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Abstract

One method to increase efficiency, robustness and accuracy of automatic control,
is to introduce mathematical models of the system in question to increase perfor-
mance. With these models, it is possible to predict the behavior of the system,
which enables control according to the predictions. The problem here is that
if these models do not describe the dynamics of the system well enough, this
method could fail to increase performance. To address this problem, one idea
is to estimate the dynamics of the system during operation, using methods for
system identification, signal processing and sensor fusion.

In this thesis, the possibilities of estimating a ship’s dynamics during operation
have been investigated. The mathematical model describing the dynamics of the
ship is a graybox model, which is based on the physical and mechanical relations.
This model’s properties are therefore described by physical quantities such as
mass and moment of inertia, all of which are unknown. This means that, when
estimating the model, these physical properties will be estimated.

For a systematic approach, first a simulation environment with a 4-degrees-of-
freedom ship model has been developed. This environment has been used for
validation of system identification methods. A model of a podded propulsion sys-
tem has also been derived and validated. The methods for estimating the proper-
ties of the ship have been analyzed using the data collected from the simulations.

For system identification and estimation of ship properties, the influence of mea-
surement noise and potential of detecting a change in dynamics has been ana-
lyzed. This has been done through Monte Carlo simulations of the estimation
method with different noise realizations in the simulations, to analyze how the
measurement noise affects the variance and bias for the estimates. The results
show that variance and bias vary a lot between the parameters and that even a
small change in dynamics is visible in some parameter estimates when only ten
minutes of data have been used.

A method based on cumulative summation (CUSUM) has been proposed and val-
idated to analyze if such a method could yield fast and effective detection of sys-
tem deviations. The results show that the method is rather effective a with robust
detection of changes in the dynamics after about four minutes of data collection.

Finally, the methods have been validated on data collected on a real ship to ana-
lyze the potential of the methods under actual circumstances. The results show
that the particular data is not appropriate for this kind of application along with
some additional problems that can yield impaired results.
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Sammanfattning

Genom att inkludera matematiska modeller som beskriver ett systems dynamik
i styrningsalgoritmer, kan man åstadkomma en automatisk styrning med förbätt-
rad effektivitet, robusthet och noggrannhet. Med dessa modeller går det att förut-
säga beteendet hos systemet och därmed öppnas också möjligheten att använda
sig av detta i styrningen. Problemet är att om dessa modeller inte beskriver sy-
stemets dynamik tillräckligt bra kan prestandan istället sänkas genom dessa me-
toder. Den här sortens problem kan man lösa genom att aktivt skatta systemets
dynamik under körning, med hjälp av metoder för systemidentifiering, signalbe-
handling och sensorfusion.

I denna exjobbsrapport har möjligheterna att skatta ett skepps girdynamik under-
sökts. Den matematiska modell som beskriver skeppets dynamik är en grålåde-
modell som baserar sig på fysikaliska och mekaniska samband. Denna modells
egenskaper beskrivs därför av fysikaliska storheter så som massa, tröghetsmo-
ment och tyngdpunkt, vilka alla är okända. Detta innebär att vid modellskattning
skattas dessa fysikaliska storheter, vilka kan vara av stort intresse.

En simuleringsmiljö med en skeppsmodell med fyra frihetsgrader har skapats
och använts för att validera metoder för systemidentifiering. En modell av ett
roterbart framdrivningssystem har också härletts och inkluderats i simulerings-
modellen.

Vid systemidentifiering och skattning av skeppets egenskaper har dels inverkan
av mätbrus analyserats samt även möjligheter till att detektera skillnader i dyna-
mik. Detta har gjorts med Monte Carlo-simuleringar av skattningsmetoden med
olika brusrealiseringar för att analysera hur mätbrus påverkar variansen och me-
todfelet hos skattningarna. Resultaten visar att vissa parametrar skattas med stör-
re noggrannhet och hos dessa kan därmed en förändring i dynamik identifieras
när endast tio minuter av data har använts.

En metod baserad på kumulativ summering av residualer har formulerats och
validerats, detta för att undersöka om en sådan metod kan ge snabb och effek-
tiv detektion av systemförändringar. Resultat visar på robusthet i att detektera
skillnader i dynamik efter ungefär fyra minuter av datainsamling.

Slutligen har metoderna validerats på data insamlad på ett riktigt skepp för att
undersöka potentialen under verkliga omständigheter. Resultaten visar att just
denna data inte är lämplig för denna applikation samt några problem som kan
leda till försämrade resultat.
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1
Introduction

The aim of this chapter is to give the reader an introduction to the subject of this
master’s thesis. The purpose and motivational background is given followed by
the quantitative goals and the methods of achieving these.

1.1 Background

This thesis generally concerns the topics of automatic control and advisory sup-
port systems for marine vessels. Three large marine industries where these kinds
of systems are especially applicable are shipping, oil and gas exploration at sea,
and fishing. It is predicted that these kinds of industries will increase their de-
mand on more advanced technology with focus on safety and cost effective solu-
tions. Together with this expanding market for advanced systems within decision
support, there is also an increase in offshore activities, which all result in a vast
interest in developing and improving applicable automatic control technology
(Sørensen, 2013).

When looking at the problems of improving these control and decision support
systems, mathematical models might be introduced into the controllers for in-
creased performance and accuracy. The setback of this approach is that, if the
model is insufficiently accurate, the controller could fail to increase efficiency
or a decision support could fail to give appropriate advice and mislead the user.
Therefore, to maintain the user’s trust, ensure safety and increase energy effi-
ciency, the mathematical model of the system has to be accurate.

Since properties of the ship, such as mass and center of mass, are time-varying,
for example, due to loading conditions, errors could be introduced if the models
were time-invariant (Fossen, 2011). By defining the model as time-variant, we

1



2 1 Introduction

can avoid these errors, but at the same time introduce new challenges. One chal-
lenge concerns the ability to measure changes in the ship properties and update
them in the model. Usually, there are insufficient sets of sensors or measurement
systems to determine many of the ship properties directly. Therefore, it is com-
mon to involve some kind of sensor data processing, to extract useful information.
Due to the complex interaction with water, it is no trivial task to accurately de-
termine the ship’s dynamics and one approach is to use methods from system
identification and sensor fusion to solve the problems.

This master thesis will build on the work done by Linder (2014) and take a step
towards industrial implementation. Linder (2014) made a thorough modelling
study with particular regard to a ship’s roll dynamics. Furthermore, Linder
(2014) derived a generalized method for estimating parameters for a gray-box
model which was suggested to determine an accurate model of the ship. In his
work he analyzed how to treat indirect measurements which he also generalized
in Linder and Enqvist (2015). The approach showed promising results with some
suggestions for improvement and robustification. As a follow-up to his work,
analysis will in this master’s thesis be done on the yaw dynamics instead of the
roll dynamics when estimating ship properties. Apart from this, a study on a
real ship’s measurement data will be done. A method of applying this in reality
is presented in Linder et al. (2015a) and an analysis of this method applied on a
scaled ship in a basin is presented in Linder et al. (2015b)

1.2 Purpose

The purpose of this thesis is to enable an increased energy efficiency by improv-
ing the performance of marine vessel maneuvering using estimated ship proper-
ties.

1.3 Objectives

In this thesis, the goal is to perform an analysis of changes in the dynamics of a
marine vessel and investigate the possibility to estimate properties connected to
the ship using measurements. The set of sub-goals are:

• Construct a nominal ship simulation model with a podded propulsion sys-
tem adapted for control purposes and compare it with real ship data dy-
namics.

• Estimate a selection of properties connected with a ship’s dynamics and
validate the estimation accuracy.

• Design a nonparametric method for detecting changes in dynamics between
different ship conditions.
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1.4 Scope

In this thesis, the focus will be on a 4 degrees-of-freedom model (surge-sway-
yaw-roll) where neither pitch nor heave motions will be taken into account. The
parameters in the simulation model is based on a multipurpose marine vessel.
Here, all process noise such as disturbances due to waves and wind will not be
taken into account. Only the ship properties connected to the ship’s yaw dynam-
ics will be estimated, i.e. the model used for estimation is a model of the yaw
dynamics of the ship. When it comes to model estimation, the focus in this thesis
will be on the influence of measurement noise. Theory and choice of estimation
methods will be disregarded here. How the choice of initial value of parameter
estimate affects the result will not be analyzed in this master’s thesis. In the esti-
mation process, the forces from actuators, such as propulsion units, is assumed
to be know.

1.5 Method

To be able to analyze the ship’s motion and how changes in properties affect the
dynamics, simulations will be made using Matlab Simulink. Here, a model that
qualitatively behaves as a real ship will be used. Through simulation, special
maneuvers and conditions can easily be created for thorough treatment of the
subject. Since we will know exactly the dynamics in the simulation, the methods
can explicitly be evaluated. All data used to analyze estimation of properties and
changes in conditions, will be generated from simulations.

First, general yaw dynamics and how changes affect the motion will be analyzed
through simple experiments, in order to get an intuition for how and where
changes can be visualized in the motion data. Using this knowledge, a nonpara-
metric method will be derived to enable early detection of changes in dynamics.

Estimation of ship properties will be done through gray-box modelling, as sug-
gested in Linder (2014). To get a thorough analysis, Monte Carlo simulations
are performed to determine the effects noise in measurement data have on the
results. Due to the fact that the ship is assumed to be equipped with a podded
propulsion system, see Section 2.2, some maneuvers, possible with this system,
will be analyzed. Analysis in this thesis will be done with the assumption that
actuator forces are measured or estimated. Since actuator forces often are hard
to estimate, the effects of having errors for these forces, will be discussed.

In this thesis, all results are presented from Monte Carlo simulations, for the
results to be repeatable and to analyze the effects of measurement noise.

1.6 Thesis outline

The work performed in this thesis rely on theory of ship modelling and most
analysis is here applied using simulation data. Therefore Chapter 2 give a brief
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introduction to ship modelling and the simulation model used for data collection.

To get a intuition for a ship’s yaw dynamics, Chapter 3 presents some maneuvers
which excites a yaw rotational motion and a analysis connected to the behaviour.

In Chapter 4 a brief introduction to a method for system identification is given
which is used throughout this chapter. Here, certain experiments for data collec-
tion is given, the data comes from simulations and is used in the process of esti-
mating models. How estimates are affected by measurement noise is presented
as results from Monte Carlo simulations with different noise realizations. Also,
whether a change is detectable or not in the estimated parameters is analyzed in
this chapter.

Chapter 5 presents the proposed non-parametric method for detecting a change
in dynamics. Here, the results of Monte Carlo simulations together with pro-
posed method is presented to conclude its detection speed and robustness.

In Chapter 6, real data has been used to evaluate methods presented in Chapter 4
and Chapter 5 to get an intuition for the performance in reality.

The conclusions of the master’s thesis work is summarized in Chapter 7 along
with suggestions for future work.



2
Simulation model

This chapter covers a derivation of the simulation model used in this master’s
thesis, which physical ship models that have been used and a briefing of how
the simulations are performed. This should give the reader a sufficient introduc-
tion to ship dynamics needed to follow this thesis when it comes to subjects of
modelling and the environmental forces affecting the motion.

2.1 Ship model

The simulation model is intended to dynamically act as a real ship would do in
open water for the system analysis and estimation methods, used in the thesis, to
be applicable in the real world. Also, due to the fact that this thesis work is based
on estimating physical properties connected to the ship’s dynamics, an accurate
yet simple physical model is desired and will be used in simulation as well as in
the identification phase.

