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Abstract

Road transport dominates the European and Belgian hinterland freight transport
sector. Over the last decades, approximately three quarters of the cargo
streams passed by road, whilst inland waterway transport seems to offer a more
sustainable alternative. Moreover, the larger inland vessels suffer from an excess
of supply over demand, and the amount of smaller inland vessels is diminishing.
This negative evolution in the inland waterway transport sector does not align
well with the European and Belgian governmental ambitions to transfer more
freight transport to their waterways. This thesis aims to investigate a solution for
this emerging tension field by studying the technological feasibility of unmanned
inland cargo vessels. More precisely, three research questions are answered.

The first question explored: “How to design and construct an industrially
relevant research vessel for unmanned inland cargo shipping?”. To investigate
the industrial relevance, the present inland waterway transport sector was
examined. Three developments stood out. First, the European Watertruck+

project introduced a novel fleet of modular push boats and barges. Hence, the
watertrucks can separate their navigation time from their cargo handling time.
Second, Blue Line Logistics built new flat deck vessels with an onboard crane,
which enables them to handle their cargo independently from the shoreside
infrastructure. These vessels focus on transporting palletized cargo. Finally,
smaller urban freight vessels have already successfully transported cargo within
several European cities. Next to these industrial developments, the recent
research evolution regarding unmanned shipping in general and the specific
challenges for inland waterway transport motivated the build of two unmanned
research vessels: a scale model self-propelled watertruck barge and a functional
scale model of a flat deck barge which focusses on palletized cargo. In addition,
both research vessels have a length that facilitates intracity freight transport
research.
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iv ABSTRACT

The second question investigated: “How to model and identify the hydrodynamic
motion models of an inland cargo vessel?”. The modelling part focussed mainly
on the decoupled equations of motion in the water plane, i.e., the surge, sway,
and yaw degrees of freedom. To identify this decoupled model, experimental
data were fetched with the research vessel in its real outdoor environment. Two
identification procedures were compared. The first one used the instantaneous
force balance, and the second one integrated the differential equations of the
decoupled motions. Furthermore, two independent data sources were used
to validate the identified models: bollard pull test data, measured inside a
towing tank, and longitudinal damping data, calculated via computational fluid
dynamics.

The third question studied: “How to provide an unmanned inland cargo vessel
with perception and motion control?”. For this purpose, four navigational
environments were differentiated, based on the presence of known or unknown
and static or dynamic objects. These environments influence the requirements
for the perception and motion control systems of the vessels: exteroceptive
sensors are needed to detect unknown objects, and traffic rules need to be
implemented in order to avoid dynamic objects. This thesis demonstrates the
first successful missions of an unmanned and autonomous vessel navigating on
a river with known static obstacles.

Furthermore, this work provides an alternative answer for the last two research
questions, by the construction of an inland shore control centre to remotely
monitor or control vessels. Accordingly, the operator performs the perception
and motion control tasks for the vessel, and implicitly models and identifies
the behaviour of the ship. A shore control centre, however, raises new research
questions: can this centre help the operator to construct a feeling of ship sense,
and can the operator keep the ship in harmony with the environment from
a remote location? The initial experiments, with an operator in this control
centre remotely controlling an unmanned vessel, delivered a first answer for
these novel questions. In addition, this thesis includes some preliminary results
with an augmented remote control system in the control centre. This augmented
system offers the operator extra visualisations and measurements of the vessel
on its navigational chart.

Evidently, the technological feasibility of the abovementioned research questions
alone cannot judge the socio-economic feasibility of unmanned inland shipping
in general. Consequently, this work aims to gain insights in order to enable
higher resolution socio-economic feasibility studies, with the ambition to guide
the course of future investments streams.



Beknopte samenvatting

Vrachtwagenverkeer domineert het Europese en Belgische goederenvervoer in
het binnenland. De afgelopen decennia passeerde ongeveer driekwart van de
goederenstromen via de baan, alhoewel de binnenvaart een duurzamer alternatief
lijkt te bieden. Daarnaast, kampen de grotere binnenvaartschepen momenteel
met een overaanbod en vermindert het aantal kleinere binnenvaartschepen.
Deze nefaste evolutie in de binnenvaart staat echter in schril contrast met
de Europese en Belgische overheidsambities om meer goederenvervoer via
hun waterwegen te laten stromen. Deze thesis tracht om een oplossing
voor dit spanningsveld te onderzoeken door de technologische haalbaarheid
van onbemande binnenvaartschepen te bestuderen. Concreet, worden drie
onderzoeksvragen beantwoord.

De eerste vraag luidde: “Hoe kan een industrieel relevant onderzoeksschip
voor een onbemande binnenvaart ontworpen en gebouwd worden?”. Om de
industriële relevantie te onderzoeken, werd de huidige binnenvaart onder de
loep genomen. Drie recente ontwikkelingen sprongen in het oog. Ten eerste,
introduceerde het Europese Watertruck+ project een nieuwe vloot aan modulaire
duwboten en duwbakken. Hiermee ontkoppelen de watertrucks hun vaartijd
van hun goederenoverslag tijd. Ten tweede, bouwde Blue Line logistics nieuwe
schepen met een plat dek en een eigen kraan waarmee ze onafhankelijk van
de kade infrastructuur hun goederen kunnen verladen. Hiermee mikken deze
schepen voornamelijk op gepalletiseerde cargo. Tot slot, vervoerden enkele
kleinere vrachtschepen reeds succesvol goederen binnenin enkele Europese
steden. Naast deze industriële ontwikkelingen, motiveerden de recente algemene
onderzoeksevolutie naar onbemande schepen en de specifieke uitdagingen voor de
binnenvaart de bouw van twee onbemande onderzoeksschepen: een schaalmodel
zelfstandig-aangedreven watertruck duwbak en een functioneel schaalmodel van
een plat dek schip dat mikt op gepalletiseerde cargo. Bovendien hebben beide
onderzoeksschepen een lengte die onderzoek rond intrastedelijk goederenvervoer
mogelijk maakt.
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De tweede vraag onderzocht: “Hoe kan de hydrodynamica van een binnenvaart-
schip gemodelleerd en geïdentificeerd worden?”. Voor de modellering werd er
hoofdzakelijk gekeken naar de ontkoppelde vrijheidsgraden voor bewegingen
in het watervlak, i.e, schrikken, verzetten, en gieren. De identificatie van dit
ontkoppeld model gebruikte experimentele data die buiten werd opgemeten,
met het onderzoeksschip in zijn reële omgeving. Hiervoor werden twee
identificatie procedures vergeleken. De eerste baseerde zich op het ogenblikkelijke
krachtenevenwicht, en de tweede integreerde de differentiaalvergelijkingen van de
ontkoppelde bewegingen. Daarnaast werden twee onafhankelijke data bronnen
gebruikt ter validatie van de geïdentificeerde modellen: de paaltrekproef,
opgemeten in een sleeptank, en de longitudinale demping, berekend via de
numerieke stromingsleer.

De derde onderzoeksvraag bekeek: “Hoe kan een onbemand schip de omgeving
waarnemen en zich hierin voortbewegen?”. Hiervoor werden de vaargebieden
ingedeeld in vier omgevingen, afhankelijk van de aanwezigheid van gekende of
ongekende en statische of dynamische objecten. Deze omgevingen beïnvloeden
de vereisten voor de perceptie en bewegingscontrole systemen van het schip:
om ongekende objecten te detecteren zijn exteroceptieve sensoren nodig,
en om dynamische objecten te ontwijken moeten verkeersregels worden
geïmplementeerd. Deze thesis toont de eerste succesvolle vaarproeven van
een onbemand en autonoom schip varend in een rivier met gekende statische
objecten.

Bovendien, voorziet dit werk voor de twee laatste onderzoeksvragen ook nog
een alternatief antwoord, via de constructie van een landgebaseerd controle
centrum om de schepen van op afstand te besturen of te monitoren. Op deze
manier zorgt de operator voor de bewegingscontrole en perceptie van het schip,
waarbij het schip impliciet wordt gemodelleerd en geïdentificeerd. Een controle
centrum opent echter nieuwe onderzoeksvragen: kan dit centrum de operator
helpen bij de constructie van een scheepsgevoel, en kan het schip van op afstand
in harmonie met de omgeving gehouden worden? Een initieel antwoord op
deze nieuwe vragen wordt gegeven via de eerste experimenten met dit controle
centrum, waarbij een onbemand schip van op afstand bestuurd werd. Daarnaast
illustreert deze thesis de preliminaire resultaten van een uitgebreid controle
centrum, waarbij extra visualisaties en metingen van het schip op zijn navigatie
kaart worden getoond aan de operator.

Uiteraard kan de technologische haalbaarheid van bovenstaande onder-
zoeksvragen alleen de sociaaleconomische haalbaarheid van onbemande
binnenvaartschepen in het algemeen niet beoordelen. Daarom tracht dit werk
om inzichten te verwerven zodat sociaaleconomische haalbaarheidsstudies op
een hogere resolutie kunnen worden bekeken, met de ambitie om toekomstige
investeringsstromen op de juiste koers te krijgen.
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Introduction

“Hat man sein warum? des Lebens, so verträgt man
sich fast mit jedem wie? — Der Mensch strebt nicht
nach Glück [182].”1

Friedrich Nietzsche

Figure 1.1: Man and woman towing a cargo boat through a canal, the Netherlands
1931 [157].

1He who has a why to live for, can bear almost any how — Man does not strive for
happiness.

1



2 INTRODUCTION

1.1 Research Motivation

The Historical Waterway Transport, Current Inland Waterway Cargo Transport,
and Current Status Inland Waterway Cargo fleet sections will provide the
overarching context for this thesis. Subsequently, the Research Questions and
Objectives will be explained, followed by the Thesis Outline.

1.1.1 Historical Waterway Transport

In the ancient world, the Egyptian and Roman empires already used canals to
transport cargo and irrigate land. Many centuries later, pre-industrial economies
in Europe enhanced rivers and dug canals to increase their Inland Waterway
Transport (IWT) [54]. In 1561, the construction of the Brussels–Rupel Maritime
Canal offered a 28 km long, 30 m wide, and 2 m deep reliable connection between
Brussels and Antwerp [251]. This canal became one of the oldest Belgian and
European navigable canals and got extended to the Scheldt in 1997 [288].
In times of horse or wind powered cargo transport, an inland barge offered
significant savings in manpower and horsepower: a single horse could pull two
tons by wagon, but up to fifty tons by canal barge [65]. However, high initial
investments were needed to dig canals or enhance existing rivers [54].

Nevertheless, such investments have been frequently made in the past, resulting
in a dense inland waterway network in Western Europe. For example, Figure 1.2a
depicts Ghent flourishing in 1791, with evident IWT, and Figure 1.2b shows
Bruges with shoreside cargo infrastructure — a manned crane —, in ca. 1525.

(a) Ghent, 1791 [153] (b) Bruges ca. 1525 [17]
Figure 1.2: Old Belgian cities and IWT.
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Automating (RQ3) an inland vessel (RQ1) requires knowledge of its restricted
water environment (RQ2). The importance of — not having — this knowledge
might have had a significant impact on the history of the ancient world. In
2019, Fourdrinoy et al. [92] might have debunked the ship-holder fish myth
for the naval battle of Actium. This battle formed the epilogue of the Civil
War between the Western Roman world and the Eastern Oriental world in
31 BC. The ships of the latter might not have been able to reach their ramming
speed, due to the shallow bathymetry of the battlefield, which did not impact
the smaller fleet of the former army. The unexplainable slow motions of the
larger vessels, and subsequent battle loss, were attributed to hull-adhering fish
that had the power to stop vessels [92]. Finally, it might be interesting to note
that the first mathematical description of the well-known Proportional Integral
Derivative (PID) controller [290] — also used in the first experiments of this
thesis — was derived by observing a helmsman controlling the course of a ship
by Minorsky in 1922 [165].

1.1.2 Current Inland Waterway Cargo Transport

The main body of this thesis studies the potential for unmanned vessels in
Flanders, Belgium. However, this area should be understood and positioned in
its worldwide context. In 2015, vehicles transported an estimated 108× 1012

tkm of cargo worldwide, of which 70% travelled by sea, 18% by road, 9% by rail,
2% by inland waterway, and less than 0.25% by air [121]. Figure 1.3a draws
relative density lines for the global commercial ocean-based shipping of cargo,
from 2008 [96]. This figure illustrates that Europe serves as a logistical hub in
the world wide multimodal transport web. To facilitate these cargo streams,
the European Union has introduced the Trans-European Transport Network
TEN-T [79]. Figure 1.3b maps the envisaged TEN-T corridors, consisting of:
railway lines, roads, inland waterways, maritime shipping routes, ports, airports,
and railroad terminals. These transport corridors aim to remove bottlenecks
and technical barriers for the European cargo transport sector.

Flanders has a central position within the European transport network. More
precisely, 60% of the European purchasing power is located within 500 km of
Flanders [258] and three TEN-T corridors cross Flanders (see Figure 1.3b).
Subsequently, Flanders needs and has a dense freight transport infrastructure,
detailed by Figure 1.3c. Furthermore, the Belgian Federal Planning Bureau [133]
estimates a total cargo growth of +27% (tonnes) in the period between 2015
and 2040, caused by a 5% (tonnes) rise of national transport and a 39% (tonnes)
rise of international transport over Belgian territory (under the assumption of
unchanged policies). Similarly, they estimate an increase of +32% (tkm) of
goods transported over the Belgian inland waterways [133].
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(a)

(b)

Baltic - Adriatic

North Sea - Baltic

Mediterranean

Orient/East-Med

Scandinavian - Mediterranean

Rhine - Alpine

Atlantic

North Sea - Mediterranean

Rhine - Danube

EU Regulation No 1316/2013 o.j. L348 - 20/12/2013

(c)

Figure 1.3: Global multimodal transport: (a) relative density of commercial shipping over
the oceans [96], (b) the European TEN-T corridors [256], and (c) the freight transport

infrastructure of Flanders [84].
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These predicted novel cargo flows will further stress the freight infrastructure
of Flanders (Figure 1.3c) and Europe (Figure 1.3b). The Belgian and European
multimodal cargo division during 2009–2018 can be seen in Figure 1.4a and
in Figure 1.4b respectively (excluding maritime transport). For both Europe and
Belgium, road-based cargo flows dominate the hinterland freight transport sector.
Nevertheless, road-based hinterland freight transport has significantly higher
external costs compared to rail or waterway transport. External costs are caused
by a transport user on a third party, but not paid for by the transport user [28]
(e.g. accidents, air pollution, noise, habitat damage, congestion, and well-to-tank
costs). Although at present no scientific consensus exists to determine the exact
prices of these external costs [272], several studies [71, 73, 74, 220] concluded
that IWT offers a more sustainable alternative than road-based transport.

In 2016, the average European external cost for IWT equalled an estimated
1.9 × 10−2 EUR

tkm , approximately half the cost of road (heavy goods vehicles)
transport which equalled 4.2 × 10−2 EUR

tkm [73, 77]. Furthermore, the total
external costs for freight transport via road (including light commercial vehicles)
amounted for 1.31% of the European (28 countries) GDP, whereas IWT
amounted for only 0.02% of the GDP, in 2016 [77]. Subsequently, the European
Commission wants to promote IWT as a competitive and resource-efficient
mode of transportation [175]. More precisely, they want to push 30% (tkm) of
road freight transport, longer than 300 km, to rail and water-borne transport
between 2011 and 2030, and similarly transfer 50% (tkm) between 2011 and
2050 [78, 126]. In the same vein, the Flemish Government wants to expand
and increase the utilisation of its dense inland waterway infrastructure [286].
In sum, both the regional and European freight transport policies aspire to
increase the utilisation of the IWT sector.
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Figure 1.4: Hinterland freight transport modal share split (tkm) [80].
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1.1.3 Current Status Inland Waterway Cargo fleet

The Conférence Européenne des Ministres des Transports (CEMT, French)
divided the European inland waterway fleet into categories ranging from CEMT–
I–VI. The smallest categorised vessels have the dimensions of 38.5 m× 5.1 m×
2.5 m, whereas the largest single vessels have a size of 135.0 m× 17.0 m× 4.0 m,
note that larger vessel convoys and smaller vessels exist too. Subsequently,
the inland waterways can be divided into the same categories, depending on
which vessels can enter their waters. Figure 1.5 maps these CEMT classified
inland waterways and the associated container terminals for Flanders (2016).
The waterways of this dense network pass within 10km of 80% of the Flemish
companies [259].

In 2020, approximately 15 200 cargo vessels sailed on the European inland
waterways (9 800 in Rhine countries, 3 500 in Danube countries, and 1 900
in other countries) [43]. Vessels older than 75 years still make up 15% of
this European fleet. Furthermore, around half of the IWT fleet in Belgium,
Germany, and the Netherlands is older than 50 years. In France, nearly 80% of
the fleet has this age [44]. Therefore, it could be stated that a relatively old
fleet characterizes the Western European IWT market. This characterisation
might cast the perception that the IWT lacks innovation, when compared with
other transport modes. Nevertheless, this perception need not be true: most
vessels frequently undergo upgrades, renovations, and inspections. In addition,
these vessels need to stay compliant with novel regulations [272].
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The newly constructed vessels consist mainly of larger vessels (> CEMT–III) [71,
268], although two novel smaller vessel concepts (CEMT–I–II) were recently
introduced and constructed: The European Watertruck Barges [281] and The
Pallet Shuttle Barges [271]. The former decouples sailing and transshipment
times, and the latter has flat deck ships focussing on palletized cargo. In
sum, the total capacity of the European IWT fleet is increasing, whereas the
number of vessels is decreasing [272]. Moreover, the European IWT sector
has a fragmented market structure with intense competition and currently
undergoes a surplus of supply over demand. This surplus clusters around the
larger waterways [71, 287], since most new vessels are unable to enter the smaller
rivers and canals. This excessive supply has a negative impact on the freight
rates and thus economic viability for vessel owners [272]. Nevertheless, the
European IWT freight capacity itself remains under-exploited.

In addition, the smaller inland waterways witness a net outflow of their fleet,
i.e., CEMT type I–II vessels. A non-exhaustive list of the main reasons for this
noted outflow [71, 250, 268, 271, 272] seems to be:

(i) Few technological improvements for small inland vessels and waterways.

(ii) Inadequate maintenance of the smaller waterways, which also undermines
their full potential.

(iii) The crew costs amount for a larger part of the total transportation costs,
when compared with bigger vessels.

(iv) High entry and exit barriers. For example, trucks can be conveniently sold
when the market changes, which is not that straightforward for vessels.

(v) A non-attractive investment climate. This climate results in resistance of
the banks to provide loans for new vessels, equipment, or technology.

In conclusion, a tension field is growing in the European IWT sector. On the one
hand, current policies want to transfer some of the current and predicted future
cargo flows from road-based transport towards the more sustainable IWT sector.
On the other hand, the larger waterways currently experience an excessive
supply and the smaller waterways witness an overall outflow of their fleet.
Consequently, the current IWT sector might be evolving into an economically
unviable transport mode, whereas this sector presently offers a more sustainable
solution for hinterland freight transport than road-based transport. Automated
or unmanned inland cargo vessels might induce a paradigmatic change in
this tension field. Although the conceptual idea of automated or unmanned
vessels itself might be straightforward, it is not clear how these vessels could or
should look like. Therefore, this thesis explores the technological feasibility of
unmanned inland cargo vessels. This technological focus aims to provide a high
resolution research input for researchers, policy makers, and investors.
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1.2 Research Questions and Objectives

The abovementioned research context for inland cargo vessels presents only
a small piece of the complex industrial- and welfare-economic multi-modal
freight transportation puzzle. A full description of the IWT integration in
this complex transport chain, perhaps impossible to define, falls out the scope
of this thesis. Therefore, the provided context might be prone to selection
biases. In order to minimise such biases, this thesis explores the challenges
“Towards Unmanned Inland Shipping” from the bottom up, i.e., by studying the
technological feasibility of an unmanned inland cargo vessel and its associated
infrastructure. More precisely, this work investigates three Research Questions
(RQs), listed below, which each have two Research Objectives (ROs). The
resultant Deliverables (Ds) will help to construct the research Answers (As),
detailed in the conclusive chapter of this thesis. The technological achievability
of these research objectives alone cannot judge the socio-economic feasibility of
unmanned inland cargo vessels in general. On the contrary, the present work
aims to provide inputs to enable socio-economic feasibility studies on a higher
level of resolution, with the ambition to guide future investment flows.

RQ1. How to design and build an industrially relevant research vessel for
unmanned inland cargo shipping? → A1
RO1.1 Design an industrially relevant unmanned inland cargo vessel.

→ D1.1
RO1.2 Design a scientifically relevant unmanned inland cargo vessel.

→ D1.2

RQ2. How to model and identify the hydrodynamic motion models of an
inland cargo vessel? → A2
RO2.1 Model the hydrodynamics of an inland cargo vessel.

→ D2.1
RO2.2 Identify the hydrodynamic models of an inland cargo vessel.

→ D2.2

RQ3. How to provide an unmanned inland cargo vessel with perception and
motion control? → A3
→RO3.1 Provide perception for an unmanned inland cargo vessel.

D3.1
→RO3.2 Provide motion control for an unmanned inland cargo vessel.

