, for instance, by means of a 
block wave generator. 
 
In order to be able to use a digital computer to handle the data, collected at sea, these data 
have to be recorded on an appropriate medium. At the time that the modelling experi-
ments were carried out for this project, analogue magnetic recording was most suitable. 
At present, storage of data in a digital format with the aid of a digital computer would be 
more convenient. 
 
With respect to the estimation of the parameters of the transfer function, the following 
signals should be continuously recorded: 
 
– the rudder angle δ  
– the rate of turn  
– the ship’s speed U. 
 
Other data, which do not require continuous registration, are 
 
– the wind: speed and direction 
– the sea state 
– the water depth 
– the number of revolutions of the propeller or the propeller pitch. 
 
The latter can be obtained from the equipment that is usually available on board. For the 
signals requiring continuous registration special sensors or interfaces have to be installed. 
 
The rudder angle can be measured by means of a potentiometer attached to the rudder 
shaft. Measuring the rate of turn necessitates the presence of a rate gyro that is generally 
not standard on board ships. 
 
Speed measurements cause the major problems. Standard speed-measuring devices are 
only accurate on straight tracks. During the experiments another method was developed 
(see Van Amerongen, De Keizer and Verhage, 1977). With the aid of two sextants it is 
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possible to get very accurate position measurements, but when the sextant angles have to 
be read out after every fix the sampling interval will be large. By attaching a potentiom-
eter to the sextants, a continuous read-out is possible. Another advantage is that the vol-
tages measured can be recorded simultaneously with the other signals, which avoids 
synchronisation problems. 
 
Later on the position can be computed from the measured angles, and by differentiating 
of the position signals the ship’s speed can be obtained. With this method useful speed 
data were obtained during turning-circle manoeuvres with the R.O.V Zeefakkel. 
 
At sea the data are recorded on an analogue instrumentation recorder. At the laboratory 
they are read into the computer and stored again, in a digital format. Then the parameter 
estimation procedure can start. 

2.5.2  Identification of the static characteristic 
The parameters of the (reversed) spiral characteristic are determined first. A spiral test 
and a series of turning-circle manoeuvres give the information that is necessary. 
 
Figure 2.23 shows a turning-circle manoeuvre as it appears on the graphic display of the 
computer. 
 

 
Fig. 2.23   
Turning-circle manoeuvre 

 
Because only the static relation between δ and  is important here, the stationary part of 
the manoeuvre is selected, and the mean values of δ and are computed. The ‘oscillat-
ing’ character of the rate-of-turn signal is caused by the wind. By proper selection of the 
part of the trial that is used for the computations it is possible to eliminate the wind influ-
ence. In order to enable interactive judgement of the result, the mean values and the selec-
ted parts are displayed again (figure 2.24). 
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Fig. 2.24  Mean values of and  
 
This procedure is repeated for all the available turning-circle manoeuvres and each rudder 
angle of the spiral tests. This yields a series of points of the spiral characteristic, or the 
reversed spiral characteristic. The latter is especially of interest for the models that were 
described before. 
 
The coefficients of the third-order polynomial that was supposed to describe H( ), eqn. 
(2.26), can be found by applying least-squares curve-fitting to the measured points. 
 
The result can be judged again at the graphic display. Figure 2.25 shows a series of re-
versed spiral characteristics computed with the above-mentioned procedure from meas-
urements with the R.O.V. Zeefakkel. The coefficients of the polynomials are given in 
table 2.3 in Section 2.5.3. 

2.5.3  Identification of the dynamics 
For estimation of the parameters that determine, together with the static characteristic, the 
transient behaviour, zig-zag trials and turning-circle manoeuvres are useful. In order to 
diminish the influence of disturbances on the results, several turning-circle manoeuvres 
should be used during the estimation process, and the parameter values found should be 
averaged. Using the part of a zig-zag trial where the speed is approximately constant 
automatically involves averaging several step responses. 
 
The identification process itself can schematically be given as in figure 2.26. The data 
measured at sea are on a data storage device. The measured rudder-angle signal is used as 
input signal for one of the models of figure 2.7. 
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Fig. 2.25  Reversed spiral characteristics of the R.O.V Zeefakkel 
 

 
Fig. 2.26   
Identification procedure 

 
The computer computes the rate-of-turn signal of this model, based on an initial estimate 
of the model parameters. The non-linear models make use of the information about the 
parameters of the static characteristic that is already available. 
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Hill climbing is used to adjust the model parameters. A simple perpendicular search al-
gorithm appears to give satisfactory results. The fit between the rate of turn of the ship 
and the rate of turn of the model is optimized by means of the criterion 

 (2.57) 

or by means of the computationally faster criterion 

 (2.58) 

where T is the duration of the whole test signal. Because the criterion is computed over 
the whole time interval T, the influence of noisy disturbances, such as waves, on the pa-
rameter values is small. 
 
This identification method has been applied to data from various ships. In tables 2.3 - 2.6 
the parameter values are given for the first-order Nomoto model, the model of Norrbin 
and the model of Bech. The Nomoto models and the Norrbin models were computed, us-
ing the second part of the zig-zag. For different rudder angles, different parameters are 
found when the Nomoto model is used. The Bech models were computed based on the 
first transient of each zig-zag trial. The Nomoto-model parameters are also given as 

 (2.59) 

and 

 (2.60) 

where L is the length of the ship and is the stationary forward speed. A similar pro-
cedure can be used to estimate the parameters of the multivariable model of figure 2.10 
from turning-circle manoeuvres. 
 
First the static relation between δ and is computed from a series of turning-circle ma-
noeuvres. The parameters of the polynomial are found again by means of least-squares 
curve fitting. This yields 

 (2.61) 

Dividing by yields: 

 (2.62) 
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(see eqn. (2.36)) 
 
In a similar way the static relation between  and can be handled. This yields 

 (2.63) 

When , ,  and  are known, only  and  still have to be estimated 
(see eqn. (2.41) – (2.43)). 
 
Hill climbing is applied again to minimize the criterion 

 (2.64) 

In figure 2.27 results that were obtained by identifying the parameters of this model for 
the R.O.V Zeefakkel are given. Turning-circle manoeuvres at two different speeds are 
shown. Figure 2.28 gives a zig-zag trial of the R.O.V Zeefakkel. No speed measurements 
were available, but the figure shows that a good fit between the measured rate-of-turn 
signal and the rate-of-turn signal of the model is obtained. 
 
The numerical values found for this model are given in table 2.3.  
 

 

Fig. 2.27   
Result of identification of the multivariable 
model 
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Fig. 2.28  A zig-zag trial described by the multivariable model 
 



Chapter 2  Mathematical Modelling 

 41 

Table 2.3   Identification results of the R.O.V Zeefakkel, length: approximately 45 m.  
The Zeefakkel has a controllable pitch propeller 

 
Norrbin models  Reversed spiral curve 

pitch 
[deg]  speed 

[m/s]  K  τ           

5  2  0.15  33  0.4  2.1  6.6  0.6  3.9 

8  2.6  0.19  33  0.4  1.1  3.7  0  2.6 

13  3.6  0.29  33  0.4  3.0  3.7  –0.2  1.1 

15  4  0.37  33  0.4  0.6  2.7  0.2  1.1 

20  5  0.50  31  0.4  1.2  2.0  0  0.8 

26  6.2  0.83  43  0.4  2.7  1.2  –0.3  0.5 

 
Nomoto models 

 δ = 10 degrees δ = 20 degrees 
pitch 

 
speed 

 

K  τ  Kʹ′  τʹ′ 

 

K τ  Kʹ′  τʹ′ 

5  2  0.11  23  2.4  1.0 0.08  17  1.8  0.8 

8  2.6  0.12  21  2.1  1.2 0.09  15  1.6  0.9 

13  3.6  0.16  18  2.0  1.4 0.11  12  1.4  1.0 

15  4  0.17  15  1.9  1.3 0.12  10  1.4  0.9 

20  5  0.20  12  1.8  1.3 0.13  8  1.2  0.9 

26  6.2  0.25  13  1.8  1.8 

 

0.16  8  1.2  1.1 
 

multivariable model 

 = 2.1  = 0.0004 

 = 1.3    = 2.0 

 = 0.00014     = 9.15 

 
Table 2.4   Identification results of the Capella, length: approximately 60 m 
 

Norrbin models  Reversed spiral curve 

Number of 
revolutions 
of propeller 

 K  τ           

110  0.3  64  2.1  –1.3  3.9  0  8.2 

160  0.6  71  1.4  0.8  1.8  –1.1  2.5 

220  0.9  56  1.1  –1.6  1.1  0.3  1.2 
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Nomoto models 

 δ = 10 degrees  δ = 20 degrees Number of 
revolutions 
of propeller  K  τ  K  τ 

110  0.09  23 0.06  15 

160  0.14  18 0.09  12 

220  0.19  12 

 

0.12  8 

Table 2.5   Identification results of a frigate, length: approximately 100 m 
 

Norrbin models 

Ship’s 
speed 
[m/s] 

 K  τ   

6  0.08  20  0.4 

9  0.18  27  0.6 

12  0.23  21  0.3 
 

Nomoto models 

δ = 10 degrees δ = 20 degrees 
speed 

 K  τ  Kʹ′  τʹ′ 

 

K  τ  Kʹ′  τʹ′ 

6  0.07  17  1.2  1.0 0.05  13  0.8  0.8 

9  0.10  16  1.2  1.4 0.08  11  0.9  1.0 

12  0.15  15  1.3  1.8 

 

0.11  9  0.9  1.1 

 
Table 2.6   Identification results of a small tanker, length: approximately 170 m 
 

Bech models 

Ship’s 
speed 
[m/s] 

          

6  0.00008  0.1  22  80  –5 

7.5  0.00011  0.1  22  31  0 

9  0.00013  0.1  22  22  1 

10.5  0.00016  0.1  22  15  2 
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Nomoto models 

δ = 10 degrees δ = 20 degrees 
speed 

 K  τ  Kʹ′  τʹ′ 
 

K  τ  Kʹ′  τʹ′ 

6  0.05  45  1.4  1.6 0.04  30  1.1  1.1 

7.5  0.06  38  1.3  1.7 0.05  24  1.1  1.1 

9  0.07  34  1.3  1.8 

 

0.05  22  0.9  1.2 

10.5  0.08  30  1.3  1.9  0.06  21  1.0  1.3 
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Fig. 2.29  Zig-zag trial 
 

 
 

Fig. 2.29  Turning Circle Manoeuvre
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3 AUTOMATIC STEERING 
 
 
 

3.1  INTRODUCTION 

In the most general sense optimal steering of a ship can be defined as: ‘Steering a ship 
from one port to another in an optimum way’ 
 
This is a complex problem because the optimum vaguely depends on several factors, such 
as the weather en route, the fuel cost, the steering performance, the safety of ship and 
load, the crew expenses, the market situation, and so on. 
 
Assuming the ship’s power to be constant during the voyage, the problem can be reduced 
to a minimum-time problem and implicitly to a minimum-fuel problem. Assuming the 
time of arrival to be fixed leads explicitly to a minimum-fuel problem. Minimizing the 
fuel consumption is increasingly important. Figure 3.1 shows the growing relative im-
portance of fuel cost since 1967 (Milch, 1980) and this tendency has not abated. 
 

 
 

Fig. 3.1  Relative importance of fuel cost 
 
But whatever the assumptions may be, the defined steering problem requires first of all 
determination of the optimal path between the two ports. Meteorological institutes offer 
services to plan the best route, taking into account the expected weather and sea state en 
route. This is called meteorological routing (see for instance Moens, 1973; De Wit, 1971; 
Heijboer, 1973). The loss of speed in bad weather and also the necessary reduction of 
thrust, due to extensive motions or accelerations, play an important role in this process. 
 
The result of this process is the optimal track, which can be considered as the input signal 
of a series of hierarchical control systems as illustrated in figure 3.2 
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Fig. 3.2  Control loops in a ship steering system 
 
Determination of the optimal track is the highest level. At the second level is the track 
controller. At present this is generally not an automatic controller. Only for small areas 
and for special purposes such as hydrographical surveying, mine hunting and dredging, 
have automatic track-control systems with a high accuracy been developed (see, for in-
stance, Van Amerongen and Land, 1979). Normally the human navigator on board takes 
care of the track control by ordering appropriate course corrections from time to time. 
However, experiments have shown that automatic trackkeeping is also profitable on a 
worldwide scale. An automatic system which continuously computes the optimal heading 
can reduce the sailing distance by 1 - 2.5 percent (Hashiguchi, 1979). 
 
Next in the hierarchy is the course control loop. In a manual control situation it is the 
helmsman who adjusts the rudder in order to maintain a certain heading. At present an 
automatic controller, the autopilot, mostly carries out this task. This thesis will concen-
trate on the design of an improved autopilot system for course control. The input of the 
course-control system is the desired course, which may be ordered either by the officer on 
duty or by an automatic track controller. 
 
The rudder control loop is at the lowest level in the hierarchy; it adjusts the rudder angles. 
Accurate control of the rudder angle is of great importance for the course control system. 
In most cases the rudder control algorithm is part of the autopilot. In the following it will 
be assumed that the rudder control loop works well and that the rudder is adjusted with an 
accuracy of 1 degree. 
 
In chapter 1 a number of reasons for designing an improved autopilot have been given. 
The primary objective is to design an autopilot that realises optimal control under varying 
circumstances. When the steering behaviour changes the controller should automatically 
adjust itself in order to maintain an optimal performance. However, the definition of op-
timal performance depends on the traffic situation, so that the crew should have a few 
settings, which can easily be understood, with which to adjust the autopilot. 
 
In the next section how optimal control can be defined under various circumstances will 
be discussed, and also which settings the user may want to adjust the autopilot according 
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to his wishes. When the structure of a classical autopilot is analyzed what the problems 
are becomes clear (see figure 3.3). 
 

 
 

Fig. 3.3  Classical autopilot 
 
A classical autopilot is basically a PID-controller whose settings have been described in 
nautical terms in the hope of facilitating the adjustment procedure by users who lack in-
sight into control theory. Besides the proportional ‘rudder’ action, the derivative ‘counter-
rudder’ action and the integral ‘automatic permanent helm’ action there are a ‘rudder lim-
iter’ and a ‘weather’ setting. The ‘rudder limiter’ limits the maximum rudder angle, which 
can be applied. This is mainly important when course changes are made, in order to limit 
the roll angle. In an indirect manner it also limits the rate of turn and the turning-circle 
diameter. The weather setting determines the width of a dead band, intended to suppress 
unnecessary rudder motions. Sometimes it adjusts, in addition, a low-pass filter as well. 
This controller should be used for course changing as well as course keeping, in restricted 
waters, where accurate steering is essential and on the ocean, where optimal fuel econ-
omy dominates. 
 
The only automatic adjustment made is that the integral action is switched off during 
course changing. In principle the settings are adjustable by the user, but in practice they 
are kept fixed and because of the varying operating conditions and varying ship dynamics 
are not kept at their optimal values. It appears that the rudder limit is the only setting, 
which has a clear meaning. Generally, the user has no idea about the relation between, for 
instance, the controller settings and the increased resistance due to yawing and rudder 
actions. As long as the autopilot keeps course reasonably it does not interest him either. 
 
In practice the use of conventional autopilots is limited to course keeping at the ship’s 
normal cruising speed. On naval ships, which constantly change course and speed, autopi-
lots are hardly used. 
 
Besides the large number of settings the controller functions themselves are not ideal. A 
rudder limiter is a primitive way to determine a ship’s turning behaviour, because, for 
instance, its effect strongly depends on the ship’s speed. The dead band, adjusted by the 
weather setting, suppresses rudder motions with small amplitude, although it is intended 
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for suppressing high-frequency rudder motions that do not have any positive effect on the 
reduction of the ship’s yawing motions. Because low-frequency errors of small amplitude 
are also suppressed, it deteriorates the course-keeping accuracy and, in combination with 
the integral action, leads to an oscillation around the desired heading, which may signifi-
cantly increase the ship’s resistance. 
 
Adaptive control techniques offer possibilities to automatically adjust the parameters of a 
controller when a criterion for the optimal system’s performance has been defined. A de-
cision has yet to be made about a few simple settings that are suitable for the user to de-
fine the optimal steering performance according to the traffic situation. The adaptive 
controller can take care of the adjustment of all the controller parameters themselves. 
 

3.2   STEERING CRITERIA 

 Two questions have to be answered: 
 
– what is the optimum performance in different circumstances? 
– how should the user be able to adjust the system when his requirements change? 
 
The answers to these questions depend not only on purely technical or economical cri-
teria. The user who is ultimately responsible for the ship must also appreciate the system. 
Therefore, in the following the results of a questionnaire among officers of the navy and 
the merchant marine will be frequently used (Prins, 1978; Van Amerongen and Prins, 
1979). 
 
Two clearly different modes of operation can be distinguished: course changing and 
course keeping. In the next two sections answers will be sought to the above questions for 
both modes of operation. 

3.2.1   Course changing 
Course changes are necessary to follow a desired path, especially in a restricted channel, 
or to give way to other ships in collision-avoidance manoeuvres. In these situations fuel 
economy plays a minor role; safety is most important. It is desirable that manoeuvres be 
carried out in a predictable way, independent of variations in the ship’s dynamics. Figure 
3.4 shows a typical course-changing manoeuvre. 
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Fig. 3.4  Course-changing manoeuvre 
 
Three phases can be distinguished: 
 
– start of the turn 
– stationary turning  ( ) 
– end of the turn. 
 