A well evaluated and widely used model for a ship’s motion is the 4-degrees-of-
freedom differential equations presented by

φ̇ = p (2.1a)

ψ̇ = r cosφ (2.1b)

m(u̇ − vr + zgpr − xgr
2) = τu,hyd + τu,act + τu,env (2.1c)

m(v̇ + ur − zgṗ + xg ṙ) = τv,hyd + τv,act + τv,env (2.1d)

Ix ṗ −mzg(ur + v̇) = τp,hyd + τp,act + τp,env (2.1e)

Iz ṙ + mxg(ur + v̇) = τr,hyd + τr,act + τr,env (2.1f)

which is based on classic rigid-body kinetics with rudder induced motion, de-
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6 2 Simulation model

scribed in Blanke and Christensen (1993) and Perez (2006). These equations show
the cross-coupling between the 4-degrees-of-freedom, which are surge (u), sway
(v), roll (p) and yaw (r). Figure 2.1 shows how the directions of these degrees-of-
freedom are defined. The total mass of the ship is m, the center of mass located
at rg = [xg, zg]T and Ix and Iz are the ship’s moment of inertia about the x- and
z-axis respectively, all expressed in the ship’s body-fixed frame. The ship is as-
sumed to be symmetrical in the y-direction. The relations (2.1a) and (2.1b) are
given by kinematics of a rigid body. The forces acting on the system are hydrody-
namic forces (τx,hyd), actuator forces generated by rudders, thrusters, etc. (τx,act)
and environmental disturbances due to wind, waves and water streams (τx,env).

w (heave)

v (sway)

u (surge)
p (roll rate)

q (pitch rate)
r (yaw rate)

xn

yn

zb

zn

yb

xbob

on

Figure 2.1: Illustration of how degrees-of-freedom such as surge (u), sway
(v), roll (p) and yaw (r) are defined according to the ship’s body frame. Also
the body frame (ob) relative the earth-fixed coordinate frame (on) can be seen.

2.1.1 Generalized structure

A more convenient and in literature extensively used notation for a ship’s motion
dynamics is in the form of

η̇ = J (η)ν (2.2a)

MRBν̇ + CRB(ν)ν = τ (2.2b)

which holds a more general relation of the ship’s kinematics and kinetics (2.2a)
and also the relation of kinetics and external excitation (2.2b). In the case of
4-degrees-of-freedom, η = [x, y, φ, ψ]T is the generalized position of the ship’s
body frame with respect to the earth-fixed frame where φ and ψ are Euler angles
and the generalized velocities of the ship, expressed in the ship’s body frame, are
given by ν = [u, v, p, r]T .

The kinematics (2.2a) describes the relation between the generalized velocity and
the generalized position through the transformation matrix J (η). Derivation and
thorough definition of the transformation matrix will be omitted in this thesis
and the interested reader is referred to Fossen (2011). Relating (2.2b) to the orig-
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inal differential equations (2.1), results in

MRB =


m 0 0 0
0 m −mzg mxg
0 −mzg Ix 0
0 mxg 0 Iz

 , (2.3)

CRB =


0 −mr mzgr −mxgr
mr 0 0 0
−mzgr 0 0 0
mxgr 0 0 0

 (2.4)

and

τ = τhyd + τact + τenv

where τhyd = [τu,hyd, τv,hyd, τp,hyd, τr,hyd]T and with corresponding definitions for
τact and τenv.

2.1.2 Hydrodynamics

One of the external generalized forces affecting the system is the hydrodynamic
force τhyd. Because of the very complex interaction with water, the exact forces
are hard to describe mathematically. The common approach is to represent these
forces by approximating them with non-linear combinations of the generalized
positions and velocities. Here, the details of these effects are omitted and instead
Blanke and Christensen (1993), Perez (2006) and Fossen (2011) are referred to,
for a thorough treatment.

The hydrodynamic and hydrostatic effects are assumed to be described by

τu,hyd = Xu̇ u̇ + Xu|u|u|u| + Xvrvr
τv,hyd = Yv̇ v̇ + Yṙ ṙ + Yṗ ṗ . . .

+ Y|u|v |u|v + Yurur + Yv|v|v|v| + Yv|r |v|r | + Yr |v|r |v| . . .
+ Yφ|uv|φ|uv| + Yφ|ur |φ|ur | + Yφuuφu2

τp,hyd = Kv̇ v̇ + Kṗ ṗ . . .

+ K|u|v |u|v + Kurur + Kv|v|v|v| + Kv|r |v|r | + Kr |v|r |v| . . .
+ Kφ|uv|φ|uv| + Kφ|ur |φ|ur | + Kφuuφu2 . . .

+ Kp|p|p|p| + Kpp + Kφφφφ
3 − ρg∆GZ(φ)

τr,hyd = Nv̇ v̇ + Nṙ ṙ . . .

+ N|u|v |u|v + N|u|r |u|r + Nr |r |r |r | + Nr |v|r |v| . . .
+ Nφ|uv|φ|uv| + Nφu|r |φu|r | + Npp + N|u|p |u|p . . .
+ Nφu|u|φu|u|

(2.5)

where all the coefficients are assumed to be constant (Perez, 2006).
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A convenient way to group these forces generated by water interaction is through

τhyd = MAν̇ Added mass and moment of inertia.

+ f (η, ν) Non-linear damping and Coriolis effects due to added mass.

− g(η) Hydrostatic effects due to restoring forces of the water.
(2.6)

Here, added mass refers to a dynamical effect occurring when a body accelerates
through a fluid, forcing a certain volume of the fluid to deflect as the body pierces
the fluid, which appears as a virtual mass increment in the dynamics. The added
mass matrix becomes with this notation

MA =


Xu̇ 0 0 0
0 Yv̇ Yṗ Yṙ
0 Kv̇ Kṗ 0
0 Nv̇ 0 Nṙ

 , (2.7)

the hydrostatic effects are assumed to be

g(η) = [0, 0, ρg∆GZ(φ), 0]T (2.8)

and the remaining non-linear terms in (2.5) are included in f (η, ν).

2.2 Podded propulsion model

Figure 2.2: A photo from ABB (2016) of a podded propulsion system, an
ABB Azipod®. The strut is the structure that connects the propeller motor
with the hull and is, as seen, shaped like a rudder. The pod is attached to a
motor in the hull (top of figure) which can rotate the pod structure.

Since the reference ship that is analysed in this thesis is assumed to be equipped
with a podded propulsion system, the simulation model includes this as well. An
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example of a podded propulsion system can be seen in Figure 2.2 and is basically
a propulsion unit that can be turned in any desired direction. The propeller cre-
ates a motive force based on the propeller rotation speed and direction. The strut,
that is the oblong structure that connects the pod to the ship’s hull, is shaped like
a rudder and therefore generates rudder-like forces during operation. One rea-
son for using these kinds of units is that the manoeuvrability is greatly increased
since, for example, the ship is rotatable even when it does not have a surge speed.

Many studies investigate the effects of complex hydrodynamics on the podded
propulsion, see for example, Bal and Güner (2009) or Stettler (2004). However,
these effects are mostly interesting in precision systems. The systems indeed
becomes a lot more complicated with a podded propulsion, especially when turn-
ing and in situations with low surge velocities, due to interaction between the
two pods, see Brandner (1998). Still, in this thesis, it would be preferable to have
a simple but fairly accurate model, which rarely has been presented in literature.
One approach is to model the pod simply as a thruster that is rotatable and with
a coupled rudder. A similar approach is presented by Gierusz (2015) where the
forces generated by the pod are split into drag-forces due to the geometries of the
pod, including forces made by a rudder-formed strut, and thrust forces of the pro-
peller depending on pod angle. He also includes the coupling between the two
pods due to water streams from one pod interacting with the other. In the model
of this thesis, an adapted version of the model presented in Gierusz (2015) will be
implemented. The motivation for using this model is that it is based on tests with
a real podded propulsion system in a basin and is found to be fairly accurate, at
least for rather small turning angles of the pod. The interaction between pods is
figured neglectable in this case, to keep a simple model. Many parts of the model
created by Gierusz (2015) has in this thesis been simplified to become suitable
for this thesis work. If the reader is interested in how the pod model, which the
model used in this thesis originates from, was defined and derived, see Gierusz
(2015).

2.2.1 Actuator forces model

The forces generated by the podded propulsion system are divided into motive
forces generated by the propeller (Fx,m and Fy,m) and resistive forces generated
by the strut (Fx,r and Fy,r). These forces are all firstly calculated in a frame based
on the pod-through-water direction and can be seen in Figure 2.3, where utot,pod
is the pod-through-water velocity. This pod-through-water velocity is related to
the ship’s body frame, which is made of xb and yb, through the angle-of-attack
denoted σ , seen in Figure 2.3. The pod’s angular displacement compared to the
ship’s forward direction xb is δ and defined as the pod angle.
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σ

δ
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vpod

Fx,m

Fy,m

Fy,r

Fx,r

utot,pod

Figure 2.3: Drawing of the pod seen from above. The figure shows the forces
generated by the pod and how the directions and angles are defined.

The different forces generated by the pods are assumed to be

Fx,m =ρn2D4Km,x(δr , J) (2.9a)

Fy,m =ρn2D4Km,y(δr , J) (2.9b)

Fx,r =1/2ρApodu
2
tot,podKr,x(δr ) (2.9c)

Fy,r =1/2ρApodu
2
tot,podKr,y(δr ) (2.9d)

as presented in Gierusz (2015). The non-linear functions are defined as

Km,x(δr, J) =Cm,x,1 cos(δr) + Cm,x,2J (2.10a)

Km,y(δr, J) = sin(δr)(Cm,y,1 + Cm,y,2J) (2.10b)

Kr,x(δr) =Cr,x,1 cos(2δr) + Cr,x,2 (2.10c)

Kr,y(δr) =Cr,y sin(2δr) (2.10d)

and the different variables and parameters are explained in Table 2.1.

The non-linear functions given by (2.10) are simplified from the ones derived
in Gierusz (2015). This is done by assuming a linear dependency on J instead
of a second order polynomial of J , which is assumed in Gierusz (2015). Here,
it is assumed that Km,x(δr, J) is related with δr through cosine instead of a 10th-
order polynomial of δr as in Gierusz (2015). Finally, it is here assumed that the
left and right pods are dynamically identical. These simplifications reduce the
number of tuning parameters of the model, compared to Gierusz (2015), and
results in a simpler model of the pods. The pod parameters found in Table 2.1
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Table 2.1: Table over all the parameters and variables used in the pod model
along with an explanation and the default value used in the simulation soft-
ware.

Name Value Explanation
ρ 1025 Water density
n Variable RPS (Rounds Per Second) of propeller
D 0.42 Diameter of propeller in meters
δr Variable Relative pod angle (δr = δ − σ )
J Variable Advance coefficient J = utot,pod/(nD)

Apod 2.5 Strut effective area
utot,pod Variable Total pod velocity relative water
Cm,x,1 0.484 Pod tuning parameter
Cm,x,2 -0.47 Pod tuning parameter
Cm,y,1 0.484 Pod tuning parameter
Cm,y,2 0.7 Pod tuning parameter
Cr,x,1 1.2 Pod tuning parameter
Cr,x,2 -1.2 Pod tuning parameter
Cr,y 1.2 Pod tuning parameter
xpod1 -23.5 Pod1 x-position
xpod2 -23.5 Pod2 x-position
ypod1 -1.00 Pod1 y-position
ypod2 1.00 Pod2 y-position
zpod1 1.20 Pod1 z-position
zpod2 1.20 Pod2 z-position

are tuned to, as good as possible, fit the original model given by Gierusz (2015) by
manually adjusting the parameters. It has been found in the tuning procedures
that the simplified model catches the qualitative behaviour of the original model.
However, it has a difficulty to fit well in a larger span of surge velocities, but this
could be seen as expected when a second order polynomial of J is replaced with
a linear relation. In general, the simplified model gives a good approximation of
the original model.