D3.2
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1.3 Thesis Outline

Figure 1.6 illustrates the overall chapter cohesion of this thesis. With respect to
this figure, the remainder of this section will briefly highlight the contents of each
chapter. Note that all chapters start with a context providing introduction and
end with a conclusion. As visible in Figure 1.6, the present introductory chapter
provides the overarching context to position the posed research questions and
their objectives.

Chapter 2 investigates the design of industrially relevant (D1.1) research (D1.2)
vessels for unmanned inland cargo shipping (A1). This chapter starts with
explaining three novel vessel concepts for IWT: the watertruck, the pallet shuttle
barge, and the smaller intracity cargo vessels. The next section summarises the
state of the art of Unmanned Surface Vessel (USV) research in general, followed
by a listing of some of the inland-specific research challenges. The combination
of these research challenges with the novel industrial vessel concepts resulted
in the design and build of two research vessel: a scale model watertruck barge,
coined the Cogge [199], and a scale model pallet shuttle barge, coined the
Maverick. Finally, their current research exploitation will be pointed out.

Chapter 7: Conclusions

Research motivation and context

Chapter 2: Design unmanned inland cargo vessel

Industrial and scientific relevance

D1.1 D1.2 
RQ1

Chapter 6: Design inland shore control centre

Remote control and monitoring 

RQ2 and RQ3alternative

Chapter 5: Perception and Motion control

Automated navigation 

D3.1 & D3.2

RQ3

D2.1, D2.2, D3.1, & D3.2
alternative

A1, A2, & A3 

Chapter 1: Introduction

Research motivation and context

RQ1, RQ2, & RQ3 

Chapter 3: Modelling

Vessel hydrodynamics

D2.1 D2.2

RQ2

Chapter 4: Identification

Data generation

RQ2

Figure 1.6: The thesis outline and chapter cohesion.
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Chapter 3 explores the different modelling possibilities to describe the
hydrodynamics (D2.1) of the research fleet. The main part of this chapter
investigates the decoupled planar equations of motion for a vessel in surge,
sway, and yaw [203] via a modular vectorial model. In addition, a transfer
function model [195], a neural network model [194], and a computational fluid
dynamics (CFD) approach to model the ambient water [66, 197] will be detailed.

Chapter 4 identifies (D2.2) the models put forward by Chapter 3, note
that Table 4.1 lists the main interactions between both chapters (A2). Three
environments provided the data for the identification procedures: outdoor,
indoor, and virtual experiments. The main part of this chapter utilised outdoor
generated data to identify the decoupled equations of motion for the Cogge,
where a preliminary comparison with indoor bollard pull test and CFD generated
surge damping data was made [203].

Chapter 5 analyses the necessary onboard perception (D3.1) and motion
control (D3.2) systems for an unmanned or automated vessel (A3). This
chapter begins with dividing the navigational environments in four parts based
on the presence of known or unknown and static or dynamic objects. These
environments alter the requirements for the exteroceptive sensors and motion
control systems [199]. This chapter ends with listing some of the conducted
experiments with the Cogge, e.g., autonomous navigation in a river with known
static obstacles.

Chapter 6 provides an alternative answer for the second and third research
question, by adding an operator in the loop to remotely control or monitor
a vessel. From inside a shore control centre, the operator can perform the
perception and motion control for the vessel (A3) which requires the implicit
modelling and identification of the vessel behaviour (A2). This chapter details
the design and build of an inland shore control centre [206] and discusses
the first remote control experiments conducted via this control centre. In
addition, this chapter shows some preliminary results of augmented remote
control experiments, performed within the Hull-To-Hull (H2H) project.

Chapter 7 revisits the three research answers A1, A2, and A3, and the
alternative answer for the latter two. Thereupon, this chapter draws an overall
conclusion regarding the challenges “Towards Unmanned Inland Shipping” and
the limitations of the present work. The subsequent future work section aims to
provide potential solutions for the present limitations. Finally, the last section
briefly highlights the main scientific contributions of this thesis.



Design and Build of
Industrially Relevant
Unmanned Research Vessels

“Simplicity is the ultimate sophistication [149].”2

Clare Boothe Luce

Figure 2.1: Vitruvian Man from Leonardo Da Vinci, circa 1492 [275].

2Often described to Leonardo Da Vinci but no written proof has been found yet.

11
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This chapter investigates the first research question (RQ1), resulting
in the design and construction details of an industrially (RO1.1) and
scientifically (RO1.2) relevant vessel for unmanned inland cargo shipping.
Parts of this chapter were previously published as:

[199] G. Peeters, M. Kotzé, M. R. Afzal, T. Catoor, S. Van Baelen,
P. Geenen, M. Vanierschot, R. Boonen and P. Slaets. “An unmanned
inland cargo vessel: Design, build, and experiments”. In: Ocean Eng.
201.107056 (2020), p. 17. doi: 10.1016/j.oceaneng.2020.107056

[194] G. Peeters, M. R. Afzal, M. Vanierschot, R. Boonen and P. Slaets.
“Model Structures and Identification for Fully Embedded Thrusters:
360-Degrees-Steerable Steering-Grid and Four-Channel Thrusters”. In:
Journal of Marine Science and Engineering 8.220 (2020). doi: 10.3390/
jmse8030220

[196] G. Peeters, T. Catoor, M. R. Afzal, M. Kotzé, P. Geenen, S. Van
Baelen, M. Vanierschot, R. Boonen and P. Slaets. “Design and build
of a scale model unmanned inland cargo vessel: Actuation and control
architecture”. English. In: MTEC/ICMASS 2019. Vol. 1357. 1. Institute
of Physics Publishing, 2019. doi: 10.1088/1742-6596/1357/1/012016

https://doi.org/10.1016/j.oceaneng.2020.107056
https://doi.org/10.3390/jmse8030220
https://doi.org/10.3390/jmse8030220
https://doi.org/10.1088/1742-6596/1357/1/012016
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2.1 Introduction

This chapter explores the design of experimental platforms which have the
ambition to explore unmanned inland cargo shipping. This industrially oriented
research ambition needs a combination of both industrial and scientific relevance,
in order to generate useful data or insights.

Therefore, Section 2.2 first explores the novel vessel concepts on the inland
waterways. Both inter- and intracity cargo transport concepts will be discussed.
These concepts focus on the smaller inland waterways due to their current
outflow of vessels and thus increasing under-exploitation. Next, Section 2.3 lists
the current research field regarding unmanned surface vessels (USVs) in general
and summarises some of the inland-waterway-specific research challenges for
unmanned shipping. In addition, this section aligns the current status and
challenges of the USV research field with the novel vessel types from the previous
section. This alignment resulted in the made design choices to construct
both industrially and scientifically relevant unmanned inland cargo vessels
(see Section 2.3.3). In the context of this thesis, the resultant design choices drove
the design and construction of two new research vessels. Accordingly, Section 2.4
and Section 2.5 address these design choices for the two newly constructed
research vessels.

Afterwards, Section 2.6 reviews the current research application of this novelly
constructed fleet. Finally, Section 2.7 provides an overarching conclusion of this
chapter.

2.2 Novel Inland Vessel Concepts

The introduction detailed the Current Inland Waterway Cargo Transport
and noted an overall outflow of smaller inland vessels (type CEMT–I–II).
Nevertheless, novel cargo transport concepts do aim to counter this noted
outflow of vessels on the smaller inland waterways, on both an inter- and
intracity logistics perspective. For the intercity aim, the European Watertruck+

project [281] introduced a fresh fleet of inland vessels, reviewed by Section 2.2.1.
The novel pallet shuttle barges from Blue Line Logistics [29] currently sail on the
inland waterways too, discussed in Section 2.2.2. For the intracity perspective, it
should be noted that a growing research and industrial interest for urban cargo
vessels, and thus intracity logistics, has been triggered in Europe, explained
in Section 2.2.3.
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2.2.1 The European Watertruck Barges

The European Watertruck+ project [281] aims to revivify the inland waterway
transport sector by introducing a novel modular fleet of push vessels and
standardised barges of the hull type CEMT–I and II. Note that this project falls
under the broader Trans-European Transport Network (TEN-T) framework,
(see Section 1.1.2). The barges can be either passive/unpropelled, or active/self-
propelled. Furthermore, the vessel–barge convoys can be coupled or decoupled
in a truck- or train-like manner. Not only does this modularity provide the on
demand configuration of ship fleets, it also decouples sailing and transshipment
time, further reducing the onboard crew costs. In its first phase, the Watertruck+

project will introduce 31 new barges and push boats (12 unpropelled barges, 16
self-propelled barges and 3 push boats) of CEMT–I and II. The final ambition
aims to expand this fleet to 500 vessels in the CEMT range I to IV.

In addition, this concept aims at introducing a normal working week for the
onboard skipper. Therefore, the self-propelled barges do not have any housing
accomodation onboard, in contrast to typical inland vessels where the skippers
tend to live onboard. For example, the self-propelled-CEMT–I (SP-CEMT–I)
barges just provide the skipper with the steering capabilities of the vessel. The
actuation systems consists of a 360-degrees-steerable steering-grid in the bow in
combination with a 360-degrees-steerable four-channel thruster in the stern of
these SP-CEMT–I barges. This unconventional actuation system configuration
provides the self-propelled barges with a high level of manoeuvrability, useful
in the small spatially restricted inland waterways. Figure 2.2 displays a self-
propelled barge sailing on a river.

Figure 2.2: A self-propelled watertruck barge sailing on a river [7]. The skipper and
steering interface can be seen at the bow of the vessel.
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2.2.2 The Pallet Shuttle Barges

The company named Blue Line Logistics [29] introduced the pallet shuttle
barges to the European inland waterways in 2014 [25]. The first two barges
have a catamaran-like double hull and a flat deck to facilitate the transportation
of palletized cargo. With the main vessel dimensions of 50 m× 6.6 m× 2.2 m,
the deck can hold 198 euro pallets per layer (stacked up to 4 m high) and
has a cargo capacity of 300 tonnes [289]. Blue Line Logistics named their
vessels the Zulus. Note that the third and fourth Zulus have a conventional
ship hull, abandoning the catamaran design [271]. The Zulus have no onboard
housing accomodation, in contrast with conventional inland vessels. Similarly
to the Watertruck+ concept, the Zulu envisages a normal work week where the
skipper does not live onboard. Figure 2.3 shows the first Zulu sailing on a canal.
This figure shows the bow of the vessel where the skipper and a minimalistic
wheelhouse can be seen.

Although the Zulus aim at transporting palletized cargo, this need not be
the case: containers can also easily be (and have been) stacked on the deck.
Furthermore, the Zulus have their own onboard crane on a rail system. This
crane can lift 2 tonnes 9 m far [25] and enables the skipper to load or unload
its cargo independently of the shoreside infrastructure. This cargo handling
flexibility offers an advantage for the Zulus, given the often lacking shoreside
infrastructure on the smaller inland waterways. Furthermore, the skipper does
not have to wait on shoreside partners and to start the loading or unloading
procedures. Finally, the first two Zulus have a powerful actuator in the stern in
conjunction with two bow thrusters, offering a high level of manoeuvrability.

Figure 2.3: A pallet shuttle barge (Zulu 01) sailing on a canal [30]. The skipper and
steering cabin can be seen at the bow of the vessel.
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2.2.3 Vessels for Urban Transport

In addition to the just-mentioned novel intercity watertruck and Zulu cargo
vessels, smaller cargo vessels can provide a novel transportation mode for the
intracity logistics. Evidently, a smaller vessel can penetrate deeper into the
European hinterland and could thus enter certain urban areas. Nevertheless,
road-based transport dominates the urban freight transport in most cities,
whereas waterways or railways are seldom used for these purposes [254].
Although urban waterway freight transport remains complex to organise and
could benefit from further research [41], smaller-scale cargo transport has been
shown to be a workable alternative in urban areas in several European cities by
both governmental and private initiatives [122, 154].

In 1996, the city of Utrecht (the Netherlands) introduced the beer boat with
the dimensions of 18.80 m× 4.26 m× 1.10 m, depicted in Figure 2.4a. Due to
the often narrow roads in Utrecht, trucks tended to block these roads during
their cargo loading or unloading. Therefore, the beer boat offered a solution to
the increasingly difficult road-based urban city logistics in Utrecht, given that
many catering companies are positioned near the dense waterway network of
Utrecht. In 2010, approximately 65 catering services were provisioned by the
beer boat. In the same year, a second electric boat was introduced due to the
success of the first one [154].

In 1997, DHL refurbished a former 17 m long tourist touring boat into a floating
service centre in Amsterdam (The Netherlands), shown in Figure 2.4b. In the
morning, this centre receives its mail and packages via a DHL van, which picks
up the deposited mail and packages in the evening. During the day, the vessel
stops at predefined locations where bike couriers perform the last leg of the
mail deliveries [122, 154].

(a) The beer boat [62] (b) The DHL floating service centre [164]

Figure 2.4: Intracity cargo transportation in (a) Utrecht and (b) Amsterdam.
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2.3 The USV Research Field and Challenges

2.3.1 The USV State of the Art

The advancements in platforms, sensors, onboard computing power, and
communication systems have reached critical maturity levels over the last two
decades [19]. Complementary improvements occurred for the implementation
of guidance, navigation, and control subsystems, which form the intelligent
backbone of a USV [63, 89–91, 104, 127, 300]. The combination of these
developments gradually unlocks more potential for semi- or fully-autonomous
surface vehicles, which has resulted in the growth of five main USV categories
for: (i) scientific research, (ii) environmental missions, (iii) ocean resource
exploration, (iv) military use, and (v) other applications, as defined by Liu et
al. (2016 [148]). In addition, Liu et al. (2016 [148]) noted the scarcity of USVs in
the commercial markets, which could be partly explained by their competition
with their manned analogues or with other robotic platforms [148, 229].

Nevertheless, in 2016, one of the conclusions of the Maritime Unmanned
Navigation through Intelligence in Networks (MUNIN) project [174] was that
inland cargo vessels might be plausible first movers for unmanned cargo shipping,
if suitable business models can be found. This idea originates from the presumed
lower legal and technological complexity of inland cargo shipping compared
to maritime shipping [222]. This conclusion was not wrong, as can be seen in
the “Listing of pilot and research projects in the field of automation in inland
navigation” published by the Central Commission for the Navigation of the
Rhine (CCNR) [45], in 2020. In this list, a significant surge in inland waterway
automation projects can be noted, over the last three years.

The listed projects investigate potential solutions or augmentations for the
IWT sector via a variety of approaches. The ongoing Novimar project [186]
investigates the concept of waterborne platooning [51]. The Sensing [232]
and Prepare-Ship [213] projects focus on the onboard sensor integration. The
FernBin project [83] handles the remote control of a vessel. Similarly, the
company Seafar [231] can presently remotely steer manned watertruck barges
(with licensed captains) and aims to perform these tests unmanned in the future.
The Black box pro [236] and Captain–AI [40] initiatives focus on implementing
artificial intelligence in the automation chain. The Autoship project [10] will
build and operate an autonomous vessel and its associated infrastructure and
shore control centre, aiming at a technology readiness level of seven and higher.
Finally, the scale model discussed in Section 2.4 seems to be one of the first
scale model inland cargo USVs that conducted unmanned experiments on a
river. This scale model and its associated shore control centre (see Chapter 6)
aspire to provide inputs for the ongoing projects of the abovementioned list.
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2.3.2 Research Challenges For Inland USVs

Although, at first glance, the technological complexity for unmanned inland
vessels might seem to be lower than for seagoing vessels, the overall challenges
for unmanned inland shipping are not trivial. For instance, inland ships need to
sail in spatially more restricted and complex navigational environments, without
the help of tugs to manoeuvre [147]. Moreover, the horizontal and vertical
confinements of the waterway have a significant influence on the hydrodynamic
behaviour of a vessel [210] and bank effects occur when sailing close to a quay or
other shoreside infrastructure [137]. The identification of these hydrodynamic
effects could help advanced guidance, navigation, and control subsystems.
However, these data or models are not (publicly) available for smaller inland
vessels [146]. Furthermore the usability of these maritime-originated guidance,
navigation, and control subsystems for inland navigation needs to be investigated
and further developments might be necessary. Likewise, the perception of the
environment of an inland vessel needs to be explored and crucial information
will need to be shared over, and fetched, from the Automatic Identification
System (AIS) and the River Information Services [265].

2.3.3 Design Choices Industrially Relevant Research USVs

The research vessels of this thesis aim to expand the The USV State of the Art
by investigating the Research Challenges For Inland USVs in the context of
the already-existing Novel Inland Vessel Concepts. Subsequently, presently two
scale models were designed and constructed (see Section 2.4 and Section 2.5)
by implementing the following three overarching design choices:

(i) Vessel type and size (see Section 2.4.1 and Section 2.5.1): The vessel
type should allow the investigation of the automation potential of the
novel inland vessel concepts. Preferably, the vessel size should be able to
shed light on possible intracity cargo transport.

(ii) Actuation system (see Section 2.4.2 and Section 2.5.2): The propulsion
systems should be present on current or future real-size inland vessels.
Preferably, the system should offer a high level of manoeuvring capabilities
for the vessel.

(iii) Component selection (see Section 2.4.3 and Section 2.5.3): The
installed hardware and software components should be modular, in order
to keep the system design flexible and reconfigurable. Where possible,
components should be industrial- or marine-grade.
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2.4 The Cogge — Scale Model Watertruck Barge

2.4.1 Vessel Type and Size

Given the new fleet of watertruck vessels, on the one hand, and the growing
research interest in urban IWT freight transport, on the other hand, the
experimental platform, named the Cogge 3, has the geometry of a SP-CEMT–I
watertruck vessel with a total length of 4.81 m. Figure 2.5a displays a convoy
of watertruck barges, and Figure 2.5b, 2.5c, and 2.5d show the Cogge under its
three operational modes (autonomous, remote control, open-loop) in its three
main test locations (the Yser river, the canal near Leuven, and Rotselaar lake).

(a) (b)

(c) (d)
Figure 2.5: (a) Four real-size barges, with individual lengths of 38.50 m, and a push vessel

from Watertruck+ [281], (b) the 4.81 m long Cogge sailing autonomously on the Yser
river [199], (c) the Cogge under remote control operations in the canal near Leuven, and (d)

the Cogge performing an open-loop rotational manoeuvre [205] on Rotselaar lake.

3As a tribute to Karel Lodewijk Cogge who helped flooding the plains of the Yser during
the first World War to keep the German troops at a distance.
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Table 2.1 lists the geometrical similarity between the SP-CEMT–I barges and the
Cogge. The scale factor of λ = 8 transforms the vessel into a research platform
suitable for studying both the novel SP-CEMT–I fleet and the possibility of
urban waterway logistics. Figure 2.6 shows this geometry of the SP-CEMT, or
Cogge, together with its body-fixed reference frame where the x-axis points to
the bow, y-axis to starboard, and the z-axis downwards.

It is impossible to physically board the Cogge, hence making it a USV by
raw definition. Nevertheless, it would be possible to board and steer its real-
size counterparts. This discrepancy in operational modes may lead to some
confusion between unmanned and autonomous, as both modes are not mutually
exclusive in this context. Similarly, the literature regarding surface vehicles often
discusses both ASVs and USVs interchangeably [23, 39, 148, 161]. Moreover,
the exact meaning of autonomous is often vaguely described as it inherently
entails different levels which may be context dependent. For example, Rødseth
et al. (2018 [223]) proposed definitions to further clarify this surface-vehicle
nomenclature, taking into account both ship specific situations (e.g. having
a temporarily unmanned bridge on a manned vessel) and different levels of
autonomy, ranging from direct (physical) control by the crew to fully autonomous
(i.e. unmanned without supervision). Therefore, the conducted and ongoing
research with the Cogge aims to help refine these definitions from a technological
bottom-up perspective by investigating the currently feasible operational modes.

Table 2.1: Designed geometry of the Cogge and the self-propelled watertruck barges.

Parameter Symbol CEMT–I Cogge Units

Scale λ 1 8−1 [-]
Length L 38.50 4.81 [m]
Beam B 5.05 0.63 [m]
Draftfull Tfull 2.80 0.35 [m]
Block coefficient CB 0.95 0.95 [-]

x

x

y

z

Top view

Starboard view Front view

Figure 2.6: Bare hull of a watertruck push barge type CEMT–I. The visible holes enable
the full integration of the actuation systems.
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2.4.2 Actuation System

The Cogge houses the same non-conventional propulsion system as the first
SP-CEMT–I barges, i.e., two 360-degrees-steerable, fully embedded thrusters:
a steering-grid thruster in the bow and a four-channel thruster in the stern.
Figure 2.7 illustrates their position in the hull of the Cogge. Both thrusters draw
in water from underneath the vessel hull and exhaust a water stream according
to the orientation of their steering mechanisms. In Figure 2.7c and Figure 2.7d,
the body-fixed reference frames of both thrusters are drawn through the origin
of their steering mechanisms. Both thrusters have a Kaplan Ka-series propeller
without nozzle with a blade area ratio 0.65, and a pitch-diameter ratio of 0.95.
The diameter of the steering-grid propeller measures 100 mm, whereas the
diameter of the four-channel propeller measures 150 mm. Experimental bollard
pull data for both thrusters have been measured in a towing tank facility, in
deep water at zero advance speed, and can be found in Appendix B. More
details of both thrusters and their bollard data discussion can be found in the
subsequent Mechanical Design Steering-Grid Thruster and Mechanical Design
Four-Channel Thruster sections.