From the questionnaire mentioned above the following conclusions can be drawn: 
 
There is a difference between course changing in open seas without any ships in the 
neighbourhood, and in restricted waters or in collision-avoidance manoeuvres. There is 
also a difference between naval officers and officers of the merchant marine with respect 
to their preference for the best course-changing manoeuvre. 
 
In restricted waters and for collision avoidance both groups agree that the manoeuvre 
should have a clear start, in order to show other ships the intention of the manoeuvre and, 
for the same reason, that the manoeuvre should preferably be completed without over-
shoot. In the merchant marine overshoot is regarded as very undesirable; naval officers 
will accept a small overshoot if it speeds up the completion of the manoeuvre. 
 
In most present autopilots the ‘rudder limiter’ determines the turning speed in the station-
ary phase. The questionnaire indicates the naval officer’s preference for selecting the di-
ameter of the turning circle, and the merchant-marine officer’s preference for an 
adjustable rate of turn, especially on very large ships. 
 
In open sea many naval officers still prefer a fast manoeuvre. The merchant marine de-
sires to minimise the loss of speed in this situation. Because loss of speed is mainly 
caused by the rate of turn this can easily be realised by limiting this rate of turn. It turns 
out that the optimal course-changing manoeuvre can be described well by a step response 
with the shape of figure 3.4. From the user’s point of view the start and the end of the turn 
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do not require controller adjustment. Only the stationary phase needs to be adjustable ac-
cording to the traffic situation. When the ship’s speed is known, in the stationary stage 
there is a simple relation between the rate of turn and the turning-circle diameter. In the 
following the stationary rate of turn has been chosen as the only variable which can be set 
by the user. 
 
Realisation of the optimal response requires adjustment of the conventional controller 
settings, for instance when the ship’s dynamics change or when another rate of turn is 
selected. But this adjustment should be done automatically, by means of adaptive control. 

3.2.2   Course keeping 
During course keeping two extreme operational conditions can be distinguished. 
 
– sailing in open seas, where minimisation of fuel consumption is most important 
– sailing in restricted waters, where accurate course control is the main design goal 
 
These design goals have to be translated into a useful criterion for controller adjustment. 
 
First the problem of minimum fuel consumption with respect to steering resistance will be 
discussed. Without loss of generality it may be assumed that the thrust is constant. Then 
minimum fuel consumption implies that the loss of speed due to steering has to be mini-
mal. Attempts have been made to relate the loss of speed to the variables, which play a 
direct role in course control: ε,   and δ.  
 
Koyama, 1967 proposed the criterion 

 (3.1) 

where  
 

ε  is the course error in degrees 
δ  is the rudder angle in degrees  
λ  is a weighting factor 
and J is the percentage loss of speed. 

 
The term ε 2 represents the elongation of the distance due to course errors. The term δ 2 
stands not only for the rudder drag but for all losses caused by steering. Based on full-
scale trials and model tests, Koyama suggests values of λ of about 10. 

However, the increased resistance due to the centripetal force mainly causes the loss of 
speed, . The component of the increased resistance in the x-direction is . This 
is illustrated in figure 3.5. The term  is equivalent with the term mvr in eqn. (2.4). 
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Because the sway velocity, v, is approximately proportional with , it follows that, when 
v and  are in phase: 

 (3.2) 

The increased resistance due to turning may thus be expressed as a function of . 

 
 

Fig. 3.5  Increased resistance due to turning 
 
Because Koyama only wants to put a penalty on  in so far as it is caused by steering 
(and thus not on the components of  caused by disturbances) he adds these losses to the 
rudder losses, to the term δ 2. 
 
Norrbin, 1972 follows a different approach to analytically derive the criterion (3.1), pri-
marily with the objective of computing a correction for steering losses during speed trials. 
Norrbin neglects the elongation of the distance expressed in terms of the heading error . 
But, observing that in general the yawing motion is sinusoidal, he expresses  as a func-
tion of ε: 

 (3.3) 

where  is the frequency of yawing. The term δ 2 of Norrbin’s criterion only stands for 
the drag caused by the rudder deflections. This leads to a similar criterion but with 

. 
 
The course controller in combination with the dead band in the steering machine causes 
the sinusoidal yawing motion on which Norrbin’s criterion is based. Norrbin assumes 
implicitly that there are no disturbances. 
 
Although both authors observe that the total increased resistance due to steering is domi-
nated by the component caused by turning, they do not explicitly express this in the cri-
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terion. Norrbin expresses these losses in the term ε 2 and Koyama in the term δ 2, which 
explains the great differences in the values of . 
 
Both authors agree that the ship should not turn; Norrbin tries to reach this by preventing 
course errors, while according to Koyama the course error itself is hardly important as 
long as it is not compensated with a large rudder angle. Norrbin’s criterion implicitly as-
sumes that it is indeed possible to suppress course errors, while Koyama, explicitly taking 
into account the presence of disturbances, tries to reduce already existing course errors 
with a minimum rate of turn. Norrbin’s λ, giving more weight to course errors, will lead 
to more accurate control while Koyama’s λ will lead to smoother rudder motions. 
 
Because of the disturbances it makes no sense to directly penalise turning by simply add-
ing a term  to the criterion:  not only contains components caused by steering but 
also those caused by disturbances, mainly the waves. These components have a high fre-
quency, although they may have a non-zero mean; rudder motions of limited speed and 
amplitude cannot effectively counteract them. The same holds for the course error. Only 
low-frequency course errors (the mean course error) require compensation, but without 
causing large turning rates. This may be expressed by extending criterion (3.1) with a 
term , where  is the rate of turn caused by rudder motions, the components of the 
disturbances thereby being removed. This leads to the criterion (Van Amerongen and Van 
Nauta Lemke, 1978, 1980) 

 (3.4) 

where 
ε 2 stands for the elongation of the distance 
δ 2 stands for the rudder drag  
and  stands for the term , as far as it is caused by rudder motions. 
 
The same data which were used by Norrbin to compute λ of criterion (3.1) can also be 
used to compute  and  (see Van de Gaag, 1979). 
 
This yields: 

– for a tanker of 300m: and  
– and for a cargo vessel of 200m:  and . 
 
Criteria (3.1) and (3.4) are both in a suitable form for optimization of the control param-
eters. One way to find optimal controller parameters is to analytically compute optimal 
feedback gains based on a linear model of the system, by means of the matrix Ricatti 
equation. 
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For course keeping the ship’s dynamics are described well by the model of eqn. (2.44). 
Assuming only small rudder angles allows the dynamics of the steering machine to be 
disregarded. Neglecting also the integral action yields the system of figure 3.6 with feed-
back gains Kp and Kd. 
 

 
 

Fig. 3.6  Course-keeping control system 
 
Straightforward application of optimal control theory (see, for instance, Kwakernaak and 
Shivan, 1972) yields with criterion (3.1): 

 (3.5) 

 (3.6) 

 
and with criterion (3.4): 

 (3.7) 

 (3.8) 

For  and  the controller settings (3.5) and (3.6) follow from (3.7) and (3.8). 
 
In table 3.1 the controller settings, which result from these formulas for two different 
ships and different values of,  are given. 
 
For both ships  and . 
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 Table 3.1 Examples of controller settings 
 

  
 

 
 

 
 

 
 

  
 

 
z 

  0.3  6  20   2.7  1.2 

 

 

 
0.4 

 
12 

 
30 

  
3.2 

 
1.3 

  3  34  11  

20 

 8.7  0.8 

  0.3  8  27   1.8  1.2 

 

 

 
0.4 

 
28 

 
70 

  
2.1 

 
1.5 

  3  51  17  

30 

 5.8  0.8 

  
From this table it can be seen that criterion (3.1) with  and criterion (3.4) give al-
most the same values for Kp. For Kd the values obtained with criterion (3.4) lie in between 
the values obtained for λ = 10 and λ = 0.1 with criterion (3.1). 
 
The ratio Kd/Kp indicates that criterion (3.4) gives relatively the largest penalty on the 
rate-of-turn signal, followed by the criterion with λ = 10. 
 
Expressed in terms of natural frequency  and damping ratio z it appears that ’s 
which differ a factor 100 give bandwidths which are only a factor 3 apart: 

  (3.9) 

The values of z are reasonable for all criteria, ranging from z = 0.8 for λ = 0.1 to z = 1.5 
for criterion (3.4). 
 
The natural frequency  and the damping ratio z are given by the formulas: 

  (3.10) 

  (3.11) 

 Two aspects still have to be taken into account: 
 



Chapter 3  Automatic steering   

 55 

– the ideas of the users about optimal steering 
– the influence of the steering machine and, related with  this, suppression of high-

frequency rudder motions which do not contribute to diminishing the yawing motion. 
 
The answers to the questionnaire give an indication about the values of λ (of criterion 
(3.1)) which are appreciated by the users. Because high values of λ lead to weak control-
lers, how far this would be acceptable was especially investigated. In spite of the vari-
ation in the answers it is possible to draw some conclusions. 
 
In table 3.2 values of Kp and λ are given for a ship sailing at its cruising speed in sea state 
4. These results were obtained as follows: 
 
1. Accurate steering. The question was asked of what the maximum allowable course 

error would be for a ship sailing in the conditions mentioned, when accurate steering 
was demanded. Another question was about the maximum allowable rudder angle in 
these circumstances. The values of Kp were estimated by dividing the maximum al-
lowable course error during accurate course keeping by the maximum allowable rud-
der angle. The values of λ follow from eqn. (3.5). 

 
2. Economical steering (a). In a way similar to that for accurate steering Kp can be de-

termined for economical steering. Because it was necessary to use the values of maxi-
mally allowable rudder angles belonging to accurate steering, the values of Kp in the 
table are probably too high. 

 
3. Economical steering (b). Kp can also be determined in a totally different way. It was 

asked how much time would be allowed on the ocean to reduce a sudden course error 
of 10 degrees to 2 degrees. Roughly estimating the ship’s dynamics and assuming a 
second-order response with z = 0.8, it is possible to compute the desired Kp from the 
answers given. 

Table 3.2 Values of  and  determined from the questionnaire 

  navy  merchant marine 

         

accurate steering  3.2  0.1  2.2  0.2 

Economical 
steering a  0.9 – 2.1  0.2 – 1.2  0.4 – 1.2  0.7 – 6.3 

Economical 
steering b  1.0  1.0  0.6  2.8 

 
From these results it may be decided that even if for economical reasons a lower value of 
Kp would be more optimal, Kp should be bounded at 
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 (3.12) 

which is a compromise between the user's accuracy demands and the lowest values of Kp 
in table 3.1. 
 
The questionnaire indicates that, especially in the navy, it is desirable to choose Kp pro-
portional with 1/U, when the ship sails at speeds lower than its cruising speed. 

 (3.13) 

This holds for economical as well as accurate steering. For accurate steering the values of 
Kp are higher than for economical steering: accurate steering requires tight control. 
 
The questionnaire also indicates a relation between Kp and the sea state. In high sea states 
more yawing is accepted, which implies a lower value of Kp. This result is in accordance 
with the earlier-obtained results. Koyama, taking into account the presence of disturb-
ances, comes to much lower values of Kp than Norrbin, who implicitly supposes no dis-
turbances. Also criterion (3.4) principally assumes that there are disturbances and yields a 
low value of Kp. 
 
To be able to find general rules for adjustment of the controller it is essential to investi-
gate further the influence of the disturbances. Especially the waves, being relatively high 
frequent, cause troubles mainly because of the limited speed of the rudder. Supposing the 
system to be linear any desired bandwidth could be realised by appropriate state feed-
back. However, the maximum rudder angle is bounded as well as the maximum rudder 
speed. Together with the inertia of the ship itself, this limits the possibilities to correcting 
high-frequency disturbances. When the steering-machine dynamics are no longer negli-
gibly small, the block diagram of figure 3.6 is no longer allowable. This is also important 
with respect to accurate steering. This requires tight control, but the allowable controller 
gains are limited, mainly due to the steering-machine dynamics. 
 
The steering machine has been described in Section 2.3.6 and block diagrams were given 
in figures 2.13 and 2.14. For large and fast rudder motions the response of the steering 
machine is dominated by the two non-linearities: the rudder limit and the limited rudder 
speed. The rudder limit determines the maximum moment, which can be applied to coun-
teract the moment of the waves. On the other hand, when there are high-frequency distur-
bances, the rudder limit is essential to prevent great phase lags. When this phase lag is 
large, the rudder motions may even enlarge the motions caused by disturbances rather 
than reduce them. 
 
This may be analyzed as follows: 
 
A linear approximation of the steering-machine dynamics can be derived with the aid of 
figure 3.7, which is a further simplification of figure 2.14. 
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Fig. 3.7  Simplified steering machine 
 
The rudder speed limiter has been replaced by a pure relay, which is allowed when only 
large motions are considered. The transfer between  and  may be approximated by 

 (3.14) 

The time constant τδ is obtained by describing the relay element by its describing func-
tion: 

 (3.15) 

Because of the rudder limiter, the maximum value of  is . The maximum value 
of τδ  follows from (3.15): 

 (3.16) 

Because  is determined by the construction of the steering machine, the influence of 
the steering-machine dynamics can only be limited in two different ways: either by pre-
venting large desired rudder angles, by selecting a suitable δmax and low controller gains 
in bad weather, or by limiting the frequency of the desired rudder signal so that τδ may be 
neglected. 
 
It is not possible to improve the dynamics of the steering machine by introducing addi-
tional state feedback loops because the problems are caused by the limitation of the rud-
der speed. 
 
In order to keep the influence of the steering machine on the total system’s behaviour 
within certain bounds, a maximum phase lag of, for instance, about 10 degrees could be 
permitted. Because the transfer between   and δ is considered as a first-order system 
(eqn. (3.14)), a phase lag of 10 degrees implies that . So the maximally allow-
able frequency (with amplitude δmax) in the rudder signal can be determined from eqn. 
(3.16). 
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 (3.17) 

Figure 3.8 gives examples of the dependency of  on  with  as parameter. 
 

 
Fig. 3.8  Dependency of  on  and  

 
To guarantee that the phase lag of the steering machine remains within certain bounds, 
high-frequency components of the rudder signal, and especially those with large ampli-
tude, have to be suppressed. These high frequencies are mainly caused by the influence of 
the waves, which according to figure 2.16 contain most energy for frequencies of about  
ω = 1. 

From eqn. (3.10) it follows that the closed-loop bandwidth of the course-control system is 

 (3.18) 

With ,  and  this yields  

 (3.19) 

 
This bandwidth is in the same order of magnitude (0.03 < ωn < 0.15) as the values of ωn 
given in figure 3.8. 
 
Frequencies higher than ωn are suppressed by the system anyway, thus even if there was 
no need to suppress these frequencies because of the limited rudder speed, they would 
hardly have any positive effect and would only cause wear and tear of the steering ma-
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chine and extra drag. From eqn. (3.16) it can also be concluded that for larger ships, 
where ωn is smaller, the dynamics of the steering will have less influence on the system’s 
stability than on smaller ships because, in general, is relatively larger (compared 
with the ship’s length) on larger ships. 
 
Conventional autopilots have a dead band, intended to suppress high-frequency rudder 
motions. That this is not a right solution has already been discussed. A filter that is able to 
suppress the frequencies that cause the above-mentioned problems has to be designed. As 
the cut-off frequency of this filter is close to the closed-loop bandwidth of the system, the 
filter design will require some effort. 

3.2.3   Discussion 
Because of the many different aspects mentioned in the foregoing two sections, it will be 
useful to summarize the results in order to come up with some rules for the design of an 
optimal autopilot. 
 
It has been shown that there are two modes of operation: course changing and course 
keeping. 
 
For course changing the following properties are necessary: 
 
– The autopilot has only one user-adjustable setting: the desired rate of turn. 
– All other settings necessary to realize the response of figure 3.4 are automatically ad-

justed by means of automatic adaptation. 
 
In the next chapter this adaptive adjustment will be investigated further. 
 
During course keeping the following considerations play a role: 
 
– The steering machine dynamics are, especially in the presence of disturbances, im-

portant for the controller design, and they limit the bandwidth of the course-control 
system. 

– This requires the design of a filter to suppress high-frequency rudder motions. For 
high sea states filtering is most essential. 

– Another means of preventing large rudder motions is the use of low controller gains. 
Again this is most essential for high sea states. 

– Because small ships are more disturbed by waves than large ships, filtering and selec-
tion of low controller gains is especially important on small ships. 

– The main objective during economical steering is to prevent turning. On large ships 
and ships sailing in low sea states this can be achieved by means of tight control. Fil-
tering is then not as essential as on small ships in bad weather. 

– Accurate steering requires tight control. However, even when maximum accuracy is 
wanted, the values of the controller gains are limited. In bad weather filtering is essen-
tial. 



Adaptive Steering of Ships   

 60  

 
These considerations lead to the following properties of an optimal autopilot for course 
keeping: 
 
– The autopilot has only one setting to select between accurate steering and maximum 

fuel economy. 
– Accurate steering can be realized by tight control. 
– Maximum fuel economy is obtained by minimisation of criterion (3.4), in combination 

with filtering of the rudder signal. It is also possible to use criterion (3.1) with the fol-
lowing strategy for selection of λ: 

 
In good weather, on large ships, a value of λ = 0.1 (Norrbin) will prevent the ship from 
turning. This will yield controller gains similar to those used for accurate steering. 
 
In bad weather and especially on small ships a value of λ = 4 (Koyama), which yields the 
lowest acceptable value of Kp = 0.5, will prevent large rudder angles and will minimize 
the loss of speed. At the same time filtering is essential. 
 