Since, the pod forces are calculated in the frame of pod-through-water movement,
these pod forces have to be transformed to forces in the ship’s body frame. The
total forces in the directions of the ship’s body frame are

Fx,pod =(Fx,m + Fx,r) cos σ + (Fy,m + Fy,r) cos
(π

2
+ σ

)
(2.11a)

Fy,pod =(Fx,m + Fx,r) sin σ + (Fy,m + Fy,r) sin
(π

2
+ σ

)
(2.11b)

which is given directly by trigonometry.

By assuming that there are two pods on the ship, the excitations are transformed



12 2 Simulation model

Pod Angle [°]

-100 -50 0 50 100

F
x
 [

N
m

]

×10
5

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1
Force generated by pod model in x-direction

Surge=0 m/s

Surge=5 m/s

Surge=10 m/s

δ = 0°

(a)

Pod Angle [°]

-100 -50 0 50 100

F
y
 [

N
m

]

×10
5

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5
Force generated by pod model in y-direction

Surge=0 m/s

Surge=5 m/s

Surge=10 m/s

δ = 45°

(b)

Figure 2.4: Forces generated by the pod as a function of the pod angle where
each curve represents a certain value for the surge velocity. The dashed lines
shows the pod angles 0◦ in (a) and −45◦ in (b). Forces generated in (a) are
given by (2.9a) and (b) by (2.9b) where the parameters are set according to
Table 2.1. These plots shows the quantitative behaviour of the pod model, to
conclude if forces are reasonable.

to forces and moments acting on the hull of the ship through

τact(ν , δ) =


Fx,pod1 + Fx,pod2
Fy,pod1 + Fy,pod2

−zpod1Fy,pod1 − zpod2Fy,pod2
xpod1Fy,pod1 + xpod2Fy,pod2

 (2.12)

where zpod1 and xpod1 is the position of the left pod in z- and x-coordinates given
in the ship’s body coordinate system. Similarly, zpod2 and xpod2 is the position of
the right pod.

2.2.2 Simulation of pods

Since it might be hard, just by looking at the non-linear terms in (2.11) together
with (2.9) and (2.10), to get a intuition of the significance of the different forces;
some simple simulations have been made and visualized in Figure 2.4.

Figure 2.4 show a number of simulations of a situation where the surge speed (u)
is being constant, the sway speed (v) is zero and the pod angle δ is varied from
-90◦ to +90◦. These experiments are done with the pod isolated from the rest
of the ship and states such as surge speed are therefore generated to simulate a
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certain situation. The angle of attack σ is, due to these conditions, equal to zero
and therefore δr = δ, using the definition seen in Figure 2.3 and presented in
Table 2.1. Three curves are shown, which represent different runs with the RPM
of the propeller kept constant at n = 3600 s−1 for all simulations, but the constant
surge speed is changed between runs. The plots in Figure 2.4 show how the pod
forces in x- and y-directions of the ship are related to the angle of the pods and
the surge speed of the ship.

Some hypotheses can be made when it comes to what the pod forces intuitively
should be in certain cases and these can thereafter be compared with the model
forces observed in Figure 2.4. Since we are running with a constant propeller
speed of n = 3600 s−1, the pull force in the forward direction of the ship, the
x-direction, should always be most significant when the pods are kept straight,
δr = 0. This seems also to be the case here, as can be seen in Figure 2.4a. The force
is declining as the surge speed increases, which seems consistent with reality. In
Figure 2.4b it can be seen that the force in y-direction is most significant when the
pod is turned 90◦when u = 0, this holds since there are only forces generated by
the propeller present. As the surge speed increases, the strut should have increas-
ing influence on the y-directional force. As can be seen in Figure 2.4b, when the
surge speed increases, the pod angle where the maximum force in the y-direction
occurs moves close to 45◦. In theory, a rudder would produces the largest force in
the y-direction when angled 45◦, this means that the strut has greater influence
when the surge speed increases, since it moves towards 45◦. These examples are
presented to give a intuition of the qualitative behaviour of the pod forces and
that it agrees with expectations. However, it still needs a thorough comparison
with real measurements, as presented below in section 2.2.3.

2.2.3 Validation of pod model

A validation has been performed to confirm that the presented pod model rough-
ly behaves as a podded propulsion system would do in reality. Here, a lookup
table, supplied by ABB, containing data of pod forces depending on pod angle,
propeller RPM, and surge speed, has been used for validation. This lookup table
is created from an advanced simulation model used by ABB to test and evalu-
ate their own podded propulsion products. It is assumed that this lookup table
describes the reality very well, although it originates from simulation. In the
validation, the lookup table has been compared to the model simulation.

For the model to fit the lookup table behaviour as well as possible, an adaptation
procedure has been designed, i.e., the tuning parameters of the model have been
estimated using the lookup table data. It is assumed that the dimensions of the
pod is known, such as propeller diameter D and effective area of the strut Ap.
This validation both confirms the qualitative behaviour of the model along with
the adaptability, or how general it is.

The tuning parameters have been estimated using functions from System Identifi-
cation Toolbox in Matlab. More specifically, a graybox model has been constructed
from (2.11) together with (2.9) and (2.10). The parameters in the graybox model
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(a) (b)

Figure 2.5: Force generated by the pod simulation model compared to
lookup table data as a function of the pod angle. Each pair of curves rep-
resents the forces in x-direction (a) and y-direction (b) for the model given
by (2.11a) and (2.11b) alongside with the lookup table forces for a certain
advance coefficient J . The forces are normalized in this plot.

is thereafter estimated through a optimization problem where a certain criterion
function is to be numerically minimized. In this case, a function of the prediction
error is to be minimized using data from the lookup table. The inputs used in es-
timation is RPM n and pod angle δ of the pods and the outputs are the forces in
the x- and y-directions. For a given RPM and pod angle, the model is estimated
to fit the output data as well as possible, for the span of RPM and pod angle given
in the lookup table.

Then the estimated parameters are put into the simulation model and the be-
haviour is compared to the lookup table. Figure 2.5 and 2.6 shows the different
forces and how well the model fits with the lookup table. Figure 2.5 shows the
fit of the forces from the model and the lookup table for two runs with different
advance coefficient J . Figure 2.6 shows the forces from the model and the lookup
table for two runs with different propeller RPM n. Due to the fact that the lookup
table is from a more advanced model, it is hard to catch all the dynamics from a
large span of surge speed, RPM and pod angle using the simple model. Although,
still relatively good approximation of the lookup table behaviour, given the fact
that the parameters has been estimated using a large span for the variables.
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(a) (b)

Figure 2.6: Force generated by the pod simulation model compared to
lookup table data as a function of the pod angle. Each pair of curves rep-
resents the forces in x-direction (a) and y-direction (b) for the model given
by (2.11a) and (2.11b) alongside with the lookup table forces for a certain
propeller RPM. The forces are normalized in this plot.

2.3 Complete model

To sum up the model of the dynamics, an explicit state space model is given by

Mν̇ = f (ν , η) − g(η) + τact(ν , δ) + C(ν)ν + τenv (2.13)

where (2.3) and (2.7) gives

M = MRB −MA =


m − Xu̇ 0 0 0

0 m − Yv̇ −(mzg + Yṗ) mxg − Yṙ
0 −(mzg + Kv̇) Ix − Kṗ 0
0 mxg − Nv̇ 0 Iz − Nṙ

 (2.14)

Throughout this thesis, if not otherwise mentioned, (2.13) will be used in simula-
tion. Parameters used for the pods are given by Table 2.1 and parameters used for
ship geometries are presented in Blanke and Christensen (1993) and repeated in
Appendix A. These properties are considered to represent a multipurpose naval
vessel.
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2.4 Yaw dynamics model

In this thesis, the focus is on the yaw dynamics of a ship and a physical model
will be used when analysing the behaviour, determining if change in dynamics is
detectable and also used to estimate properties connected with the ship’s dynam-
ics. The forth row of (2.13) represents the yaw dynamics of the ship and has been
expanded below:

(Iz − Nṙ )ṙ =

− (mxg − Nv̇)v̇ . . . Sway cross coupling

+N|u|r |u|r + Nr |r |r |r | . . .
+Nr |v|r |v| + Nφu|r |φu|r | . . .

}
Non-linear damping

+N|u|v |u|v + Nφ|uv|φ|uv| . . .
+Npp + N|u|p |u|p + Nφu|u|φu|u| . . .

 Cross coupling

−mxgur . . . Coriolis forces

+ τr,act(ν , δ) Pod forces

(2.15)

As can be seen in (2.15), the yaw dynamics both lacks a linear damping and is
heavily coupled with with other degrees of freedom. Here, the other variables,
such as the surge speed u, are considered to be inputs.

2.4.1 Simplified model

Here, an alternative model which is a simplification of the full model, is pre-
sented. This simplification is based the assumption that the cross coupling be-
tween the yaw dynamics and roll motion is small and therefore negligible. It is
also assumed that the cross coupling between the sway acceleration and the yaw
dynamics is negligible. With these assumptions, the alternative model chosen is

(Iz − Nṙ )ṙ = N|u|r |u|r + Nr |r |r |r | + Nr |v|r |v| + N|u|v |u|v −mxgur + τr,act(ν , δ) (2.16)

Here, also the terms Npp and N|u|p |u|p in (2.15) have been removed since they
are zero-valued according to Appendix A. This kind of model could be beneficial
due to the fact that we need two less measurements, the roll angle and sway
acceleration, which might be considered to be a cheaper problem to treat.

2.4.2 Identifiability of parameters

One problem with the models (2.15) and (2.16) is that there will be identifiability
issues if all the parameters should be estimated. For example, there are an infinite
number of combinations of Iz and Nṙ that would yield the same value for (Iz −
Nṙ ). Therefore, estimating both Iz and Nṙ is impossible unless more information
is available. Also, if the ship is assumed to only move in a forward direction,
i.e. the surge speed u ≥ 0, leads to N|u|r |u|r = N|u|rur. This means that terms
dependent on ur and |u|r can not be distinguished and therefore needs to be
lumped together.



2.4 Yaw dynamics model 17

From this reasoning, the resulting model is given by

Ir ṙ = −Mv v̇ + Aur + Nr |r |r |r | + Nr |v|r |v| + Nφu|r |φu|r |
+ N|u|v |u|v + Nφ|uv|φ|uv| + Nφu|u|φu|u| + τr,act(ν , δ)

(2.17)

for the full model and

Ir ṙ =Aur + Nr |r |r |r | + Nr |v|r |v| + N|u|v |u|v + τr,act(ν , δ) (2.18)

which will be referred to as the simplified model later. The lumped parameters are

Ir = Iz − Nṙ , (2.19a)

Mv = mxg − Nv̇ , (2.19b)

and A = N|u|r −mxg . (2.19c)





3
Analysis of the yaw dynamics

In this thesis, one of the main goals is to both derive a method to detect a devia-
tion in dynamics and also to estimate properties connected to the ship’s dynam-
ics. For a systematic approach, this chapter analyses the different components
and properties of the model that affects the dynamic behaviour. A ship’s yaw
dynamics, which is analysed here, is of great concern when controlling the ship,
especially when, for example, steering it in and out of the harbour. If a captain
knows certain conditions of the ship, such as a more inert ship steering, and if it
has changed since last route, the maneuvering could possibly be made more safe
and efficient, which therefore would save fuel and time.