(a)

y

x

(b)

z
x

y

(c)

z
x

y

(d)
Figure 2.7: Actuation system nested inside the hull (a) and (b), with the four-channel
thruster (c) in the stern (see Section 2.4.2.2) and the steering-grid thruster (d) in the bow

(see Section 2.4.2.1) of the vessel.
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2.4.2.1 Mechanical Design Steering-Grid Thruster

The 360-degrees-steerable steering-grid bow thruster consists of two main parts:
the propeller providing the thrust force, and the steering grid which orients
the outflow of the water stream and thus provides the steering capabilities.
Figure 2.8a shows a longitudinal cut of this thruster, i.e., along the xz-plane
through the origin of Figure 2.7d. The propeller and its tilted shaft can be
seen on the right side of the cut, where an anti-debris grid covers the inlet hole.
The left-hand side shows the axis of the steering grid, but the grid itself is not
shown to increase the image readability.

Figure 2.8b draws an abstract top view of the bottom section of this thruster
which illustrates the chosen angle convention of the internal control angle of the
steering grid, αig. The drawn blue arrows show the orientation of the exiting
water flow, which is opposite in direction compared to the thrust force, Tg. It
is assumed that internal control angle, αig, equals the output angle, αog, of Tg,
i.e., the flow exits the grid in alignment with the grid position in the xy-plane.
Therefore, αig immediately gives the orientation of Tg. On top of that, the
steering grid has a static angle, γ, of approximately 28° (curved surface, slightly
visible in Figure 2.7d) relative to the x-axis in the xz-plane. To illustrate this
angle, the drawn blue arrows in Figure 2.8a show the exiting water flow in the
xz-plane for αig = αog = 0° which can also be seen in the xy-plane in Figure 2.8b
on the left. The steering-grid thruster performed its bollard pull tests as a
stand-alone device without enveloping ship hull for αig ∈ [0°, 180°]. Hence,
symmetry was assumed for the remaining angular domain, although future full
domain experiments could uncover potential asymmetrical characteristics. The
present data sets can be found in Table B.1.

x

z

Anti-debris grid

Propeller

 

(a)

° °

°

x x

y

(b)

Figure 2.8: 360-degrees-steerable steering-grid thruster: (a) longitudinal cross section at its
symmetry plane, and (b) abstract top view of its bottom section for αi

g = 0° and 90°.



THE COGGE — SCALE MODEL WATERTRUCK BARGE 23

Figure 2.9 shows the measured thrust forces, Dg, linearly extrapolated, at
different rotational speeds of its propeller, ng, and different αig. A significant
loss for Dg(ng, αig) emerges at αig = αog ∈ [150°, 180°], which might be explained
by the potential occurrence of a recirculation zone of water flow — in this
steering-grid orientation the exiting water stream is pointed towards the inlet
of the thruster.

180°

150°

120°
90°

60°

30°

0°

-30°

-60°
-90°

-120°

-150°

2 4 6 8 10 12 14 16
Dg[N]

500 rpm 1000 rpm 1500 rpm

Figure 2.9: Experimental results bollard thrust force steering-grid thruster, Dg , at
different αi

g and ng . Note that the data were measured for αi
g ∈ [0°, 180°] (see Bollard Pull

Data Steering-Grid Thruster), but the plot assumes symmetry over the x-axis.

2.4.2.2 Mechanical Design Four-Channel Thruster

The 360-degrees-steerable four-channel stern thruster consists of two main
parts: its propeller to induce thrust forces, and a 360-degrees-rotatable steering
mechanism consisting of half a sphere with an opening of approximately 85° to
orient its exiting water flow. Figure 2.10a shows a longitudinal section of this
four-channel thruster in the xz-plane, in the origin of its body fixed reference
frame of Figure 2.7c. This section shows the propeller and its shaft together
with the steering mechanism, which points towards the stern in this figure. This
orientation would guide the exiting water flow towards the outlet channel on
the left of this figure, which points to the stern of the vessel. The other depicted
outlet channel points to the bow, and the remaining two transversal outlet
channels cannot be seen in this cut. Notice that the two shown outlets have a
downwards angle of approximately 15° relative to the x-axis in the xz-plane,
whereas the two transversal outlets have no downwards angle but are positioned
a bit higher, directly in line of the internal outlet of the steering mechanism.
This height-position difference of the outlets can be seen in Figure 2.7c.
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Figure 2.10: 360-Degrees-Steerable four-channel thruster: (a) longitudinal cross section at
symmetry plane, and (b) abstract top view of its bottom section for αi

c = −45° and = 180°.

Figure 2.10b depicts the angular convention of the internal control angle of the
four-channel thruster, αic, which orients the theoretical outflow of the water
stream, denoted by the blue arrows. Due to the geometric differences of the
thruster channels, one cannot assume that αic will equal the output angle, αoc ,
of the resultant thrust force, Tc. The main geometric design effects that cause
this discrepancy between αic and αoc seem to be: (i) the fact that the water flow
can only exit through one (e.g. Figure 2.10b at αic = 180°), or a superposition of
two (e.g. Figure 2.10b at αic = −45°) channels simultaneously, (ii) the different
channel lengths and shapes (e.g. downwards bends), (iii) internal deflections of
the water stream in the xy-plane when αic 6= 0°, 90°, 180°, or −90°, and (iv) a
potentially remaining angular velocity of the water flow as there is no grid to
align the water outflow. To study the thrust characteristics of this propulsion
system, the resultant four-channel thrust, Tc (and its data sets Dc), can be
orthogonally decomposed in longitudinal, T xc , and transversal, T yc , components
for different propeller speeds, nc, according to:

Tc(nc, αic) =
√
T xc (nc, αic)2 + T yc (nc, αic)2, αoc = arctan

(
T yc
T xc

)
. (2.1)

Experimental data were fetched with the four-channel thruster nested inside
half a ship hull (transversal cut at midship) at zero velocity in a towing tank,
for αic ∈ [0°,−180°]. Here too, symmetry was assumed over the angular domain
but further full domain experiments could uncover potential asymmetries.
Table B.2 lists all the four-channel thruster data points. Figure 2.11 illustrates
these measurements in two different perspectives. Firstly, Figure 2.11a
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and Figure 2.11b show the decomposed measured thrust forces for αic ∈
[0°,−180°] at different nc. Note that the small fluctuations in nc, reported
in the Table B.2, are accumulated around their mean value in order to plot
these data sets with one line, resulting in for example: nc = 340 ± 25 rpm.
Secondly, Figure 2.11d and Figure 2.11c plot exactly the same data but
decomposed into αoc and Dc, calculated according to (eq. 2.1). Figure 2.11c
confirms the nonlinear mapping of αic to αoc hypothesis, which appeared to stay
consistent over different nc–sets. This nc–independent consistency in the angle
mapping seems to hint at a structural, geometrical origin of this nonlinearity.
The relatively constant αic for αic ∈ [−60°, −120°] seems to originate from the
incapability of the thruster to produce a significant T xc within this angular
domain allowing the T yc to dominate the thrust generation, which results in an
almost transversal αic. The inverse seems to be true for αic when αic ∈ [−150°,
−180°]. Given the currently available data sets, it remains hard to judge the
explicit cause of these nonlinearities.
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Figure 2.11: Data measurements four-channel thruster for different nc and αi
c ∈ [0,−180]°:

(a) longitudinal component of Dc, (b) transversal component of Dc, (c) angle mapping
between αi

c and αo
c , and (d) Dc.
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2.4.3 Component Selection

The installed marine-grade and robust components further strengthened the
industrial relevance of the Cogge. Accordingly, the component subsystems could
be directly transferred to real-size vessels. Furthermore, the modular hardware
and software systems aim to keep the USV design flexible. This flexibility
should facilitate future design extensions or modifications. Table 2.2 lists the
main components and Figure 2.13 shows their onboard location.

Three main subsystems form the overarching hardware and subsequent
communication architecture: an actuation, a sensor, and a shoreside
subsystem. Figure 2.12 illustrates their vital inter and intra-communication
links. Combining the actuation system with the PLC provides the actuation
control subsystem, see Section 2.4.3.1. Similarly, connecting the sensors with the
I-PC forms the autonomy subsystem, see Section 2.4.3.2. Finally, a discussion of
the shown shoreside control subsystem components can be found in Section 6.3.1.
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Figure 2.12: Onboard components and their communication links reproduced from [203]
with permission from MDPI, 2020.

The energy supply to power all these components consists of two battery systems
(1× 24V DC — 5000Wh and 1× 2× 12V DC — 2× 2500Wh). Although the
lower energy density of a battery introduces a significant weight and price
penalty compared to a fuel-based system, it was judged to be more convenient
to use for the scale model for three main reasons: (i) less noise and vibrations,
(ii) no local emissions near researchers, and (iii) the vessel can be charged by a
220-230V AC power supply in a few hours. This full electric drive train causes
a difference between the Cogge and the first batch of SP-CEMT–I vessels which
uses a hybrid system enveloping both batteries and diesel generators to power
their electrical engines. This hybrid system aligns with the growing research
field looking into hybrid propulsion systems for vessels [125], which might cause
a change in the default drive train layouts of future vessels.
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2.4.3.1 Modular Hardware — Actuation Control Subsystem

The actuation control subsystem houses a second level of modularity by the
nested PLC topology. This PLC controls the lowest level desired actuation
system states, i.e., ndg, ndc , αi,dg , and, αi,dc , and these states can be communicated
to the PLC via currently three devices: (i) the remote control over a radio link,
(ii) a web-interface over a mobile or a wireless local area network, and (iii) the
onboard industrial computer over a Modbus TCP/IP connection. After the
reception of these desired system states, the PLC will communicate these states
to their appropriate actuation system drivers which will then drive these states
to their desired value, using their internal control loops. In this fashion: two
motor drives control nb and ns and two stepper motors with integrated encoders
control αig and αic. This cascaded configuration makes the PLC the heart of the
vessel and exploits its industrial robustness to control the desired system states.
This lay-out achieves an increased level of operational redundancy, which is
paramount for industrial applications.

2.4.3.2 Modular Software — Autonomy Subsystem

The industrial computer forms the core of the autonomy subsystem. On the
one hand, it receives the sensor information (currently GNSS, IMU, stereo
camera, and lidar), and on the other hand it runs the autonomy software,
which can use this sensor information to provide the motion control (see Motion
Control for an Inland USV) of the Cogge. Modularity formed the key design
choice for the selection of the autonomy software. Therefore an open-source
cross-platform software suite was chosen named Mission Oriented Operations
Suite (MOOS) [180]. This MOOS software provides internal asynchronous
publish-subscribe communication between MOOS Applications (MOOSApps),
which are small modular software entities (C++), via its DataBase (MOOSDB),
and can be used for robotic research in general. Encompassing this MOOS-
core, Benjamin et al. (2010 [20]) wrote a marine-oriented expansion of this
software named MOOS Interval Programming, or MOOS-IvP, which takes
advantage of the backseat driver paradigm. This backseat paradigm separates
the vehicle navigation and control parts from its autonomy system, making the
latter research platform independent. This paradigm implementation further
increases the modularity and genericness of the control architecture of the
Cogge. Furthermore, on the Cogge, this control architecture consists of three
cascaded levels coined high, middle, and low level control, which will be discussed
in Section 5.3.
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Table 2.2: List of components, their description, and their abbreviations.

Nr. Description Abbreviation/Name Type

1 Programmable logic controller Onboard PLC Wago PFC200 750-8207
2 Industrial computer I-PC Moxa MC-7200-MP-T
3 Power over Ethernet switch POE switch Wago 5-port 1000 Base-T
4 Industrial Router USV Quartz Router USV Siretta,Quartz-W22-LTE
5 Radio receiver RR Danfoss MPCAN
6 Antenna LTE (PLC) PLC antenna LTE Antenna for PLC
7 Antenna LTE (Quartz) LTE antenna LTE Antenna for Quartz LTE
8 Antenna Wifi (Quartz) Wifi antenna Wifi Antenna for Quartz LTE
9 Bow thruster motor drive Bow motor drive Roboteq MBL1660A
10 Bow angle integrated stepper Bow angle quickstep JVL MIS234S
11 Bow thruster motor Bow motor Turnigy RotoMAx 150cc
12 Stern thruster motor drive Stern motor drive Roboteq MBL1660A
13 Stern angle integrated stepper Stern angle quickstep JVL MIS343
14 Stern thruster motor Stern motor Turnigy Aerodrive SK3-6364-245KV
15 Stereo cameras (2x) Stereo cameras Custom built, UI-5280FA-C-HQ Vision++
16 Inertial measurements unit IMU EKINOX2-E-G4A3
17 Navigational GNSS sensor GNSS Septentrio AsteRx-U MARINE
18 Laser scanner LIDAR Neptec OPAL-1000
19 Emergency stops (4x) ESTOP Twist to reset 40 mm Mushroom
20 Bilge pumps (3x) Bilge pumps Rule Bilge pump 800
21 Stern light Stern light LED white 12–24 V
22 Directional lights bow Port/Starboard light Allpa LED 2 colors 8–30 V
23 Battery monitoring system BMS Mastervolt-Amperian interface
24 Battery 24 V 24V DC Navex
25 Battery 24 V (2 × 12V) 2 × 12V DC Navex
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Figure 2.13: Top view 3-dimensional drawing of the Cogge (slightly tilted), stern on the left and bow on the right. The vessel lights, parts
nr. 21 and 22 are mounted underneath the visible white GNSS mushroom antennas.
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2.5 The Maverick — Scale Model Pallet Shuttle

2.5.1 Vessel Type and Size

Similarly to the Cogge, the design of the second research vessel aims to provide
insights for both a novel development on the IWT transport sector and for urban
freight transport research. More precisely, this vessel, named the Maverick,
is a functional scale model of the new pallet shuttle barges from Blue Line
Logistics [29]. Figure 2.14a depicts a pallet shuttle barge independently handling
its cargo at a quay. Figure 2.14b shows the Maverick transporting cargo on the
canal near Leuven. The maverick has a length of 6 m, a beam of 2 m, and a
catamaran-like twin hull. A team of bachelor students constructed the hull in
2017 and installed two combustion outboard motors, visible in Figure 2.14b.

The deck of the Maverick can carry a load of 1 tonne and its flatness should
facilitate the transportation of palletized cargo. Evidently, unlike the real-size
pallet shuttle barges, the Maverick has no onboard crane. Nevertheless, its one
tonne cargo capacity might be interesting for finer urban freight distribution
via waterways (see Section 2.6). In 2018, our research group electrified the
vessel by replacing the two combustion engines by two electrical motors. This
electrification was done in order to be compliant with potential future zero-local-
emission policies for intracity cargo transport. Furthermore, during the winter of
2020–2021, these outboard engines will be replaced by two 360-degrees-steerable
propulsion systems which should facilitate the further automation of the vessel
(see Section 2.5.2 and Section 2.5.3).

(a) (b)

Figure 2.14: The pallet shuttle barges: (a) a real-size Zulu handling cargo at a quay [29],
(b) the scale model named Maverick.
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2.5.2 Actuation System

From 2017 to 2018, the Maverick had two outboard combustion engines which
were replaced by two electrical motors in 2018. The working principle of these
electric motor be seen in Figure 2.15a. Both the starboard and port motor
orientation angles, i.e., αip and αis, had a mechanically limited steering range
of αi ∈ [−42°, 42°] and the propellers could provide forwards and backwards
thrust, T p and T s. Figure 2.15b displays a drawing of the propulsion systems
which will be installed during the winter of 2020–2021. Both propulsion systems
can rotate 360°, increasing the manoeuvrability of the vessel. In addition, their
longitudinal separation of approximately 5 m, see Figure 2.15c, should make
the remote control of the vessel more intuitive than the previous transversal
configuration, for less experienced operators.

Ts

Tp

(a) (b)

x

y

(c)

Figure 2.15: Actuation system of the Maverick: (a) the previous outboard motor
configuration [206], (b) the newly selected SDK-ED 2.5AC Kräutler electric motors [129], and

(c) the envisaged location of the new motors.

2.5.3 Component Selection

The new motors (see Section 2.5.2) and their batteries will offer a more
robust and flexible communication (a CAN field bus) with the control
architecture, compared with the previous electric system which nested a
propriety communication protocol. This control architecture will mirror the
cascaded control design of the Cogge (see Section 2.4.3.1). In addition, a sensor
subsystem, and by extend an autonomy subsystem, will be installed on the
Maverick, based on the blueprints of the Cogge (see Figure 2.12). The exact
sensor selection and configuration is presently being investigated, with respect
to the research projects in which the Maverick will be operated (see Section 2.6).
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2.6 Current Exploitation Research Fleet

The Cogge and the Maverick presently serve as research objects in several
doctoral and master theses. In addition, this fleet is or was involved in the
following list of regional and international research projects:

(i) “Autonoom Varen in de Westhoek (2017–2019), European Fund for
Regional Development [57]” (Dutch for “Autonomous Sailing in the West
Corner (region in Belgium)”). This project investigated the technological
and legal feasibility of unmanned inland cargo shipping and funded the
construction of the Cogge [199].

(ii) “Hull-To-Hull Navigation (2017–2020), European Horizon 2020 [238]”.
This project investigated the close-proximity manoeuvring of vessels via the
sharing of both position data and the vessel geometry [21, 22]. Experiments
were conducted with the Cogge for the inland waterway test cases [128,
206, 296, 297], see Section 5.4.4 and Section 6.3.4 for more details.

(iii) “IMEC–SSAVE (2019–2022), Flanders Innovation & Entrepreneur-
ship [248]”. This project aims to define methods and technologies for
a safe connectivity between marine assets. The KU Leuven partners
focus on defining the software architecture to enable data and information
sharing between assets. These developments are planned to be deployed
on the Cogge for a demonstration.

(iv) “AVATAR (2020–2023), European Interreg North Sea Region [11]”. This
project aims to deploy automated vessels that provide both intra- and
intercity cargo transportation between their respective cargo hubs. The
project focus lies on the distribution of palletized goods with zero-
local-emission vessels. The current plans involve demonstrations with
the Maverick for cargo transportation, although automated intracity
navigation with the Cogge could be investigated too.

(v) “IW-NET (2020–2023), European Horizon 2020 [178]”. This project
aims to produce an “Innovation-driven Collaborative European Inland
Waterways Transport Network” (IW-NET) by supplying and developing
technological solutions. Both the Maverick and the Cogge are planned to
serve as experimental platforms in this project.

(vi) “AUTOBarge (2021–2024), European Horizon 2020 [9]”. This project aims
to develop a training programme for applying unmanned or autonomous
inland vessels, and to investigate their role in the multi-model transport
chain in Europe. Both the Maverick and the Cogge are planned to serve
as experimental platforms in this project.
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2.7 Conclusion

Three main design choices drove the industrially (RO1.1) and
scientifically (RO1.2) relevant design and build of two experimental
platforms named the Cogge and Maverick:

Vessel Type and Size: Two novel vessel types currently sail on
the Flemish inland waterways. First, the watertruck fleet enables
the decoupling of sailing time and cargo handling. Second, the pallet
shuttle barges focus on palletized cargo via a flat deck and an onboard
crane, which allows cargo handling independently of the shoreside
infrastructure. In addition to these new vessels, the concept of smaller
cargo vessels for urban freight transport gained traction over the recent
years. Therefore, the Cogge mirrors the design of a self-propelled
watertruck barge, whereas the Maverick is a functional scale model of a
pallet shuttle barge. Furthermore, both vessels have a length (4.81 m and
6 m) that unlocks the potential for urban freight transport via narrower
waterways.

Actuation System: The Cogge carries the same actuation system as
the self-propelled watertruck barges, which consists of two fully embedded
360-degrees-steerable thrusters: a steering-grid thruster in the bow and
a four-channel thruster in the stern. This configuration offers a high level
of manoeuvrability, and could virtually mimic under-actuated systems,
increasing its potential research applications. The Maverick will receive
a similar high-manoeuvrable propulsion configuration consisting of two
identical fully rotational thrusters, longitudinally separated over the
vessel hull.

Component Selection: The modularity of the component selection
should facilitate the addition of new components or reconfiguration of the
current system. Different autonomy software could control the vessel or
different motion control philosophies could run in the current autonomy
software. By selecting industrial or marine grade components, the fleet
can experiment with a configuration that could be used by real-size inland
vessels during their normal operations.

In conclusion, these three design choices answer RQ1 by augmenting
both the industrial and scientific research relevance of the fleet.
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“All models are wrong, but some are useful [32].”

George E.P. Box

Figure 3.1: Yin and yang symbol, ca. 1370 [116].
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This chapter investigates the second research question (RQ2), by
modelling (RO2.1) the hydrodynamics of an inland cargo vessel. Their
identification (RO2.2) can be found in Chapter 4. Parts of the present
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3.1 Introduction

Several links in the vessel automation chain can benefit from a hydrodynamic
model which describes the motion of the vessel. For example, these models can
serve as plant models to verify or tune control algorithms, or as control models,
e.g., to construct model predictive controllers [303]. These predictive controllers
can also be used with collision avoidance algorithms [72, 132]. Furthermore,
Kotzé et al. [128] and Peeters et al. [206] suggested that these motion models
could be applied to construct dynamic proximity zones surrounding the vessel
hull. These zones could be shared with other ambient vessels or could trigger
internal system events.