The filter and also the value of λ have to be made adaptive with respect to the level of the 
high-frequency components in the rudder signal. 
 
According to eqn. (3.5) or eqn. (3.7) in combination with eqn. (3.11) Kp is adjusted ac-
cording to the formula 

 (3.20) 

where U0  is the ship’s cruising speed. 
 
Kd is adjusted according to eqns. (3.6) or (3.8). 
 
The adjustment of Kd requires that the ship’s dynamics be known. The next chapter will 
deal with on-line identification to estimate the parameters of a model of the ship. It will 
appear to be possible to combine the design of the filter with the design of the parameter 
estimator. 
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4   ADAPTIVE CONTROL 
 
 
 

4.1   INTRODUCTION 

There are various structures that may give a control system the possibility to react to vari-
ations in its parameters or to changing characteristics of the disturbances. A normal feed-
back system also has the objective of decreasing the sensitivity for these types of 
variations. However, when the variations are large, even a well-designed constant-gain 
feedback system will not operate satisfactorily. Then a more complex controller structure 
is required and certain adaptive properties have to be introduced. 
 
An adaptive system may be defined as follows: 
 
“An adaptive system is one in which in addition to the basic (feedback) structure, explicit 
measures are taken to automatically compensate for variations in the operating condi-
tions, for variations in the process dynamics or for variations in the disturbances, in order 
to maintain an optimal performance of the system”. 
 
Many other definitions have been given in the literature; most of them only describe a 
typical class of adaptive systems. See, for instance, Truxal, 1961; Eveleigh, 1967; Tsyp-
kin, 1971; Åström and Wittenmark, 1973; Hang and Parks, 1973; Landau, 1974. 
 
The definition given here assumes as a base an ordinary feedback structure for the pri-
mary reaction to disturbances and parameter variations. On a secondary level an adapta-
tion mechanism tunes the gains of the primary controller, changes its structure, and 
generates additional signals and so on. In such an adaptive system the settings that are 
adjustable by the user are at the secondary level. This is illustrated in figure 4.1.  
 
According to the definition automatically changing from a course-keeping mode to a 

course-changing mode is considered as an adaptive feature. Use of the knowledge 
about the influence of an external variable on the behaviour of the system is an adap-
tive feature as well. This type of adaptation can be realized in two different ways: ei-
ther by measuring particular disturbances and generating signals to compensate for 
them (feedforward control), or by adjusting the feedback controller gains according to 
a schedule based on knowledge about the influence of the variables on the system’s 
parameters (gain scheduling). 
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Fig. 4.1  The primary and secondary levels of an adaptive control system 
 
In practice it is impossible to apply feedforward control or gain scheduling to a lot of dif-
ferent variables. But several types of adaptive systems, in a more narrow sense, have been 
developed that allow a system to be optimized without any knowledge of the causes of 
changing process dynamics. Often the term adaptive control is restricted to these types of 
adaptive systems. They can be subdivided into: 
 
– systems with direct adaptation (figure 4.2) 
– systems with indirect adaptation (figure 4.3) 

 
 

Fig. 4.2  Direct adaptive system 
 

Direct adaptive systems adjust the controller parameters without explicit identification. 
Indirect adaptive systems use the results of identification of the process parameters in an 
optimization procedure to compute the controller settings. 
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Fig. 4.3  Indirect adaptive system 
 
Another distinction that can be made is between parameter-adaptive and signal-adaptive 
systems. In the structure of figure 4.2 the adaptation mechanism generates not only con-
troller settings (parameter adaptation), but also an additional steering signal (signal adap-
tation). Pure signal-adaptive systems, having no memory, use high gains to realize the 
desired behaviour. Because they are less attractive in systems with a high noise level, sig-
nal-adaptive systems will not be given any further attention. 
 
Within the different classes of adaptive controllers various adaptation mechanisms can be 
applied. Examples of methods suitable for direct adaptive systems are model-reference 
adaptive systems and hill climbing. 
 
– Model-reference adaptive systems (MRAS) 
A survey of the basic theory and many applications have been given by Landau, 
1974. It has been applied to steering of ships by Honderd and Winkelman, 1972; 
Van Amerongen and Udink ten Cate, 1973, 1975, Van Amerongen, Nieuwenhuis 
and Udink ten Cate, 1975, Van Amerongen and Van Nauta Lemke, 1978, 1979 
and Van Amerongen, 1981. This method will be given further attention in the fol-
lowing sections. 
 
– Hillclimbing 
The controller parameters are systematically varied in order to minimize a cri-
terion that may have an arbitrary shape. See for the basic theory, for instance, 
Rao, 1978. It has been applied to steering of ships by Schilling, 1976; and by Reid 
and Williams, 1978, both for minimizing criterion (3.1), and by Yakushenkov, 
1975. 
 
Examples of methods suitable for indirect adaptive systems are: MRAS again, self-tuning 
control and various other identification methods. 
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– Model-reference adaptive systems 
MRAS is suitable for identification as well. The estimated parameters can be 
used, for instance, to minimize criterion (3.1) as discussed in section 3.2.2. This 
will be treated more extensively in the following. 
 
– Self-tuning control 
This method, originally developed by Åström and co-workers, 1973, 1977, has 
been applied and further developed by many others as well. It has been applied to 
course keeping of ships by Källström, 1979; Källström et al., 1979; Brink et al., 
1978 and by Tiano et al., 1980. 
 
– Various other identification methods 
These may be used in combination with optimization of a criterion such as (3.1). 
See for instance Ohtsu et al., 1978, 1979 and Herther et al., 1980 for applications 
to steering of ships. 
 
In this thesis mainly a model-reference approach will be followed. 
 
During course changing a response, such as defined in figure 3.4, is desired. Such a re-
sponse can be realized by means of a reference model that can be placed in series or par-
allel to the process. Figure 4.4. gives a structure with a series model. 
 

 
 

Fig. 4.4   Course-changing controller structure 
 
The series model generates the desired response and a tight control system forces the ship 
to follow it closely. Gain scheduling will be applied to adapt the controller gains to chan-
ging circumstances. For variations in the ship’s parameters where gain scheduling alone 
is not sufficient, parallel MRAS will be applied in addition to gain scheduling. 
 
During course keeping a criterion such as (3.1) has to be minimized, and a filter has to be 
designed for suppression of high-frequency rudder motions. When the ship’s parameters 
are known, the optimization can be realized by adjusting the controller gains according to 
eqns. (3.5) and (3.6). When the circumstances change, gain scheduling can be applied to 
adapt the controller gains. In addition to gain scheduling, identification by means of 
MRAS will be applied to estimation of the ship’s parameters, especially for those vari-
ations that cannot be handled by gain scheduling. It will be shown that an MRAS-based 
parameter estimator can be extended to a sophisticated noise-adaptive filter as well. 
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In order to be able to design the adaptive autopilot, section 4.2 discusses the possibilities 
of gain scheduling and feedforward control; section 4.3 summarizes the basic principles 
of MRAS and sections 4.4 and 4.5 deal with the design of MRAS-based controllers for 
course changing and course keeping in a practical situation. Section 4.6 combines these 
controllers with the gain-scheduled controllers of section 4.2 and describes the final de-
sign of the adaptive autopilot ‘ASA’. 
 

4.2    GAIN SCHEDULING AND FEEDFORWARD CONTROL 

In principle, gain scheduling and feedforward control can be applied to compensate for 
variations in the steering characteristics caused by a change in external variables. In prac-
tice their use is limited to only a few variables. For the autopilot the choice has been 
made to schedule the controller gains as a function of the ship’s speed and of the level of 
the noise. The use of feedforward control as a function of the wind vector will be briefly 
discussed but not applied further. 

4.2.1   Speed variations 
From chapter 2 it follows that the ship’s speed is a variable that has an important and 
known influence on the steering dynamics. A rough indication of the ship’s speed can 
easily be obtained, either directly from the log, or indirectly by deriving it from the num-
ber of revolutions of the propeller, the propeller pitch and so on. Because the primary 
feedback controller should also be able to work well when the scheduling is not perfect, 
the required accuracy of the speed measurements is small. 
  
Because in all equations the speed is always used in combination with the length of the 
ship, scheduling for the ship’s dimensions is simultaneously obtained. 
 
Equations (3.10) and (3.11) provide ωn and z as a function of the ship's speed and may 
thus be used to schedule the controller gains. For constant ωn and z, and assuming K*and 
τ* to be constant, it follows that 

 (4.1) 

and 

 (4.2) 

Other relations between Kp and the ship’s speed, for instance, according to eqn. (3.13), 
can easily be realized as well and Kd can be computed with eqn. (4.2). These equations 
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can be used during course changing. Formulas for optimal adjustment of the controller 
gains during course keeping have already been given in a form suitable for gain schedul-
ing in eqns. (3.5) to (3.8). 
 
The speed information can also be used to realize a speed-dependent rudder limiter, for 
instance, according to the formula 

 (4.3) 

where   is the user-adjustable maximum rate of turn. 
 
During course keeping a reasonable rudder limit is 

 (4.4) 

4.2.2   Variations in the level of the noise 
In chapter 3 it was indicated that the controller gains should decrease as the level of the 
noise increases. In the following there will be other reasons as well to estimate the level 
of the high-frequency noise. This estimate can be used to adjust the controller gain Kp, for 
instance, computed according to eqn. (4.1): 

 (4.5) 

where  is one in the noise-free situation and  approaches zero for high noise levels. In 
the latter case it is of course necessary to set a lower bound on the value of Kp. Because 
Kd, according to eqn. (4.2), depends on Kp, it is also scheduled for varying noise levels. 

4.2.3   Feedforward compensation of the wind 
The disturbance caused by the wind could be compensated by computing a signal that is 
added to the desired rudder angle of the feedback loop, based on the knowledge of the 
geometrical factors defined in section 2.4.3. This feedforward compensation requires 
measurement of the wind vector (speed and direction) and knowledge of the geometrical 
factors in order to calculate the rudder angle that is necessary to compensate the moment 
of the wind. It will give a much quicker compensation of the wind than that which can be 
obtained with an integral action in the controller, which could still be used to compensate 
for other off-sets and for mismatching of the generated feedforward signal. It has not been 
applied in the final autopilot design, but it may be attractive to add it to the controllers of 
ships with a great wind-catching area, such as container ships or LNG-carriers with a high 
super-structure. 
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4.3    THEORY OF MRAS 

The theory of model-reference adaptive systems (MRAS) can be applied to direct adapta-
tion of the controller parameters, as well as to identification of the process parameters. 
The basic principle of application of a reference model has already been given in figure 
4.4. The reference model defines the optimal response, and the rest of the control system 
should be designed to follow the desired response as closely as possible. Figure 4.4 dem-
onstrates that a model-reference system is not necessarily an adaptive system. 
 
However, when the process parameters vary significantly and gain scheduling cannot be 
applied, the controller gains should be adjusted by other means. In recent years a lot of 
research has been carried out in the field of MRAS. Instead of a series model, such as in 
figure 4.4, mostly a parallel reference model is used for defining the desired response (see 
figure 4.5). 
 

 
 

Fig. 4.5  Parallel MRAS 
 
Originally the designs were based on the sensitivity approach, but the stability of these 
systems cannot always be guaranteed. At present designs based on stability theory are the 
favourites: these are either based on Liapunov’s second method, or on hyperstability the-
ory. See, for instance, Parks, 1966; Winsor and Roy, 1968; Gilbart, Monopoly and Price, 
1970; Lindorff and Caroll, 1973; Hang and Parks, 1973; Landau 1974, 1979; Parks et al., 
1980. 
 
The design procedure is straightforward when the following assumptions are made: 
 
– the process is linear and has a known order and structure 
 
– there are no stochastic disturbances (no noise) 
 
In the following the basic principles of designing a stable MRAS will be summarized. 
Then an autopilot will be designed, based on idealized process dynamics. For these sys-
tems a proof of stability can be given. In practice, when the circumstances are less ideal, 
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modifications are essential. Simulation and full-scale trials will be necessary to demon-
strate the usefulness of the proposed algorithms. 

4.3.1  MRAS applied to direct adaptation 
In figure 4.6 a block diagram is given of the process plus the controller and the reference 
model. Let the process plus the controller be described by the matrix differential equa-
tion: 

 (4.6) 

where 

 (4.7) 

  (4.8) 

and  and  are the unknown and slowly varying parameters of the process and Ka 

and Kb are adjustable controller gains. 
 
The reference model, having the same order and structure, is described by 

 (4.9) 

 
 

Fig. 4.6  Process, reference model and controller 
 
Asymptotic stability of the system, as well as similarity of the process and the reference 
model, requires 
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 (4.10) 

Subtracting eqn. (4.6) from (4.9) yields 

 (4.11) 

where 

 (4.12) 

and 

 (4.13) 

Selecting a suitable Liapunov function, for instance can prove stability of the system: 

 (4.14) 

where 
 
P is a positive definite symmetrical matrix 
α and β are diagonal matrices with positive coefficients and 

and  are vectors, containing the non-zero elements of A and B. 
 
Global asymptotic stability of the system of eqn. (4.11) requires that V be positive defi-
nite and dV/dt be negative definite. Differentiation of eqn. (4.14) yields 

 (4.15) 

Because the matrix Am belongs to the reference model that of course will be chosen to be 
a stable system, it can be proven that 

 (4.16) 

where Q is a positive definite matrix. 
 
By choosing 

 (4.17) 

and 

  (4.18) 

it follows that eqn. (4.15) is negative definite with respect to , but semi-negative defi-
nite with respect to  and . 
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This implies that it can be guaranteed that 

 (4.19) 

 (4.20) 

if , and 

 (4.21) 

 if . 
 
The rules for adjusting the gains follow from eqns. (4.17) and (4.18) 

 (4.22) 

and 

  (4.23) 

where 
,  are the elements of the n-th row and i-th column of the A- and B-matrix, 
,  are elements of the α and β matrix, 

and  is the element of the n-th row and k-th column of the P-matrix. 
 
From eqn. (4.12), namely 
 

A = Am - Ap 

 
it follows with eqn. (4.7) that 

 

This yields for the element ani: 

 (4.24) 

Because the model parameters am,ni are constant and it is assumed that the process param-
eters ap,ni vary slowly compared with the speed of adaptation, it follows that 
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 (4.25) 

The rules for adjustment of the controller gains are thus 

 (4.26) 

and 

 (4.27) 

 
In these equations xi is the state that is fed back via the gain Ka,ni; ui is the input with gain 
Kb,ni. 
 
The elements of the matrices α and β determine the speed of adaptation. From a pure sta-
bility point of view they may be chosen arbitrarily large. 
 
With other Liapunov functions, other, more complex adaptive laws can be derived. The 
algorithms (4.26) and (4.27) are called ‘integral adaptive laws’. ‘Proportional plus inte-
gral’ or even ‘proportional, integral plus derivative adaptive laws’ may also be used. 
However, it has been shown (Van Amerongen and Udink ten Cate, 1975; Van Ameron-
gen, Nieuwenhuis and Udink ten Cate, 1975) that applied to ship’s steering, the integral 
adaptive laws will give the best results in practice, where the circumstances are less ideal 
than assumed here. 

4.3.2  MRAS applied to identification 
Adjustment rules similar to those found for direct adaptation can be applied to identifica-
tion. The process and the reference model change places: the process becomes the refer-
ence and the parameters of an ‘adjustable model’ are adapted. In order to get a stable 
adaptive system the process must be stable because otherwise eqn. (4.16) does not hold 
anymore. 
 
It should be noted that the proof of stability given above has proven asymptotic stability 
with respect to the error vector e. For a and b only ordinary stability can be guaranteed. 
This implies that it cannot be concluded from the proof of stability alone that a and b will 
converge to zero for . However, it can be shown (Lion, 1967) that when the input 
is sufficiently excited, by signals with sufficient frequency components, the asymptotic 
convergence of  e can only be realized when a and b asymptotically converge to zero. 
 
A nice property of this scheme is that it estimates in addition to the parameters, the states 
of the process. It has been shown (Hirsch and Peltie, 1973) that when the speed of adapta-
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tion is relatively small, the system has good noise-reducing properties. The states of the 
adjustable model are estimates of the process states, where the high-frequency noise has 
been reduced. 
 

4.4   DESIGN OF THE COURSE-CHANGING CONTROLLER 

4.4.1  Basic design 
The algorithms of the former section for direct adaptation are well suited to designing a 
course-changing controller. For the basic design it will still be assumed that the ship’s 
steering dynamics are linear and of known order and structure and that there is no noise. 
 
Let the process plus controller be described by the system of figure 4.7. 
 

 
 

Fig. 4.7 Simplified ship-steering system 
 
The parameters Ks and Ts are the variable process parameters, where 

 (4.28) 

and 

 (4.29) 

The wind is modelled by a slowly varying gain Kw. It can be compensated by adjusting 
Ki. A second-order reference model is selected, described by 

 (4.30) 

The following state variables are introduced: 
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 (4.31) 

 (4.32) 

  (4.33) 

  (4.34) 

 
and the inputs  are defined as 

 (4.35) 

and 

 (4.36) 

 
It follows from figure 4.7 and eqn. (4.30) that 

 (4.37) 

and 

  (4.38) 

With eqns. (4.12) and (4.13) it follows that 

 (4.39) 

and 

 (4.40)  

 
Introduction of 
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 (4.41) 

and 

  (4.42) 

 
and application of eqns. (4.26) and (4.27) yields the adjustment laws: 

 (4.43) 

 (4.44) 

and 

 (4.45) 

where p12 and p22 follow from eqn. (4.16) after an arbitrary positive-definite matrix Q is 
selected. The adaptive gains α, β and γ are ‘arbitrary’ positive gains that determine the 
speed of adaptation. Note that these scalar adaptive gains are only elements of the matri-
ces α and β used in eqn. (4.14) and not the matrices themselves. 
 