3.1 Simulation analysis

To analyse the yaw dynamics, a physical model of the behaviour is desired. Such
model has been derived in Chapter 2 and specifically the yaw-motion model is
presented by (2.15). This model will be used to determine which properties that
influence the system, analyse where changes may occur and how changes affect
the behaviour in practice. Note that the following results are extensively depen-
dant on the geometries and properties of the model of the ship.

As can be seen in (2.15), the yaw dynamics is non-linear and includes cross-
couplings between the degrees-of-freedom. This leads to dynamics that is dif-
ficult to get an understanding of when it comes to the intuitive behaviour of the
ship’s yaw motion. Therefore, to get a greater understanding of the different non-
linear terms and their influence on the yaw dynamics, a number of simulations
have been carried out.

First, in one experiment, the propeller RPMs of the pods are set constant to

19
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Figure 3.1: Area plots (a) showing the significance of the different yaw in-
fluential terms when the ship is doing a turning motion. Gray: The absolute
value of scaled pod angles. Also plots of the different states (b) are shown to
give an intuition of how the motion is affected by the pod forces.

80 s−1 starting from an idle state, which results in a surge speed of approximately
8.6 m/s at time 50 s. After 50 s, a low-pass filtered pod angle pulse of −10◦ with
a pulse time 50 s has been generated, resulting in a turning motion of the ship.
In Figure 3.1, the absolute value of the terms from (2.15) are shown in an area
plot. Here, the total area of the plot is the sum of the terms and each coloured area
shows the significance of that specific term. Note that some terms have larger and
some lesser influence on the dynamics. For example, the terms N|u|r |u|r, Nr |v|r |v|,
N|u|v |u|v and mxgur together represent the majority of influence on the dynam-
ics. The terms (mxg − Nv̇)v̇ and Nφ|u|uφ|u|u represent the least influence and
could possibly be regarded as negligible in this kind of maneuver. This somehow
also confirms the reasoning in Section 2.4.1 which led to the simplified model
(2.16). Although these results specifically apply for this kind of maneuver and
this model, the analysis is interesting since it could be seen as a common motion.
For example, when the ship needs to change heading after leaving the harbour
and entering open water, this kind of motion could occur.

In a second experiment, the ship is assumed to be in a tight harbour and has to
do a yaw-axis rotation motion to be able to exit the harbour. In this experiment,
the ship initiates from an idle state with the pods set to 90◦ and at time 10 s
the pod propellers are turned on at 80 s−1 and shut of at 50 s. This results in
a yaw-axis rotation motion for the ship. Figure 3.2 shows an area plot of the
significance of the different terms in the yaw motion model from this type of
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Figure 3.2: Area plots (a) showing the significance of the different yaw in-
fluential terms when the ship is doing a yaw-axis rotation motion. Gray: The
pod propeller RPM pulse scaled to fit the area plot. Also plots of the differ-
ent states (b) are shown to give an intuition of how the motion is affected by
the pod forces.

motion. Note that, the area plot of Figure 3.2 differs from Figure 3.1 in the way
that the significance of the terms are changed compared to the earlier experiment.
In this experiment, the yaw motion could accurately be described only using the
terms N|u|r |u|r, Nr |r |r |r |, Nr |v|r |v|, N|u|v |u|v and mxgur.

From these simple experiments it can be concluded that some terms affects the
dynamics more than others. Also, when the ship does certain maneuvers such as
a yaw-axis rotation motion, the terms that affects the dynamic is different. This
gives some basic intuition of the dynamics of the ship’s yaw motion.

3.2 Changes in dynamics

As concluded earlier, the dynamics of the ship is time-variant. Between, for exam-
ple, two routes the ship might be loaded differently and therefore the coefficients
of the model changes. As mentioned in Chapter 1, the loading conditions of a
ship is one of the most influential things, on the dynamics of the ship (Fossen,
2011). A rotating body is affected by the mass depending on the distribution of
mass relative the center off rotation, resulting in a moment of inertia. In some
cases, it would be interesting to get informed that a change in dynamics has oc-
cur, therefore it might be interesting to analyse how a change is visible in the
motion.
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Figure 3.3: Plots showing the differences in yaw angular motion between a
nominal ship and a ship with smaller moment of inertia. Figure (a) shows
the total angular difference, in world coordinates, (b) the difference in yaw
velocity and (c) the difference in yaw acceleration. Gray: The absolute value
of the scaled pod angles.

To answer the question of how changes in critical properties such as moment of
inertia and mass affect the motion of the ship, some simulation studies have been
made. Intuitively, the ship should turn slower when the mass is greater and the
yaw angular acceleration should be lower when the ship has higher moment of
inertia, with the same torque induced by the pods. But, since there are complex
interactions with water and due to the fact that there are large cross-coupling
effects between the degrees of freedom, the intuition might not be correct.

The first simulation case is a comparison of an nominal ship and a ship with
smaller moment of inertia, without any other property being affected. This spe-
cial situation would occur when having a ship with the same cargo spread out on
the deck differently between runs. For only the inertia to change it is assumed
that the cargo is moved symmetrically around the center of rotation. By inducing
the same turning motion as explained in Section 3.1 for both the nominal ship
and the ship with reduced moment of inertia, differences in yaw motion can be
observed and are presented in Figure 3.3.

In Figure 3.3, it can be seen that the largest difference of the yaw velocity is at
the beginning of the turning motion. A smaller angular acceleration comes from
the nominal moment of inertia. The lower acceleration leads to a deviation in
yaw angle during the turning motion that stabilizes quickly. Another interesting
observation made in Figure 3.3a is that the nominal ship in fact has turned more
compared to the ship with smaller moment of inertia, when the ship has been ex-
ited with the turning motion. This indicates that a slight increase in the moment
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Figure 3.4: Area plots showing the difference in term significance for the
yaw influential terms when the ship is doing a turning motion. Gray: The
absolute value of scaled pod angles. Also plots of the differences in the states
(b) are shown to give an intuition of how the motion differs between the
conditions.

of inertia of the ship results in a larger total rotation angle, when performing a
turning motion. This might not be expected but can be explained with the fact
that there is no linear damping in the yaw dynamics, only non-linear damping.
When exiting the turning motion, the major force acting is this non-linear damp-
ing instead of the forces from the pods. Due to these non-linearities, the ship
turns more when the inertia is larger.

Figure 3.4 shows an area plot over the absolute differences between terms for
two runs where the moment of inertia has been changed. The excitation induced
to produce data in Figure 3.4 is the same as in Section 3.1, a pod angle pulse
during normal surge velocity. Notable and as concluded above, the changes are
visible in the beginning and the end of the turning motion. A major change has
occurred in theN|u|r |u|r term. Secondly, the same area plot analysis is done for the
excitation of a yaw-axis rotation motion as described in Section 3.1. The area plot
of absolute differences with a yaw-axis rotation induced motion can be seen in
Figure 3.5. Note that almost all change in the beginning of the yaw-axis rotation
motion appears in the term Nr |r |r |r |. On the other hand, at the end of the yaw-axis
rotation motion, the biggest change appears in the term Nr |v|r |v|.

Here, it is stressed that only the moment of inertia has been changed which very
rarely is the case in reality. These behaviours are also highly dependant on the
ship geometries. However, this method of analysis and this kind of information
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Figure 3.5: Area plots (a) showing the difference in term significance for
the yaw influential terms when the ship is doing a yaw-axis rotation motion.
Gray: The pod propeller RPM pulse scaled to fit the area plot. Also plots
of the differences in the states (b) are shown to give an intuition of how the
motion differs between the conditions.

could still give an intuition of the dynamics for a marine vessel. This could in
turn possibly help to both design methods for detecting changes in dynamics
and for model estimation of the ship.

Such analysis as the one performed here could help in the process of model esti-
mation. For example, since special maneuvers are shown to excite certain parts
of the dynamics, the identification of parameters could focus on these specific
parameters during these motions. Therefore the estimation could be split up by
only estimating N|u|r |u|r, Nr |r |r |r |, Nr |v|r |v|, N|u|v |u|v and mxgur accurately when
doing a yaw-axis rotation motion and the rest later in the route. This might in-
crease the efficiency of parameter estimation, but still needs to be analysed fur-
ther and is left for future work.



4
Estimation of ship properties from

yaw data

In this thesis, one of the main goals is to analyze the possibilities of estimating
properties connected to the ship. This chapter gives an overview to the subject of
system identification which is the foundation of describing dynamics of a system
using measurement data. Thereafter, a method for estimating ship properties is
presented. Finally, an evaluation of the performance of this method is presented,
covering influence of measurement noise and the potential of estimating a change
in dynamics. The analysis performed here and all results achieved are done using
data collected from simulation.

When it comes to ship modelling, system identification is used as a method for de-
scribing the ship’s dynamics by observing different conditions of the ship through
sensor measurements. These measurements together with a chosen model struc-
ture and a method of model estimation, are combined to generate a model that
fits the data as well as possible. Assuming that the process is described as in Fig-
ure 4.1, the input u(t) could, for example, represent the thrust generated by the
propulsion units. The thrust generated will affect the ship and possibly make it
move and the movement of the ship and how the ship is affected by the input is ex-
plained by the system block. The system block is what we want to describe using
a mathematical model. Alongside the thrust from the propulsion unit, the system
is affected by disturbances τ(t), such as waves or wind, which hit the ship. While
the system model explains the status of the ship, such as position and movement,
only some of the states can be measured with sensors. These measured states are
presented as y(t) in Figure 4.1. The problem is to explain the relation between
inputs, disturbances and the output by a mathematical model.

Since one of the main goals in this thesis is to estimate properties connected to the
ship, such as mass and moment of inertia, a model that is defined by these prop-
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Figure 4.1: Principle schematics of a general system with inputs, outputs
and disturbances.

erties is desired. As presented in Linder (2014), a graybox model can be used
for estimation of these properties. A graybox model is partly derived through
physical and mechanical relationships for a system and where the physical quan-
tities of the system are unknown. The model presented in Chapter 2 is derived
through kinetics and kinematics with parameters, such as mass and moment of
inertia, and therefore it can be viewed as a graybox model of the ship. Since the
parameters of this model are assumed unknown, it is desired to apply system
identification methods to determine them.

4.1 Introduction to system identification

System identification is a subject which concerns methods of estimating mathe-
matical models of dynamic systems using collected data. These models can be
used to analyze and predict the behaviour of the specific system. A system in this
case is referring to something that, when fed a certain input, generates an output.
These mathematical models are chosen to explain this real system by actually ob-
serving the reality and applying a method to choose and fit the model accordingly.
In this section, a brief introduction to system identification connected to the sub-
ject of ship modelling is given. For a thorough description see Ljung (1999).

The mathematical models are chosen to fit reality through observations, which
usually are discrete data points collected using sensor systems. A set of such
data points is denoted by

ZN = (yt , ut)
N
t=1 (4.1)

where yt is the output and ut is the inputs, at time t. Here, the models are con-
sidered to be parametric, which means that the model is parametrized by the
parameter vector θ. Depending on the values of the coefficients in θ, the model
will have a certain behaviour. The adaptation of these parameters to the data set
is done through minimizing a criterion function VN (θ, ZN ), that is

θ̂ = arg min
θ∈D

VN (θ, ZN ) (4.2)

The criterion function, VN (θ, ZN ), is usually chosen to be a scalar measure, for
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example, dependant on the prediction error

εt(θ) = yt − ŷt(θ) (4.3)

where yt is the measured output of the system and ŷt(θ) the predicted output
dependent on the parameters. This predictor, ŷt(θ), could be represented by, for
example, the one-step-ahead predictor

ŷt(θ) = g(t, Zt−1|θ) (4.4)

which is based on previous data and the parameters.