The literature on the modelling of vessel hydrodynamics seems to hold four
main approaches. Firstly, transfer functions can produce response models, e.g.,
relating yaw-rates with rudder changes [183]. These straightforward black-box
models can already provide fruitful inputs for control system designs, e.g., for
an adaptive autopilot design [266]. Secondly, Abkowitz (1964 [3]) introduced
a third-order Taylor expansion model to mathematically describe the forces
acting on a vessel around its equilibrium state [6]. This model can also be found
as formal mathematical model [68] or whole ship model [147] in the literature.
Thirdly, artificial neural networks have been used to model ship manoeuvres [302].
Fourthly, modular models — such as the modular mathematical model [187]
and the robot-like vectorial model [87, 89] — can offer more physical insights in
the vessel dynamics.

It should be noted that Norrbin (1971 [185]) added some physical insights to the
Abkowitz model. Therefore, the Norrbin model can be regarded as a connection
between the formal and modular mathematical models [68]. This thesis models
vessels in calm water, in alignment with the Manoeuvring Theory modelling
framework [90]. Note that a Seakeeping Theory [90] modelling framework (which
has frequency dependent model coefficients) exists too and that a unification of
both theories has been made [13, 88].

More precisely, this chapter investigates four modelling approaches (i)–(iv).
Section 3.2 models the decoupled planar motions of a USV with (i) a vectorial
modular model [90]. This section additionally utilises (ii) a neural network as
one of the modelling options for the thruster system. Section 3.3 describes the
asymmetric steering behaviour of a USV by (iii) a transfer function model [183].
Section 3.4 models (iv) the ambient water itself by Computational Fluid
Dynamics (CFD). This approach enables virtual data capturing that can
serve to identify hydrodynamic models. This chapter ends with a conclusion
in Section 3.5 and the identified models can be found in Chapter 4.
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3.2 Decoupled Hydrodynamic Models for a USV

This section applies the robot-like vectorial model [87, 90] to investigate the
hydrodynamics of The Cogge — Scale Model Watertruck Barge. This approach
leverages system properties such as symmetry, skew-symmetry, and positiveness
of matrices [90], which align with the envisaged future utilisation of the models.
At present, the decoupled equations of motion for surge, sway, and yaw have
been identified for the Cogge [203] (see Section 4.6). Hence, these three
one-degree-of-freedom models describe the behaviour of the Cogge for pure
surge, sway, or yaw motion. Their identified coefficients can be used for the
diagonal terms in future coupled manoeuvring models which would describe
the motions of the Cogge when surge, sway, and yaw occur simultaneously.
Accordingly, Section 3.2.1 first relates these decoupled models to the robot-like
vectorial model. Thereupon, Section 3.2.2, 3.2.3, and 3.2.4 respectively model
the added mass, damping, and actuation forces. Finally, Section 3.2.5 lists
the selected decoupled model structures for the identification of the Decoupled
Hydrodynamic Motion Models.

3.2.1 Modelling Assumptions

Equation (eq. 3.1) describes the motion for a vessel in calm water (without
waves, wind, and current) and thus with frequency-independent coefficients,
according to the robot-like vectorial model [87, 90]. Here ν = [u, v, w, p, q, r]>
denotes the generalised velocity vector expressed in a body-fixed reference frame
with origin, Ob, and η = [x, y, z, φ, θ, ψ]> presents the generalised position
and orientation vector of the vessel relative to, and expressed in, an inertial
reference frame with origin, Oi. The matrix MRB represents the rigid-body
mass matrix, CRB the rigid-body Coriolis and centripetal matrix, MA the
added mass matrix, CA the Coriolis and centripetal matrix due to MA, D(ν)
the damping matrix, g(η) the gravitational/buoyancy vector, go the ballast
control vector, and finally, τexternal accumulates all the external forces.

MRBν̇ +CRB(ν)ν︸ ︷︷ ︸
rigid-body

+MAν̇ +CA(ν)ν +D(ν)ν︸ ︷︷ ︸
hydrodynamic

+ g(η)η + go︸ ︷︷ ︸
hydrostatic

= τexternal.

(3.1)

The experimental design of this study aimed at solely studying, and thus exciting,
the horizontal motions of the vessel, i.e., neglecting pitch, roll, and heave
motions, meaning: η = [x, y, ψ]> and ν = [u, v, r]>. The remaining motions
in the water plane were investigated separately for each degree of freedom,
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i.e., ν = [u, 0, 0]>, [0, v, 0]>, or [0, 0, r]>. For these three decoupled motion
modes, it will be assumed that the horizontal position of the centre of gravity
of the vessel lies in the middle of the vessel in both length and width, given
the rather prism-shaped geometry of the vessel and its block coefficient of 0.95.
The same assumption will be made for the centres of buoyancy and floatation.
Subsequently, no Coriolis, centripetal, buoyancy, or ballast forces were modelled
for each one-degree-of-freedom motion model. Furthermore, only thruster
related external forces were explicitly modelled, meaning, τexternal = τthrust,
and their dynamic behaviour was neglected. Do note that for the surge and
sway models a bias term was added to the external forces, which was intended
to implicitly capture any constant wind forces, see Section 4.6.2. In sum, the
decoupled model structures for pure surge, sway, or yaw motion turn into:

(Xu̇ +M)u̇+D(u)u = τu, (3.2)
(Yv̇ +M)v̇ +D(v)v = τv, (3.3)
(Nṙ + Iz)ṙ +D(r)r = τr, (3.4)

where M presents the mass of the vessel, Iz the moment of inertia for yaw
motion, and Xu̇, Yv̇, Nṙ the longitudinal, transversal, and rotational added
masses. Figure 3.2 shows the reference frames used throughout the identification
of these models (see Section 4.6). Accordingly, the body-fixed reference frame,
Ob, was positioned at the centre of gravity and its axes aligned with the principal
directions of the barge. The position and orientation of the vessel were measured
relative to a north-east-down reference frame [90, 224], On, which was fixed
to the surface of the earth near the first position of the vessel. Hence, the
effects on the vessel due to the rotation of the earth and the movement of the
earth relative to an inertial reference frame were neglected during the conducted
short-duration and short-distance vessel manoeuvres.

North (x)

East (y)

Down (z)

Roll

Pitch

Yaw

X (Surge)

Y (Sway)

Z (Heave)
w

v

u

p

q
r

Figure 3.2: North-East-Down (On) and body-fixed (Ob) reference frames.
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3.2.2 Added Mass Models

In the manoeuvring theory framework [90], the added masses [134] can
be modelled by a constant term. Several approaches exist to determine
these terms in the absence of well-conditioned towing tank data, by using:
(i) less-conditioned outdoor experiments, (ii) empirical methods [50, 304],
and (iii) numerical approaches (strip theory [179] or panel methods [279])
which are often based on (iv) theoretical values [117, 179] for common shapes.
Liu et al. (2017 [146]) successfully implemented the empirical methods of Zhou
et al. (1983 [304]) and Clarke et al. (1983 [50]) on two scale model reference
inland vessels for the Yangtze River. Therefore, this study applied the method
of Zhou et al. (1983 [304]) for the transversal and rotational added masses,
and the method of Clarke et al. (1983 [50]) for the longitudinal added mass,
Xu̇, which equates to:

3% × M ≤ Xu̇ ≤ 6% × M. (3.5)

Given that the Cogge has a higher CB than the reference vessels used to
derive (eq. 3.5) [50], the upper limit of (eq. 3.5) was selected forXu̇. Additionally,
Zhou et al. (1983 [304]) suggested that the transversal, Yv̇, and rotational, Nṙ,
added masses can be approximated based on the main ship dimensions, listed
in Table 2.1, by the following two relations:

Yv̇ = M

(
0.882− 0.54CB

(
1− 1.6T

B

)
− 0.156

(
1− 0.673CB

)L
B

+ 0.826T
B

L

B

(
1− 0.678T

B

)
− 0.638CB

T

B

L

B

(
1− 0.669T

B

))
,

(3.6)

Nṙ = Mj2
z , jz = L

100

(
33− 76.85CB

(
1− 0.784CB

)
+ 3.43L

B

(
1− 0.63CB

))
.

(3.7)

The geometry of the Cogge differs from the reference vessels used to derive
these empirical formulae [50, 304]. Therefore, the estimated Yv̇ by (eq. 3.6) and
Nṙ by (eq. 3.7) were used as the lower limits for the identification procedures
of the decoupled motion models, discussed in Section 4.6.

3.2.3 Damping Models

The arising damping forces have many known contributors, e.g., potential
damping (due to wave making), skin friction, vortex shedding, and lifting
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forces (both due to linear circulation of the water around the hull and due to
cross-flow drag). Different modelling assumptions exist to model this complex
array of contributors [81, 82, 90, 224]. Given that: (i.) it is not convenient to
independently identify all these contributors, and (ii.) this study investigates
the decoupled planar motions of the barge, the complexity of the one degree
of freedom damping models was chosen to be cubic, quadratic, or linear,
respectively represented by the following three equations:

D(u) = (Xuuu|u|2 +Xuu|u|+Xu)u,

D(v) = (Yvvv|v|2 + Yvv|v|+ Yv)v,

D(r) = (Nrrr|r|2 +Nrr|r|+Nr)r,

(3.8)

D(u) = (Xuu|u|+Xu)u,

D(v) = (Yvv|v|+ Yv)v,

D(r) = (Nrr|r|+Nr)r,

(3.9)

D(u) = Xuu,

D(v) = Yvv,

D(r) = Nrr.

(3.10)

3.2.4 Propulsion System Models

The Cogge, and the self-propelled watertruck barges, navigate with a non-
conventional, fully-embedded actuation system configuration consisting of a
360-degrees-steerable steering-grid thruster in the bow in conjunction with a
360-degrees-steerable four-channel thruster in the stern. Conventionally, inland
vessels tend to have one or more propellers, regularly ducted to protect them
and to increase their performance, which are often placed in combination with
multiple rudders to boost their manoeuvrability. Occasionally, the addition
of an azimuth or bow thruster further improves their manoeuvrability [146,
147]. In comparison, conventional marine vessels have propeller(s)–rudder(s)
configurations positioned at the stern [193], and some marine vessels do carry
more exotic propulsion systems such as transversal thrusters, azimuth thrusters,
podded propellers, contra-rotating propellers, or even water jets for high speed
vessels [90]. In addition, be aware that most small unmanned surface vehicles
(USVs) also make use of propeller–rudder configurations [148]. However, some
unmanned underwater vessels additionally utilise tunnel thrusters to increase
their steering behaviour [192].
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In the spectrum of the more conventional propulsion systems, tunnel
thrusters [15, 24, 192] and azimuth thrusters [55, 60, 264] might appear
to hold the largest similarities with the non-conventional thrusters of the
Cogge [206]. The modelling literature for these tunnel and azimuth thrusters
does remain scarce and often uses the open-water propeller characteristics
model of Blanke (1981 [27]) as its starting point. Furthermore, the present
actuation system might look similar to a water jet system, but it was not
designed to perform at the conventional higher speed ranges for these systems [5,
93], nor does the overall inlet and outlet design seem to be optimal for these
purposes [123]. Do note that some water jet models [112] use the findings
of Blanke (1981 [27]) as a modelling starting point, for consistency with the
existing hydrodynamic literature.

In sum [194], the main design differences of both thrusters in this work compared
to the more conventional thrusters appear to be the simultaneous occurrence
of: (i) having the rotational axes of the propellers perpendicular (or almost
perpendicular in case of the steering-grid) to the calm water plane, hence the
propellers rotate in a plane parallel to the xy-plane, (ii) being completely nested
inside the hull and thus not positioned directly in the ambient flow field, (iii)
drawing in water from underneath the vessel hull, (iv) having both an inlet and
an outlet positioned in the hull, not unlike jet systems, (v) having an internal
deflection or rotation of the water stream from inlet to outlet, and (vi) having
a 360-degrees-steerable outflow of the accelerated water provided by a steering
mechanism, where the propeller itself does not change its position or orientation.
Therefore, the present work aims to investigate the adequacy of the open-water
propeller characteristics [27] as the kernel of the thrust modelling approach, by:

(i) Adding an internal control angle dependent thrust deduction to the
conventional model [27] at zero advance speed, and investigating
different propeller-speed dependencies. These constructed models can
be found in Bollard Pull Thrust Models, their identification procedure
in Conventional Bollard Thrust Model, and their results in Conventional
Bollard Thrust Model.

(ii) Offering an additional artificial neural network modelling approach for
(i), that might be useful to grip the current, and perhaps future, inherent
complex flow phenomena occurring within both thrusters. These models
can be found in Feedforward Multilayer Network, their identification
procedure in Feedforward Multilayer Network Model, and their results
in Feedforward Multilayer Network Model.

(iii) Investigating the speed-dependency of the model of Blanke (1981 [27]),
building further on the bollard thrust model results of (i). These models
can be found in Wake- and Angle-Dependent Thrust models, their
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identification procedure in Identification Methods Decoupled Models,
and their results in Results of Surge Motion Models, Results of Sway
Motion Models, and Results of Yaw Motion Models.

3.2.4.1 Conventional Propeller Characteristics Thrust Model

The open-water model takes a first order linearised lift force approximation
of the propeller blades to calculate their theoretical thrust force [27]. Given
the fact that this lift force is a physical characteristic of the blade geometry,
it is deemed suitable as a starting point to model both conventional and non-
conventional actuation systems. Afterwards, this model will be expanded by
adding the more complex flow phenomena that occur in the propulsion systems
of the Cogge (see Section 2.4.2). The theoretical thrust force, Tth, depends
quadratically on the shaft speed, n (for one rotational direction), and bi-linearly
on n and the axial inflow speed VA:

Tth(n, VA) = Tnnn
2 + TnVAnVA. (3.11)

It is common to introduce the non-dimensional thrust coefficient, KT , and
non-dimensional advance ratio, J , to express the ship propeller performance,
by introducing:

KT = Tth
ρn2D4

p

, (3.12)

J = VA
nDp

, (3.13)

where ρ is the water density and Dp the propeller diameter. Moreover, for
the conventional open-water propeller configurations, KT is often adequately
approximated by a linear expression in J:

KT = KT0 +KTJJ. (3.14)

Combining (eq. 3.11), (eq. 3.12), (eq. 3.13), and (eq. 3.14) gives:

Tth = KT0ρD
4
pn

2 +KTJρD
3
pnVA, (3.15)

which expresses the same information as (eq. 3.11) with:

Tnn = KT0ρD
4
p , TnVA = KTJρD

3
p. (3.16)
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Furthermore, VA can be written as a fraction of the total speed of the vessel, U ,
by introducing the wake factor, w, which accounts for the speed reduction of
the flow field at the inlet of the propeller:

VA = (1− w)U. (3.17)

In addition, the available thrust force for the vessel, T , is a fraction of the
generated Tth due to propeller–hull–interaction losses, accounted for by the
thrust deduction number, t, which is assumed to be speed-independent:

T = (1− t)Tth. (3.18)

In conclusion, by accumulating (eq. 3.11), (eq. 3.17), and (eq. 3.18), T becomes:

T = (1− t)
[
Tnnn

2 + TnVAn(1− w)U
]
. (3.19)

Bollard Pull Thrust Models

The bollard pull test data of the thrusters of the Cogge, fetched in a towing
tank and listed in Appendix B, will be used by Section 4.3 to identify the
speed-independent part of (eq. 3.19). These bollard tests have zero advance
speed and thus KT = KT0 . Hence, for the bollard thrust forces, (eq. 3.19)
simplifies to:

T = (1− t)Tnnn2. (3.20)

These bollard data for the steering-grid thruster and the four-channel thruster
show the angle-dependency of their thrust deduction coefficients, i.e., t = f(αi).
Moreover, both internal and external thrust deductions can occur. The water
flows over the external hull into the thruster inlet, and then through the
embedded thruster — and thus internal hull — itself, resulting in:

t = ti + te = f(αi) = ti(αi) + te(αi) = t(αi), (3.21)

where ti and te respectively indicate the internal and external hull-interaction
thrust deductions. Hence, (eq. 3.20) can be refined to:

T = [1− t(αi)]Tnnn2 =
[
1−

(
ti(αi) + te(αi)

)]
Tnnn

2. (3.22)

In order to avoid a model structure bias in the identification results, the Bollard
Thrust Model Identification will investigate the propeller speed dependency
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of these theoretical thrust forces: Tth = f(n) = Tm(n). This approach does
not force Tth to equal Tnnn2 when U = 0. Accordingly, this method can thus
validate whether the originally derived quadratic propeller-speed dependent
thrust model indeed provides the best bollard pull data fit. Ultimately, the
thrust forces T to be identified according to the theoretic bollard pull model
turn into:

T = [1− t(αi)]Tm(n). (3.23)

Wake- and Angle-Dependent Thrust models

Based on the results of the Bollard Thrust Model Identification [194],
the Decoupled Hydrodynamic Motion Models uses (eq. 3.22) for the speed-
independent part of the thrust forces. Thereupon, w, will be made velocity-
dependent, i.e., w = w(ν), [203]. Hence, (eq. 3.19) transforms into:

T (n,ν, αi) =
(
1− t(αi)

) [
Tnnn

2 + (1− w(ν))Tnνnν
]
. (3.24)

Note that t and w denote thrust differences between fully open-water tests (only
a propeller) and tests with a propeller attached to a hull. Therefore, the static
parts of t(αi) and w(ν) cannot be explicitly identified in this work, but they
will be implicitly incorporated in the thrust coefficients. Nevertheless, their
respective angle- and speed-dependency can be investigated.

For the Decoupled Hydrodynamic Motion Models, i.e., ν = [u, 0, 0]>, [0, v, 0]>,
or [0, 0, r]>, three thruster angles suffice, αi ∈ [−90°, 0°, 90°] (see Decoupled
Motion Experiments). Assuming vessel and actuator symmetry around the
zx-plane narrows these angles down to αi ∈ [0°, 90° = −90°].

Furthermore, the water speed at the inlets of the propellers will be assumed
to be purely longitudinal or transversal. For the rotational missions, the inlet
transversal speed at the bow or stern thruster depends on their longitudinal
distance Lxb/s from the centre of gravity (vinlet = Lxb/sr), see Figure 3.3.

516 3237 160 916 

x

y

Figure 3.3: Longitudinal position of the thrusters.

In addition, given the axisymmetric water inlet at the bottom of the ship hull
and the position of the propeller shaft which stands orthogonal to the calm
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water plane, it will be further assumed that the differences in wake effects for a
longitudinal or transversal inlet flow will be negligible. This assumption means,
w(ν) can be modelled by a single term, w(ν) = wνν, where ν will be assumed
to be either pure u or v. Moreover, their magnitudes, |u| and |v| will determine
their impact. Combining these assumptions allows for a further simplification
of the thruster models:

T (0°) = T (n,ν = u, αi = 0°) = (1− t(0°))
[
Tnnn

2 + (1− wν)Tnνnu
]

= T 0
nnn

2 + T 0
nνn|u|,

(3.25)

T (90°) = −T (−90°) = T (n,ν = v, αi = 90°)

= (1− t(90°))
[
Tnnn

2 + (1− wν)Tnνnv
]

= T 90
nnn

2 + T 90
nνn|v|.

(3.26)

The thruster model of (eq. 3.25) and (eq. 3.26) will be coined the conventional
thrust model in the Decoupled Hydrodynamic Motion Models section. In
addition, the Decoupled Hydrodynamic Motion Models will explore two other
thruster models: (eq. 3.27) the pure bollard thrust model and (eq. 3.28) the
direct speed loss thrust model, in order to offer more insights into the potential
speed dependency of the thrust forces:

T (0°) = T 0
nnn

2, T (90°) = T 90
nnn

2, (3.27)

T (0°) = T 0
nnn

2 + T 0
nnνn

2|u|, T (90°) = T 90
nnn

2 + T 90
nnνn

2|v|. (3.28)

3.2.4.2 Feedforward Multilayer Network Thrust Model

This section describes the architecture of feedforward multilayer neural networks
that offer an alternative modelling approach to describe the complex flow
phenomena of the thrusters. In general, artificial neural networks have one
input layer, a number of hidden layers, and one output layer. However, a
multilayer feedforward network with a non-polynomial activation function and
only one hidden layer can already serve as a universal approximation for any
nonlinear function [140]. This statement means that, regardless of the complexity
of the flow phenomena that occur in the actuation system, there will always
exist network structures that can approximate the data sets. The capacity of
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these neural networks to model nonlinear characteristics drove the decision to
add this alternative modelling approach.