A reasonable reference model is obtained by selecting 

 (4.46) 

where U0 is the ship’s cruising speed. This ensures a sufficiently tight control when the 
ship sails at full speed and does not lead to unrealisticly high controller gains at lower 
speeds. The model gain Kpm can be computed from eqns. (4.30) and (4.46). This yields: 

 (4.47) 

The damping ratio z can be freely chosen to provide the desired damping. 
 
Equation (4.45) gives a formula for computing the integral action of the controller by an 
adaptive means. The advantage of this approach is that it is not necessary to switch off the 
integration during course changing. The course error itself is not integrated, but instead 
the error between the responses of the ship and the reference model. 
 
In figure 4.8 a block diagram of this adaptive system is given. 
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Fig. 4.8 Basic adaptive course-changing controller 

4.4.2  Practical design 
As long as the assumptions that were made are valid, the design of the adaptive autopilot 
ensures that process and reference model will asymptotically show the same behaviour. 
However, it is still far from a practically useful system because of the following reasons: 
 
1. Inadequacy of the reference model  

It is not yet possible to make manoeuvres with an adjustable rate of turn. 
 
2. Non-linearities in the steering machine 

The rudder limiter introduces a non-linearity into the steering dynamics that cannot be 
disregarded. The limited speed of the rudder also has to be taken into account. 

 
3. Non-linearities in the rudder, rate-of-turn transfer 

The influences of the neglected dynamics and non-linearities of the rudder, rate-of-
turn transfer have to be investigated. 
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4. Disturbances 
The disturbances caused by the waves have to be taken into account, because they 
give the signals in the system a noisy character. 

 
5. Discrete-time realization 

The adaptive laws derived are continuous-time adaptive laws. For the practical realiza-
tion a digital computer has great advantages. The extra possibilities and difficulties of 
digital implementation have to be examined. 

 
In the following the problems indicated will be considered in more detail. 
 
Note 1 The reference model 
 
The most straightforward way of realizing course changes with a constant rate of turn is 
to introduce a rate-of-turn limiter into the reference model that determines the desired 
response. However, this would make the system essentially non-linear. 
 
Another way to realize controlled rate-of-turn steering that can also be used without any 
adaptation at all, has already been introduced in figure 4.4: the series model. Both models 
can also be used simultaneously (De Keizer, 1976). The parallel reference model can re-
main linear and the proof of stability will not be affected. A suitable series model, which 
modifies the input  into , is given in figure 4.9. 
 

 
 

Fig. 4.9  Series reference model for realizing controlled  rate-of-turn steering 
 

Note 2 Non-linearities in the steering machine 

The rudder limiter causes a similar problem. Because it is part of the process control loop 
dealing with it is a little bit more complex. However, the rudder limit is known within the 
autopilot and also the desired rudder angle is a known quantity. This enables detection if 
saturation occurs. 
 
When the rudder limiter saturates, only a part f of the desired rudder angle, δr, is used as 
input for the ship: 
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 (4.48) 

where δmax is the maximum rudder angle. This will cause the rate of turn of the actual 
ship to be smaller than the rate of turn of the reference models, resulting in probably un-
desirable parameter adjustment without any effect on the ship’s response. This can be 
prohibited by stopping the adaptive parameter adjustment as long as saturation occurs, 
and restarting it when there is no more saturation (Landau, 1979). 
 
It is also possible to modify the series model in a way similar to what was done to elimi-
nate the rate-of-turn limiter from the parallel reference model. This can be realized by the 
series model of figure 4.10 that is extended with a variable gain factor f according to eqn. 
(4.48). The output  is used as input signal for the course-control loop, while  is the 
input for the parallel reference model. 
 

 
 

Fig. 4.10  Series model modified for the rudder limiter 
 
Similarly, the influence of the limited rudder speed can also be taken into account. Sup-
pose that the actual rudder angle is δ and the desired rudder angle is δr. The time needed 
to move the rudder from δ to δr, with maximum rudder speed , is approximately 

 (4.49) 

Redefining f as 

 (4.50) 

introduces the effect of the limited rudder speed into the reference models as well. Or in 
other words, the series model with its non-linearities changes the input of the adaptive 
system in such a way that in fact the block diagram of figure 4.8 is again valid. 
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The implementation of the adaptive system is even simpler than was suggested by the 
foregoing. When  is used as the input of the parallel reference model, there will be no 
difference between the states of the series and those of the parallel reference model. 
Therefore, it is not at all necessary to implement the parallel reference model. In the pa-
rameter adjustment laws the states of the parallel reference model can be replaced by the 
equivalent states of the series model. 
 
Note 3  Non-linearities in the rudder, rate-of-turn transfer 
 
The model of the ship’s dynamics used to derive the adjustment laws is a simplified 
model of the real dynamics: the non-linear reversed spiral characteristic as well as small 
time constants of the ship and the steering machine have been disregarded. One possi-
bility for dealing with this problem is to search for more sophisticated laws that are also 
able to handle non-linearities and to derive these laws for a higher-order process. A proof 
of stability may then possibly be given again. 
 
Another approach is to investigate whether the simpler structure is robust enough to be 
used in systems where process and reference model do not totally match. In Van Amer-
ongen, Nieuwenhuis and Udink ten Cate, 1975 both approaches have been compared. It 
appears that a more complex adaptive scheme accelerates the adaptation. It allows sta-
bility to be proven for a non-linear system as well, even when the system is extended with 
filters to estimate the non-directly measurable process states. However, the more complex 
system fails when there are small structural differences between process and reference 
model. The more simple adaptive laws, according to eqns. (4.26) and (4.27), although 
giving a slower convergence, are more robust. Non-linearities of the reversed-spiral-
characteristic kind are considered as variations in the process parameters: when the adap-
tation is fast enough, these variations can be compensated by appropriate adjustment of 
the controller gains. 
 
Note 4  Disturbances 
 
Noisy process states, such as those obtained, for instance, by the waves, cause not only 
fluctuations but also drift of the controller parameters. This can be seen as follows: Let 
the process state, xp, be contaminated with noise with a zero mean. 

 (4.51) 

with 

 (4.52) 

and 
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  (4.53) 

One of the terms of the adaptive laws (4.26) is , which can be written as 

 (4.54) 

The term  is the desired term. In the steady state it will converge 

to zero. The terms  and  are zero, although they will cause 

fluctuations in the parameters. The term –σ 
2 is non-zero and because it is integrated, 

causes a constant drift of the parameters when the system is not sufficiently excited. 
 
A series of solutions has been suggested to prevent this drift: 
 
– Switching off the adaptive loop when there are no set-point changes. During set-point 

changes, when the signal-to-noise ratio is high, the first term of eqn. (4.54) will domi-
nate. Some time after a set-point change, when the signal-to-noise ratio is low, the last 
term will dominate, so that it is better to stop the parameter adjustment. Only the adap-
tive adjustment of the parameter Ki can continue (eqn. (4.54)) because there is no cor-
relation between e and one of the process states. 

 
– Decreasing adaptive gains accomplish the same more smoothly. A simple way to real-

ize decreasing adaptive gains is to multiply the adaptive gains α, β and γ by 

 (4.55) 

where Td is the time after the last set-point change. This measure will also gradually 
decrease the fluctuations in the controller parameters. 

 
– Filtering of the signals in order to suppress the noise will decrease the drift of the pa-

rameters. The performance of these kinds of systems has been investigated in Van 
Amerongen, Nieuwenhuis and Udink ten Cate, 1975. For more complex adaptive laws 
a proof of stability for the system with a noise-reduction filter can be given as well, al-
though they have already been rejected on other grounds. The more robust algorithms 
require careful tuning of the filter parameters and lower adaptive gains, in order to 
limit the destabilising effect of those filters. 
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– A dead band in the adaptive loop may be applied instead of the filter. It does not intro-
duce stability problems. When the width of the dead band can be chosen close to its 
minimum, required for suppression of the noise, it is a very effective method which 
hardly influences the adaptation process. Successful application of a dead band has 
been described in Van Amerongen and De Keizer, 1975. 

 
– Estimation of the variances of the noise can be used to compensate for the signals that 

cause the drift. When the system is in the steady state it is possible to estimate these 
variances on-line. Because after each course alteration the influence of the waves 
changes, it takes some time to readjust the compensation signals. Therefore this 
method is less suitable when there are regular course changes. 

 
– The states of the reference model can be used as an approximation of the states of the 

process: these model states are free of noise and therefore do not cause drift of the 
controller parameters. This method appears to work reasonably well in practice. How-
ever, an even better solution is to use the states of an adjustable model that is used for 
parameter identification. A subsequent section describes this state estimator in more 
detail. It may be seen as a realization of a noise-reduction filter, as mentioned before, 
but with minimum phase lag and thus hardly affecting the system’s stability. 

 
In the adaptive autopilot a combination of the before-mentioned measures is used to el-
iminate the deteriorating influence of the noise: 
 
– the states of an adjustable model that are noise-free estimates of the process states, are 

used instead of the process states. 
 
– decreasing adaptive gains are applied 
 
– the adaptation is totally switched off a certain period of time after a set-point change. 

The parameter adjustment is then taken over by the course-keeping controller. 
 
Note 5  Discrete-time realisation 
 
The algorithms described in the foregoing are all in the continuous-time domain. Al-
though they can be implemented well with analogue hardware, a small digital computer is 
more flexible and advantageous when the system’s complexity increases. Because of the 
relatively slow dynamics of a ship the sampling rate can be chosen so high that the algor-
ithms can easily be digitally implemented as well, without explicitly taking into account 
the sampled-data character of the system. 
 
Another approach would be to design a discrete MRAS (see, for instance, Landau, 1979). 
The proof of stability with Liapunov’s theory necessitates a slightly different structure of 
the adaptive system: with a series-parallel reference model (Van Amerongen, 1980), ac-
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cording to figure 4.11. In this case the parallel reference model is placed partly in series 
and partly parallel to the process. 

 
 

Fig. 4.11  Series-parallel reference model 
 

However, experiments indicate that a superior performance is obtained by combining the 
continuous-time approach, based on a parallel reference model, with the discrete-time 
approach, based on the series-parallel reference model (Ten Hacken, 1976). The discrete 
series-parallel structure can be considered as a parallel structure in which the reference-
model states are updated every sample with the process states. This has the advantage that 
the adaptation will stop as soon as the controller gains have reached their correct values, 
which allows the use of high adaptive gains without the risk of overshoot in the controller 
gains. When both approaches are combined it is not necessary to update the model states 
every sample: it can be done, for instance, every five or ten samples as well. It appears 
that this leads to a faster convergence of the controller gains and makes the system less 
sensitive to noise (Ten Hacken, 1976; Van den Bosch and Jongkind, 1980; Van Ameron-
gen, 1980). 
 
When the level of the noise is high and the states of the process cannot be perfectly meas-
ured, the advantages of this method are less apparent. The results are then comparable 
with those obtained with an ordinary, parallel reference model. 

4.5    DESIGN OF THE COURSE-KEEPING CONTROLLER 

4.5.1   Basic design 
Optimal course keeping, defined with criterion (3.1) or (3.4), requires that the parameters 
of the ship’s transfer function be known. Assuming again that the system is linear, and of 
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known order and structure, enables the basic laws for estimation of the process param-
eters to be derived with the aid of MRAS. 
 
Let the system be described by the block-diagram of figure 4.12, which is an extension of 
figure 4.7. 
 

 
 

Fig. 4.12  Basic structure for parameter identification 
 

From this block-diagram it can be derived that the process is described by 
 

 (4.56) 

 
and the adjustable model is described by 

 (4.57) 

with 

 (4.58) 



Chapter 4  Adaptive Control  

 
 

83 

  (4.59) 

 (4.60) 

and 

 (4.61) 

This yields adjustment laws, according to eqns. (4.22) and (4.23), taking into account that 
process and reference model have changed places: 

 (4.62) 

 (4.63) 

and 

 (4.64) 

with 

 (4.65) 

When the process state, , is contaminated with noise,  is a noise-free estimate of 

. 

4.5.2   Practical design 
It is necessary to analyze again whether the system of the former section can be used in 
practice, where the circumstances are less ideal than assumed until now. Because the ad-
justable model is only of the first order and because it is placed parallel to a part of the 
process only, there will be fewer complications than with the adaptive course-changing 
controller. There are no problems with the steering machine because it is assumed that the 
rudder angle δ itself is measured. The steering machine is thus outside the adaptive loop. 
 
However, an additional problem is the demand, mentioned in section 4.3.2, that the pro-
cess must be stable in order to be able to guarantee stability of the whole system. When 
this system is applied to a course-unstable ship additional measures have to be taken. For 
instance, the process could be stabilized by means of a constant gain feedback loop. The 
adjustable model is then placed parallel to the compensated system. 
 
The following items require further study: 
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1. the influence of the neglected dynamics and non-linearities 
2. the influence of disturbances, such as waves 
3. discrete-time instead of continuous-time realization. 
 
Note 1 The neglected dynamics and non-linearities. 
 
The same remarks as were made at this point (note 3) in section 4.4.2 could be made here 
as well. Because this system is even simpler, it will also be more robust. 
 
Note 2 The influence of disturbances. 
 
In the system described in section 4.4.2 the cross correlation of the noisy error signal and 
the noisy process states caused drift. In the adaptive laws for identification the model 
states are used to be multiplied with the noisy error vector. When the adaptive gains are 
not too high these model states will be almost free of noise. It will be shown that the rud-
der angle can also be made reasonably free of noise so that there will be fewer problems 
with drifting parameters. 
 
The fluctuations in the parameters remain. These fluctuations can be kept small by taking 
appropriate measures such as: choosing low (possibly noise-level-dependent) adaptive 
gains or filtering the parameter values with a low-pass filter.  Another solution is to intro-
duce a second adjustable model, parallel to the first one. The first adjustable model, with 
low adaptive gains, yields noise-free estimates of the process states. The second adjust-
able model, with high adaptive gains, yields the estimated parameters ((Hirsch and Peltie, 
1973). Experiments show, however, that low-pass filtering of the parameters gives results 
similar to those obtained with a second adjustable model, but with less computational ef-
fort. Applying the concept of decreasing adaptive gains can also gradually decrease fluc-
tuations of the parameters. 
 
A nice property of the MRAS-based system for identification is its ability to produce 
noise-free estimates of the process states, with almost no phase lag. This solves a great 
deal of the filtering problem that was mentioned in chapter 3 as a requirement for optimal 
performance in bad weather. The signal  may be used as a feedback signal in the con-
troller instead of . However, when the level of the noise is low, and the parameters 
and states of the adjustable model have not yet converged, it would be better to use the 
actual measurements instead of the estimates. Another disadvantage is that the signal ψp 
is not yet filtered. The filtering problem formulated here is similar to that solved by Kal-
man filtering. However, because the noise to be suppressed is system noise, with the 
measurement noise negligibly small, straightforward Kalman filtering cannot be applied. 
 
The problem can be formulated as follows: 
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Design a state estimator which estimates  by optimal weighting between the predicted 
 and the measured , and extend the system used thus far, in order to optimally 

estimate  as well. 
 
The criterion for optimality can be roughly defined as follows: 
 

High-frequency disturbances must be suppressed; low-frequency estimation errors must 
be kept small. 

 
This can be realized with the structure of figure 4.13 (Van Amerongen and Van Nauta 
Lemke, 1978, 1979; Van Amerongen, 1981). 
 

 
 

Fig. 4.13  System for parameter and state estimation 
 
The originally introduced adjustable model (model I), is used for parameter estimation. In 
order not to disturb the parameter estimation by improving the state estimation, a second 
adjustable model (model II), intended especially for the state estimation, is introduced. 
The parameters of both models are adjusted simultaneously by the adaptation mechanism. 
The second model is extended with an integrator in order to estimate  as well. 
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Adjustable filter gains  and Kψ are introduced to update the predictions with the meas-
urements. These gains are adjusted, according to the ratio between the low-frequency 
components of the prediction error and the high-frequency components, according to the 
formulas: 

 (4.66) 

 (4.67) 

and  

 (4.68) 

It can easily be seen that 

 (4.69) 

Defining 

 (4.70) 

and 

 (4.71) 

enables computation of  and .  

 (4.72) 

and 

 (4.73) 

where  sets a lower bound to  and to the filter gains for the case in which the abso-
lute noise levels are low. 
 
Note 3  Discrete-time versus continuous-time realization 
 
The same remarks as were made in section 4.4.2, note 5 can be made here as well. When 
the sampling ratio is sufficiently high, the continuous-time algorithms can easily be trans-
formed into discrete-time algorithms. 
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The series-parallel structure, which had certain advantages for adaptation, should be 
avoided here, because it would lead to biased parameter estimates. 
 
The second adjustable model, meant for state estimation, however, can be advantageously 
implemented in discrete form. 
 
Let the estimated state  at the instant (k+1) be 

 

The estimated state based on observations at the instant (k+1) as well is then 

 (4.74) 

where T is the sampling interval and τm the time constant of the adjustable model. The 
estimate  is obtained from: 

 (4.75) 

and 

  (4.76) 

A block-diagram of this system is given in figure 4.14 



Adaptive Steering of Ships  

 
 

 88 

 
 

Fig. 4.14 Discrete noise-adaptive state estimator 

4.6    DESIGN OF THE ADAPTIVE AUTOPILOT ASA 

In the preceding sections the various possibilities which can be applied to design an adap-
tive autopilot have been explored. This section describes the selection that can be made 
out of these possibilities in order to construct the adaptive autopilot that will be further 
referred to as ‘ASA’. 
 