To evaluate how well the estimated model fits the actual system, a certain valida-
tion method has to be applied. One way to do this is to simulate the estimated
model using a different data set from the one used in the estimation process.
This is desired since the model is estimated to fit certain data and if we want the
model to describe the system in a arbitrary situation, it should also fit well when
a different excitation is used.

In this thesis, the goal is to investigate impact of measurement noise and the po-
tentials of detecting a change in properties by model estimation. Theory regard-
ing estimation methods, i.e. the choice of VN (θ, ZN ) and best fit search method,
will not be derived here and the interested reader is instead referred to Ljung
(1999) or Glad and Ljung (2004). Worth mentioning is that a prediction-error
method will be used together with a non-linear least squares search method.

4.2 Estimation of ship’s yaw dynamics model

For estimation, both the full model and the simplified model presented in Chap-
ter 2, is used. The full model used for parameter estimation is

Ir ṙ = −Mv v̇ + Aur + Nr |r |r |r | + Nr |v|r |v| + Nφu|r |φu|r |
+ N|u|v |u|v + Nφ|uv|φ|uv| + Nφu|u|φu|u| + τr,act(ν , δ)

which is defined by (2.17). For the simplified model,

Ir ṙ =Aur + Nr |r |r |r | + Nr |v|r |v| + N|u|v |u|v + τr,act(ν , δ)

has been used for parameter estimation, which is defined by (2.18). Here the
lumped parameters are given as

Ir = Iz − Nṙ
Mv = mxg − Nv̇
A = N|u|r −mxg

which was defined by (2.19).

To relate the problem to theory presented in Section 4.1, it is here assumed that
the yaw velocity is the output and all the other motion variables are seen as inputs

to the system. We therefore get yt = rt and ut =
[
v̇t ut vt φt τr,act,t

]T
with
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our data set ZN collected using the simulation model. The sample frequency for
data collection is 10 Hz.

For estimation, a prediction-error method is used, which minimizes a function of
the prediction error (4.3). The predictor in this case is calculated by simulating
the model in question, (2.17) or (2.18), using the input of the data set ZN .

4.3 Setup and experiment

In the simulation experiments presented here, the parameters for ship geome-
tries in Appendix A and for pod geometries in Table 2.1 have been used for the
nominal ship. In the simulation, the ship is assumed to be close to the harbour
where the presence of waves, water currents and wind is negligible. The ship is
assumed to be manoeuvred as a real ship would be close to a harbour when leav-
ing it, in a manner that the yaw motion is sufficiently excited. Data is collected
for a duration of 10 minutes resulting in 6000 data points, with the sampling rate
of 10 Hz and the signals filtered through an anti-alias filter. There is also mea-
surements noise present in the data collected which is white noise with standard
deviation on each signal according to Table 4.1

During experimental work, the initial parameter value when estimating the mod-
el parameters is found to affect the results if chosen poorly. An initial estimate of
the parameters too far away from the actual value leads to remarkably bad results.
In the following analysis, the initial parameter value is equal to the actual param-
eter value for a nominal ship and a more thorough analysis regarding choice of
initial parameter value is left for future work. Since the signals are filtered and
noise is present, the true parameter values are not always the values that give
the best model fit. By choosing the actual parameter values as initial values, the
execution time of the gradient search for best fit is greatly reduced, which is pre-
ferred in this work. Also, since the model is based on physical properties, it is
determined that the properties’ values follow physical laws. For example, it is
given that the total moment of inertia Ir is positive and the damping coefficients
negative as a restriction to the estimation problem.

When the accuracy and spread of estimated parameter value are evaluated, the

Table 4.1: Table presenting the white noise standard deviation for each input
and output.

Signal Noise standard deviation (σ)
r 0.0025 [rad/s]
v̇ 0.015 [m/s2]
u 0.15 [m/s]
v 0.15 [m/s]
φ 0.025 [rad]
τr,act 5×104 [Nm]
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Figure 4.2: Plot showing a histogram of estimated parameter values and an
approximated normal distribution of the parameter values. Here, it can be
seen that a Gaussian distribution of the estimated parameter values gives a
good approximation.

estimates are approximated to have a normal distribution which is created using
the sample mean and sample covariance of all the estimates. That is, it is assumed
that

θ̂ ∼ N (θ̄, Σ̂))

where θ̄ is the sample mean and Σ̂ the sample covariance matrix. Figure 4.2
shows an example of estimated parameter values presented in a histogram. Here,
the histogram shows that the estimates pretty accurately could be represented as
a normal distribution. This example is taken from estimates of the total moment
of inertia Ir of the ship for 500 Monte Carlo simulations.

4.4 Influence of measurement noise on estimator

The estimator will be influenced by measurement noise and the resulting esti-
mates will probably not be perfect due to this. Also, the estimated parameters
could vary between runs due to the different realizations of the random noise
process. Therefore, Monte Carlo simulations have been performed with different
noise realizations between simulations. Both the full model and the simplified
model have been evaluated and the results are compared with the true parameter
values.

Each parameter estimate has been normalized through

∆θ̂ ≡
θ̂ − θ0

θ0
(4.5)

where θ0 is the true value of the parameter. This means that ∆θ̂ is a relative mea-
sure of the error compared to the true value, which makes it easier to compare
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the estimates of the different parameters.

Figure 4.3 shows the distributions of each parameter estimate using the full
model, for 500 Monte Carlo simulations. As can be observed, the accuracy and
the bias greatly differs between the different parameters. For example, Nφ|uv| has
both a greater relative variance and bias than, for example, Ir .

Figure 4.4 shows the distributions of each parameter estimate using the simpli-
fied model, for 500 Monte Carlo simulations. The gray lines correspond to the
estimates when no measurement noise is present. This estimate shows the bias
included due to the model simplification. Note that the biases of all the parame-
ter estimates for the simplified model are larger than the biases of the parameter
estimates of the full model. This is the case since the model error is compensated
with a bias for the model to fit the data. Here, it is interesting to note that the
moment of inertia Ir is more accurately estimated compared to the full model.

When analyzing how the measurement noise influences the parameter estimates,
the bias and the variance on the parameter estimates are of interest. On the full
model in Figure 4.3, some parameter estimates such as Ir show to have very low
influence from measurement noise. This knowledge of low influence from mea-
surement noise on certain estimates could be very useful in an application where
it is interesting to have information about these properties.

In the case of an simplified model and the influence of measurement noise, we
can see from Figure 4.4 that the impact of noise is very small. Most of the bias
included is an effect of the model error and the variance is much smaller for most
parameters. Again, the moment of inertia Ir is very accurate and the noise has
almost no influence on the error.
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Figure 4.3: The distributions for each parameter of the full model (2.17)
based on 500 Monte Carlo simulations, compared to the actual values of the
parameters. Here, the bias and variance of the parameter estimates can be
observed and as can be seen, these vary between the different parameters.
The data used to estimate the parameters was collected from simulations of
a nominal ship.
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Figure 4.4: The distributions for each parameter of the simplified model
(2.18) based on 500 Monte Carlo simulations, compared to the actual values
of the parameters. Here, the bias and variance of the parameter estimates can
be observed and as can be seen, these vary between the different parameters.
Here, also the bias due to model error is shown. The data used to estimate
the parameters was collected from simulations of a nominal ship.
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4.5 Detecting a change in properties

Here, changes in conditions are analyzed and compared to a nominal case. To
limit the analysis, five parameters have been changed separately between runs
and the changes were made with five incremental steps for each parameter, be-
tween 10-50%. The five parameters that have been analyzed for change is Iz , m,
Nr |r |, Nr |v| and N|u|v . It is important to note that it is Iz and m that have been
changed with a fractional amount, this directly affects the parameter value of Ir
and Mv and A, respectively. Unlike in Section 4.4 where the parameter estimates
were normalized, in this section the unnormalized distributions of the estimated
parameter values are shown.

The distributions of the parameter estimates for each run with incremented pa-
rameter value, are presented in the same figure to demonstrate the change in
mean and variance of estimates between changed conditions. The plot is only
presented if it has been determined that a significant change in the mean or the
variance of the estimates is visible. That means, for all parameters which have
not been presented in the figures, no significant changes have occurred.

The results in Figure 4.5 and Figure 4.6 have been generated from estimates of
the parameters in the full model. Here, the results show that only the changed
parameter is showing a change in the estimates distributions. The distribution
of the estimates gives an intuition for the possibilities of estimating a change in
the ship conditions. If the distributions overlap, there is a significant probability
of estimating a condition which is incorrect, such as estimating a change when
no change has occurred. For example, Figure 4.5 shows potential in estimating
a change accurately in moment of inertia of the ship, at least when the change is
+20%. On the other hand, Figure 4.6 shows that it is hard to accurately determine
a change in Mv and A due to the change in mass, even up to a +40% change.

The results in Figure 4.7 and Figure 4.8 have been generated from estimates of
the parameters in the simplified model. Note how the estimates differ from the
full model since this gives an intuition for the possibilities and weaknesses of
estimating a change in the ship conditions using the simplified model. Figure 4.7
shows better accuracy in estimation of moment of inertia of the ship when a
change only has occurred in moment of inertia. Fever parameters results in larger
bias but less variance in the parameter estimates.

Figure 4.8 shows that a change in mass results in differences in the estimate dis-
tributions of all parameters. While this has not fully been investigated, one ex-
planation to this is that the terms left in the simplified model are correlated with
the removed terms. When estimating the remaining terms and the change has
occurred in the removed terms, the change might be interpreted as a change in
the estimated terms due to correlation. Therefore, when the coefficient Mv is
changed due to changed mass and due to the correlation, the biases of the re-
maining parameter estimates might change as well. This might lead to problems
with detecting a change in the parameter estimation since an estimated change
might depend on the correlation and not that the actual parameter has changed.
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Figure 4.5: The distributions of the estimated values of Ir with changed
conditions for Iz between runs, using the full model. Here, the estimate
distributions can be seen for each changed condition and how they overlap
can be observed which indicates that the accuracy might be sufficient for
detecting a 20% change.
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Figure 4.6: The distributions of the estimated values of Mv and A with
changed conditions for the massm between runs, using the full model. Here,
the estimate distributions can be seen for each changed condition and as can
be seen, the estimate distributions overlap a great deal even when there is a
40% change in mass.
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Figure 4.7: The distributions of the estimated values of Ir with changed con-
ditions for Iz between runs, using the simplified model. Here, the estimate
distributions can be seen for each changed condition. No significant overlap
of the estimate distributions is present which might mean that the accuracy
is sufficient to detect a change of 10%.
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Figure 4.8: The distributions of the estimated values of Ir , A, Nr |r |, Nr |v| and
N|u|v with changed conditions for the mass m between runs, using the sim-
plified model. Here, the estimate distributions can be seen for each changed
condition and as can be seen, all the parameter estimate distributions have
changed between the changed mass conditions.



36 4 Estimation of ship properties from yaw data

4.6 The effects of model error

In this thesis the data collected comes from the simulation model, which has the
same model structure as the model used in estimation. Also, the pod forces τact
are treated as a known input signal to the system and therefore assumed to be
either measured or estimated with sufficient accuracy. In the case of estimation
in reality, both the model for estimation would not be equal to the real system and
the forces from the pods could most probable be inaccurate. To understand how
a model error affects the estimated properties of the ship, an analysis of a model
error’s propagation in the estimates is presented below. This analysis intends to
give the reader an awareness of how results presented in this chapter might differ
from results achieved in reality.