In order to describe the general layout of a multilayer feedforward network,
imagine the following example. If one takes an input vector, x ∈ Rm, and an
output vector, y ∈ Rl, separated by one hidden layer with nh hidden neurons,
and connects the hidden layer to y via W ∈ Rl×nh and to x via V ∈ Rnh×m
with the addition of a bias vector, β ∈ Rnh , to the latter and an enveloping
activation function, σ(·), the following matrix–vector expression will describe
this model structure:

y = Wσ(V x+ β), (3.29)

which can also be expressed in an element-wise form, for i = 1, ..., l, according
to:

yi =
nh∑
r=1

wirσ

( m∑
j=1

vrjxj + βr

)
. (3.30)

Figure 3.4 illustrates such a network hierarchy with the following model structure:
two inputs (m = 2), one hidden layer of three neurons (nh = 3) of which the
bias terms are not explicitly shown, two outputs (l = 2), and interconnection
weights wij , vij .

x1

x2

y1

y2

input layer hidden layer output layer

v11

v21

v31

v12

v22

v32

w11

w21

w12

w22

w13

w23

n1

n2

n3

Figure 3.4: Multilayer feedforward network with one hidden layer.

Be noted that these descriptions, (eq. 3.29) and (eq. 3.30), implicitly use a linear
activation function for the output layer, although this need not be the case.
Furthermore, the σ(·) can have any shape, but typically a nonlinear function
(e.g. a sigmoid, tangent, or hyperbolic tangent) is used in order to exploit their
characteristics. Moreover, similarly to (eq. 3.29), a second hidden layer could
be inserted, resulting in:

y = Wσ2

(
V2σ1(V1x+ β1) + β2

)
, (3.31)
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with nh1 and nh2 neurons in the hidden layers, connection-weight matrices,
W ∈ Rl×nh2 , V2 ∈ Rnh2×nh1 , V1 ∈ Rnh1×m, bias vectors, β2 ∈ Rnh2 , β1 ∈ Rnh1 ,
and activation functions, σ1(·) and σ2(·).

This hidden-layer insertion can be repeated to add multiple layers in an
equivalent manner. The amount of hidden layers, their number of neurons, and
the activation function types can all be chosen by the user. These design aspects
offer great flexibility on the one hand, but an infinite amount of possible network
architectures on the other hand. Accordingly, a few network designs will be
shown in Section 4.3, which offers the possibility to compare their performance.
These developed multilayer feedforward networks were trained to generate an
output vector y (based on their input vector x), which aims to represent the
desired output vector, i.e., the measured towing-tank data sets. More details of
this network training procedure can be found in Section 4.3.1.2.

3.2.5 Selected Decoupled Hydrodynamic Motion Models

Table 3.1 lists the selected combinations of the aforementioned model structures
for the damping and thruster forces. The resultant model structures,M(θxd),
are named by the vector of their unknown parameters, θxd , for each degree
of freedom, d ∈ [u, v, r], and a combination of thruster and damping models,
x ∈ [a, b, c, d, e, f, g, h, i]. In order to fully crystallise this convention, (eq. 3.32)
expresses the full model ofM(θau), (eq. 3.33) ofM(θev), and (eq. 3.34) ofM(θir),
for a forward surge, starboard sway, and clockwise yaw motion, where the
sub and superscripts “b” and “s” for the thruster parameters denote the
bow (see Section 2.4.2.1) and stern (see Section 2.4.2.2) thruster respectively.

The models of Table 3.1 intend to capture pure surge, sway, or yaw motion
(see Modelling Assumptions and Experimental Design) and do not envisage to
describe a manoeuvring model for the vessel experiencing coupled motions. For
a coupled model, the Coriolis-centripetal forces from both the rigid-body mass
and added mass matrices should be added, and the assumption of the position of
the centre of gravity should be validated. Furthermore, the off-diagonal matrix
terms for the mass, added mass, and damping forces should be investigated
too, and the wake fraction and thrust deduction fraction might need further
refinement.
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Table 3.1: The selected decoupled motion model structures of this study.

Model Added Mass Damping Propulsion

M(θau), M(θav ), M(θar ) Constant, see (eq. 3.5)–(eq. 3.7) Cubic, see (eq. 3.8) Conventional Thrust, see (eq. 3.25)
M(θbu), M(θbv), M(θbr) Constant, see (eq. 3.5)–(eq. 3.7) Quadratic, see (eq. 3.9) Conventional Thrust, see (eq. 3.26)
M(θcu), M(θcv), M(θcr) Constant, see (eq. 3.5)–(eq. 3.7) Linear, see (eq. 3.10) Conventional Thrust, see (eq. 3.26)
M(θdu), M(θdv), M(θdr ) Constant, see (eq. 3.5)–(eq. 3.7) Cubic, see (eq. 3.8) Bollard Thrust, see (eq. 3.27)
M(θeu), M(θev), M(θer) Constant, see (eq. 3.5)–(eq. 3.7) Quadratic, see (eq. 3.9) Bollard Thrust, see (eq. 3.27)
M(θfu), M(θfv ), M(θfr ) Constant, see (eq. 3.5)–(eq. 3.7) Linear, see (eq. 3.10) Bollard Thrust, see (eq. 3.27)
M(θgu), M(θgv), M(θgr ) Constant, see (eq. 3.5)–(eq. 3.7) Cubic, see (eq. 3.8) Direct Speed Loss, see (eq. 3.28)
M(θhu), M(θhv ), M(θhr ) Constant, see (eq. 3.5)–(eq. 3.7) Quadratic, see (eq. 3.9) Direct Speed Loss, see (eq. 3.28)
M(θiu), M(θiv), M(θir) Constant, see (eq. 3.5)–(eq. 3.7) Linear, see (eq. 3.10) Direct Speed Loss, see (eq. 3.28)

M(θau) = (M +Xu̇)u̇+ (Xuuu|u|2 +Xuu|u|+Xu)u = T 0,b
nn n

2
b + T 0,b

nν nb|u|+ T 0,s
nn n

2
s + T 0,s

nν ns|u| (3.32)

M(θev) = (M + Yv̇)v̇ + (Yvv|v|+ Yv)v = T 90,b
nn n2

b + T 90,s
nn n2

s (3.33)

M(θir) = (Iz +Nṙ)ṙ +Nrr = Lxb (T 90,b
nn n2

b + T 90,b
nnν n

2
b |Lxb r|) + Lxs (T−90,s

nn n2
s + T−90,s

nnν n2
s|Lxsr|) (3.34)
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3.3 Transfer Function Steering Models

This section exemplifies the transfer function modelling for a USV. More details
of this approach can be found in Peeters et al. (2018 [195]).

3.3.1 The WAM-V Test platform

Figure 3.5 depicts the concept of a differentially steered Wave Adaptive Modular
Vessel (WAM-V) [162], similar to the one used throughout this section.

Figure 3.5: Exemplary Wave Adaptive Modular Vessel (WAM-V) [162].

Table 3.2 lists the specifications of the WAM-V used throughout this section [195].
The rear of this vessel, approximately one fifth its length, is able to hinge,
guaranteeing the inflow of water for the propellers. The sensor platform has a
spring-damped mounting on both the cylindrical hulls. In total this generates
high flexibility, making the vessel wave adaptive. A Hemisphere Vector v102
GPS Compass series measured the heading at 5 Hz, with a 0.75° accuracy.

Table 3.2: WAM-V specifications

Parameter Size Dimension

Length 4.88 m
Beam 2.44 m
Hull diameter 0.40 m
Weight 270 kg
Max payload 80 kg
Cruise speed u0 1.4 m

s
Max. propulsive power 2× 2.24 kW
Propeller diameter 0.25 m

The WAM-V has no physical rudder to steer the vessel. Instead, two outboard
propellers (Torqueedo Cruise 4.0) at the stern enable the differential steering
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of the vessel. Accordingly, a virtual rudder angle can be constructed. By
giving each propeller a different amount of thrust, i.e., Tleft 6= Tright, a turning
moment N arises:

N = b× (Tright − Tleft) = b×4T, (3.35)

where b denotes the lateral distance between both propellers. The thrust of each
propeller can be expressed in percentages and bounded by [-100%, 100%]. These
bounds represent the maximum backward and forward propeller speeds, given
that the propeller shafts can turn in two directions. To induce a differentially
steered rudder of 20%, each propeller either gets half of the rudder, i.e., 10%
added to or subtracted from its thrust, depending on the desired turning
direction. This generates a turning movement similar to a traditional rudder. A
traditional rudder would also explicitly generate a lateral force, as the water is
deflected on the rudder. This is not the case with a differentially trusted vessels
as both thrust forces are parallel to the longitudinal axis of the body-fixed
reference frame. Nevertheless, the effect of propeller walk will generate lateral
forces and a subsequent turning moment.

When a right-handed propeller turns clock-wise to generate a forward thrust,
an additional lateral force arises, named propeller walk [209] (drawn as W
in Figure 3.6a). The WAM-V has two right-handed propellers placed at
a longitudinal distance d from the centre of gravity of the vessel, shown
in Figure 3.6. Hence, together the propellers generate an additional turning
moment NW = 2× (W × d).

T

W

T

W

Cg

d

(a) (b)

Figure 3.6: Geometry of the WAM-V: (a) concept of the lateral thrust forces, and (b) back
view of the vessel.
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3.3.2 Transfer Function Modelling of Steering Behaviour

The steering hydrodynamics of a vessel can be modelled by several (linear and
nonlinear) first and second order transfer functions [266]. The first and second
order models of Nomoto [183] relate the rudder input, δ, to the yaw-rate output,
r. The second order transfer function (eq. 3.36) has three time constants T1, T2,
and T3, and one gain constant K. Additionally, one can also express a similar
transfer function between rudder angle and sway speed, where two constants
will be different: K = Kv and T3 = Tv. The first order Nomoto model [183]
often adequately replaces this second order model [267]. Accordingly, (eq. 3.36)
can be simplified to (eq. 3.37) where T = T1 + T2 − T3, which is an adequate
assumption because in practice the zero (1 + T3s) and pole (1 + T2s) tend
to cancel each other [267]. Note that the second order Nomoto model can
be related to the hydrodynamic coefficients of the vectorial model (discussed
in Decoupled Hydrodynamic Models for a USV), by decoupling the sway and
yaw steering subsystem from the surge motion at a cruising surge speed [67,
170].

r

δ
(s) = K(1 + T3s)

(1 + T1s)(1 + T2s)
(3.36)

r

δ
(s) = K

1 + Ts
(3.37)

3.4 Computational Fluid Dynamics

Inland and seagoing vessels have different hull geometries. The research field on
the latter has well-known dedicated benchmark hulls and their respective towing
tank data [237] (e.g. the KVLCC2 hull), to numerically study manoeuvres
such as zigzag tests [42] or turning circles [31, 234], in shallow water [257,
262] and when encountering waves [98, 99]. However, little research has been
conducted on the identification of inland vessels [145, 146, 225]. Therefore,
this work investigates the surge damping for the Cogge in deep [197] and
shallow [66] water. The KVLCC2 hull will serve as the validation hull for
the numerical Methodology of this work for two main reasons. First, the
KVLCC2 has publicly available experimental data [237]. Second, within the
publicly available datasets, the KVLCC2 hulls seem to show some of the highest
similarities with the CEMT–I hulls. This section continues as follows: first,
the Methodology section will detail the numerical approach used for the deep
water study. Secondly, the Geometry and Grid Specifications section illustrates
the implemented computational grids for this deep water case. More details
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on the computational domains can be found in Peeters et al. (2018 [197]) and
Eggers et al. (2019 [66]) for the deep and shallow water cases respectively. The
results of both can be found in Section 4.4.

3.4.1 Methodology

The second order surge model (see (eq. 3.9)), will model the damping forces:

D(u) = Xuu+Xuuu
2. (3.38)

The OpenFOAM open source toolbox [285] computed D(u) by numerically
solving the incompressible, isothermal Reynolds-averaged Navier-Stokes
equations. A two equation k-ω shear stress transport turbulence model [138]
modelled the Reynolds stress tensor. A volume of fluid approach [109] modelled
the free surface, i.e., the water plane. This approach defines a scalar function α
which describes the two fluids, i.e., air and water. This scalar function indicates
the proportion of the water phase at a certain place within the computational
domain. A value of α = 1 stands for a cell which is completely submerged in
the water phase, whereas α = 0 denotes a cell in the air phase. At the interface
between both fluids, the cells have a value of 0 < α < 1. The physical properties
of each cell volume can then be calculated by the weighted average of both fluids
depending on their volumetric proportion. The calculations started with a local
time stepping solver and ended with a transient solver. The former solver used
the local Euler scheme for the time discretisation, whereas the latter used the
Crank-Nicolson scheme with a coefficient of 0.9. Furthermore, the gradient and
divergence schemes were respectively set to a least-squares and a linear-upwind
scheme [188].

3.4.2 Geometry and Grid Specifications

Table 3.3 summaries the main characteristics of the real size KVLCC2 vessel
together with its scale-model benchmark hull used throughout the deep water
calculations. The characteristics of the CEMT–I inland vessel are also listed
in this table, together with the specifications of its scale model used in this
study. Figure 3.7 visualises their geometrical differences. Figure 3.8 shows an
abstract representation of the computational domain, together with its boundary
conditions. The three boxes in this figure represent boxes of grid refinement,
where the outer box has the coarsest grid, the box closest to the hull the finest,
and the box in between both has an intermediate grid refinement. Note that an
additional refinement box around the water level is not shown for readability
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reasons. However, this refinement box was present in the real computational
domain, as it is necessary for the performance of the volume of fluid approach.

Table 3.3: Vessel geometry CEMT–I and KVLCC2 comparison for deep water

CEMT–I KVLCC2
full size Scale model full size scale model

Length, L [m] 38.50 4.813 320.00 6.892
Beam, B [m] 5.05 0.63 58.00 1.249
Draft, T [m] 1.80 0.23 20.80 0.448

Block coefficient, Cb [-] 0.95 0.95 0.81 0.81
Scale, λ [-] 1 8−1 1 46.426−1

(a) KVLCC2 hull side view (with surface grid)

(b) KVLCC2 hull bottom view (with surface grid)

(c) CEMT–I hull side view

(d) CEMT–I hull bottom view

Figure 3.7: Geometry KVLCC2 and CEMT–I for deep water.

Furthermore, as visible in Figure 3.8, the computational domain models only
half a ship hull, under the assumption of longitudinal symmetry. The bisected
hulls were placed at one ship length from the inlet. The KVLCC2 hull had two
ship lengths of fluids behind it and the CEMT I hull had three lengths, due to
its longer wake pattern. Underneath the halved hulls, there was an equivalent
of five ship heights (not drafts) of computational domain for both vessels, and
next to the vessel there existed an equivalent space of four and a halve complete
(not halved) ship beams for both hulls.

Within the deep-water study, all surface and volumetric grids were modelled by
an unstructured, hybrid mesh. Figure 3.9 illustrates the unstructured surface
and volumetric grids for both scale-model vessels. This unstructured approach
was chosen to facilitate the grid generating close to the irregular appendices
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Figure 3.8: Computational domain and boundary settings for the KVLCC2 hull, with ui

the cell velocity components, Uin the water inlet velocity, and p the pressure.

of the CEMT–I hull, and to enable the ability to ease the future extension of
additional appendices in further research. Nevertheless, hexahedra cells were
clustered more structurally at the boundary layer of the hull and at the free
surface. This clustering was done to increase the free-surface flow alignment
and to resolve the boundary layer.

Figure 3.9a shows part of the quadrilaterally dominant surface grid at the stern
of the KVLCC2 vessel in grey (where the hull is depicted in 3D). Additionally,
a longitudinal, two dimensional, cut of all the different volumetric grids at
the middle of the vessel is shown with a colour legend. The more structured
refinement approach with hexahedra cells (in blue) can be seen at the water
surface and close to the hull. Figure 3.9b depicts two orthogonal slices of the
volumetric grid surrounding the CEMT–I scale model: one in longitudinal
direction in blue, and one in transversal direction in grey. The longitudinal cut
is approximately at the middle of the vessel, i.e longitudinal symmetry plane.
The transversal cut slices the vessel right after the bow of the vessel. Both cuts
show the sliced cells in a three dimensional representation.
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(a) KVLCC2 hull; grey: surface grid, green:
tetrahedra, blue: hexahedra, yellow:
pyramids, red: triangular prisms.

(b) CEMT–I hull; red: surface hull, blue:
longitudinal cut, grey: transversal cut.

Figure 3.9: Grid specifications KVLCC2 and CEMT–I for deep water [195].

3.5 Conclusion

Four modelling approaches (RO2.1) have been detailed for inland cargo
vessels (i)–(iv):

The decoupled planar motions for the Cogge were modelled via (i) a
vectorial model. This model offers physical insights in the occurring
hydrodynamics. Given the modularity of this model, (ii) a neural network
was suggested and constructed to capture the non-conventional thruster
forces of (i). The steering dynamics of a vessel were also modelled
by (iii) a transfer function between yaw-rate outputs and rudder inputs.
Finally, one can also model (iv) the ambient water via CFD, which
enables the capturing of virtual motion data that can be used to identify
hydrodynamic models.

These four modelling approaches partly answer RQ2. The second part
of the answer, their identification (RO2.2), can be found in Chapter 4.



Identification of Unmanned
Inland Cargo Vessels

“Thou hypocrite, first cast out the beam out of thine
own eye; and then shalt thou see clearly to cast out
the mote out of thy brother’s eye [163].”

Matthew

Figure 4.1: A relief of the Egyptian god Horus [219].

57
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This chapter investigates the second research question (RQ2), by
identifying (RO2.2) the hydrodynamic models of an inland cargo vessel.
The derivation of these models (RO2.1) can be found in Chapter 3.
Parts of the present chapter were previously published as:
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4.1 Introduction

This chapter identifies the model structures derived by Chapter 3. In order to
identify these models, both experimental data and cost functions are needed. The
latter minimise the distance between the model predictions and the experimental
data. Table 4.1 summarises where these cost functions and their results are
discussed, which models they identify, and how the experimental data was
generated. Accordingly, Section 4.2 starts with identifying the asymmetric
steering behaviour of the WAM-V deployed as an USV, by using the transfer
function models of Section 3.3.

Section 4.3.2.1 and 4.3.2.2 identify the thrust forces of the steering-grid and
four-channel thruster of the Cogge. Their bollard pull data were measured
inside a towing tank. Section 4.3.2.1 expands the conventional open-water
propeller characteristics model with angle-dependent thrust deductions and
investigates its propeller-speed dependency, whereas Section 4.3.2.2 investigates
the feasibility to model these thrust forces using artificial neural networks.

Section 4.4 utilises CFD to model the surge behaviour of the Cogge in both deep
and shallow water. Subsequently, this section identified the surge resistance
in these two environments. Finally, Section 4.5 discusses additional test
manoeuvres that generated the experimental data for the identification of the
decoupled hydrodynamic models in surge, sway, and yaw, discussed in Section 4.6.
The latter section also compares its results with the CFD results from Section 4.4.

Table 4.1: Summary of the identified model structures within this chapter.

Discussed in Identified Model Structure Data Generation and Vessel

Section 4.2 Transfer function (see Section 3.3) Outdoor, WAM-V
Section 4.3.2.1 Conventional thruster (see Section 3.2.4.1) Indoor, actuator Cogge
Section 4.3.2.2 Neural network (see Section 3.2.4.2) Indoor, actuator Cogge
Section 4.4 Surge damping (see Section 3.4) Numerical, Cogge
Section 4.5 Additional test manoeuvres (for Section 4.6) Outdoor, Cogge
Section 4.6 Modular model (see Section 3.2) Outdoor, Cogge

4.2 Transfer Functions WAM-V

To demonstrate the asymmetric steering characteristics of the WAM-V, three
Nomoto first order functions were identified, for: (i) turning left (port), (ii)
turning right (starboard), and (iii) the average of turning left and right.
First, Section 4.2.1 will summarise the zigzag identification methodology [195]
for these transfer functions. Second, Section 4.2.2 will show and discuss their
results.
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4.2.1 Methodology

In total, three fully-autonomous zigzag tests of each five zigzags were conducted
on the Charles river in Boston. Accordingly, for each zigzag test, the WAM-V
sped up using 50% of the maximal thrust, meaning Tleft = Tright = 50%. After
10 seconds (ensuring a steady speed regime) the vessels started its configured
number of 5 zigzags with virtual rudder changes oscillating between 20% to
-20%. These alternating rudder changes resulted in thrust combinations of
Tleft = 40% and Tright = 60%, to turn left, and the other way around to
turn right. A completion threshold of 1.00° was programmed equally divided
around the desired heading change which triggered a new rudder movement.
The first heading change due to a rudder movement δ of every zigzag test has
the biggest transient behaviour, as the total speed of the vessels needs to settle.
Consequentially the first rudder movement and its heading response are ignored
during the identification procedures. The vessel surge speed varied between 1.2
to 1.3 m

s [195] during the experiments.

The Nomoto models relate yaw-rate outputs to the rudder inputs. Given that
only the heading was measured, their time derivation was needed. Evidently,
this need not be the case when a gyroscope would be used. The derived yaw-
rates were compared to the first order model in the time domain (eq. 4.1),
where r(k) expresses these yaw-rates in the time domain at the measurement
time step k. The Nomoto coefficients, T , and K, can be found by minimizing
the error between the predicted yaw-rates, i.e., (eq. 4.1), and their measured
counterparts [195].

r(k) = r0.e
−t(k)/T︸ ︷︷ ︸

transient

+K.δr.(1− e−t(k)/T )︸ ︷︷ ︸
step

(4.1)

4.2.2 Results

Table 4.2 summarises Nomoto coefficients, i.e., time constants T [s] and gains
K [s−1], for each zigzag test. To identify the overarching symmetrical behaviour,
the average Nomoto gains and time constants were first calculated for each
zigzag test separately. Afterwards, the total average of these separate averages
was taken, in order to identify the global symmetric Nomoto model, resulting
in T = 1.27 s, and K = 0.12 s−1. Note that this is not simply the average of
the left and right turning coefficients as the average uses the consecutive turns
as identification data instead of each turn separately.