ASA distinguishes two steering modes: course changing and course keeping. The course-
changing mode is selected whenever a new heading is ordered or the difference between 
the old set point and the new set point is larger than five degrees. After reaching the new 
heading it remains in the course-changing mode (with tight control) during approximately 
ten times the time constant of the ship. Then it switches to the course-keeping mode. 

 4.6.1   The course-changing mode of ASA 
 
During course changing the user-adjusted rate-of-turn setting determines the way a ma-
noeuvre is carried out. It has been shown that this can be effectively realized by means of 
a series model with a rate-of-turn and a rudder limiter according to figure 4.9. In order to 
force the ship to closely follow the model response, at the start of the manoeuvre, the con-
troller gains are set at rather high values, for instance, Kp = 2.5 at cruising speed, and Kd 
chosen according to eqn. (4.2) with   z = 1. The gain Kp is scheduled for speed variations 
according to eqn. (3.13): 



Chapter 4  Adaptive Control  

 
 

89 

 (4.77) 

Computation of Kd with eqn. (4.2) requires knowledge of the ship’s parameters K* and τ*. 
They are set to the initial value 1 when the autopilot is switched on and are on-line esti-
mated during operation by means of the identification procedure of section 4.5. 
 
These values of Kp and Kd are used as initial values: Kp0 and Kd0 at the start of a course 
alteration. The off-set compensation Ki0 is made equal to the mean value of Ki,m in the 
preceding course-keeping period. During the course-changing manoeuvre the controller 
gains are adjusted by means of eqns. (4.43) to (4.45): 

 (4.78) 

 (4.79) 

and  

 (4.80) 

The states ψp and  required in the control algorithm are replaced by the estimated 

states  and , obtained from the state estimator. The course-changing control algor-
ithm is thus completely described by: 

 (4.81) 

 
with Kp, Kd and Ki computed according to eqns. (4.78) to (4.80) and the initial values Kpo, 
Kdo and Kio computed as follows: 

 (4.82) 

 (4.83) 

and 



Adaptive Steering of Ships  

 
 

 90 

 (4.84) 

The maximum rudder angle is adjusted according to eqn. (4.3): 

 (4.85) 

where  is the user-adjustable maximum rate of turn, and K* has been set to one. The 
adaptive gains α and β are of the decreasing-gain type and are adjusted depending on the 
level of the noise as well, according to the formulas: 

 (4.86) 

and 

 (4.87) 

where Td is the amount of time after the start of the course-changing manoeuvre and ξ is 
computed according to eqn. (4.66). 

4.6.2   The course-keeping mode of ASA 
During course keeping the autopilot is adjusted as follows. The only setting provided to 
the user is the choice between maximum accuracy and maximum economy expressed by 
the accuracy factor µ. It ranges from µ = 1 for maximum economy to µ = 5 for maximum 
accuracy. At cruising speed Kp is computed with the formula 

 (4.88) 

The accuracy factor can thus be related to the weighting factor λ by means of eqn. (3.5): 

 (4.89) 

So for µ = 1, λ = 4 and for µ = 5, λ = 0.16. 
 
Gain scheduling is introduced according to eqn. (3.18): 

 (4.90) 

In chapter 3 it has been shown that when the level of the noise is low there is no need for 
low controller gains; therefore, the lower limit of Kp is made a function of the level of the 
noise: 
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 (4.91) 

where ξ is computed with eqn. (4.66). 
 
The derivative gain can be adjusted to provide constant damping according to eqn. (4.2), 
or according to the optimal setting (3.6), after substituting 

 (4.92) 

The parameters K* and τ* are estimated on-line with the structure of figure 4.12. Gain 
scheduling is introduced into the two adjustable models as well, in order to speed up the 
parameter estimation. Instead of directly adjusting Km and τm (see figure 4.12), K*

m and 
τ*

m are adjusted , where 

 (4.93) 

and 

 (4.94) 

This makes it also possible to define a rather narrow bound of the allowable parameter 
values 

 (4.95) 

and 

 (4.96) 

 
This leads to the adaptive laws: 

 (4.97) 

 (4.98) 

and  

 (4.99) 
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where α and β are computed according to eqns. (4.86) and (4.87). The course-keeping 
controller is thus described by the equations: 

 (4.100) 

 (4.101) 

 (4.102) 

or 

  (4.103) 

 (4.104) 

 (4.105)
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5  REALIZATION AND RESULTS 

 

5.1  INTRODUCTION 

In this chapter the results are described that were obtained with the adaptive  
algorithms of the former chapter from 
 
– simulation experiments 
– full-scale trials 
– and model tests 
 
It also gives a description of the hardware and software configurations chosen to imple-
ment the algorithms and the simulation set-up that was used before trials were carried out 
with actual ships. 
 
The earliest full-scale trials, with a simpler adaptive autopilot than the one described in 
this thesis, were carried out in 1972, on board the pilot vessel ‘Capella’ (Van Amerongen 
and Winkelman, 1972; Van Amerongen and Udink ten Cate, 1973, 1975). Only one pa-
rameter, the rate-feedback gain, was adjusted by means of a direct adaptive system. The 
adaptation was based on the sensitivity approach, and designed for improved course 
changing (Honderd and Winkelman, 1972). In this system there was no explicit rate-of-
turn control, neither a series model nor identification and state estimation. The parallel 
reference model and the adaptive algorithms were based on the non-linear model of Bech, 
according to eqn. (2.25). A second-order low-pass filter suppressed high-frequency rud-
der motions. The trials demonstrated the practical usefulness of an MRAS-based adaptive 
system. 
 
This relatively simple adaptive autopilot was constructed with the standard operational 
amplifier units available in the laboratory, screwed onto a plank: a very flexible system, 
but one far from reliable for outdoor use. 
 
In order to increase the reliability, a subsequent experimental version of the autopilot was 
constructed with printed-circuit plug-in units and tested in 1975 on a frigate of the Royal 
Netherlands Navy (Van Amerongen and De Keizer, 1975). This version was based on the 
same principles as the earlier-tested autopilot. By exchanging plug-in units either the 
sensitivity approach or the Liapunov approach could be used in the adaptation mecha-
nism. In this simple system the two approaches yielded comparable results. 
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High-frequency rudder motions were suppressed by a second-order low-pass filter that 
was also used in the adaptation mechanism to suppress parameter drift. In the adaptive 
loop it could be exchanged for a dead band. 
 
The system worked reliably but had lost its flexibility. During the trials this appeared to 
be a great disadvantage. 
 
Figure 5.1 gives a typical result of these experiments.  

 
Fig. 5.1  Results of experiments with a simple adaptive autopilot 

 
It shows the following signals: 
 

 the ship’s heading 
 the rudder angle 
 the rate of turn, measured with a rate gyro 
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 the rate of turn of a reference model which is placed parallel to the process and the 
controller 

 
Kd the value of the rate-feedback gain. 
 
Initially Kd is set to zero, to simulate a course-unstable behaviour. At the indicated time 
the adaptation is started, which considerably improves the responses. Periodical course 
changes of ten degrees are made. 
 
After these experiments adding features such as adjustment of other parameters, identifi-
cation and state estimation, decreasing adaptive gains, and different steering modes in-
creased the complexity of the adaptive autopilot. In order to combine the reliability of the 
present computer hardware with the flexibility of software, it was decided to carry out 
further experiments with a small general-purpose digital computer, with a fast back-
ground memory and programmable in Fortran. Because of the decreasing size and price 
of digital hardware, computer-based implementation will also be most attractive for 
commercial realisation of an adaptive autopilot. The next section will go into more detail 
about the hardware and software. 

5.2   IMPLEMENTATION OF ASA 

5.2.1   Hardware 
 
Based on the earlier experiments, the following requirements were formulated for the ex-
perimental digital computer system: 
 
– Moderate size and weight 
The system should be used on board various ships, for short periods of time. Therefore, it 
is important that it be easy to transport. 

– Flexibility 
In order to get a flexible system, programs must be written in a high-level program lan-
guage such as Fortran, and must be loaded from a fast mass-storage device. This enables 
modifications to be made during the experiments. 

– Data storage 
During the experiments with analogue equipment the data of the experiments were re-
corded on a seven-channel instrumentation recorder. In order to reduce the amount of 
equipment it is advantageous to use the mass-storage device, already required for pro-
gram loading, for recording experimental data as well. 
 
– Monitoring of data 
It is essential that the performance of the system can be judged during the experiments. 
Therefore, the signals that are recorded should be displayed as well as a function of time. 
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For short periods of time this can be realized by using a CRT-based graphical display, 
which should preferably be combined with the terminal for operating the computer sys-
tem, in order to reduce the total amount of equipment. For judging the performance over 
longer time intervals, a multi-channel writing recorder is necessary. When an analogue 
recorder is used, the computer system should be equipped with a sufficient number of 
digital-to-analogue converters (DAC’s). 
 
– Easy operation by the crew 
The autopilot should not only be tested during special experiments but also under normal 
operational conditions, that is, the system has to be operated by the crew. To prevent 
faulty use it is preferable that the operator’s console be as simple as possible and contain 
only the essential settings: heading, rate-of-turn and accuracy. Therefore the operator’s 
console should not be combined with the computer terminal. 
 
Based on these requirements, a system has been designed partly consisting of general-
purpose hardware and partly of specially designed hardware. Figure 5.2 gives a photo-
graph of the hardware and figure 5.3 a schematic diagram. 
 

 
 
Fig. 5.2   ASA hardware with on the left the general-purpose computer and the graphi-

cal display, on the right the operator’s console and in the  
middle the  SUBBUS interface 
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Fig. 5.3  Hardware configuration of ASA 
 
The upper part of figure 5.3 shows the DECLAB system, a general-purpose computer sys-
tem based on the DEC LSI 11/03 micro-computer. The terminal has the desired graphical 
facilities. The dual-floppy-disc unit can be used for program loading and data storage. 
The programmable clock enables the autopilot to be run on an interrupt basis. A parallel-
interface module connects the computer with the special-purpose ‘autopilot’ hardware. 
 
The special-purpose SUBBUS (Vet, 1978) has been derived from the laboratory’s stan-
dard SUBBUS system. It contains interfaces (AD-converters and digital inputs) to connect 
the computer to the sensors of the ship, and interfaces (DA-converters and digital outputs) 
to drive actuators, a multi-channel pen recorder, and a TV-based colour display. A series 
interface enables the operator’s console to be connected with the SUBBUS. A series line 
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has been chosen, because this reduces the amount of cabling and enables the computer 
system to be installed off the bridge, while the crew on the bridge is using the operator’s 
console. The operator’s console (Vet, 1978), shown in figure 5.4 uses a numerical key-
board with special function keys to order a new heading and to change the rate-of-turn 
and accuracy settings. 

 
Fig. 5.4  The operator’s console 

 
This console displays numerically the heading set point, the selected accuracy and rate of 
turn, and by means of light-bar displays, the heading error, the rudder angle and the (es-
timated) rate of turn. In order to determine the usefulness of some new steering modes, 
these can be selected by means of function keys. Course changes can be ordered by typ-
ing a new heading, as customary, or by typing a heading increment. Such an option may 
be useful during manoeuvring or during typical naval operations, such as underway re-
plenishment, at sea. Another option is rate-of-turn steering: turns can be made with a con-
trolled rate of turn, without having to order a new heading. These options do not require 
any changes of the controller algorithms themselves. Because the computer system re-
quires a 50 Hz / 220 V power supply, a 1000 VA static AC/AC converter is used in those 
situations where only a 60 Hz power system is available. 
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5.2.2   Software 
 The software should enable the following tasks to be carried out: 
 
– steering of the ship by means of the algorithms of chapter 4 
– communication with the operator’s console 
– display of all signals of interest and storage of these data on floppy disc 
– handling of the commands given at the computer terminal for modification of the con-

troller parameters and for control of the data-storage and display  
process. 

  
The above tasks have been given in the order of decreasing priority. The first three tasks 
have to run periodically, the last task, having the lowest priority, should only run when 
commands are given. 
 
This has been realized by developing the software package UNIMET (Onkenhout, 1979). 
UNIMET considers the computer basically as a digital measuring system and provides the 
display and data-storage facilities. Up to sixteen signals can be recorded and monitored 
simultaneously. The periodical collection of data, or in this case, the periodical control 
tasks, are performed by subroutines written for each specific application and running at 
the two highest-priority levels. At a third priority level, the measuring system periodically 
runs the programs for display and storage of data. The three periodically running tasks are 
started by the measuring system on an interrupt basis. At the lowest priority level, not 
periodically running, the display process can be controlled. By means of an application-
dependent subroutine, it is possible to modify the parameters of the controller, which runs 
in the user-defined periodical tasks. This is illustrated in figure 5.5. 
 
The autopilot algorithms run as a series of subroutines within TASK2 at a typical sam-
pling rate of 0.25 - 0.5 seconds. The rudder control algorithm runs within TASK1 at a 
typical sampling rate of 0.1 seconds. Handling of the keyboard commands of the opera-
tor’s console is also performed by TASK1. 
 
Figure 5.6 illustrates a typical situation where TASK1 runs every 0.1 seconds, TASK2 
every 0.3 seconds and TASK3 every 0.6 seconds. Tasks with a lower priority may be in-
terrupted by those with a higher priority. It is essential that a particular task be completed 
before it is restarted again. 
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Fig. 5.5  Organization of UNIMET 
 

 
 

Fig. 5.6  Scheduling of the three periodical tasks 
 
The adaptive autopilot algorithms are split into a series of subroutines according to the 
flow diagram of figure 5.7 

TASK1 : 
- rudder control 
- handling of the keyboard commands of the 

operator's console 
increasing 

priority 

TASK2 : 
- algorithms of ASA 

TASK3 : 
- Display 
- storage of data 

MAIN  : 
 

- handling of commands of the terminal to  
control and modify  
TASK1 TASK2 and TASK3 
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Fig. 5.7  Flow diagram of  ASA realized as a series of subroutines within TASK2 
                                         
The basic algorithms of these subroutines have been described in section 4.6. The subrou-
tine DISPLAY contains some options that were not yet mentioned. It computes a perform-
ance index according to eqn. (3.1), which enables the comparison of adaptive steering, 
conventional automatic control and manual steering, based on this criterion. The alarm 
unit warns the crew if the computer does not work properly anymore. Periodic pulses, 
sent by the subroutine DISPLAY disable it. After a computer break-down, for instance, 

TASK2 

MEAS: 
measures data of the ship's sensors  

and decodes the keyboard commands 
 

FILTER: 

updates predicted  and based on latest  
measurements 

 

CTLSET: 
adjusts the controller based on gain scheduling and on 

direct or indirect adaptation 

DELLIM: 
computes the rudder limit  

PAREST: 

estimates parameters K*, τ*  and predicts  and  

DSPLAY: 
- handles output to operator's console and 

DAC's for data logging                
- computes performance indices 
- controls alarm unit 

END 
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due to a disturbance in the power supply or any other error which stops the periodical 
running of the programs, the pulses sent by this ‘watchdog timer’ stop and an audible 
alarm on the ship’s bridge is activated. Although this option is not able to detect all pos-
sible faults, during the experiments it appeared to be useful and sufficient. 
 
Besides the routines for driving the interfaces and for generating periodic clock interrupts, 
all programs have been written in Fortran in order to realize a flexible system. 

5.3   ANALOGUE SIMULATION SET-UP 

To test the performance of ASA under various conditions at the laboratory, a combined 
analogue-electronic and electro-mechanical simulation set-up was constructed, which also 
enables all the interfaces to be tested. A diagram of this system is given in figure 5.8 
 
The following elements have been implemented: 
 
– the steering machine 
 
The steering machine (consisting of the telemotor system and the main servo) is simu-
lated with operational amplifiers according to figure 2.13. The input of the steering ma-
chine can be selected from 
 
– push-buttons, which move the rudder at a constant speed as long as they are being 

pressed 
– manual follow-up steering, by means of a rudder control unit and a steering wheel 
– automatic: the computer generates and controls the rudder angle 
– acceleration dynamics 
 
The acceleration dynamics have been implemented according to figure 2.11. 
 
– the ship’s dynamics 
 
The transfer between the inputs (the rudder angle δ and the stationary speed ) and the 
outputs (the rate of turn  and the speed U) are realized with operational amplifiers 
based on eqns.(2.41) to (2.43). The analogue signals, δ and U can be measured by means 
of analogue-to-digital converters (ADC’s). 
 
The integration of the rate of turn is accomplished by means of a speed-controlled dc-
motor, which drives, by means of two different gears, two synchro systems. One synchro 
system is based on one revolution per degree of course change, while the other is based 
on one revolution per 360 degrees. It drives a synchro-to-digital converter (SDC), which 
is used for measuring the ship’s heading. 
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Fig. 5.8  Sim
ulation set-up 
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–  wind 
On the axis of the latter synchro system a resolver has been mounted which, after de-
modulation of the 400 Hz signals, yields a signal, which sinusoidally depends on the 
heading, according to eqn. (2.52). This signal is used, with a variable gain, to simulate the 
influence of the moment of a constant wind. Low-frequency fluctuations of the wind can 
be added by means of a sinus generator. 
 
–  waves 
Waves are introduced according to figures 2.18 and 2.19. A variable gain enables simula-
tion of different sea states. 