Let us first consider a linear system which has a model error and is given by

I ẍ = −k1x − k2ẋ + k3u =⇒ (4.6a)

ẍ = −a1x − a2ẋ + a3u (4.6b)

where x is a state of the system, u is the input and I , k1, k2 and k3 are constants.
The second equation (4.6b) represents the same model where both sides have
been divided by I , which gives a1 = k1/I , a2 = k2/I and a3 = k3/I .

If u in (4.6b) is assumed to be, for example, the measured thrust force from the
propulsion units on the ship and k3 assumed known, an error in this term will
affect the whole model. Let us assume that there is an error in k3 which appears
as k3 = k3,0 + ∆ where k3,0 is the real parameter value and ∆ is the error. In this
situation, if we were to estimated k1, k2 and I using the model (4.6b), we would
get the estimates

Î =
k3

â3
=
k3,0 + ∆

k3,0
I (4.7a)

â2 =
k2

I
=⇒ k̂2 = â2 Î =

k3,0 + ∆

k3,0
k2 (4.7b)

â1 =
k1

I
=⇒ k̂1 = â1 Î =

k3,0 + ∆

k3,0
k1 (4.7c)

which shows that the bias in the estimate is proportional to the error ∆ and affects
all estimated parameters. The equation (4.6) is a very rough approximation of the
model used to estimate the yaw dynamics and this discussion shows how an error,
for example, in the pod forces affects the estimate. For a non-linear problem,
which is the case of the yaw dynamics model, the analysis becomes much more
complicated. It is therefore difficult to say exactly how a model error in the pod
forces will appear in the results in this case.
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Determining a change in dynamics

As concluded in Section 3.2, small changes in mass and moment of inertia of
the ship results in noticeable changes in dynamics. It was also concluded that a
change in properties is in some sense detectable when estimating parameters. As
addition to this it could be favorable to have a quantitative method to, during run-
time, determine that there has occurred a change in dynamics. Such a method of
detecting a change in dynamics could be beneficial when it comes to manual
maneuvering of the ship. For example, if a change in loading conditions affects
the dynamics in a large scale, then the ship crew could take new conditions into
account when steering and therefore potentially increase efficiency.

To detect a change of dynamics during run-time, a non-parametric method based
on cumulative summation (CUSUM) has been evaluated. A non-parametric meth-
od is valuable in situations when you actually do not know the physical model
of the system. In these situations, a black-box model could be used together with
this non-parametric method to determine a deviation in dynamics. This method
has been tested on the full model (2.15) and the simplified model (2.16) to de-
termine the performance of the method. These models are assumed to be esti-
mated using measurement data from the same ship but from a different voyage
performed previously. This model is necessary to be able to compare run-time
measurements against something to determine a change. The terminology used
in this chapter is that the estimated mathematical model is describing the prior
ship and the run-time data is collected from the current ship. The data is collected
from two ships denoted nominal ship and inertial ship where the inertial ship is
assumed to have a larger moment of inertia in yaw-direction.
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Figure 5.1: Absolute yaw motion residuals, |ε| = |r − r̂ |, for a nominal ship
(a) and an inertial ship (b). The full model has been used when the ship is
doing a turning motion represented by the yaw angular velocity seen in gray.

5.1 Cumulative summation (CUSUM)

As concluded in Section 3.2, there is a change in behaviour between different
conditions. Therefore, the change should intuitively be visible in the residuals
between measured motion on the current ship and predicted motion using the
prior model. Predicted motion is calculated by simulating the prior model using
the inputs measured on the current ship. With the assumptions of available mea-
surements, we can determine the status of the ship condition by monitoring the
residuals ε = r − r̂. Here, r is the yaw velocity measured on the current ship and r̂
is a prediction of the yaw velocity using the measurements from the current ship
and the prior model.

Measurement noise is introduced to the signals in simulation to resemble reality.
From simulation with noise, current ship data can be generated as well as data
for model estimation of the prior ship. First, it is assumed that sufficiently in-
formative measurement data is used to estimate an accurate model of the prior
ship, which has a nominal inertia. Here, the current ship has induced a force
that generates a yaw-axis rotation motion, as described in Section 3.1, and the
resulting residuals for both a nominal and an inertial appear as in Figure 5.1. In
this specific experiment, the simplified model has been used to estimate the yaw
motion of the prior ship. By comparing Figure 5.1a and Figure 5.1b, it is clearly
noticeable that the inertial ship data, Figure 5.1b, shows large residual deviation
in the beginning and end of the yaw-axis rotation motion. The residuals from a
nominal ship, seen in Figure 5.1a, appears as white noise.

By applying a threshold to the residuals, the large deviations can be isolated.
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Figure 5.2: Absolute values of the yaw motion residuals limited with a
threshold d = 0.0037, for a nominal ship (a) and an inertial ship (b).The full
model has been used when the ship is doing a turning motion represented
by the yaw angular velocity seen in gray.

Figure 5.2 shows the residuals which have been isolated with a thresholding of
d = 0.0037. Note that, for the nominal ship residuals in Figure 5.2a there are
very few non-zero points left, while for the inertial ship seen in Figure 5.2b the
deviations appear clearly.

To monitor these residuals mentioned above, it is in this thesis suggested to use
the CUSUM method. This method uses a function of the residuals to sum it over
time. When this sum reaches a certain value, the system can be determined to be
in a specific state. In this case, the specific state is a dynamically changed ship.
Here, the CUSUM and the function of the residuals is defined as:

g(t) =

g(t − 1) + s(t), g(t) ≥ 0
0, g(t) < 0

(5.1a)

s(t) =

|ε(t)| − d, |ε(t)| ≥ d
−l, |ε(t)| < d

(5.1b)

and the condition for indication as g(t) > h. Briefly, this means that when a cu-
mulative summation of a function of absolute residuals reaches a value h, the
current ship is concluded to be different from the prior. The threshold d is a con-
stant which decides the value of s(t). If a absolute residual is below the threshold,
the residual is said to be limited by this threshold. The threshold is applied for
the noise to have less impact on the CUSUM and s(t) = −l when |ε(t)| < d for the
CUSUM to move towards 0 for unchanged systems. The parameters d, l and h are
all tunable depending on preferences and conditions. For a thorough treatment
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of the CUSUM methodology, see for example Basseville et al. (1993) and Glad
and Ljung (2000).

5.2 Evaluation of method

To evaluate the method derived here, the reliability is the main focus. The relia-
bility in this case is referring to the probability that the method correctly detects
a change of dynamics when the ship’s dynamics actually has changed. It is also
dependant on the probability that the method correctly rejects a deviation when
no dynamical change has occurred. The tunable parameters in (5.1) have been
adjusted in a iterative process so that the probability of a correct detection and
correct rejections are is high.

Data for evaluation is collected using the simulation software with a simulation
time of 500 seconds. The ship is in simulation affected by a force from the pods
when the ship is maneuvered similarly to how a real ship would be close to a har-
bour. The signals are sampled by a frequency of 10 Hz and white measurement
noise is added. This data is assumed to be measurements made on a ship during
run-time when it is on its way out of the harbor, possibly turning a lot and where
environmental disturbances such as wind and waves are negligible.

In this case, the inertial ship has a moment of inertia that is 10% larger than the
nominal ship. Thereafter, the residuals are generated by measurement data and
a prior model estimated from a nominal ship. After tuning the parameters in
(5.1), a typical behaviour of the CUSUM method is seen in Figure 5.3. Here, the
conditional limit for indicating a dynamical change, h, might be set to 0.02 or
even higher depending on preferences.

In this process of evaluation, it is also of significance to analyse how the reliability
is affected by noise in measurements. This could be interesting to analyze both
when it comes to a prior model estimated from noisy measurements, as well as
noise in measurements collected on the current ship. Therefore Monte Carlo sim-
ulations have been performed to investigate the impact of measurement noise.

Monte Carlo Simulations were set up for 10 different prior models estimated
using noisy measurement data from the simulation software (Model 1-10), see
Chapter 4 for the estimation process. These models was estimated using 500 s of
data and for each model, different noise realisations has been added to the esti-
mation data. One additional prior model was used in the analysis which have the
true parameter values (Model 0).

For each of these estimated models and for the true parameter model, 100 Monte
Carlo simulations has been performed with different noise realizations. In these
simulations, a different excitation is used than for the estimations process with a
simulation time of 500 s. The parameter values used in this analysis are found in
Table 5.1.

The method failures were observed during the experiments, i.e. when a change



5.2 Evaluation of method 41

Time [s]

0 50 100 150 200 250 300 350 400 450 500

g
(t

)

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07
Yaw moment from pods

Nominal ship

Inertial ship

Figure 5.3: CUSUM comparison between data collected from nominal ship
and a ship with larger inertia. Visible in the figure is also a scaled plot of the
yaw moment on the ship generated by the pods. The inertial ship data shows
a significantly larger CUSUM value than the nominal case.

has been detected but actually is not the case (incorrect indication) and when
a change actually has occurred but no indication is given (missed indication).
The results of these Monte Carlo simulations using the full model are presented
in Table 5.2, where the number of false indications and number of successes to
detect a dynamical change are presented. Same experiment and results using the
simplified model can be found in Table 5.3.

Again, it cannot be stressed enough that the results are highly dependent on the
level of the noise, the type of excitation and the amount of collected data. Still, in

Table 5.1: Table presenting parameter values of (5.1) used to yield the re-
sults in this section.

Full Model # 0 1-10
d -0.0025 -0.0025
l -0.000028 -0.000035
h 0.022 0.018

Simplified Model # 0 1-10
d -0.0025 -0.0025
l -0.00003 -0.00004
h 0.0175 0.030
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Table 5.2: Table presenting results from 100 Monte Carlo simulations of the
CUSUM method using the full model.

Model # 0 1 2 3 4 5
Incorrect indications 14 0 1 4 2 1
Missed indications 17 16 5 1 4 2

Mean time of indication [s] 304 272 259 179 214 242

Model # 6 7 8 9 10
Incorrect indications 0 4 2 3 0
Missed indications 1 0 1 4 1

Mean time of indication [s] 208 180 193 247 193

Table 5.3: Table presenting results from 100 Monte Carlo simulations of the
CUSUM method using the simplified model.

Model # 0 1 2 3 4 5
Incorrect indications 10 0 3 0 3 1
Missed indications 19 8 2 19 0 7

Mean time of indication [s] 271 293 247 307 225 295

Model # 6 7 8 9 10
Incorrect indications 0 0 0 0 2
Missed indications 7 9 7 0 8

Mean time of indication [s] 295 286 261 223 292

the experiments performed here, the method shows promising results. It is a sim-
ple, cheap and fast method for detecting a change in dynamics which shows to
perform well. Still, there could be improvements made to increase performance
such as to only look at certain parts of the data sets, for example, only when mak-
ing a turning motion. Since the mathematical model of the ship might have a
large number of parameters, the number of data points that is needed to be sure
that a change in dynamics actually is the case might be very large. Therefore, the
CUSUM method presented here could help the ship crew by providing informa-
tion early about changed conditions when, for example, leaving the harbour.

The results presented in Table 5.2 and Table 5.3 show that the method has ro-
bustness and is fast with an indication time of around 4 minutes for both models.
The results show that the model estimated from prior data affects the results. For
both the full and the simplified model, some prior models perform worse than
others. The true parameter model performs worse than the estimated models.
This is probably because this model does not catch all dynamics present in the
collected data.