To show the strength of the asymmetric model, Figure 4.2a illustrates the
measured and predicted heading of the third mission for the symmetric Nomoto
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model, whereas Figure 4.2b provides a similar plot for the asymmetrical Nomoto
model for this mission. These two figures show that the asymmetrical model
better captures the vessel behaviour. To further clarify the effect of the two
modelling approaches, Figure 4.3a compares their resultant heading predictions,
and Figure 4.3b shows their predicted yaw-rates.

Table 4.2: Summary asymmetric Nomoto coefficients

zigzag1 zigzag2 zigzag3 combined
left right left right left right symmetry

T 1.36 1.32 1.30 1.45 1.40 1.19 1.27
K 0.13 0.11 0.16 0.11 0.16 0.11 0.12
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Figure 4.2: Comparison between simulated heading and measured heading for the third
mission: (a) symmetrical Nomoto model, and (b) asymmetrical Nomoto model.
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Figure 4.3: Comparison between the symmetrical and asymmetrical Nomoto modes for
mission 3: (a) heading prediction, (b) yaw-rate prediction.
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4.3 Bollard Thrust Model Identification

4.3.1 Identification Procedures Bollard Thrust Models

The theoretically derived bollard thrust model, e.g., (eq. 3.23) of the Bollard
Pull Thrust Models and the neural networks, e.g., (eq. 3.31) of the Feedforward
Multilayer Network provide αi-dependent and n-dependent model structures for
the bollard thrust forces, T (n, αi), to which their respective experimental data
sets, D(n, αi), see Appendix B, can be fitted. This data fitting can be achieved
by minimizing a cost function which calculates the least squares error between
the model and the data. Accordingly, (eq. 4.2) exemplifies such a generic cost
function between T (n, αi) and D(n, αi), for P data points. The Conventional
Bollard Thrust Model and Feedforward Multilayer Network Model sections
detail the procedures to minimize (eq. 4.2), and thus maximize the model fit,
for their model structures. The maximal model complexities were iteratively
determined based on their impact on the final residuals.

E =
P∑
p=1

(
T (np, αip)−D(np, αip)

)2 (4.2)

4.3.1.1 Identification Procedure Conventional Bollard Thrust Models

The introduction of (eq. 3.23) into (eq. 4.2) produces the generic cost function
for the model structures of the conventional Bollard Pull Thrust Models:

E =
P∑
p=1

(
[1− t(αip)]Tm(np)−D(np, αip)

)2
. (4.3)

Within this study, the maximum polynomial orders for t(αi) and Tm(n) were
respectively chosen to be quintic and cubic; hence, in this situation, E would
equal:

E =
P∑
p=1

([
1− (t5αi

5

p + t4α
i4

p + t3α
i3

p + t2α
i2

p + t1α
i
p + t0)

](
Tnnnn

3
p

+ Tnnn
2
p + Tnnp

)
−D(np, αip)

)2
.

(4.4)
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A Python (version 3.6) script performed the minimization of (eq. 4.4) by using
the least_squares() function from the open source SciPy packages [276]. This
function determined its step size of the optimization problem, i.e., changing
the values of the coefficients of t(αi) and Tm(n) in order to minimize (eq. 4.4),
using a trust region reflective method, based on the algorithm from Branch et
al. (1999 [34]).

4.3.1.2 Identification Procedure Feedforward Multilayer Network Models

The term feedforward refers to the calculation of y based on x, as these data
run through the network of Figure 3.4 from left to right. Afterwards, the
cost function (eq. 4.5) can be determined by the insertion of y from, for
example (eq. 3.29) or (eq. 3.31), into (eq. 4.2):

E =
P∑
p=1

(
yp −D(np, αip)

)2
, (4.5)

where yp represents the network output of the p–th data point, which would be
generated by the p–th input point, xp. Within this study, the deepest developed
network structure embodied two hidden layers. Subsequently, its cost function
can be defined by:

E =
P∑
p=1

(
Wσ2

(
V2σ1(V1xp + β1) + β2

)
−D(np, αip)

)2
. (4.6)

Note that the p inputs for this network, xp, are the same inputs as for the data
points D(np, αip); hence, (eq. 4.7) refines to:

E =
P∑
p=1

(
Wσ2

(
V2σ1

(
V1(np, αip) + β1

)
+ β2

)
−D(np, αip)

)2
. (4.7)

Analogously to the Conventional Bollard Thrust Model, these cost functions
(e.g. (eq. 4.7)) need to be minimized. A common way to alter the distance
between the data and the network is to use the back-propagation method
as first suggested by Rumelhart et al. (1986 [227]). This method derives an
analytical expression of the gradient of the cost function for each neuron in
the network by means of an iterative calculation from the right to the left
in Figure 3.4 (hence the name back-propagation), and uses this gradient to
update the weights. Furthermore, one can augment this method by using the
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Levenberg–Marquardt algorithm to determine the updates of the connection
weights [101]. This augmented back-propagation method was used in this study.
Finally, in order to construct a network that generalises well to new inputs, one
should avoid the over-fitting of data. Several regularisation methods exist to
achieve this generalisation of the network. This work used two regularisation
methods: the early-stopping approach [294], and the Bayesian regularisation
procedure [150, 151].

The early-stopping regulation divides x into a training, xt, and a validation,
xv, set. Afterwards, it trains the network with the training data and tests the
updated network with the validation data. When the error on the validation
set, E(xv), starts to rise, although the error of the training data, E(xt), is
still decreasing, the iterative algorithm stops. Whereas, like the name suggests,
Bayesian regulation uses the principles of the Bayesian probability theory as its
regularisation principle. This regularisation is achieved by adding a term that
penalises the size of weights, e.g., for a total of j weights w:

Ew =
∑
j

w2
j , (4.8)

to the cost function (eq. 4.7). In addition, within this approach, the Bayesian
probability theory automatically embeds Ocam’s razor principle by punishing
too flexible and too complex module structures based on the Bayesian evidence
principle [151]. Hence, this approach offers an automatic regularisation method,
which boosts the generalisation of the trained networks. A collection of Matlab
scripts constructed all the networks within this study. Consequently, the two
aforementioned regularisation methods were applied by respectively calling the
‘trainlm’ [101], and ‘trainbr’ [86] function calls within the Matlab neural network
environment. For the former, a data division of 70% training and 30% validation
data was used. Note that this data separation is not necessary for the latter,
given its automatic regularisation approach.

4.3.2 Results Bollard Thrust Models

4.3.2.1 Conventional Bollard Thrust Model Identification

Plugging the data sets from Appendix B into the cost function of (eq. 4.4)
allows for the identification of the modelled thrust forces according to (eq. 3.23).
By varying the order of the polynomials of t(αi) and Tm(n) up to their
respective maximums of quintic and cubic, one can compare the resulting model
complexities based on the residuals of their cost functions. This comparison offers
a bias–variance trade-off during the eventual model selection [208], where the
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final model selection depends on the requirements of its end user. The Steering-
Grid Thruster paragraph calculates Tg(ng, αig) by using Dg(ng, αig), whereas
the Four-Channel Thruster paragraph calculates the orthogonal decomposition
of Tc(nc, αic) into T xc (nc, αic) and T yc (nc, αic) by respectively using Dx

c (nc, αic)
and Dy

c (nc, αic).

Steering-Grid Thruster

Due to the absence of the hull in the towing-tank experiments listed in
the Bollard Pull Test Data, no external hull thrust deductions occurred (except
for the small external surface of the thruster itself which will be neglected
here), i.e., t(αig) = ti(αig). This paves the way to identify te(αig) by the
future increase in thrust deduction when the actuation sits inside its hull by
using: t(αi) = ti(αi) + te(αi). Table 4.3 summarises the residuals of the cost
functions after performing the aforementioned model fits. The absolute value of
these residuals has no meaning; however, their relative size differences indicate
the relative model fitness of the underlying model structures. The columns
denote the different model structures of Tm(ng), whereas the rows show the
different polynomial orders of t(αig). For example, a cubic-order model for t(αig)
in combination with Tm(ng) = Tnnn

2
g can be identified by:

E =
P∑
p=1

([
1− (t3αi

3

g,p + t2α
i2

g,p + t1α
i
g,p + t0)

]
(Tnnn2

g,p)−D(ng,p, αig,p)
)2
.

(4.9)

As visible in Table 4.3, the final cost of the example in (eq. 4.9) would equal 5.38.
To further clarify this representation of the results, Appendix C lists all the
identified model coefficients for all the model structures of Table 4.3. Table 4.3
seems to validate that taking Tm(n) = Tnnn

2 generates a simple but robust
model which aligns with the theoretically derived propeller-characteristics model
of the Conventional Propeller Characteristics, as adding a linear propeller-speed
dependency (Tn) or a linear and cubic term (Tn, Tnnn) to Tm(n) results in only
marginally lower residuals.
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Table 4.3: Cost function residuals for the different Tg models. Note that the identified
coefficients can be found in Appendix C.

Model t(αig) Tnnn, Tnn, Tn Tnn, Tn Tnnn Tnn Tn

Constant 39.26 39.83 64.79 41.24 62.12
Linear 12.77 13.35 39.85 14.84 37.01
Quadratic 5.67 6.12 31.72 7.28 31.88
Cubic 4.11 4.47 29.10 5.38 31.44
Quartic 2.62 2.96 27.32 3.80 30.39
Quintic 0.99 1.50 27.15 2.76 25.45

Given the adequacy of Tm(n) = Tnnn
2, Figure 4.4a plots the identified quadratic,

linear, and constant models for t(αig) with Tm(n) = Tnnn
2, together with the

data points Dg(ng, αig) to illustrate the model fits. In addition, given the
rather constant thrust decrease for αig ∈ [150, 180]°, one could also perform the
abovementioned modelling procedure of Tg only for the αig ∈ [0, 150]° domain,
and assume Tg(ng, αig) = Tg(ng, 150°) to equal a constant value for αig ∈
[150, 180]°. Figure 4.4b illustrates this second methodology for Tg, using a
quadratic fit for t(αig). Figure 4.5 provides another way to visualise these model
fits by plotting Tg over its ng domain for αig = 0°, 90°, and 180° by using a
quadratic model fit for t(αig) and Tm(n) = Tnnn

2, for the aforementioned full αig–
domain fit in Figure 4.5a, and for the fit which incorporates the constant thrust
zone in Figure 4.5b. The latter plot shows the benefit of adding the constant
thrust zone as it provides a better fit for αig = 180° compared to Figure 4.5a.
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Figure 4.4: Model fits for Tg by: (a) varying the order of t(αi
g) with Tm(n) = Tnnn2, and

(b) a quadratic fit of t(αi
g) for αi

g ∈ [0, 150]° and a constant thrust zone for
αi

g ∈ [150, 180]° with Tm(n) = Tnnn2. Note that there was no data point for, αi
g = 60° at

ng = 1500 rpm, see Table B.1.
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Figure 4.5: Model fits for Tg with αi
g = 0°, 90°, and 180°, and Tm(n) = Tnnn2, based on

the identification methodology of Figure 4.4a in (a), and of Figure 4.4b in (b).

Four-Channel Thruster

The four-channel thruster generated its data embedded inside half a hull, making
it impossible to diversify between ti(αic) and te(αic) as they both depend on
the same angle. Thus, this section identifies the thrust deduction coefficients
as a superposition of both external and internal hull losses. Note that future
towing-tank experiments without a hull, as have been done for the steering-grid
thruster, could identify ti separately and thus also give te. Table 4.4 and 4.5 list
the different residuals of the cost functions of the model fitting algorithm for
both T xc and T yc . Both tables give the impression that Tm(n) = Tnnn

2 forms
a simple and robust model structure to represent the theoretical thrust force,
which again aligns with the theoretical derivation of the Conventional Propeller
Characteristics. Here too, adding Tn (or Tn and Tnnn) generates only marginal
improvements compared to the quadratic nc–dependency. Furthermore, these
tables seem to indicate that the polynomial order of t(αic) is better modelled by
an odd function for T xc and by an even function for T yc .

Table 4.4: Cost function residuals for the different Tx
c models.

Model t(αic) Tn Tnn Tnnn Tnn, Tn Tnnn, Tnn, Tn

Constant 38,795.76 38,795.95 38,796.08 38,795.43 38,795.34
Linear 7292.64 5092.89 5719.02 5085.50 5074.75
Quadratic 7066.95 4860.48 5500.83 4853.59 4843.96
Cubic 3511.66 1267.95 2168.83 1267.48 1267.44
Quartic 3035.18 738.33 1630.70 737.48 737.46
Quintic 2644.39 313.48 1207.49 312.45 312.37
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Table 4.5: Cost function residuals for the different T y
c models.

Model t(αic) Tn Tnn Tnnn Tnn, Tn Tnnn, Tnn, Tn

Constant 22,722.75 21,261.84 22,199.03 21,255.83 21,223.65
Linear 22,173.90 20,707.77 21,684.97 20,700.10 20,662.85
Quadratic 7808.53 5129.44 6204.61 5128.91 5128.64
Cubic 6888.01 4515.32 5245.35 4144.76 4144.50
Quartic 3620.45 562.71 1654.30 559.84 559.09
Quintic 3414.50 356.56 1462.72 354.04 353.52

Figure 4.6 illustrates the model fits of T xc in Figure 4.6a, and of T yc in Figure 4.6b
for different polynomial orders of t(αic) with Tm(n) = Tnnn

2.

180160140120100806040200
αic

150

100

50

0

50

100

150

T
x c
,D

x c
 [N

]

quintic
cubic
linear

data 340± 25rpm
data 945± 25rpm
data 1530± 25rpm

(a)

180160140120100806040200
αic

200

150

100

50

0

50

T
y c
,D

y c
 [N

]
quartic
quadratic
data 340± 25rpm
data 945± 25rpm
data 1530± 25rpm

(b)

Figure 4.6: Exemplary model fits for (a) Tx
c and (b) T y

c .

Given the abovementioned rather constant thrust output of Dx
c for αic ∈ [−60°,

−120°], and of Dy
c for αic ∈ [−150°, −180°], one could model these regions by

a constant value. Subsequently, Figure 4.7a shows a piecewise linear model
consisting of a linear fit of T xc for αic ∈ [0°, −60°], a constant thrust zone
where T xc = T xc (−60°) for αic ∈ [−60°, −120°], and finally again a linear fit for
αic ∈ [−120°, −180°]. Whereas, similarly to Figure 4.6b, Figure 4.7b depicts
a quartic and quadratic fit of t(αic) for this angle in the [0°, −150°] domain
followed by a constant thrust zone where T yc = T yc (−150°). As can be seen,
this constant thrust zone offers a better representation of the data compared
to the non-physical polynomial over fitting of Figure 4.6b on the same angular
domain.
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Figure 4.7: Alternative model fits: (a) piecewise linear model for Tx
c , and (b) constant

thrust zone model for T y
c .

4.3.2.2 Feedforward Multilayer Network Model Identification

Similarly to the Conventional Bollard Thrust Model, this section plugged the
data from Appendix B into different feedforward multilayer network designs.
Within the subsequent figures and tables, the abbreviations ‘br’, and ‘es’
respectively denote a Bayesian regulation and early stopping regulation scheme
(see Section 4.3.1.2). These abbreviations will be followed by two numbers which
indicate the amount of neurons in each hidden layer: e.g., ‘br5-0’, will only
have one hidden layer with five neurons, whereas ‘br3-3’ would have two hidden
layers with each three neurons. Furthermore, all networks used a tan–sigmoid
transfer function, tansig(·), for the activation functions of the hidden layers, i.e.,
σ(·) = tansig(·). Finally, note that all the training procedures of the artificial
neural networks within this study were initialised with random weights for the
network coefficients. This random initialisation can have an impact on the final
results. Therefore, all networks were trained five times and the subsequent
tables will show the average, minimum, and maximum final residual cost for
each network structure over all five of these training cycles. Analogously to
the Conventional Bollard Thrust Model, the model structures can be selected
based on a bias–variance trade-off which depends on the requirements of the
end user.

Steering-Grid Thruster

The networks for the steering-grid thruster used ng and αig for the input vector,
x, as these inputs also generated the experimental data, i.e., Dg(ng, αig). The
output vector of these networks, y, had only one element which constitutes the
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modelled thrust force, i.e., y = Tg. To exemplify the cost function calculation
and consequently the identification of its neural network, (eq. 4.10) calculates
the residual for a network which models the steering grid with one hidden layer
of three neurons by plugging (eq. 3.30) into (eq. 4.5), and thus by minimising:

E =
P∑
p=1

( 3∑
r=1

wrσ

( 2∑
j=1

vrjxj,p + βr

)
−D(ng,p, αig,p)

)2

, (4.10)

with nh = 3, m = 2, and l = 1 (and thus its index is omitted). Accordingly, in
matrix notation W ∈ R1×3, V ∈ R3×2, and β ∈ R3×1. The two input vector
elements, i.e., x1,p and x2,p are ng,p and αig,p, note that the superscript i from
the latter refers to the internal actuation angle and not to an element notation.
Depending on the selected training method, equation (eq. 4.10) can calculate
the residual for es-3-0 or br-3-0, shown in Table 4.6 which lists the residuals
of the final cost functions for all the identified network structures. Figure 4.8a
plots the identification results of three different network topologies which only
used one hidden layer that had two, three, or five neurons. Moreover, this figure
compares the early stopping and Bayesian regulation approaches. Based on this
plot, the Bayesian regulation outperformed the early stopping regulation. This
performance difference can also be seen in Table 4.6(a). In addition, Figure 4.8b
shows similar identification results for two different network architectures which
nested two hidden layers. Here too, one can observe the Bayes regulation method
outperforming the early stopping approach, on which Table 4.6(b) provides
further detail.

0 20 40 60 80 100 120 140 160 180
αig =αog  [°]

0

2

4

6

8

10

12

14

16

18

T
g
,D

g
 [N

]

es5-0
es3-0
es2-0

br5-0
br3-0
br2-0

data 500rpm
data 1000rpm
data 1500rpm

(a)

0 20 40 60 80 100 120 140 160 180
αig =αog  [°]

0

2

4

6

8

10

12

14

16

18

T
g
,D

g
 [N

]

es3-2
es3-1
br3-2
br3-1

data 500rpm
data 1000rpm
data 1500rpm

(b)

Figure 4.8: Identification results and regulation comparison multilayer feedforward neural
networks for the steering-grid thruster: (a) one hidden layer, (b) two hidden layers.
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Table 4.6: Residuals cost functions of the multilayer feedforward neural networks
for Figure 4.8: (a) one hidden layer, (b) two hidden layers.

(a)

Model Average Minimum Maximum

es5-0 37.91 12.86 71.26
es3-0 22.82 12.86 51.23
es2-0 22.66 8.33 52.80
br5-0 7.63 7.62 7.63
br3-0 8.38 8.37 8.38
br2-0 10.60 10.60 10.60

(b)

Model Average Minimum Maximum

es3-2 58.54 4.16 192.96
es3-1 80.16 4.16 235.70
br3-2 0.42 0.42 0.42
br3-1 0.37 0.37 0.37
br2-1 8.44 8.44 8.44

Four-Channel Thruster

This section constructs different networks with two hidden layers and a
Bayesian regulation approach for the four-channel thruster data. These specific
network architectures were chosen based on their performance in the results
of the Steering-Grid Thruster. Although all the developed networks used nc
and αic as their input values, three different approaches for the output, y, were
selected to illustrate the network-architecture flexibility:

(i) Fitting the orthogonally decomposed thrust forces separately, i.e.,
constructing two networks with one output each: one for deriving T xc
based on Dx

c , and analogously one for finding T yc based on Dc
y.

(ii) Fitting the orthogonally decomposed thrust forces simultaneously, i.e.,
constructing one network with two outputs: T xc and T yc .

(iii) Fitting the resulting thrust force and its orientation simultaneously, i.e.,
construction one network with two outputs, Tc and θoc .

Table 4.7 compares the final cost function residuals of different network
topologies for these three different cases. Firstly, regarding case (i), (a)
summarises the residuals for T xc and (b) for T yc . Secondly, concerning case
(ii), (c) shows the residuals of the chosen different network architectures to
model this network which has two outputs. Thirdly, for case (iii), (d) shows
a variety of model structures that represented this dual-output network. In
addition, Figure 4.9 illustrates the fitness of several identified models for cases
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(i)–(iii). To plot these identified network structures, one of the five runs of
the respective network designs was chosen at random. When one compares
case (i) to case (ii), hence comparing the plots Figure 4.9a and Figure 4.9b,
with Figure 4.9c and Figure 4.9d, the former seem to have less variance compared
to the latter. However, caution should be taken when one compares these plots as
they represent different network topologies, have different amounts of neurons,
and they are a random selection of one of the five network training cycles
performed on each network design.