5.4   RESULTS OF SIMULATION 

Before carrying out actual trials, ASA was extensively tested by means of simulation. The 
algorithms derived in chapter 4 are for a great deal based on the information gathered dur-
ing these experiments. In this section some of the results will be presented. More results 
will be given in the following sections about full-scale trials and scale-model experi-
ments. 
Originally no gain scheduling was applied in order to verify whether the MRAS-based 
adaptive systems work satisfactorily. Later on gain scheduling was added, which con-
siderably increases the speed of parameter adjustment and makes the MRAS-based pa-
rameter adjustment a fine-tuning mechanism, especially for parameter variations that are 
not compensated by the gain scheduling. 
 
Figure 5.9 gives a typical result of direct parameter adjustment of Kp, Kd and Ki (De 
Keizer, 1976). In the simulation the dynamics of a frigate, according to table 2.5, were 
used and there was no noise (sea state 0). No gain scheduling was used.  
 
The incorrect initial values of the controller parameters reach, after two course alter-
ations, their final values and then the response of the process follows that of the model.  
 
The performance of the parameter estimation can be judged from figure 5.10 where the 
following signals are shown: 
 

 the undisturbed rate-of-turn signal of the ship 

 the ship's rate-of-turn signal including the disturbances 

 the output of the adjustable model I, the parameter estimator that is an estimate of  
,  the parameters of the adjustable model 

 the heading signal 

 the rudder signal, when  is used in the controller algorithm 

 the rudder signal, when  is used in the controller algorithm. 
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Fig. 5.9   Performance of the adaptive 
course-changing controller 

Fig. 5.10 Performance of the parameter 
estimator 

This experiment was carried out with simulated dynamics of the R.O.V. Zeefakkel (See 
table 2.3). A fixed controller, constant adaptive gains, α and β, and no filtering of the pa-
rameters were applied. 
 
The performance of the state estimator can be judged from the ,  and  responses. 
By adding a second adjustable model this state estimation can be further improved. The 
positive influence of the filtering on the rudder signal can be seen by comparing the  
and  signals. The latter, using the estimated rate-of-turn signal, is considerably 
smoother. In both cases the actual heading signal has been used in the controller algor-
ithm. 
 
To estimate the savings that can be realised by improved steering the following experi-
ment has been carried out. A constant wind and a sea state of approximately 3 are simu-
lated together with the dynamics of the R.O.V. Zeefakkel. Four different controllers of the 
PID type, all with constant gains, have been compared: two controllers with low gains  
(Kp = 0.5) and two controllers with higher gains (Kp = 3). One controller type uses unfil-
tered signals and the other one uses the signals of the adaptive state estimator. The per-
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formance is measured by means of criterion (3.1) with λ = 10, which yields the loss of 
speed as a percentage of the speed u0. The results are given in table 5.1. 
 
Table 5.1  Loss of speed for different types of controllers 
 

Type of controller  filter  Loss of speed 

High gains  no  1.25% 

Low gains  no  0.5% 

High gains  yes  0.2% 

Low gains  yes  0.1% 

 
These results indicate that by choosing low gains instead of high gains, the losses can be 
reduced by a factor of two, while adding a filter improves the performance by a factor of 
five. Because of the idealized disturbances, the course-keeping accuracy is also good with 
low gains. The full-scale experiments, discussed in section 5.5, demonstrate, however, 
that the disturbances were much too idealized. The consequences of this will be discussed 
in section 5.5. 
 
In another experiment, with the same simulated dynamics and a simulated sea state of 4 
the following controllers were compared (Van de Gaag, 1979; Van Amerongen and Van 
Nauta Lemke, 1980): 
 
a PID without filtering 
b PID with adaptive state estimator 
c PID with a rudder dead band of 2 degrees 
d PID with a rudder dead band of 3 degrees  
e PID with a rudder dead band of 4 degrees. 
 
The proportional gain Kp was varied in the range 

 corresponding with   

Kd was adjusted in all cases according to eqn. (3.6), which ensures a sufficiently damped 
response. 
 
The performance was judged again with criterion (3.1) with λ = 10 and with the criterion 

 (5.1) 
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This criterion can be seen as an upper bound for the steering losses because it disregards 
the dynamics between the rudder angle and the loss of speed. It is based on the full-scale 
measurements with the R.O.V. Zeefakkel, which indicated a loss of speed of approxi-
mately 1.3  percent in the steady state. The ‘loss of speed’ due to heading errors is 

taken into account by adding the factor 0.0076 . Figure 5.11 gives the loss of speed 
according to criterion (3.1) and figure 5.12 according to criterion (5.1). 

        
 

Fig. 5.11 Estimated loss of speed with cri-
terion (3.1) 

Fig. 5.12 Estimated loss of speed with cri-
terion (5.1) 

 
Equation (2.42) has also been used to estimate the loss of speed, but this yields values 
that seem unrealistically low, probably because this model that was verified for rudder 
angles larger than ten degrees, does not describe accurately enough the loss of speed for 
small rudder angles. 
 
Qualitatively almost similar results are obtained with criteria (3.1) and (5.1), but the abso-
lute values of the savings differ considerably. It appears again that filtering, even by a 
dead band, leads to a clearly better performance. For the controllers without a dead band, 
the (economic) performance decreases as the controller gains increase. For the controllers 
with a dead band this effect is less apparent: for low controller gains the accuracy is poor, 
while for high controller gains the losses caused by the rudder motions are dominating. 
 
For low controller gains the performance with the adaptive state estimator is at least as 
good as that with the largest dead band (4 degrees) that has been considered. For higher 
controller gains the controllers with large dead bands seem better according to these eco-
nomic criteria, but they will give less accurate course control. 
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5.5   FULL-SCALE TRIALS 

After the simulation experiments several series of full-scale trials were carried out in or-
der to verify the results of simulation. Table 5.3 gives a survey of these full-scale trials on 
board various ships. 
 
Table 5.3  Full-scale trials 
 

ship  length  cruising 
speed 

 period  area 

R.O.V. 
Zeefakkel 

training ship 

 
42 m 

 6 m/s 
12 knots 

 November 
27 – 28, 1978 

 Waddenzee 
North Sea 

February 
21 – 22, 1979 North Sea H.Nl.M.S. 

Tydeman 
Oceanographic 

Research vessel 

 

90 m 

 

6.5 m/s 
12.5 knots 

 

February 26 –  
March 8, 1979 

 

Bay of Biscay 
North Sea 

February 4 – 10, 1980 English Channel H.Nl.M.S. 
Poolster 

Naval supply 
vessel 

 

168 m 

 
9 m/s 

18 knots 

 

April14 – 29, 1980 

 

Atlantic Ocean 

 
During all experiments ASA was connected to the ship as indicated in figure 5.13. 
 
The desired rudder angle, computed by ASA, was connected to the follow-up steering in-
put of a conventional autopilot of the type DECCA-ARKAS 550, which was already in-
stalled on all three ships. This enabled a quick and easy switchover to the ship’s standard 
systems, whenever necessary. On the Zeefakkel the setting of the propeller pitch was 
measured at the actuator as representative for the ship’s speed; on the other ships the out-
put of the EM-log was used. On the Zeefakkel the heading was measured with a gyro that 
was especially installed for the measurements, while on the other two ships the standard 
gyro compass was used. The standard gyro signal and the EM-log signal were converted 
by means of fourteen-bit synchro-to-digital converters, and the other signals by means of 
twelve-bit AD-converters. 
 
On the Zeefakkel and the Tydeman 220 V/ 50 Hz power was available, while on board 
the Poolster a static converter was used to convert the 115 V/ 60 Hz primary power to 220 
V/ 50 Hz. 
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Fig. 5.13 Connection of ASA to the ship’s sensors and actuators 
 

5.5.1   Trials with the R.O.V. Zeefakkel 
Only two days were available for the first full-scale trials with the R.O.V. Zeefakkel (see 
figure 5.14), meant to test the designed system under real-life conditions (Van Ameron-
gen and Van Breda, 1979). In most cases ASA behaved as expected. Some problems were 
encountered. A few of them have led to modifications, for instance: 
 
– During the first day the computer stopped every quarter of an hour because of a large 

dip in the power supply. After switching off a freezer, during the second day the sys-
tem operated without interruptions. This experience was one of the reasons the earlier-
mentioned watchdog-timer alarm unit was constructed. 

– During both days a fresh gale was blowing, about Beaufort 8. During the first day it 
was decided to carry out the experiments in the lee of the island Texel, where the sea 
was relatively quiet. However, the compass that was used produced a very noisy sig-
nal, probably due to a worn potentiometer. Therefore, the filter gain ξ was estimated 
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far too low with respect to the actual sea state. In combination with the strong wind 
this had the following results: 

 
- the signals were too heavily filtered 
- the controller gains Kp and Kd got values which were too low. This in combination 

with an adaptive integrating action that was apparently adjusted too slowly, resulted in 
rather inaccurate course control. 

 

 
 

Fig. 5.14  The R.O.V. Zeefakkel 
 
After the trials this led to the modification of adjusting Ki during course keeping accord-
ing to eqn. (4.104) instead of according to eqn. (4.80), which is used during course chan-
ging and which was formerly used during course keeping as well. It appears that by 
means of eqn. (4.104) a faster adjustment of Ki can be realized. 
 
The algorithms for the estimation of ξ were not changed, and neither was the procedure 
for gain scheduling of Kp and Kd based on the level of the noise, because the above-
mentioned problems seemed to be mainly caused by malfunctioning of the compass. 
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During the second day the trials were more successful. The compass signal was filtered 
by means of an analogue low-pass filter with sufficiently large bandwidth. This gave a 
considerable improvement. Especially the experiments carried out on the open sea, with 
what was for this small ship a very rough sea (sea state about 5-6), demonstrated the ad-
vantages of the filter algorithms applied. 

 
 

Fig. 5.15  Performance of the state estimation of  
 
Figure 5.15 shows the rate-of-turn signal  that was obtained by numerical differenti-

ation of the heading signal, as well as , the output of the state estimator. Three course 
alterations were made during the period of time shown. 
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Fig. 5.16  Comparison of manual control and ASA. 
 
Figure 5.16 gives the course error ε, the rudder angle δ and the value of J of the criterion 
(3.1) with λ = 10, during steering with ASA and, temporarily, during manual control. The 
amount of rudder in these circumstances used by the helmsman is even larger than ASA 
uses during the indicated course alterations of five degrees. The value of the criterion, 
expressed as loss of speed, during manual control exceeds the three percent, while during 
control by ASA the estimated loss of speed is clearly less than 0.5 percent. 
 
An effect that cannot be seen in the recordings is that the smoother rudder motions induce 
smaller roll angles as well. The captain said that normally he would have reduced speed 
in these circumstances in order to limit the roll angles. Due to the smoother steering of 
ASA heading and speed could be maintained. This subjective judgement could not be 
verified because, unfortunately no roll sensors were installed during the experiments. 
However, Ohtsu, Horigome and Kitagawa, 1979 report similar results. 

5.5.2   Trials with H.Nl.M.S. Tydeman 
After the preliminary experiments with the R.O.V. Zeefakkel a more extensive series of 
trials was carried out with the oceanographic research vessel H.Nl.M.S. Tydeman (Van 
Amerongen and Van Nauta Lemke, 1979, Van Amerongen and Onkenhout, 1980). The 
area and period for the experiments, namely the Bay of Biscay during the winter, were 
chosen in the hope of being able to test the performance of ASA in high sea states. The 
sea states were indeed about 4-5 with winds about Beaufort 7 during a great part of the 
voyage, as indicated in table 5.4. A picture of H.Nl.M.S. Tydeman is given in figure 5.17. 
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Fig. 5.17  H.Nl.M.S. Tydeman 
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Table 5.4  Conditions during the trials with the "Tydeman" 
 

preliminary experiments 

date  area  wind  sea state  mean heading 

21 Feb 

22 Feb 
 

North Sea 

North Sea 

 W/2 

W/2 

 0 

0 

 Variable 

variable 

26 Feb 

27 Feb 

28 Feb 

1 March 

2 March                             

3 March                        

4 March                        

5 March                 

6 March                           

7 March                                        

8 March                           

 

North Sea 

Straits of Dover 

Channel 

Channel 

Channel 

Bay of Biscay 

Bay of Biscay 

Bay of Biscay 

Channel            

North Sea 

North Sea 

 W/5 

SW/5 

NW/7 

NW/6               

W/7 

W/7 

W/7 

N/2 

W/9 

SW/5 

SW/5 

 2 

3 

5 

4 

4 

4 

4 

3        

4 

4 

2 

 South 

South/West 

West 

West 

West/South 

variable 

variable 

variable 

North/East 

North 

variable 

 
During thirteen days approximately eighty hours could be used for the testing of ASA, 
sometimes in combination with experiments of other research institutes. In between, some 
modifications of the controller algorithms were made, especially to improve the perform-
ance in some typical situations which were not foreseen during simulation: 
 
– The experiments of the other institutes sometimes required ship speeds approaching 

zero. The adaptation mechanisms try to maintain a constant performance and to con-
tinue the identification of the ship's parameters in all circumstances, but this is no 
longer possible for very low or even negative speeds, and it completely upsets the pa-
rameter adjustment. The problem was easily solved by stopping all adaptive features 
for very low speeds and by limiting the speed signal used for gain scheduling at a 
minimum of one fifth of the cruising speed. 

 
– The crew appreciated the facilities of the operator’s console. However, sometimes er-

rors were made which making some modifications can prevent. The possibility to 
command turns of up to 350 degrees at one time, was deliberately tested and highly 
appreciated. Under normal conditions there were no problems with giving course 
commands by means of a keyboard. But in more complicated situations, which re-
quired a lot of attention for the other traffic, sometimes wrong turning directions were 
ordered. 
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– The facility of controlled rate-of-turn steering without ordering a new heading was 

deliberately tested. Especially on this ship, used for all kinds of experiments, such op-
tions are useful. However, it appeared again that the operator's console should be 
slightly modified. It sometimes happened that after stopping a turn, it was forgotten 
that the autopilot was in rate-of-turn steering mode, which led to erroneous com-
mands. Whenever a special mode is selected the ship should automatically return to its 
normal mode. The same holds for the incremental steering mode. 

 
Course-changing performance 
 
The course-changing performance of ASA was tested under various conditions; the initial 
headings with respect to the wind and waves, and the ship's speed were varied. A stan-
dard series of course changes, which can be automatically carried out was programmed. 
Course changes of +30, -60, +20, -5 and +15 degrees are made. After the completion of 
each course-changing manoeuvre the new course is maintained for about 120 seconds. 
Figure 5.18 shows a typical result. During the first series of course changes the maximum 
rate of turn was set to 0.5 degrees per second and during the second series to 1.0 degrees 
per second. 
 

 
 

Fig. 5.18  Course-changing performance of ASA 
 
The following signals are shown: 
 
  the course error 
  the rate of turn, obtained by differentiation of the heading signal 
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 the estimated rate of turn 
 the rudder angle. 

 
The desired type of response of figure 3.4 is clearly realized. The controller parameters 
are adjusted in this case according to the algorithms of section 4.6.1. 
 
Analysis of the recordings of the controller parameters indicates that during course-
changing manoeuvres the gain scheduling dominates the controller adjustment, while the 
desired shape of the response is being realized mainly by the series model. A few experi-
ments, with only gain scheduling and a series model, confirmed that, at least for this type 
of ship with no load variations, MRAS-based parameter adjustment is not essential during 
course alterations. Later on this was verified during experiments with H.Nl.M.S. Poolster. 
 
From figure 5.18 it can also be seen that the adaptive state estimator gives smooth esti-
mates of the rate-of-turn signal and also yields a smooth rudder angle, especially during 
the last part of the run, where the adaptation for the level of the noise is complete. 
 
Course-keeping performance 
 
During course keeping it is necessary to analyze whether ASA is able to realize accurate 
steering and economic steering. The accuracy factor µ, as defined in eqn. (4.88), is used 
to select between these two extremes. In relation with this the performance of the state 
estimator has to be investigated. The performance during course changing can be judged 
from figure 5.18. Figure 5.19 shows the performance of the state estimator during the ad-
aptation for the sea state. 
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Fig. 5.19  Adaptation for the sea state during course keeping 
 
Initially the filter gain ξ is approximately one, resulting in a noisy rudder signal, due to 
the noise on . After some time, about 300-400 seconds, the noise estimation converges 

and the  and δ signals become considerably smoother. Further the value of criterion 
(3.1) with λ = 10 goes from a 0.5 percent loss of speed to approximately zero, which con-
firms the results of table 5.1. The filter gain ξ appears to converge rather slowly. There-
fore the algorithms for computing the mean values of the noise variances have been 
changed after the trials. 
 
This was also judged to be necessary for reasons of accuracy. Although ASA performed 
well during economical steering, with smooth rudder motions, it appeared that the accu-
racy which could be realized was rather poor. This was especially demonstrated on March 
6th, when the ship passed the Straits of Dover with a strong gale of Beaufort 9 and some-
times gusts of even more. The traffic situation required accurate steering. The hard gusts 
of wind sometimes caused rather large course errors which were filtered too strongly by 
the state estimator, because the value of ξ was too low and varied too slowly. This resul-
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ted in the following modifications after the trials. An absolute lower bound for ξ is de-
fined: 
 

                                                                 (5.2) 

 
Besides, a lower bound of ξ is introduced, which is dependent on the course error ε and 
the accuracy factor µ, according to the formula 
 

                                                                 (5.3) 

 
for  

 
 In figure 5.20 the lower limit of ξ is plotted for the accuracies µ = 1, 2.5 and 5. 