6
Analysis of real measurement data

This chapter includes an analysis on real measurement data for additional valida-
tion of the proposed methods. Estimation of ship properties, given the real data,
will be presented along with a CUSUM experiment. Although it is hard to make
conclusions when a lot of assumptions made in the analysis with simulation data
might differ a lot from reality, this chapter still gives an intuition of what results
could be expected with these methods applied on real data.

6.1 Experiments conditions and execution

Two data sets with measurements from the same ship but different routes have
been provided by ABB for evaluation. The data sets include measurements from
a short period of time when the ship is leaving the harbour. Most of this data
most likely not originating from direct raw sensor measurements, it is filtered
and some of the data is estimated using other motion measurements. Also, the
actual parameter values are in fact not known. Along with this, disturbances
such as wind, waves and water currents are present, which has been neglected
in earlier analysis as well as the analysis presented here. This, of course, induces
some complications and problems leading to errors in the model estimates.

A comparison with the actual parameter values will be neither fair nor possi-
ble, since information about these parameters are unavailable and pod forces are
unknown. Instead, a comparison will be made both between estimated models
using data from the same ship and route but at different times and between es-
timated models from the two different data sets. With this approach, we can
conclude if there is a large difference between estimates of the same ship, that is
large uncertainty in estimates and also if the models for the two data sets differ a
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lot.

Finally the CUSUM method will be applied for a model estimated with one of the
data sets and current measurements from the other data set. This is done to see
if the CUSUM method actually is able to confirm if a change has occurred using
real data, and to analyze model estimation.

In earlier analysis, it was assumed that the pod forces were known. For this
assumption to be applicable, a model of the pod and information about the pod
placements is needed. Here, it is instead assumed that the pods used on the
ship are of the same model as the lookup table represents. The pod placements
on the ship are assumed to be 10 times the distances used in simulation, see
Table 2.1. This will in fact also result in errors in parameter estimation, but since
this chapter aims to compare two data sets, the error should not affect the result
of this comparison.

6.2 Model estimation

For estimation, the full yaw dynamics model has been used. In this experiment,
the measurement data from the data sets have been used together with the lookup
table for pod forces, all provided by ABB. Since no parameter for the ship is
known, the estimation process is initiated with values based on the simulation
model parameter values.

To validate performance of estimation, first the possibility to fit the data and if it
describes the dynamics well, is evaluated. This is done by using 1000 s of data
points for estimating the model, and 1000 s of data points which are different
from the estimation data, for validation. Figure 6.1 shows the model fit to the
estimation data and the validation data based on the first data set. Figure 6.2
shows the model fit to the estimation data and the validation data based on the
second data set.

(a) Estimation data, 45.26% fit. (b) Validation data, 30.02% fit.

Figure 6.1: The actual yaw velocity for the ship (gray) and the simulated
yaw velocity using the estimated model (blue), for the first data set. The
simulation seems to fit fairly well to the actual yaw velocity.
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(a) Estimation data, 62.89% fit. (b) Validation data, 40.76% fit.

Figure 6.2: The actual yaw velocity for the ship (gray) and the simulated
yaw velocity using the estimated model (blue), for the second data set. The
simulation seems to fit fairly well to the actual yaw velocity.

In the next experiment, the data is split up into two other parts of the data with
equal length. These new parts are found to be more suitable for parameter esti-
mation. The first data set is split up into data with length of 800 s and the second
data set into data with length of 1000 s. Here, one part is used for estimation of
model parameters and the other used for validation. Then the process is switched
so that the second part is used for estimation and the first part for validation. In
Table 6.1 and Table 6.2, the estimated parameters are shown together with the
fit to validation data. This is done to make conclusions if estimates are accurate
and repeatable and also to see if there are differences in the parameter estimates
between the data sets.

It is difficult to draw any confident conclusions from the results. The model
estimates from the same data set shows great variation of parameter values and
not a very high model fit to validation data. The fit does not change a lot between
the different experiments even though the estimated parameters do, which could
be explained with the fact that identifiability issues are present or that the data
used are not informative enough. As can be seen in both Figure 6.1 and Figure 6.2,

Table 6.1: Table presenting model parameter estimation results for the first
data set. The parameters are estimated from two parts of the data set, de-
noted Data 1 and Data 2. This shows the differences and similarities in esti-
mated parameters from the same data set. The length of Data 1 and Data 2
is 800 s.

Parameter Ir Mv A Nr |r | Nr |v|
Data 1 687.0 -0.3193 -6.507 0 -125.5
Data 2 247.3 -35.81 -699.9 -40400 -3120

Parameter Nφu|r | N|u|v Nφu|u| Nφ|uv| Fit to validation data
Data 1 0 -0.03485 -0.03220 -1.184 30.02%
Data 2 -989.3 -2.070 -3.113 -37.53 25.75%
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Table 6.2: Table presenting model parameter estimation results for the sec-
ond data set. The parameters are estimated from two parts of the data set,
denoted Data 1 and Data 2. This shows the differences and similarities in
estimated parameters from the same data set. The length of Data 1 and Data
2 is 1000 s.

Parameter Ir Mv A Nr |r | Nr |v|
Data 1 80.54 -0.1646 -4.281 -31360 -118.1
Data 2 148.1 -0.03379 -15.29 -1529 0

Parameter Nφu|r | N|u|v Nφu|u| Nφ|uv| Fit to validation data
Data 1 -117.6 -0.004980 -0.06795 0.7889 40.76%
Data 2 -2154 -0.01836 -0.007189 -0.03913 39.42%

there is only a single step in the turning velocity. When estimating the ship’s yaw
dynamics, the excitement in the yaw motion needs to be sufficient for the data to
be informative. This is why a single step in the turning motion can be the reason
for the estimation problem.

6.3 CUSUM

The data sets are also used to perform a CUSUM test to see if this method detects
a change in dynamics. Here, a model estimated from the second data set has been
used, yielding the parameter values presented by from Data 1 in Table 6.2. This
model is here denoted the nominal model and the data from the second data set
is the nominal data set and the first data set the inertial. The CUSUM test has
been performed by simulating the nominal model both using data from the first
and second data set and with residuals calculated accordingly. Note that the data
used from the nominal data set differs from the data used in estimation, i.e. the
validation data is used for the CUSUM process. Figure 6.3 shows results of this
test, where the so called inertial ship actually shows a large difference from the
nominal data.

The CUSUM validation shows promising results that needs to be analysed further
since this is only one simple experiment.
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Figure 6.3: Plot showing the CUSUM process when a nominal model from
the second data set is used to compare CUSUM for data set 2 (nominal) and
data set 1 (inertial).

6.4 Conclusions

It is very difficult to form conclusions from results presented in this section since
many factors are uncertain. First of all, the actual information in the measure-
ments from the data sets is unknown, for example due to lack of information
about the method of filtering and how the indirect measurements are achieved.
Disturbances are obviously present and might need to be modeled. The fact
that we have all states of the ship as inputs leads to faulty results, since they
are through this assumed to be correct.

During experiments it has been noticed that the motion of the ship closest to
the harbour, in the very beginning of the route, is highly affected by the bow
thrusters. Since information about forces from these bow thrusters both is un-
available and neglected here, the model estimate becomes inaccurate and inca-
pable to fit against validation data. Therefore data collected later during the
route, when the ship has moved away from the harbour, has been used. This data
both increases the presence of disturbances and lacks sufficient yaw motion ex-
citement. For accurate modelling, the bow thrusters either have to be inactivated
during run time or taken into account when modelling.

As can be seen in both Figure 6.1 and Figure 6.2, there are great oscillations in
the yaw motion. This is probably a result of wave impact on the ship. Not shown
here, but visible in the pod angle steering, there seems to be some kind of au-
topilot that tries to counteract the impact of the waves. If these oscillations are
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due to waves and if there is an autopilot which uses the interaction as a feed-
back, the performance of the modelling will greatly be reduced. This both since
environmental disturbances has not been taken into account and the fact that
the disturbances will be difficult to model if the autopilot is counteracting them.
These oscillations are not present earlier in the route, when the ship is close to
the harbour. Therefore if earlier mentioned problems with the bow thrusters can
be fixed, this problem might also be solved.



7
Conclusions

This thesis describes how system identification and signal processing methods
can be used for parameter estimation for a ship’s dynamics model. Here, the
yaw dynamics has been analysed, and possibilities of estimating parameters con-
nected to the yaw dynamics is presented. The analysis gives an intuition of what
to expect when using these methods in reality, but does not give a thorough vali-
dation on real data. A could be done for a complete analysis on system identifica-
tion of a ship’s dynamics, results presented in this thesis might help to take the
next step towards completing the analysis.

A model of a ship’s dynamics was derived in Chapter 2 and has later been used
both for simulation and for model estimation. A model of the podded propulsion
system has been derived, evaluated and included in the simulation model. It has
been shown that the model of the pods is sufficiently accurate for this kind of
application, through comparison with a lookup table. In Chapter 3, the dynamics
of the ship model including the podded propulsion system has been analysed
through simple experiments which shows which terms in the model that affect
the system in this specific model. These experiments also show how a change in
dynamics could appear in motion data. Although the experiments are few and
not covering the whole dynamics, it still gives an intuition for the ship behaviour.
For example, it could be shown that the terms removed in the simplified model
had the least influence in these specific experiments. A simplified model has been
presented to add conclusions around model estimation for such a model to this
thesis. In the modelling process, identifiability issues have been solved resulting
in the two different models used in the identification process.

The analysis performed regarding system identification, presented in Chapter 4,
shows potential in estimating ship properties connected to the yaw dynamics.
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The impact of measurement noise was analysed and how changes in dynamics
are detectable in model estimation was presented. When analyzing measurement
noise influence, it has been shown that the estimate bias and variance vary greatly
between the parameters. For example, the estimate of the moment of inertia has
fairly large accuracy in comparison to some other parameter estimates. This kind
of knowledge could be interesting since when there is an interest in having infor-
mation about the moment of inertia of a ship, it would be safe to know that the
accuracy of the estimate is sufficient. Since it would be interesting to acknowl-
edge how a change in loading condition has affected physical quantities such as
mass and moment of inertia, the analysis in Section 4.5 show what to expect when
estimating the quantities and their change. The ability to detect a change in mo-
ment of inertia is promising while, for example, the mass is difficult in change
detection.

In this thesis, it has been assumed that the pod forces are measured or estimated
sufficiently accurate. In reality, it might be hard to accurately determine the
forces from the pods and this would therefore affect the results, see the discus-
sion in Section 4.6. In reality either a good model of the pods or some kind of
lookup table relating control signals to forces is needed to be able to apply these
methods. Along with this, information about the positions of the pods and the
geometries is also necessary.

The proposed non-parametric method for detecting a change, presented in Chap-
ter 5, is an alternative way of determining a change in dynamics apart from sys-
tem identification. Using such a method as CUSUM, no correct model structure
of the ship is required which could be useful when this information is unavail-
able. The method can be used to inform the ship’s crew about changed conditions
and also do so early into the voyage. This method has in this thesis shown to be
both robust and time effective in the Monte Carlo simulations presented. There-
fore, this method could be used as an additional tool to quickly gain information
about changed conditions, as the system identification methods might lack accu-
racy in early phases. The downside of this method is that it does not specifically
identify what part of the dynamics that has changed.

For the real data in Chapter 6, the measurements are concluded to both be filtered
and some also to be indirect measurements. When it comes to these applications
of modelling and change detection in reality, it is desired to use raw sensor data
when applying system identification. If the signals have been filtered, the mod-
elling process will also model the filter applied. Therefore, if it is desired to
accurately estimate the ship’s physical quantities, raw data is preferred. It is also
preferred to have information about what kind of sensor system that has been
used to collect the signals and if the measurements are indirectly measured, i.e.,
for example velocity is measured through the derivative of the position. The anal-
ysis on real data might be difficult to form conclusions from but still includes an
identification of different problems with the given data.