Table 4.7: Comparison of the identification residuals: (a) for the networks of (i) that model
Tx

c , (b) for the networks of (i) that model T y
c , (c) for the networks of case (ii), and (d) for

the networks of case (iii).

(a)

Model Average Cost Minimum Maximum

br2-2 17,390.56 2338.70 77,598.00
br3-2 962.83 292.15 1130.50
br3-3 253.10 220.82 301.59
br4-2 31,144.55 211.31 77,597.00
br4-3 192.64 192.64 192.64
br4-4 89.83 28.53 181.78

(b)

Model Average Cost Minimum Maximum

br2-2 13,528.72 1252.90 62,631.00
br3-2 13,081.49 693.36 62,634.00
br3-3 299.16 114.91 636.50
br4-2 581.44 521.76 624.52
br4-3 388.45 4.24 518.54
br4-4 194.91 0.42 486.64

(c)

Model Average Cost Minimum Maximum

br3-4 703.25 32.14 1279.90
br3-5 299.07 33.31 695.43
br5-3 587.82 558.14 657.58
br4-4 336.92 26.42 575.19
br5-3 587.82 558.14 657.58
br5-4 16.85 3.73 67.21

(d)

Model Average Cost Minimum Maximum

br3-4 719.98 585.92 1256.20
br3-5 345.46 116.16 500.89
br5-3 27,349.43 748.15 34,017.00
br4-4 408.67 88.74 513.91
br5-3 27,349.43 748.15 34,017.00
br5-4 33,841.00 33,810.00 33,863.00
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Figure 4.9: Identification results multilayer feedforward neural networks for the
four-channel thruster. First, for case (i), the identified Tx

c in (a) and T y
c in (b) with

respective residuals 301.59 and 514.55. Second, for case (ii), the identified Tx
c in (c) and T y

c

in (d) with a network residual of 26.42. Third, for case (iii), the identified Tc in (e) and αo
c in

(f) with a final residual of 412.87.
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4.3.3 Discussion

The pure experimental data of Section 2.4.2 could also be used as tabular
models within manoeuvring models [68]. These data sets already expose
interesting results for both thruster designs. On the one hand, they show
the potential occurrence of a recirculation zone of flowing water for certain
positions of the steering grid. On the other hand, they highlight the rather
biased output angles of the resulting thrust forces of the four-channel thruster.
Nevertheless, additional experiments (e.g. with different channel geometries
and lengths, propeller diameters, or steering-mechanism designs) could provide
complementary insights in the complex flow phenomena arising inside these
thrusters. Given the complexity of the flow phenomena at hand, this work
offered two model structure methodologies for the bollard thrust forces.

Firstly, the results of the Conventional Bollard Thrust Model validated the
theoretical propeller-characteristics thrust model structures, using the Con-
ventional Bollard Thrust Model for both thruster designs by means of a bias–
variance trade-off. This trade-off indicates that the quadratic propeller-speed
dependency indeed forms a simple but generic description of the resulting
thrust forces for both embedded thruster designs at zero advance speed,
although more complex model structures could be selected if desired by the
end user. Moreover, results of the Conventional Bollard Thrust Model further
illustrated the successful modelling approach to capture the internal control-
angle dependent thrust deductions that exist in both propulsion systems.
Evidently, the aforementioned additional experiments could also help to further
refine these propeller-characteristics based thrust models.

Secondly, results of the Feedforward Multilayer Network Model demonstrated the
possibility to use the multilayer feedforward networks to grasp the complex water
flows, by implementing the Feedforward Multilayer Network Model. Bearing in
mind that these networks can serve as universal approximations of nonlinear
functions, they offer the capability to model more complex flow phenomena
that might occur during future experiments with dynamic propeller speeds or
when U 6= 0.

Figure 4.10 compares both model structure methodologies for the thrust forces
generated by the four-channel thruster. Figure 4.10a depicts the longitudinal
modelled forces, T xc , whereas Figure 4.10b shows the transversal modelled forces,
T yc . For T xc , a quintic model describes t(αic) in conjunction with Tm(n) = Tnnn

2

for the propeller characteristics-based model, whereas a Bayesian regulated
network of two hidden layers, with three neurons each, forms the neural network
structure. A similar approach describes the structures of T yc , only here t(αic) has
a quartic order. In both cases, i.e., Figure 4.10a and Figure 4.10b, the neural
networks seem to outperform the theoretically based models. Particularly
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in Figure 4.10b, the theoretical model generates a non-physical fit for αic ∈
[–150°, –180°] whereas the neural network does not. In Figure 4.10a, for αic ∈
[−60°, −120°] at nc = 1530 rpm, the theoretical model also offers an incorrect
higher thrust force compared to the neural network which is closer to the
data points. These differences could origin from the tendency of the higher
order polynomials of t(αic) to over fit to the data set, whereas the Ocam’s
razor principle from the Bayesian regulation helps to avoid this situation.
Nevertheless, Figure 4.10 offers an arbitrary exemplary comparison between the
different modelling methodologies, thus its findings should not be extrapolated.
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Figure 4.10: Comparison neural network and propeller-characteristics-based model fits for

(a) Tx
c and (b) T y

c .

Finally, the current and future identified model structures can provide inputs
to several applications. For instance, they can illustrate the achievable
forces for a certain thruster over its whole control domain as exemplified
by Figure 4.11. Furthermore, these models can be used to augment certain
links in the automation chain such as thrust allocation methods and motion
controllers. For example, an optimal thrust allocation algorithm calculates the
optimal thrust magnitudes and orientations for all onboard propulsion systems
in order to achieve the desired force and moment output which the motion
control calculated [247]. Several implementations of these algorithms exist,
such as a quadratic programming approach [144, 282], or by using a linear
pseudo-inverse model [4]. However, these approaches tend to model the thrust
forces as angle-independent, whereas the models of this work could be used to
provide more accurate, control-angle dependent, representations of these forces.
In addition, motion controllers could take the aforementioned and modelled
constant thrust zones into account, similarly to incorporating dead-zones [155,
226], further improving their performance. Furthermore, model predictive
control architectures could also benefit from the suggested physically-based
models as they can intrinsically integrate propulsion system limitations and
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states into their motion control design [143, 148]. Finally, note that, these
predictive controllers could also embed the developed neural networks [168].

Figure 4.11: Visualisation of the possible magnitudes and orientations of Tg modelled by
the quadratic thrust deduction model, i.e., polynomial order of t(αi

g) equals two, and a pure
quadratic ng–dependency, i.e., Tm(n) = Tnnn2, for a continuous area of (αi

g , ng) pairs. The
outer circumference of this plot shows the same information as the quadratic polynomial at

1500 rpm of Figure 4.4a.

4.4 Computational Fluid Dynamics Data

Section 4.4.1 discusses the implemented grid studies for the deep [197] and
shallow [66] water surge damping computations. Thereupon, Section 4.4.2
and 4.4.3 list their results, which Section 4.4.4 compares.

4.4.1 Grid Studies

Two KVLCC2 grids, with a refinement ratio of r =
√

2, investigated the grid
convergence for the deep water surge damping [197]. Accordingly, the spatial
discretisation error can be calculated by (eq. 4.11). This error can then be
used to estimate the Grid Convergence Index (GCI) [221] for both the normal
and finer grids (eq. 4.12), with p representing the order of convergence, and
Fs a safety factor (often conservatively taken as Fs = 3.0 when comparing
only two grids and as Fs = 1.25 when comparing three or more). The GCI
provides an indicative measure of the distance between the calculated value
and its asymptotic value. The GCI of the normal KVLCC2 grid (5 156 025
cells) was found to be approximately 7% [197]. The deep water calculations
for the CEMT–I hull were done with a slightly more refined grid (7 751 760
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cells, but in a longer computational domain, see Section 3.4.2) than the normal
KVLCC2 grid, hence the estimated GCI for the latter might be indicative
for the CEMT–I results, discussed by Section 4.4.2. For the shallow water
identification [66], three KVLCC2 grid refinements, also with r =

√
2, were

used. These grids were found to have an oscillatory grid convergence rate [120].
Given that these oscillations seemed to lie in the range of the experimental
measurement errors, the medium sized grid was chosen. A similar refinement
was used for the CEMT–I results, discussed in Section 4.4.3.

|εd| =
CFDn − CFDf

CFDf
(4.11)

GCIf = Fs|εd|
rp − 1 , GCIn = Fs|εd|rp

rp − 1 (4.12)

4.4.2 Deep Water Surge Damping

The emphasis was put on a conservative speed range: 0 m
s 6 u 6 1 m

s , in
line with the first outdoor experiments with the physical vessel. Table 4.13
summarises the numerical results. Figure 4.12 gives more physical insight in
the two outer test cases: u = 0.200 m

s and u = 1.000 m
s , with respective Froude

numbers Fn = 0.03 and 0.15. This figure compares both speeds on: (a)–(b) the
relative pressure of the water surface, (c)–(d) the elevation of this surface, and
(e)–(f) the speed and its flow on a longitudinal cut (xz-plane) at the bow of the
vessel. One can notice the rather uniform pressure field at 0.200 m

s evolving in
a wave-like pattern at the higher speed 1.000 m

s . The water level elevation also
demonstrates the growing wave pattern at the higher speeds, where peaks and
bottoms alternate throughout the elevation field. Forty contours further clarify
the surface elevation, which has a highest-peak-to-deepest-bottom range of
7 mm for the low speed and 52 mm for the high speed. Due to the low elevation
range of the 0.200 m

s case, most contours are lined around small fluctuations
close to the hull, diminishing their visibility.

Table 4.8: Deep water results for the KVLCC2 [237] and CEMT–I hulls.

KVLCC2 CEMT–I
u [m/s] CFD [N] % Error u [m/s] CFD [N]

0.944 22.64 -1.44% 0.200 1.08
0.981 24.32 -1.54% 0.400 3.72
1.057 27.88 -1.38% 0.600 8.08
1.132 32.02 -0.06% 0.800 14.16
1.208 36.28 0.39% 1.000 22.40
1.283 40.78 0.22% — —



78 IDENTIFICATION OF UNMANNED INLAND CARGO VESSELS

Relative pressure on the water surface.

(a) (b)

Elevation of the water surface with contours.

(c) (d)

Longitudinal speed and streamlines at a longitudinal cut at the bow.

(e) (f)

Figure 4.12: Comparison of pressure, elevation, and speed; left: u = 0.200 m
s , Fn = 0.03,

right: u = 1.000 m
s , Fn = 0.15.
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4.4.3 Shallow Water Surge Damping

The KVLCC2 benchmark hull for the shallow water validation cases had a
smaller length (of 4.27 m) than its deep water equivalent. Table 4.9 lists the
results for the KVLCC2 and CEMT–I hulls for 50% and 20% under keel clearance
(UKC) [66]. For the KVLCC2 hull, the errors between the experimental and
computational damping values are also listed.

Table 4.9: Shallow water results for the KVLCC2 and CEMT–I hulls at 20% and 50%
UKC [66].

Hull UKC [%] Speed [m/s] CFD [N] Error [%]

KVLCC2 50 0.416 3.05 -1.4
KVLCC2 20 0.416 3.60 -0.55
CEMT–I 50 0.20 1.31 —
CEMT–I 50 0.40 3.96 —
CEMT–I 20 0.20 1.70 —
CEMT–I 20 0.40 4.40 —

4.4.4 Comparison Deep and Shallow Water Surge Damping

Figure 4.13 compares the deep and shallow water results for the CEMT–I hull.
Figure 4.13a plots the CFD data for the deep water calculations together with
the identified surge damping model, DCFD(u) = 0.10u+ 22.12u2. Figure 4.13b
additionally shows the shallow water data. As to be expected, the damping
forces rise with decreasing UKC.

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Surge speed, u [m/s]

0

5

10

15

20

25

Su
rg

e 
da

m
pi

ng
, D

(u
) [

N]

D(u) = 0.10u + 22.12u² CFD data

(a)

0.0 0.1 0.2 0.3 0.4 0.5
Surge speed, u [m/s]

0

1

2

3

4

5

Su
rg

e 
da

m
pi

ng
, D

(u
) [

N]

720% UKC 50% UKC 20% UKC

(b)

Figure 4.13: Numerical results surge damping: (a) deep water data and fitted curve
FCF D(u) = 0.10u+ 22.12u2 for the CEMT–I hull, (b) shallow water data.
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4.5 Additional Test Manoeuvres

The existing standardised test manoeuvres aim to reveal the capability of
a vessel to perform certain manoeuvres. Hence, these tests allow for the
identification of certain hydrodynamic manoeuvring characteristics and metrics.
These characteristics can provide an operator with crucial information in order
to take correct and timely decisions to safely and effectively navigate the
vessel. The International Maritime Organization (IMO) issued the most-known
manoeuvrability standards which include checking the manoeuvring performance
of a vessel in terms of its inherent dynamic stability, course keeping ability,
initial turning and course changing ability, yaw checking ability, turning ability,
and stopping ability [118]. Note, however, that these IMO standards should be
applied to “ships of all rudder and propulsion types, of 100 m in length and over,
and chemical tankers and gas carriers regardless of the length [118]”. In Addition,
the manoeuvring committee of the International Towing Tank Conference
(ITTC) examined 19 manoeuvring tests proposed by various organizations
and recommended procedures and guidelines for 14 of them which are able to
measure the abovementioned characteristics [119]. Currently, the most widely
accepted tests for full scale trials seem to consist of the Turning Circle Test,
the 10/10 and 20/20 Zigzag Manoeuvre Test, and the Stopping Test.

However, the typical inland cargo vessel differs significantly from its seagoing
counterparts. Firstly, inland vessels tend to operate in spatially restricted
shallow or confined water without the help of tug boats. Therefore, they are
often built with multiple rudder and/or propeller configurations in order to
boost their manoeuvring performance [146]. Even the addition of an azimuth
thruster, or a transversal bow thruster, is not uncommon to further increase the
manoeuvrability of a vessel [147]. Secondly, the vertical restrictions in the inland
waterways usually result in speed regulations in order to avoid the touching
of the bottom due to the arising squat effect. Hence, inland vessels usually
perform their manoeuvres at low speeds and need to keep course under these
conditions. Thirdly, due to the horizontal restrictions such as banks, heavy
traffic in access areas, and the necessity of close passages in narrow sections of
canals, inland vessels also have to change their courses frequently and usually
do a manoeuvre similar to cars changing lanes on the road [145]. Therefore,
contrary to seagoing vessels, where course keeping dominates, the initial turning
and course changing ability are crucial metrics for inland vessels.
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Consequently, smaller vessels which navigate in restricted water with non-
conventional propulsion types, do not directly fall under these abovementioned
IMO standards [147]. Therefore, some authorities, like the CCNR [46] and the
European Commission [75], offered regional standards for inland vessels [217], for
example, the stopping and evasive capacity regulations [47, 145]. To offer more
insights in the manoeuvring performance of inland vessels in their environment,
Liu (2017 [145]) suggested additional manoeuvres and subsequent metrics for
inland vessels. This section expands these additional inland manoeuvres and
discusses the outdoor executions of some of these existing and newly added
manoeuvres with an unmanned autonomous inland cargo vessel. This section
continues as follows: section Section 4.5.1 lists some of the existing standardised
test manoeuvres, and afterwards it adds three new manoeuvres to this list.
Section 4.5.2 details the conducted experiments and Section 4.5.3 provides their
overarching discussion.

4.5.1 Method

First, Section 4.5.1.1 briefly discusses the existing manoeuvres which focus
on non-conventional propulsion systems of inland vessels. Afterwards, Sec-
tion 4.5.1.2 introduces additional test manoeuvres tailored for inland vessels
with non-conventional propulsion systems.

4.5.1.1 Existing Vessel Manoeuvres

In the proposed guidelines of the ITTC, 2 of the 14 tests mention the use of
a lateral thruster: (i) the Thruster Test suggests performing the turning or
zigzag manoeuvre with the lateral thruster as a steering input and the rudder
at midship, and (ii) the Crabbing Test suggests lateral movements at zero
forward speed [119]. Furthermore, in the proposed tests for inland vessels of
Liu (2017 [145]), the Hard Turning, T-junction, and Lane Changing tests can
use, and benefit from, non-conventional thrusters and their position.

4.5.1.2 Suggested Additional Vessel Manoeuvres

Given the fact that inland vessels tend to use non-conventional propulsion con-
figurations and non-conventional actuators, the here-suggested test manoeuvres
assume a generic inland vessel which has two propulsion systems: one at the
bow and one at the stern. Moreover, both propulsion systems are presumed to
have a controllable thrust force magnitude, T , and orientation, α. Evidently,
the maximum thrust force depends on the geometrical design of the system
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and the engine powering it, whereas the limits of its orientation lie between
[0°, 360°]. Alternatively, one can denote this orientation by measuring the angle
between T and the longitudinal axis of the vessel which points to the bow and
encapsulate this angle between [−180°, 180°] with a positive sign for counter-
clock-wise angles. Accordingly, for the remainder of this study, T ∈ [0, Tmax],
α ∈ [−180°, 180°], and the subscripts “s” and “b” will be used to denote the
stern and bow thruster respectively. Note that, it could happen that the internal
control angle of the actuation system, αi, and the orientation of the resulting
output force, αo, are not aligned. Under these assumptions, the following three
additional manoeuvring tests for inland vessels are suggested; the Counter
Thrust Test, the Sine Angle Test, and the Simultaneous Zigzag Test.

Counter Thrust Test

This test aims to locally rotate the vessel by covering as little space as possible.
For this purpose, both the bow and stern thruster should try to exert an equal
but opposite force. If the thrust forces do not equal each other in magnitude,
there will be a resulting lateral force which would make the vessel drift during
the manoeuvre. Evidently, this manoeuvre could be performed in a clock-wise
or counter-clock-wise turning direction, hence:

• Tb = Ts

• αib = 90° (or -90°)

• αis = -αib

Sine Angle Test

This test helps to uncover the broad spectrum of achievable turning rates. This
test can be performed for both thrusters separately, with the other thruster
providing no thrust at all, or another desired value. Furthermore, both thrusters
could perform the test simultaneously. The test parameters per thruster consist
of its thrust magnitude, the maximum angle of its orientation, and the frequency
of the applied sine function:

• T = chosen value

• αi = αimax sin(2πft)
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Simultaneous Zigzag Test

In line with the suggested additional zigzag manoeuvre from [119], where the
lateral thruster provides the steering, one could also instruct both thrusters to
work simultaneously. Towards this end, both thrusters should have an opposite
angle to cooperatively perform the zigzag manoeuvre:

• Tb = chosen value

• Ts = chosen value

• αib = chosen value (e.g. 30°/-30°)

• αis = - αib

4.5.2 Results

This section shows three of the aforementioned manoeuvres for inland vessels
that were performed with the Cogge on a lake in Rotselaar (Belgium). The
Cogge conducted all these experiments autonomously with no crew on board.
The values of the parameters of these tests were empirically chosen. The
superscript m denotes the measured values. Section 4.5.2.1 discusses an ITTC-
suggested manoeuvre, namely The Crabbing Test, whereas Section 4.5.2.2
and 4.5.2.3 respectively handle The Counter Thrust Test and The Sine Angle
Test manoeuvres. In order to give an idea of the testing conditions, a top view
photo of a counter-clockwise Counter Thrust Test can be seen in Figure 2.5d.

4.5.2.1 The Crabbing Test

Figure 4.14a shows all the system states measured during the 40 s crabbing
manoeuvre, i.e., propeller speeds, n, and internal thruster angles, αi. The
vessel performed a starboard crabbing manoeuvre with simultaneously changing
propeller speeds for the bow and stern thruster. Ideally, both thrust forces exert
an equal but opposing torque on the vessel such that the vessel does not rotate.
During the experiment, an empirically derived propeller speed ratio was used
to achieve this. Figure 4.14b plots the measured headings (relative to the start
heading) and yaw-rates which indicate that the vessel kept a rather straight
orientation during the whole manoeuvre. Finally, Figure 4.14c displays the
trajectory the main GNSS mushroom covered, positioned at the vessel stern.
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Figure 4.14: The Crabbing manoeuvre with (a) αi
b = αi

s = 90°, nb = 0 to 2150 rpm using a
staircase profile, and ns = 0 to 700 rpm using a staircase profile, (b) shows the measured

headings and yaw-rates, and (c) shows the trajectory of the main GNSS mushroom.