 
 
Fig. 5.20  Minimum value of ξ as a function of ε  and µ 
 
For lower values of µ, ξmin is influenced less by ε. 
 
This limitation of ξ is only applied to the filter gain for the updating of the heading signal 

 and not for any other cases where ξ is used. 
 
To increase the speed of adjustment of ξ, for variations in the levels of the high-frequency 
and low-frequency noise, these two components are computed over shorter time intervals 
than those used during these trials. 
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The necessity of these modifications appeared at first during the full-scale trials, because 
originally no variable winds (or other low-frequency disturbances) were introduced in the 
simulation. After convergence of the rudder offset Ki, there was no more need for rudder 
motions, because the simulated waves have a zero mean and contain hardly any low-
frequency components. Therefore in the simulation the best results were obtained with the 
lowest controller gains and very strong filtering. By adding a low-frequency wind com-
ponent in the simulation, as indicated in figure 5.8, a more realistic simulation is obtained 
which enables the modifications mentioned above to be tested. 
 
During the experiments ASA was extensively compared with the conventional autopilot 
and with the steering performance of the helmsman. During these trials each officer of the 
watch was asked, when he came on duty, to "optimally adjust" the autopilot. Although 
this question always resulted in re-adjustment of the settings, in most cases the autopilot 
was reasonably well adjusted. Because a conventional autopilot is normally not so fre-
quently and carefully adjusted the results of the conventional autopilot can be considered 
as the best possible results in a practical situation. A typical result is plotted in figure 
5.21. 

 
 Fig. 5.21  Comparison between ASA, a conventional autopilot and manual steering 
 
During the first 500 seconds the ship is steered by ASA, then for 500 seconds by the con-
ventional autopilot and finally by the helmsman. It can be seen that both autopilots are 
superior to the helmsman with respect to steering accuracy, rudder angles applied and the 
value of the criterion. When steering with ASA, the rudder motions are the smoothest, 
due to the superior filtering of ASA, which can be seen in the  signal. This results in a 
lower value of the criterion as well. During this experiment the heading was 180 degrees, 
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the wind West, Beaufort 7 (W7) and the sea state was 4. The ship's speed was 10 knots. 
During most of the experiments the directions of wind and waves were the same. 
 
It turned out that the performance of the helmsman could be considerably improved by 
telling him the weighting factor λ of the criterion and by showing him the value of this 
criterion at the operator's console. Normally, a helmsman who is asked to steer as well as 
possible will try to realize accurate steering, but as the figure shows, without much suc-
cess. After some time, when the helmsman has adapted his steering behaviour, his steer-
ing performance slightly improves, but later on when he gets tired, it decreases again. 
 
Besides these qualitative comparisons a more systematic comparison was also made be-
tween ASA and the conventional autopilot. Two series of trials were carried out; one dur-
ing the night of March 4th - 5th in the Bay of Biscay with a sea state of 3-4; and another 
in the North Sea on March 7th and 8th with sea states decreasing from 4 to 2. 
 
During the first series of trials the ship's speed was approximately 10 knots, the sea state 
was about 3 with following seas. During eight hours, every hour on the hour control was 
switched from ASA to conventional and back. Afterwards the mean forward speed, meas-
ured by means of the EM-log, was computed for each period. The results are given in ta-
ble 5.5. 
 
Table 5.5  Comparison of the mean speeds of ASA and a conventional autopilot 
 

Autopilot  duration  mean speed 
[m/s] 

ASA  30 min  5.44 

CONV  60 min  5.38 

ASA  43 min  5.42 

CONV  51 min  5.39 

ASA  29 min  5.45 

CONV  40 min  5.43 

ASA  47 min  5.43 

sea state 3 
following seas  

weighted mean speeds 
ASA:  5.43    (149 min) 
CONV: 5.40    (151 min) 

ΔU ≈ 0.6 % 

 
The periods used for computing the mean speeds differ a bit in length because sometimes 
small course corrections were necessary and these parts of the data were removed. Fur-
ther the periods of time required by ASA to readjust the filter gain, after each controller 
change, have been disregarded. In general periods of about 30 to 45 minutes are con-
sidered to be the most ideal. During such periods the sea state may be supposed to be con-
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constant. The trials analyzed here lasted for eight hours, but by steering alternatively with 
ASA and the conventional autopilot it is still possible to compare the performances. The 
mean speed over all the periods, weighted with respect to the duration of each period, has 
been computed as well. The mean speed when steering with ASA appears to be approxi-
mately 0.6 percent higher than when steering with the conventional autopilot. 
 
A typical comparison in the time domain is given in figure 5.22. ASA steers smoother 
than the conventional autopilot and does not induce the periodic yawing. 
 

 
 

Fig. 5.22  Comparison of ASA and a conventional autopilot during the  
performance measurements listed in table 5.5 

 
 
 
These measurements have also been analyzed in the frequency domain. Typical Fast Fou-
rier transforms of the rudder, rate-of-turn and estimated rate-of-turn signals are shown in 
figure 5.23. The smoother rudder motions of ASA and the performance of the state esti-
mator can clearly be seen in the figure. 
 

[s] 
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Fig.5.23 
Fast Fourier transforms of the signals of 
figure 5.22 

 
Similar experiments were carried out in the North Sea with runs of about 15 to 20 min-
utes each. During these experiments the wind was SW5, the heading alternatively 020 and 
200, and the sea states varied between 4 and 2, with the waves propagating in direction 
045. Alternatively the trials were thus carried out with head seas and with following seas 
and also alternatively the ship was steered by ASA and by the conventional autopilot. 
After each four runs the power was changed. The results are given in table 5.6. Positive 
speed differences are in favour of ASA. It turns out that higher profits are measured for 
head seas than for following seas. 
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Table 5.6  Comparison of the mean speeds of ASA and a  conventional autopilot 
 

 following seas  head seas 
autopilot 

 mean speed[m/s]  ΔU  mean speed[m/s]  ΔU 

ASA 
 

CONV 
 

4.48 
 

4.43 
  

1%  
3.87 

 
3.88 

  
-0.3% 

ASA 
 

CONV 
 

4.96 
 

4.96 
  

–  
4.52 

 
4.31 

  
4.7% 

ASA 
 

CONV 
 

5.59 
 

5.63 
  

–0.7%  
5.04 

 
4.98 

  
1  % 

ASA 
 

CONV 
 

4.64 
 

4.62 
  

0.4%  
4.26 

 
4.22 

  
0.9% 

ASA 
 

CONV 
 

5.29 
 

5.25 
  

0.6%  
4.78 

 
4.72 

  
1.3% 

TOTAL: 
ΔU    0.3%    1.5% 

 
The EM-log is not a very accurate speed-measuring device. However, the absolute accu-
racy does not play a role in these comparisons. Attempts have been made to verify the 
measurements of the EM-log with accurate time and position measurements, from a 
Decca Hi-fix system. Because of the continuously changing current in the direction of the 
track these data do not seem better than those of the EM-log. However, they indicate sav-
ings similar to those given in table 5.6. 
 
Unfortunately, it was not possible during these experiments to get accurate measurements 
of the thrust. It is likely that smoother rudder movements require less power for the 
speed-controlled propeller. This would make the profits even larger in favour of ASA. 
 
Therefore it was decided to repeat these types of measurements with a scale model in a 
towing tank where fewer measuring problems may be expected. This will be described in 
section 5.6. From the full-scale measurements it may be concluded that ASA gives an 
increased speed of about 0.3-0.5 percent for following seas and of 1.5 percent for head 
seas, both for sea states between 2 and 4. 
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5.5.3   Trials with H.Nl.M.S. Poolster 
After the successful trials discussed in the former section, the modifications mentioned 
were tested during two periods on board H.Nl.M.S. Poolster: from February 4th to Feb-
ruary 10th, 1980 in the North Sea and the English Channel and from April 14th to April 
29th, 1980 (Van Amerongen, 1981; Van Amerongen and Onkenhout, 1980). During the 
latter period the ship sailed via the English Channel and the Bay of Biscay, to an area 
West of the North African Coast and finally to Lisbon, Portugal, where the measuring 
team disembarked. During the first week of this trip, the weather was reasonably suitable 
for the tests, the wind force being about Beaufort 5, and the sea state 3. During the second 
week, West of the African coast, there was hardly any wind and the sea was very calm. 
Figure 5.24 gives a picture of H.Nl.M.S. Zuiderkruis which has the same dimensions as 
H.Nl.M.S. Poolster. 
 

 
 

Fig. 5.24  H.Nl.M.S. Zuiderkruis, the sister ship of H.Nl.M.S. Poolster 
 
Because of the weather conditions, and because the ship had to carry out several exercises 
with the other ships of the squadron, there was no opportunity to repeat the long-lasting 
trials with respect to the economical performance. On the other hand, ample opportunity 
existed to test the autopilot during typical naval operations such as Replenishment At Sea 
(RAS operations). 
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The modifications made after the trials with the Tydeman, based on the information gath-
ered, are summarized below: 
 
– selection of a higher accuracy not only increases the controller gains, but limits at the 

same time the amount of filtering by the state estimator, according to figure 5.20. 
 
– The minimum value of the proportional gain Kp now depends on the level of the noise. 

When there is little noise, there is no need for low controller gains, from an economi-
cal point of view (see Chapter 3). In terms of λ this means that λ < 0.16 in case there 
is no noise. Equation (4.91) is based on this principle, but it was not implemented be-
fore the Poolster trials. 

 
– The noise estimation procedures were modified in order to achieve faster adjustment 

of the controller gains. 
 
– During course changing the adjustment of the controller gains is based on the meas-

ured speed (Kp) and on the result of the identification (Kd) only. The controller gains 
are thus computed by means of eqns. (4.82) to (4.84). This implies that the parameter 
adjustment is no longer based upon direct adaptation by means of MRAS. 
These autopilot modifications appear to improve the overall performance of the sys-
tem. Although the results of the experiments with the Poolster and the Tydeman are 
not totally comparable because of the different ship characteristics and different 
weather conditions, it may be concluded that the steering accuracy is improved with-
out introducing much more rudder activity. Because of the demands of the crew dur-
ing squadron exercises, generally higher accuracy settings were used than during 
previous experiments. 

 
The appreciation of the operator's console confirmed the conclusions of section 5.5.2. 
 
Interesting experiments were carried out during the RAS operations. Since the conven-
tional autopilot had only just been installed on board, there was a certain hesitation to-
wards automatic steering of the ship during these operations, where two or more ships 
approach each other at a very short distance (see figure 5.25). 
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Fig. 5.25  Replenishment at Sea (RAS) 

 
In figure 5.26 a comparison is shown between the conventional autopilot and manual con-
trol during a RAS operation. The conventional autopilot was used without prior adjust-
ment of its settings. These could be considered as reasonable for economical steering 
(control that was not too tight), although the sea state would have allowed higher gains. 
But the settings were certainly not suitable for the RAS operation, where suddenly large 
disturbances occur, due to the forces caused by the other ship, which comes alongside at a 
very short distance. The first part of figure 5.26 shows the steering performance before 
there is any influence from the other ship. After approximately 500 seconds the other ship 
approaches and this results in a large course deviation. At that moment the officer of the 
watch orders the helmsman to take over. 
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Fig. 5.26   Steering of a not well-adjusted conventional autopilot and of the helmsman 
during a RAS operation 

 
This demonstrates again that the officers normally do not have enough insight into the 
course-control system to be able to correctly adjust its settings. Although this problem 
could easily be circumvented by defining a special series of “RAS-settings” it is another 
indication that the controller settings themselves should be adjusted automatically and 
that only very simple and straightforward settings should be provided to the user. 
 
Although the helmsman keeps the heading error within reasonable limits his steering can-
not be given a high qualification. 
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 Fig. 5.27   Comparison of a conventional autopilot and ASA during a RAS operation 
 
Figure 5.27 shows another experiment with a sea state of about 2, where the conventional 
autopilot, which was adjusted more tightly, is compared with ASA, adjusted for accurate 
steering. 
 
During this experiment several approaches of other ships took place, but they can hardly 
be seen in the signals recorded. The course-keeping accuracy is similar for both autopilots 
but the rudder motions are again more smooth when steering with ASA. The systematic 
difference in the heading error of one degree between the conventional autopilot and ASA 
is caused by an error of one of the two different sensors used for measuring the heading, 
and must be disregarded in the comparison. 
 
In all cases the performance of ASA can be considered as better than the performance of 
the conventional autopilot, both with respect to accuracy and smooth rudder motions. 
Manual steering, on the contrary, always favoured until recently, appears to yield much 
less accurate steering and much larger rudder angles. 
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At the start of these measurements, the captain said that it could not be expected that safe 
RAS operations could be carried out under autopilot control. The performances shown in 
figures 5.26 and 5.27 however, indicate that it is surprising that manual control has been 
considered satisfactory until now. 
 
In addition, course changes during RAS operations were handled well automatically. If 
adaptive autopilots were installed on all ships involved in such manoeuvres a similar be-
haviour of all ships could be guaranteed. 
 
The results of other trials confirmed the conclusions of the Tydeman experiments. The 
modifications made after the Tydeman experiments have improved the system's perform-
ance. During the trip with the Poolster only some minor modifications appeared to be ne-
cessary on board.    
 

5.6   MODEL TESTS 

Simulation experiments as well as full-scale trials indicate that higher mean speeds can be 
realized by carefully tuning the controller gains and by applying a noise-adaptive state 
estimator. However, with respect to reduction of the fuel consumption, the increased 
mean speed is only a part of the total savings. Not only the mean speed over a certain pe-
riod of time, but also the amount of energy which is required to maintain this mean speed 
should be measured. On board ships these measurements are difficult to carry out. They 
require steady circumstances over a long period and accurate measurements of the ship's 
speed and of the amount of energy delivered to the propeller shaft. Measuring of the pri-
mary variable, the fuel consumption itself, is even more difficult because of the presence 
of all kinds of auxiliary equipment. 
 
Therefore it was decided to carry out experiments with a free-sailing scale model in a 
towing tank, where the circumstances can be reproduced better than at sea. On the other 
hand, one should be aware of the differences between full-scale experiments and model 
tests with free-sailing models. Because of the scaling effects the propeller speed has to be 
chosen higher for the model than in reality. This implies that the rudder of the model is 
about thirty percent more effective than that of the real ship. 
 
In cooperation with the Netherlands Ship Model Basin (NSMB) in Wageningen, tests 
were conducted during the period between December 17, 1979 and January 15, 1980 
(Van Amerongen et al., 1980, 1981). The experiments were carried out in the shallow-
water laboratory (see figure 5.28). 
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Fig. 5.28  The NSMB's shallow water laboratory 

On the towing carriage that can travel in a longitudinal direction over the 210 metre-long 
basin, the recording and control equipment was installed. During the experiments the 
model was self-propelled and self-steered, by means of commands from the autopilot in-
stalled on the carriage. The model was connected to the carriage by a bundle of cables for 
the transport of the data and of the electric propulsion power. 
 
Waves can be generated by wave generators along one of the short sides of the basin. 
This implies that only pure head and following seas could be generated during the ex-
periments. The different autopilot algorithms, together with the recording facilities, were 
realized within the digital computer system, as discussed in the former section about full-
scale trials. In order to quantify the savings realized, the following variables have to be 
known: 
 
- the distance S covered: Throughout the runs this distance was kept constant at 100 m 
- the time Ttot: the time required to sail the distance S 
- the energy E: the energy required to sail the distance S. 
 
The mean speed U can be computed from the first two variables. In order to take into ac-
count the amount of energy required to realize this mean speed as well, the quantity p is 
introduced. 

 (5.4) 

This quantity p can be seen as a performance index. The smaller p is, the better the fuel 
economy will be. Its inverse, p–1, can be seen as the ship's mean speed, corrected for 
thrust variations. 
 
The energy E is computed with the formula 
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 (5.5) 

where the propulsive power P is obtained by multiplying the torque of the propeller shaft, 
measured by a strain gauge transducer inserted in the shaft, with the number of revolu-
tions of the propeller, measured with a photo-electric cell pick-up. 
 
The time interval Ttot, which is needed to cover the distance S, was measured by means of 
an electronic counter. The counter was started by the ship model, when a photo-electric 
cell was passed and stopped when a second cell was passed. 
 
The choice of a suitable model for the experiments is not arbitrary. It is determined by the 
following constraints: 
 
– there is a limited number of models available at the NSMB 

 
– small- or medium-sized ships will have more difficulties in rough weather than large 

ships; a model representing a small ship should prevail 
 
– with respect to the accuracy requirements the ship should be as large as possible and 

should have a low cruising speed. 
 
Finally, a wooden ship model of a 30,000 ton DWT tanker, with a length of 180 m, was 
chosen. The model scale was 1:50. 
 
Irregular waves were generated by means of a flap-type wave generator. In figures 5.29 
and 5.30 the wave spectra that were generated during the experiments are given. The 
measured spectra are also compared with the theoretical spectra of the Pierson Moskovitz 
type, according to eqn. (2.55). 
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Fig. 5.29  Wave spectrum - sea state 5 
 

 
 

Fig. 5.30  Wave spectrum - sea state 7 
 
In order to be able to compare the results of different experiments, the measurements 
have to be reproducible. During the trials the torque measurement turned out to be the 
most critical factor. Each time the measurements were interrupted for a longer period, it 



Chapter 5  Realization and Results 

133 

appeared to be necessary to slightly adjust the zero settings of the torque measurement. 
This makes it questionable whether experiments carried out on different days may be 
compared. On the other hand, the comparison of different controllers under similar condi-
tions was hardly affected by problems of reproducibility, because they were carried out 
alternately and in sufficiently short succession. 
 