When looking at real measurement data, it has been noticed that the pods are
being controlled to damp the motion induced by the disturbances, such as waves.
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This could in fact be a problem when modelling disturbances and the ship prop-
erties and could be one of the reasons that the results were not very promising.

7.1 Future work

To expand the analysis of model estimation of a ship’s dynamics, similar analysis
could be done for other degrees-of-freedom than the yaw dynamics. By looking
at other degrees-of-freedom, one could determine if certain properties more ac-
curately estimated through some certain degree-of-freedom. For example, mass
could possibly be more accurately estimated by looking at the ship’s surge dy-
namics. This since it might show that the measurement noise has low impact on
the estimate of mass in the surge dynamics model, similar to moment of inertia
in the yaw dynamics model.

It could be interesting to have variables such as surge speed and sway speed as
states instead of inputs to the yaw dynamics model. Having these variables as
states by including the full ship model in the algorithms would result in these
variables being filtered through the model. This could yield better results in the
analysis of noise influence on parameter estimates in the form of less variance
and bias. However, by estimating the parameters for the whole ship model, the
complexity increases vastly. As shown by comparing results between the full
and simplified model, a more complex model leads to less accurate estimates.
Therefore this method might also perform worse, this would be interesting to
determine and is suggested for future work.

A way to reduce influence of measurement noise could be to apply the instrumen-
tal variable method that was used in Linder (2014) and generalized in Linder and
Enqvist (2015). Also it could be interesting to use an integral sample structure for
identification, which was analyzed in Jian et al. (2015). Defects included in pre-
diction error methods could be avoided by substituting these with aN ε–support
vector regression when estimating, as analyzed in Wang et al. (2015).

Since the initial parameter values have been chosen as the true parameter values
when initializing the estimation process, work remains in investigating the choice
of the initial parameter values. This could yield conclusions about how much
prior information that is necessary to get a good estimate of the parameters.

For the CUSUM method, some improvements could be made for increased ro-
bustness, for example, by only looking at the residuals during a turning motion.
If found interesting, classification can be added to the method for detection of
what kind of property that has been changed. For example, the moment of in-
ertia should mainly affect the acceleration of the yaw motion, therefore by only
looking at data collected when the ship starts turning, a change in moment of in-
ertia could be determined with CUSUM. This could be further analysed to make
definite conclusions of possibilities in classification. Also here it is suggested to
continue the analysis on real data.

In this thesis, the environmental disturbances have been neglected in the analy-
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sis. Of course, disturbances such as wind and waves are present in reality and
might need to be taken into account. Therefore it is suggested to add analysis
of, for example, waves and how the disturbances can be handled for increased
accuracy on the parameter estimates. An example of how to handle this through
a disturbance observer or a refined instrumental variable method, both analyzed
in Padilla et al. (2014) where disturbances were vast.

Since bow-thrusters are known to be used a lot during early stages of a ship’s
route, it could be interesting to model these and measure the control signals.
These bow-thrusters induce a lot of yaw and sway motion which could indeed be
interesting to take into account when modelling.



Appendix





A
Ship parameters

Here, the parameter values used in simulation are presented in Table A.1 and
Table A.2. These parameter values are taken from Blanke and Christensen (1993)
and Perez (2006) and are supposed to represent the parameter values for a multi-
purpose marine vessel.

Table A.1: Table presenting general ship properties used in simulation taken
from Blanke and Christensen (1993).

General properties Value
m 359×103 [kg]
∆ 350 [m3]
Ix 3.4×106 [kgm2]
Iz 33.7×106 [kgm2]
xg -3.38 [m]
zg -1.75 [m]

GM 0.776 [m]
g 9.82 [m/s2]
ρ 1025 [kg/m3]
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Table A.2: Table presenting general hydrodynamic ship properties used in
simulation taken from Blanke and Christensen (1993) and Perez (2006).

Coefficient Hyd. Yaw (N) Hyd. Roll (K) Hyd. Sway (Y) Hyd. Surge (X)
u̇ 0 0 0 -17400
v̇ 0.538×106 0.296×106 -0.393×106 0
ṗ 0 -0.774×106 -0.296×106 0
ṙ -28.7×106 0 -1.4×106 0
u|u| 0 0 0 -1960
vr 0 0 0 0.33m
|u|v -92000 9260 -11800 0
v|v| 0 29300 -3700 0
v|r | 0 0.621×106 -0.794×106 0
r |v| -15.6×106 0.142×106 -0.182×106 0
φ|uv| -0.214×106 -8400 10800 0
φ|ur | 0 -0.196×106 0.251×106 0
φu2 0 -1180 -74 0
ur 0 -0.102×106 0.131×106 0
p|p| 0 -0.416×106 0 0
p 0 -0.5×106 0 0
φ 0 0.776ρg∆ 0 0
φ3 0 -0.325ρg∆ 0 0
|u|r -4.71×106 0 0 0
r |r | -202×106 0 0 0
φu|r | -4.98×106 0 0 0
|u|p 0 -15500 0 0
φu|u| -8000 0 0 0



Bibliography

ABB. Picture of podded propulsion on a icebreaking supply vessel,
2016. URL http://www04.abb.com/global/seitp/seitp202.
nsf/0/a60f4ed666520289c1257beb002b7875/\protect\T1\
textdollarfile/Icebreaking+Supply+Vessel.jpg. [Online; ac-
cessed May 27, 2016]. Cited on page 8.

Ş. Bal and M. Güner. Performance analysis of podded propulsors. Ocean Engi-
neering, 36(8):556–563, 2009. Cited on page 9.

M. Basseville, I.V. Nikiforov, et al. Detection of abrupt changes: theory and ap-
plication, volume 104. Prentice Hall, Englewood Cliffs, 1993. Cited on page
40.

M. Blanke and A.C. Christensen. Rudder-roll damping autopilot robustness to
sway-yaw-roll couplings. In Proceedings of the 10th Ship Control Systems
Symposium, 1993. Cited on pages 6, 7, 15, 55, and 56.

P.A. Brandner. An experimental investigation into the interaction between two
closely spaced azimuthing thrusters. Report AME CRC C, 98(4), 1998. Cited
on page 9.

T.I. Fossen. Handbook of marine craft hydrodynamics and motion control. Chich-
ester, West Sussex, U.K. ; Hoboken N.J. : Wiley., 2011. ISBN 9781119994138.
Cited on pages 1, 6, 7, and 21.

W. Gierusz. Simulation model of the LNG carrier with podded propulsion part
1: Forces generated by pods. Ocean Engineering, 108:105–114, 2015. Cited on
pages 9, 10, and 11.

T. Glad and L. Ljung. Control theory. London : Taylor & Francis, 2000. ISBN
0748408770. Cited on page 40.

T. Glad and L. Ljung. Modellbygge och simulering. Lund : Studentlitteratur,
2004. ISBN 9144024436. Cited on page 27.

C. Jian, Z. Jiayuan, X. Feng, Y. Jianchuan, Z. Zaojian, Y. Hao, X. Tao, and
Y. Luchun. Parametric estimation of ship maneuvering motion with integral

57

http://www04.abb.com/global/seitp/seitp202.nsf/0/a60f4ed666520289c1257beb002b7875/\protect \T1\textdollar file/Icebreaking+Supply+Vessel.jpg
http://www04.abb.com/global/seitp/seitp202.nsf/0/a60f4ed666520289c1257beb002b7875/\protect \T1\textdollar file/Icebreaking+Supply+Vessel.jpg
http://www04.abb.com/global/seitp/seitp202.nsf/0/a60f4ed666520289c1257beb002b7875/\protect \T1\textdollar file/Icebreaking+Supply+Vessel.jpg


58 Bibliography

sample structure for identification. Applied Ocean Research, 52:212–221,
2015. Cited on page 51.

J. Linder. Graybox Modelling of Ships Using Indirect Input Measurements.
Linköping Studies in Science and Technology. Thesis: 1681. Linköping :
Department of Electrical Engineering, Linköping University, 2014. ISBN
9789175192222. Cited on pages 2, 3, 26, and 51.

J. Linder and M. Enqvist. On indirect input measurements. IFAC PapersOn-
Line, 48(17th IFAC Symposium on System Identification SYSID 2015):104 –
109, 2015. Cited on pages 2 and 51.

J. Linder, M. Enqvist, T.I. Fossen, T.A. Johansen, and F. Gustafsson. Modeling
for imu-based online estimation of a ship’s mass and center of mass. IFAC-
PapersOnLine, 48(16):198–203, 2015a. Cited on page 2.

J. Linder, M. Enqvist, T.I. Fossen, T.A. Johansen, and F. Gustafsson. Online esti-
mation of ship’s mass and center of mass using inertial measurements. IFAC-
PapersOnLine, 48(16):134–139, 2015b. Cited on page 2.

L. Ljung. System identification : theory for the user. Prentice-Hall information
and system sciences series. Upper Saddle River, N.J., 1999. ISBN 0136566952.
Cited on pages 26 and 27.

A. Padilla, J.I. Yuz, and B. Herzer. Continuous-time system identification of the
steering dynamics of a ship on a river. International Journal of Control, 87(7):
1387–1405, 2014. Cited on page 52.

T. Perez. Ship motion control: course keeping and roll stabilisation using rudder
and fins. Springer Science & Business Media, 2006. Cited on pages 6, 7, 55,
and 56.

J.W. Stettler. Steady and unsteady dynamics of an azimuthing podded propulsor
related to vehicle maneuvering. PhD thesis, Massachusetts Institute of Tech-
nology, USA, 2004. Cited on page 9.

A.J. Sørensen. Marine control systems propulsion and motion control of ships
and ocean structures lecture notes. 2013. Cited on page 1.

X. Wang, Z. Zou, X. Hou, and X. Feng. System identification modelling of ship
manoeuvring motion based on support vector regression. Journal of Hydrody-
namics, Ser. B, 27(4):502–512, 2015. Cited on page 51.


	Abstract
	Sammanfattning
	Acknowledgments
	Contents
	Notation
	1 Introduction
	1.1 Background
	1.2 Purpose
	1.3 Objectives
	1.4 Scope
	1.5 Method
	1.6 Thesis outline

	2 Simulation model
	2.1 Ship model
	2.1.1 Generalized structure
	2.1.2 Hydrodynamics

	2.2 Podded propulsion model
	2.2.1 Actuator forces model
	2.2.2 Simulation of pods
	2.2.3 Validation of pod model

	2.3 Complete model
	2.4 Yaw dynamics model
	2.4.1 Simplified model
	2.4.2 Identifiability of parameters


	3 Analysis of the yaw dynamics
	3.1 Simulation analysis
	3.2 Changes in dynamics

	4 Estimation of ship properties from yaw data
	4.1 Introduction to system identification
	4.2 Estimation of ship's yaw dynamics model
	4.3 Setup and experiment
	4.4 Influence of measurement noise on estimator
	4.5 Detecting a change in properties
	4.6 The effects of model error

	5 Determining a change in dynamics
	5.1 Cumulative summation (CUSUM)
	5.2 Evaluation of method

	6 Analysis of real measurement data
	6.1 Experiments conditions and execution
	6.2 Model estimation
	6.3 CUSUM
	6.4 Conclusions

	7 Conclusions
	7.1 Future work

	A Ship parameters
	Bibliography