The following controllers were compared: 
– high controller gains, without filter 
– low controller gains, without filter 
– high controller gains, with filter 
– low controller gains, with filter. 

 
The filter was the adaptive state estimator according to figure 4.14. The controller gains 
were kept fixed; only the filter gain ξ was allowed to vary, depending on the level of the 
noise. 
 
The experiments were carried out in the following sea states: 
 
– head seas, sea state 5   (H5) 
– head seas, sea state 7   (H7) 
– following seas, sea state 7   (F7) 
 
During all experiments the number of revolutions of the propeller was kept constant at a 
value which gives a speed of approximately 13 knots in quiet water. This led to a model 
speed of 0.95 m/s. 
 
Several runs were needed to cover the whole wave spectrum. Afterwards these runs were 
combined for each sea condition and each type of controller. The performance index p, 
according to eqn. (5.4), was used to judge the results. For each type of controller and each 
sea state the performances with and without a filter were compared. In all cases the auto-
pilots with filter perform better: see table 5.7. 
 
In this table the criterion (3.1) with λ = 10 has also been given, indicated by J. 
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Table 5.7  Results of model tests 
 
    low controller gains  high controller gains 

sea 
condition 

 filter  p  Δp 
%  J 

%  p  Δp 
%  J 

% 

H5 
 yes 

no 
 

105.0 

111.3 
 5.6  

0.08 

0.20 
 

99.5 

100.2 
 0.65  

0.07 

0.60 

H7 
 yes 

no 
 

182.8 

189.9 
 3.75  

0.11 

0.65 
 

202.8 

205.8 
 1.45  

0.12 

0.94 

F7 
 yes 

no 
 

86.4 

87.7 
 1.55  

0.24 

0.65 
 

83.9 

84.1 
 0.33  

0.18 

0.93 

 
The savings listed in this table as Δp are higher than those found during the full-scale tri-
als. It appears that, as already expected, the lower propulsion energy, which is required 
when the steering is smoother, clearly contributes to these larger savings. 
 
The following conclusions may be drawn: 
 
– The highest profits of the filter are realized for low controller gains 

 
– The savings differ from about 0.3-1.5 percent for following seas and from about 0.6-

5.5 percent for head seas. 
 
Because of the problems with the reproducibility it is difficult to compare experiments 
with different sea states which were carried out on different days. However, the results 
seem to indicate that under smoother conditions (H5 and F7) the high-gain controllers 
yield a lower value of p than the low-gain controllers. 
 
The results are qualitatively confirmed by the values of J according to criterion (3.1), ex-
pressed as a percentage loss of speed. In all cases the profits measured by this criterion 
are smaller than the profits measured by means of the performance index p, which is a 
more direct indication of the speed losses. 
 
The values of J for the different controllers confirm the results of table 5.1 that the main 
savings are realized due to the filtering and less by the tuning of the controller gain. 
 
Because of the limited amount of time which was available for the experiments it was not 
possible to explicitly verify whether high-gain controllers indeed perform better in 
smooth sea states. Therefore it would have been necessary to carry out experiments with 
high-gain and low-gain controllers, both with a filter, alternately, on the same day. Lack 
of time also prevented the performance at other speeds of the ship from being investi-
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gated. The experiments are very time consuming because after each run the water in the 
basin must be smooth again, before a next run can be started. 
 
In the shallow-water basin of the NSMB only pure head seas and pure following seas can 
be generated. It would have been interesting to measure the performance under other 
wave-incident angles as well, but the NSMB's sea-keeping basin, in which such experi-
ments can be conducted, was not available at the time of the measurements. Another pos-
sibility would be to carry out similar experiments in the open air. 
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Fig. 5.31  Impression of the trials at the NSB
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6   REVIEW, CONCLUSIONS AND SUGGESTIONS 
 
 
 
 
The work reported in this thesis was originally started with the aim of investigating the 
applicability of adaptive control in a practical system. It was known that "optimal" ad-
justment of a conventional autopilot is difficult, especially when the environmental condi-
tions frequently change. Therefore, adaptive control of a ship's heading seemed a 
challenging problem. Originally, the main emphasis was placed at improved manoeuvring 
under varying circumstances without any need for controller adjustment. Later on, the 
fuel economy and the reduction of wear and tear on the steering machine got a lot of at-
tention. The preferences of the users were taken into account as well. This has led to the 
formulation of the following desired properties of the autopilot: 
 
- easy adjustment of the controller by a few meaningful   settings to select the steering 

performance required by   the traffic situation. 
- no need for manual controller adjustment due to changing   process dynamics or chan-

ging characteristics of the disturbances. 
- no need for additional sensors or measuring devices. 
- optimal course-changing manoeuvres. 
- optimal course keeping, either with a high accuracy or by   minimizing the loss of 

speed due to steering. 
 
In order to realize such an autopilot it was necessary to: 
 
- find mathematical models for the ship's dynamics and   the disturbances. 
- define criteria for optimal steering in various   circumstances. 
- find means for automatic controller adjustment   which do not need additional measur-

ing devices. 
 
Special attention was given to the steering of small ships in bad weather. 
 
It has been shown that a simple mathematical model of a ship's steering behaviour can be 
used as a basis for the controller design: 

 (6.1) 

Wind and waves are the most important disturbances for a course controller. A simple 
method for adding the disturbances caused by the wind and the waves to the mathemati-
cal model (6.1) has been presented. 
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How to define optimal steering was extensively analyzed. Two steering modes were dis-
tinguished: course changing and course keeping. Both modes require a different defini-
tion of optimal performance. One of the bases for these definitions was  the results of an 
inquiry, which indicated the user's preferences. Another basis was the minimization of the 
steering losses during course keeping. Criteria used in the literature have been discussed 
and a new criterion was introduced: 

  (6.2) 

 Straightforward application of optimal control theory to eqns. (6.1) and (6.2) yields the 
optimal controller gains. A more simple criterion can be used as well: 

   (6.3) 

Combining the results of optimization with the above-mentioned user's preferences has 
led to the following recommendations for optimal controller adjustment during course 
keeping: 
 
- only one user-adjustable setting is required to adjust the autopilot to the user's re-

quirements in different situations: a selection between accurate steering and minimiza-
tion of the propulsion losses. 

- acccurate steering can be realized by means of tight control or, in terms of criterion 
(6.3), by selecting a low value of λ. 

- maximum fuel economy is obtained by preventing, as far as possible, any turning of 
the ship. For large ships and in smooth sea conditions controller settings similar to 
those during accurate control can be used. In bad weather conditions,   and especially 
on smaller ships, lower controller gains, corresponding with λ = 4, yield an optimal 
performance. In these circumstances suppression of high-frequency rudder motions is 
even more essential. 

 
During course changing quite different considerations play a role for defining optimal 
steering performance: 
 
- optimal steering performance can be defined as a step response with an adjustable 

slope and no overshoot. 
- only one setting is required from the users' point of view: the desired rate of turn. 
 
Different types of adaptive controllers have been discussed and a selection has been made 
out of the various possibilities: 
 
- direct MRAS (adaptive model following) has been used during course  

changing. 
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- indirect MRAS (parameter estimation by means of an adjustable model and optimiza-
tion) has been applied during course keeping.  

- gain scheduling has been introduced for variations in the speed of the ship and the sea 
state. 

 
The optimal course-changing performance is realized by means of a series reference 
model and by adjusting the controller gains, in addition to the gain scheduling, by means 
of parallel MRAS. It has been shown that the introduction of a series model not only for-
ces the system to yield the desired response, but simultaneously solves a lot of problems 
which are often disregarded in simulation studies: 
 
- non-linearities in the process and the reference model. 
- structural differences between process and reference model. 
 
Solutions for another well-known problem in adaptive systems, that of noisy process 
states, have also been given. 
 
During course keeping the controller adjustment is based on minimization of criterion 
(6.3), with the knowledge of the parameters of the model (6.1). Gain scheduling and an 
MRAS based parameter estimator are used. In addition to estimates of the ship's param-
eters, this system gives an almost noise-free estimate of the rate-of-turn signal. It has been 
shown that the state estimation can be extended to estimation of the heading signal and 
that it can be improved by introducing a second adjustable model. This leads to a Kal-
man-filter-like structure, with filter gains which are adjusted, depending on the ratio be-
tween the low-frequency and high-frequency components of the heading signal. This 
noise-adaptive filter is of great importance for economical course keeping as it consider-
ably reduces the high-frequency rudder motions. 
 
The adaptive autopilot designed was extensively tested during simulation experiments, 
full-scale trials and model tests. The full-scale trials indicate that the simple mathematical 
model of the steering behaviour is appropriate as a basis for the design of the adaptive 
controller. However, it appeared that the disturbances were far too simplified during the 
simulation. During the trials with the Zeefakkel and the Tydeman this led to a relatively 
low course-keeping accuracy, even when the controller was set to accurate steering. 
Therefore the model of the wind was improved by adding a variable wind component. 
The controller had to be modified as well: 
 
- the minimum value of the filter gain, ξ, was made a function of the accuracy factor, µ, 

and the course error, ε, according to eqn. (5.3). 
- for low levels of the noise the minimum value of the proportional gain, Kp, was in-

creased. This corresponds with the recommendations that were given in section 3.2.3. 
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These modifications were made in between the trials with the Tydeman and the Poolster. 
They considerably improved the course-keeping accuracy, without introducing much 
more rudder activity when the autopilot is set to economical steering. 
 
During the full-scale trials it appeared that on these ships it was not necessary to apply 
direct parameter adjustment, based on MRAS, during course changing. The series model 
and the adjustment of the controller gains based on identification and gain scheduling 
realize the desired course-changing response. This simplifies the controller, which is es-
pecially important for a future commercial application. This modification was success-
fully tested during trials with the Poolster. 
 
In general the users appreciated the new possibilities of ASA: 
 
- controlled turning rates during course-changing manoeuvres. 
- the choice between economical or accurate course control. 
- direct rate-of-turn control during turns in which the new heading is not yet known or is 

of no importance. 
 
However, care should be taken when such special steering modes are added to the auto-
pilot to avoid erroneous use. This is mainly a problem of ergonomics. 
 
Several experiments have been carried out to demonstrate the fuel-saving potential of an 
adaptive autopilot, both during full-scale trials and scale-model tests. During the trials 
with the Tydeman increased speeds were demonstrated of about 0.5 percent for following 
seas to 1.5 percent for head seas, both in moderate sea states (sea states 2-4). During the 
scale-model experiments, where variations in the thrust could also be measured, increased 
speeds were observed of 0.3 to 1.5 percent for following seas and 0.6 to 5.5 percent for 
head seas (sea states 5-7). The latter figures have to be interpreted with some care be-
cause of the scaling effects and because hardly any measures were taken in the “conven-
tional controller” to suppress high-frequency rudder motions. 
 
Other authors report similar savings: Schilling, 1976 claims increased speeds of 1 to 2 
percent by adjusting the parameters of a PID controller by means of hill climbing. Käll-
strom, 1979 claims another 0.5 to 1 percent increase in speed in addition to a well-tuned 
PID controller when filtered estimates of the state variables are used. Blanke and Nortoft 
Thompson, 1981 observed a loss of speed of about 2 percent when a limit cycle occurred 
after the circumstances altered and the autopilot was not readjusted. They also demon-
strated a reduced fuel consumption of another 1.5 percent, when instead of a conven-
tional, on-off-operated steering machine an ‘analogue’ steering machine is used, which 
realizes a more accurate rudder angle. 
 
The profits of improved control can be estimated in different ways. The highest profits 
are found in a good economic situation, when the increased speed can be used to increase 
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the transport capacity of a ship. For a ship that is at sea 300 days a year, a 1 to 2 percent 
increase in speed means 3 to 6 extra sailing days. 
 
In a bad economic situation, when the extra possible transport capacity cannot be sold, 
the reduced drag can be made profitable by reducing the thrust and thus cutting the fuel 
bills. Because of the non-linear relation between thrust and speed, the percentage of sav-
ings in fuel will be about twice as large as the percentage increase of speed. 
 
For a container ship burning 100 tons of bunker oil a day, at US $200 per ton, which is at 
sea during 300 days a year, a saving of 1 percent on the fuel bill is $60,000 per year. Thus 
each percent of increased speed in the foregoing stands for about $120,000 savings a 
year. 
 
Although accurate measurements of the ship's speed at sea are difficult and it is even 
more difficult to demonstrate a small increase in speed, all trials are in favour of adaptive 
autopilots, which automatically tune their parameters and use advanced filter algorithms. 
The absolute values of the fuel savings are so large compared with the price of an adap-
tive autopilot that it is a profitable investment, even in the case of retrofitting. 
 
Besides these quantitative comparisons between adaptive and conventional control, more 
qualitative comparisons were also made between adaptive, conventional and manual 
steering. It appeared that the adaptive controller was always superior to the other two and 
that a conventional controller, at least when it is reasonably adjusted, was superior to the 
helmsman as well. However, the steering of the helmsman could be improved by explain-
ing the weighting factor in the performance criterion to him and by showing him the ac-
tual value of this criterion. There are also indications that an adaptive autopilot, which 
uses smoother rudder motions, induces less roll than a helmsman does. 
 
During the experiments with the Poolster there was ample opportunity to test the adaptive 
autopilot during accurate course keeping. During the replenishment-at-sea operations the 
performance was good and superior again to the helmsman and the conventional auto-
pilot. 
 
Compared with other designs of adaptive autopilots that are reported in the literature (see 
references of chapter 1) the following special features of ASA can be mentioned: 
 
- special attention has been given to the steering of relatively   small ships. For this ship 

size filtering of the   motions caused by the waves forms a major problem. Developing 
an adaptive state estimator that is able to suppress undesired rudder motions in bad 
weather has solved this problem. 

- instead of removing all the autopilot settings it was   decided to replace the conven-
tional autopilot settings by   two easily adjustable settings. 
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The experiments have demonstrated that this philosophy leads to an autopilot that is ap-
preciated by the users and reduces the fuel consumption. 
 
Designs which are based on a very small value of the weighting factor λ in criterion (3.1), 
such as proposed by Källstrom, 1979, may be adequate for large ships but will not give an 
optimal performance on smaller ships in bad weather. Besides, the large sampling rate 
that was used by Källstrom in the self-tuning regulator will cause stability problems on 
smaller ships. In the case in which the sampling interval is chosen smaller, this will lead 
to much more rudder activity or necessitate the design of more complex controllers. 
 
In the future it will be of interest to collect more data about the profits that can be ob-
tained by improved steering. For instance, other wave-incident angles should be investi-
gated in model experiments. The last word about performance indices has certainly not 
yet been said. An alternative (although expensive) for the speed measurements described 
in chapter 5 may be the following:  
 
Use two ships, preferably of a similar type and let them, as well as possible, sail with the 
same speed at a sufficiently great distance from each other. Then change the controller of 
one of the two ships and measure, after a certain amount of time, the differences in the 
distances that are sailed. Although this method may introduce other difficulties, it has the 
advantage that it measures differences directly of speeds between ships sailing under al-
most the same conditions. Another possibility is to adjust the thrust on the ship were the 
controller was changed and to try to maintain the same speeds on both ships. 
 
Several other projects, which are more or less related to this research, could advanta-
geously use the experiences gathered during this study. 
 
The course-keeping autopilot could be extended to an autopilot for path control. This will 
be of interest for very accurate track keeping in small areas, for purposes such as hydro-
graphical surveying, pipe laying, dredging and mine hunting as well as for automatic path 
control during ocean crossings. Accurate, satellite based worldwide positioning systems 
will be of great help for this development. Such a path keeping system could be combined 
with the route planning to determine the optimal cruising speed, given the desired time of 
arrival. 
 
For inland shipping, where at present manual steering is most common, the mentioned 
rate-of-turn control system is of interest. Inexpensive microcomputers may be of help 
here as well to improve the fuel economy and the steering accuracy and may add adaptive 
features to the systems that are sometimes in use at present. In these control systems the 
human operator remains within the control loop. Rate-of-turn control instead of conven-
tional manual control makes the steering much easier. A completely automatic track 
keeping system for inland shipping seems further away. 
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This ‘autopilot-assisted manual control’ could probably advantageously be used at sea-
going ships as well. At this moment it is a safety demand to switch from autopilot control 
to manual control before entering restricted waters. One of the reasons for this demand 
seems to be that changing from manual to automatic control and back not always goes 
without problems. However, it seems that these problems can easily be solved in the new 
computer-based autopilots. For those cases where a sea-going ship is in a situation which 
is common for inland ships and where the heading does not play any role, rate-of-turn 
control could facilitate the steering and may lead to improved and safer steering. 
 
Recently a renewed interest has arisen in roll-stabilization systems that use the rudder for 
roll stabilization (see, for instance, Van Amerongen and Van Cappelle, 1981). Such sys-
tems require fewer investments and are expected to cause less drag than systems that use 
fins. Because this requires separation of the rudder motions into high-frequency motions 
for roll reduction and low-frequency motions for heading control, the autopilot described 
in this thesis seems a good base for designing a rudder-roll-stabilization system. An inte-
grated approach to design a multivariable controller for yaw and roll simultaneously 
seems another application where considerable improvements may be expected. 
 
In general, the rising prices of fuel open a lot of areas for application of advanced control 
strategies, which were hardly of interest from an economical point of view a few years 
ago.   
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