4.5.2.2 The Counter Thrust Test

Figure 4.15a demonstrates the measured system states during the performed
counter-clockwise Counter Thrust Test. Here too, a propeller speed ratio was
used in order to provide approximately equal thrust magnitudes, similarly
to Section 4.5.2.1. As the measured headings of Figure 4.15b illustrate,
the Cogge rotated almost twice over the 60 s time span of the manoeuvre.
Lastly, Figure 4.15c exposes that the Cogge did not drift far during the
experiment, as the position of the main GNSS mushroom, which is placed
at the stern of the 4.8 m long vessel, described a spiraled-ellipse shape within
a 5.0 m by 5.5 m rectangular box. The spiral shape of the GNSS mushroom
antenna indicates that there was a small deviation of the starting position which
might be caused by: (i) the error on the experimentally tuned propeller speed
ratio which could be diminished in the future, and (ii) external disturbances
which might have been present.
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Figure 4.15: Counter-Clockwise Counter Thrust manoeuvre with (a)
αi

b = −90°, αi
s = 90°, nb = 0 to 2450 rpm using a staircase profile, and ns = 0 to 1300 rpm

using a staircase profile, (b) shows the measured headings and yaw-rates, and (c) shows the
trajectory of the main GNSS mushroom.
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4.5.2.3 The Sine Angle Test

Figure 4.16a depicts the measured system states during a Sine Angle Test
conducted by the bow thruster, hence the system states for the stern both
equalled zero. The bow propeller reached a rotational speed of 2050 rpm and
the angle of the steering grid oscillated between [-180°, 180°] over a period of
40 s, which resulted in the measured headings and yaw-rates of Figure 4.16b.
These yaw-rates offer an impression of the achievable turning rates of the vessel
at low advance speeds. Evidently, the same manoeuvre could be performed over
a longer period, giving the yaw-rates more time to settle, or with higher vessel
speeds. Finally, Figure 4.16c portrays the distance covered by the main GNSS
mushroom during this experiment.
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Figure 4.16: Sine Angle Test with the bow thruster: (a) αi
b oscillating between

= [−180°, 180°] over 40 s, nb = 2050 rpm, αi
s = 0°, and ns = 0 rpm, (b) shows the measured

headings and yaw-rates, and (c) shows the trajectory of the main GNSS mushroom.

4.5.3 Discussion

This section suggested additional test manoeuvres focussing on vessels with
highly manoeuvrable actuation configurations: (i) the Counter Thrust Test,
which can judge the turning capabilities of the vessel in spatially restricted areas,
(ii) the Sine Angle Test, which can uncover a wide range of achievable turning
rates, and (iii) the Simultaneous Zigzag Test, which can utilise the full capability
of the vessel to perform a regular zigzag test. In addition, three manoeuvres
were conducted with an unmanned autonomous inland cargo vessel; one existing
manoeuvre: The Crabbing Test, and two here-proposed manoeuvres: The
Counter Thrust Test, and The Sine Angle Test. The successful execution
of these manoeuvres provided fruitful insights in the dynamic capabilities of the
vessel at hand. For example, the Counter Thrust Test showed how the vessel
can rotate locally with little drift. Presently, the newly suggested manoeuvres
have not been tested repeatedly under the same experimental conditions, which
should be done in the future to investigate their repeatability.
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4.6 Decoupled Hydrodynamic Motion Models

No public hydrodynamic data appear to be available for the CEMT type I–II
hulls, and little for inland vessels in general [145, 146, 225]. In addition, the novel
self-propelled watertruck barges have a non-conventional propulsion system
consisting of two fully nested and 360-degree-steerable actuators: a steering
grid thruster in the bow and a four-channel thruster in the stern, for which
little or no models or data seem to be available too. Therefore, this section
identifies the Selected Decoupled Hydrodynamic Motion Models for surge, sway,
and yaw. This decoupling offers insights in the vessel manoeuvrability on the
one hand, and enables a focused investigation of the thruster models on the
other hand. More precisely, this section used the Cogge to:

(i) Provide two identification methods to determine the coefficients of these,
or other, manoeuvring models: the Force Balance Method (FBM), and
the Differential Equation Method (DEM).

(ii) Benchmark the results of the surge models with data from both the
abovementioned Deep Water Surge Damping CFD study [197], the
empirical approach suggested by Kristensen et al. (2013 [131]), and the
bollard pull data of Appendix B [194].

(iii) Provide all these experimental data sets, see Supplementary Materials of
Peeters et al. (2020 [203]), together with the details of the utilised data
logging and processing approaches.

The achievement of these aims provides more understanding of the manoeuv-
rability of these vessels and the potential hydrodynamic models to predict
such movements in surge, sway, and yaw. In addition, these decoupled
models present a stepping stone for subsequent coupled models in the future,
and the supplemental experimental data unlock the possibility for other
researchers to investigate this novel watertruck fleet. This section continues as
follows: Section 4.6.1 lists the experimental design for the data generation
which served as inputs for the identification procedures of Section 4.6.2.
Thereupon, Section 4.6.3 explains the model structure selection procedures
of the results of Section 4.6.4. Finally, Section 4.6.5 provides an overarching
discussion of these results.

4.6.1 Experimental Design

The Cogge served as the experimental platform of this section. The following
subsections will detail its configurations during the conducted experiments.

https://doi.org/10.3390/jmse8110889
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4.6.1.1 Configuration Sensors

The IMU sensor ran a real-time extended Kalman filter at 200 Hz, where it
received corrective steps from the GNSS unit at 5 Hz. A calibration procedure
— to find the position and orientation differences between the IMU and GNSS
sensors — was conducted using the IMU software; more details and a benchmark
of this procedure can be found in Yayla et al. (2020 [297]). In this study,
both the GNSS sensor and the IMU internally logged Pulse Per Second (PPS)
synchronised data at 50 Hz. The GNSS sensor also sent the Coordinated
Universal Time (UTC) to the I-PC, where the MOOS middleware logged these
data together with the desired and measured actuation system states which were
requested at 20 Hz. Accordingly, the UTC stamps provided the connection for
the post-processing synchronisation of all the relevant data; see Section 4.6.1.3.

4.6.1.2 Decoupled Surge, Sway, and Yaw Motion Experiments

In the comparative review of identification papers on ship manoeuvring models
in Herrero et al. (2012 [106]), it can be noted that most studies use standard
manoeuvres as inputs. In this study, the decoupled motions of surge, sway,
and yaw need to be excited independently over a variety of speeds, in order
to generate data for the models of the Selected Decoupled Hydrodynamic
Motion Models. Table 4.10 shows that the actuation system of the Cogge
enables three sub-modes to generate surge motion data: (i) bow thruster only,
named “Bow”, (ii) stern thruster only, named “Stern”, and (iii) both thrusters
simultaneously, named “Dual”. In addition, the Cogge can sway to the “Left” or
to the “Right”, not unlike the crabbing test manoeuvres [119]. Finally, a counter
thrust test as suggested by Peeters et al. (2020 [199]) can be performed clockwise
or counter-clockwise, named “CW” or “CCW”, to induce the yaw motion data.

For each of the aforementioned sub-modes, three desired time-dependent
propeller speed missions, ndb/s(t), were requested from the thrusters named
“Ramp”, “Stairs”, and “Step” in Table 4.10, and each mission was conducted
twice. Figure 4.17 illustrates the three different desired and measured, nmb/s(t),
time-dependent propeller speed profiles. The first batch of missions, denoted
by “m1”, were conducted in calm weather conditions, whereas a slight 1–2
Beaufort wind picked up during the second batch, “m2”, which can also be seen
in the Exemplary Data Yaw Missions. For the surge missions, both thrusters
had an equal internal angle, αib/s = 0°, for the sway missions both angles
were oriented sideways, αib/s = 90° or = −90° , and for the yaw missions
both thrusters had opposite sideways angles, αib = −αis = 90° or = −90°.
The requested and measured rotational speeds for all missions can be found in
the Supplementary Materials of Peeters et al. (2020 [203]). For the sway and yaw

https://doi.org/10.3390/jmse8110889
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motions, the ndb/s were manually determined during the experiments and set to
ndb = 2000 rpm and nds = 500 rpm for all their sub-modes. This speed ratio gave
good visual results — by watching the vessel motion from inside a supply vessel
— for both sway and yaw, but it might have introduced a small discrepancy:
since a no-yaw requirement needs equal but counteracting moments of the
thrusters, and a no-sway requirement needs equal but counteracting forces of
these thrusters. Given the different lever arms of both thrusters, see Figure 3.3,
it might be assumed that one cannot achieve both situations, i.e., no yaw during
sway and vice versa, with the same propeller speed ratio, although this depends
on the potential speed-dependency of the thrust forces which was unknown
during the experiments.

Table 4.10: Overview of all decoupled motion model experiments.

Surge Sway Yaw

nd
b/s

(t) Bow Stern Dual Left Right CW CCW

Ramp m1, m2 m1, m2 m1, m2 m1, m2 m1, m2 m1, m2 m1, m2
Stairs m1, m2 m1, m2 m1, m2 m1, m2 m1, m2 m1, m2 m1, m2
Step m1, m2 m1, m2 m1, m2 m1, m2 m1, m2 m1, m2 m1, m2
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0 10 20 30 40 50 60 70
Time [s]

0

500

1000

1500

2000

2500

Pr
op

el
le

r S
pe

ed
 [r

pm
]

ndb

nmb

nds

nms

(c) dual–step–m1

Figure 4.17: Time-dependent speed profiles, desired, nd
b/s

, and measured, nm
b/s

, values: (a)
ramp profile for a bow thruster mission, (b) stair profile for a stern thruster mission, and (c)

a step profile for a dual thrusters mission.

4.6.1.3 Data Post Processing

Due to the different data logging locations and frequencies (see Configuration
Sensors), the relative time vector of the MOOS database needed to be converted
to UTC stamps, and the MOOS data needed to be merged with the other
sensor data. Consequently, the following manipulations were done to the MOOS
data using the Pandas package [260] in Python version 3 [270]: (i) the time
vector was converted to a UTC time vector, (ii) the data were clipped to their
relevant mission time range, (iii) the offsets in relative time and position were
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removed, (iv) the variables were linearly interpolated, given that MOOS allows
for asynchronous data logging, and (v) the resultant data were upsampled to
50 Hz. Afterwards, these data were merged with the IMU and GNSS data based
on the UTC time vector. The potential time delays between a measurement
and its log were assumed negligible and irrelevant compared to the studied
vessel dynamics.

The Supplementary Materials of Peeters et al. (2020 [203]) holds the results of
these manipulations for the variables used in this study in a file per mission,
structured according to the taxonomy of Table 4.10. As a result, each mission
file contains: (i) a relative time vector, (ii) the position data of the main
GNSS mushroom, which were calculated in the MOOS in real-time using the
driver from [167], (iii) the desired and measured αib/s and nb/s from the MOOS,
(iv) the roll, pitch, and yaw angles from the IMU, (v) the yaw-rate from
the IMU, (vi) the northern and eastern speeds from the IMU, and (vii) the
surge and sway accelerations from the IMU. Note that the IMU publishes
these accelerations in a horizontal ship reference frame where the gravity
vector has been taken into account. This horizontal frame aligns with the
aforementioned Modelling Assumptions. In combination with the decoupled
design of the experiments, and thus by neglecting other motions, one can assume
these accelerations to be equal to those at the centre of gravity for the surge
and sway experiments.

Based on the logged northern and eastern speeds, the course over ground was
calculated which allowed the determination of the drift vector. Thereupon,
the surge and sway speeds were calculated based on the total speed and drift
vectors. In addition, the yaw-accelerations were calculated using the gradient
function from Numpy [102]. Finally, all data — to have similar distortions on
each variable — were filtered forward and backward — to avoid phase distortions
— using a low pass Butterworth filter of order 2 with desired cutoff frequency
of 0.3 Hz and Nyquist frequency of 25 Hz, by using the Scipy package [276].
Note that these calculations and filters were not added or performed on the
Supplementary Materials of Peeters et al. (2020 [203]), in order to provide the
original as-measured data sets.

4.6.2 Identification Methods Decoupled Models

The offline identification of hydrodynamic vessel models can be roughly divided
into frequency and time domain methods [106, 148, 207]. This section uses two
different time domain approaches of which the usage need not be restricted
to the suggested models. The Force Balance Method uses the instantaneous
force balance of the dynamic equations, given that all inputs and outputs

https://doi.org/10.3390/jmse8110889
https://doi.org/10.3390/jmse8110889
https://doi.org/10.3390/jmse8110889
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were measured during the experiments. The Differential Equation Method
integrates the system dynamics by solving its differential equations. For each
model structure x ∈ [a, · · · , i] and motion d ∈ [u, v, r], both methods called the
bounded nonlinear least squares function of Virtanen et al. [276], which uses a
thrust-region reflective method based on Branch et al. [34] to minimise a cost
function, Exd (θxd), for k sets of data by altering the values of their parameter
vector θxd :

Exd (θxd ) =
i=k∑
i=1

Exdi(θ
x
d ). (4.13)

To each translational training mission, i.e., d ∈ [u, v], a bias term βdi was
added as an external force, which was intended to capture the static parts
of the wind forces. Accordingly, the vector βd = [βdi , . . . , βdk ] was added
to the θxd vectors of the surge and sway cases. In other words, for these two
cases, the k training missions share the unknown parameter vector θxd but each
mission has an individual bias term βdi . To facilitate the notation of the cost
functions in the Force Balance Method and the Differential Equation Method,
let the matrices ydi = [ḋi,d3

i ,d
2
i ,di] accumulate all the speeds and their

quadratic and cubic values, and the accelerations for each d ∈ [u, v, r]. Similarly,
let xdi = [nms ,nmb ,αms ,αmb ] capture all the measured thruster states. For xui
and xvi , the outputs ui and vi should be added too, given that some thruster
models depend on these speeds. Similarly, xri needs to be appended with the
calculated transversal speeds at the thrusters: vb,i and vs,i. Consequently, each
parameter vector θxd can be similarly divided into two parts which accumulate
the parameters relevant for ydi and xdi respectively: θ

xy
d and θxxd . Finally, all

“left” and “CCW” missions were transformed to “right” and “CW” missions by
changing the signs of the measurements.

4.6.2.1 Force Balance Method

Using the knowledge from (eq. 3.2–3.4), i.e., the inertial and damping forces
should equal the thrust forces, and by adding the individual potential wind bias
term for each translation mission, the following three equations show the cost
functions for k training sets for the surge, sway, and yaw methods respectively
using the FBM approach:

Exu(θxu, βu) =
i=k∑
i=1

Exui(θ
x
u, βui) =

i=k∑
i=1

(
θ
xy
u yui − θxxu xui − βui

)2
, (4.14)

Exv (θxv , βv) =
i=k∑
i=1

Exvi(θ
x
v , βvi) =

i=k∑
i=1

(
θ
xy
v yvi − θxxv xvi − βvi

)2
, (4.15)
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Exr (θxr ) =
i=k∑
i=1

Exri(θ
x
r ) =

i=k∑
i=1

(
θ
xy
r yri − θxxr xri

)2
. (4.16)

4.6.2.2 Differential Equation Method

In order to integrate the differential equations of motion, only the measured
αib/s and nb/s are needed in combination with the initial vessel speed, which
provides the start condition. These integrations were done using the “odeint”
function from the SciPy python package [276] which calls the “lsode” solver
from the FORTRAN library “odepack” [108]. To further clarify this approach,
Equation (eq. 4.17) expresses such a differential equation forM(θev) of (eq. 3.33):

v̇ = T b,90
nn n2

b + T s,90
nn n2

s − Yvvv2 − Yvv
M + Yv̇

. (4.17)

Integrating (eq. 4.17) for each time period of 20 ms, where the associated
propeller speed and angle measurements are updated accordingly, generates a
vector, v̂, with the predicted sway speeds for that mission. The vectors û and r̂
can be calculated analogously. The DEM cost functions aim to minimise the
difference between these predicted speeds and the measured speeds by changing
the values of θxd and βd, as respectively shown for surge, sway, and yaw speeds:

Exu(θxu, βu) =
i=k∑
i=1

Exui(θ
x
u, βui) =

i=k∑
i=1

(
ui − ûi(t,xui ,θxu, βui)

)2
, (4.18)

Exv (θxv , βv) =
i=k∑
i=1

Exvi(θ
x
v , βvi) =

i=k∑
i=1

(
vi − v̂i(t,xvi ,θxv , βvi)

)2
, (4.19)

Exr (θxr ) =
i=k∑
i=1

Exri(θ
x
r ) =

i=k∑
i=1

(
ri − r̂i(t,xri ,θxr )

)2
. (4.20)

Thus, this DEM method uses an implementation of the prediction error
method philosophy [208]. In comparison to methods using the known predictor
equation [12], which only predicts one step ahead based on the previous
measurement, the DEM method can predict the speed profile for the whole
time range based on θxd and βd. Furthermore, the equations of motion need no
linearisation, which often is the case (e.g. [245, 246]), and no direct accelerations
need to be used. The extended Kalman filter of the IMU does use these
accelerations to calculate its speeds, so they are implicitly nested in the
cost functions.
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4.6.3 Model Structure Comparison and Selection

Section 4.6.3.1 offers the comparison potential for the surge identification results
with external data sets from a CFD study and from an empirical approach.
Afterwards, Section 4.6.3.2 briefly lists the comparison possibilities solely using
the data of this study.

4.6.3.1 Comparisons with External Data

Peeters et al. (2018 [197]) applied CFD to investigate the surge resistance of
the Cogge, see Section 3.4 and 4.4.2 for more details. Figure 4.12 illustrated
some of the CFD results where the Cogge had a draft of TCFD = 0.23 m and
a simulated surge speed of u = 0.2 or u = 1.0 m

s . Figure 4.12e and 4.12f
demonstrate that, during the initial design phase, the steering-grid thruster at
the bow protruded the vessel hull. The physical Cogge has no such protrusion,
since its thrusters are fully embedded. In addition, these simulations were
done with a total vessel height of 0.35 m, whereas the final hull has a height
of approximately 0.43 m, if sensor extensions are neglected. Bearing these
assumptions and discrepancies in mind, the CFD calculations resulted in the
following second order approximation of the surge damping forces:

DCFD(u) = 22.12u2 + 0.10u. (4.21)

Kristensen et al. (2013 [131]) extensively reported on an empirical approach
based on the ITTC-1957 method [171] to estimate the damping forces of a
vessel. Accordingly, the total resistance coefficient CT can be approximated
by (eq. 4.22), with RT being the total resistance, S the wetted surface, and the
following coefficients: CF the frictional resistance, CA the incremental resistance,
CAA air resistance, and CR the residual resistance. Applying the method from
Kristensen et al. (2013 [131]), the following estimations and calculations were
made: (i) S according to (eq. 4.23), where ∇ denotes the displacement and Lwl
the waterline length, (ii) CF by (eq. 4.24), where Re represents the Reynolds
number and ν the kinematic viscosity, (iii) CA = 0.0004, given that the hull was
not produced according to towing tank standards, and its surface roughness
is more in line with larger vessels, (iv) CAA = 0.00007 given that the vessel
has plenty of extensions on its deck, and finally (v) for the estimation of CR,
Harvald et al. (1983 [103]) provided diagrams based on the length-displacement
ratio Md, prismatic coefficient CP where CM denotes the midship coefficient,
and the Froude number Fr — see (eq. 4.25) for their definitions. This diagram
estimation, CRd , should be corrected for several factors,

∑
CRcorr : the position

of the centre of buoyancy, hull shape and form, bulbous bow shapes, and the B
T

ratio — see (eq. 4.26). Based on Appendix I from Kristensen et al. (2013 [131]),
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CRd = 0.001, and only a correction for B
T was added by the following equation:

CR
corr,B

T

= 0.16(BT − 2.5) × 10−3.

CT = CF + CA + CAA + CR = RT
0.5ρSu2 (4.22)

S = 0.99(∇
T

+ 1.9LwlT ), ∇ = M

ρ
(4.23)

CF = 0.0075
(log(Re)− 2)2 , Re = uLwl

ν
(4.24)

Md = Lwl
∇1/3 , CP = CB

CM
, Fr = u√

gLwl
(4.25)

CR = CRd +
∑

CRcorr (4.26)

Table 4.11 lists the additional measured, calculated, or estimated parameters of
the geometry of the Cogge. The measured draft of 0.22 m would equal a vessel
weight of 623 kg, and vice versa, the measured weight of 590 kg would generate a
draft of 0.21 m. The latter weight and draft have been used for the calculations
in this study. The geometry of the Cogge, with a CB = 0.95, lies outside the
boundaries of some parts of the empirical method of Kristensen et al. (2013 [131]).
Consequently, it is not straightforward to read, or extrapolate, the right CRd
from the diagrams, or to apply all these suggested CR corrections; hence, only
the B

T correction was added. Considering these limitations, made assumptions,
and the neglected additional corrections, the predicted damping forces by this
empirical method can thus be reasonably assumed to serve as an underestimation
of the actual damping forces. Calculating RT via (eq. 4.22) with u = 1.0 m

s ,
ρ = 997 kg

m3 , ν = 1.15 × 10−6 m2

s was used to define (eq. 4.27), by fitting a
quadratic curve through this calculated point.

DEmp(u) = 11.82u2 (4.27)

Table 4.11: Measured, calculated, or estimated parameters of the Cogge.

Parameter Symbol Measured Calculated Estimated Units

Draft T 0.22 ± 0.02 0.21 – [m]
Length waterline Lwl 4.75± 0.02 – – [m]
Mass M 590 ± 10 623 – [kg]
Midship section coefficient CM – – 0.99 [131] [-]
Prismatic coefficient CP – 0.96 – [-]
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4.6.3.2 Comparisons with Internal Data

In addition to the two external data comparisons of Section 4.6.3.1, this section
briefly handles three approaches to compare the model structures in this
section, based solely on the present experimental data. First, one can use
both identification methods of Section 4.6.2 for the same model structures
and see whether both methods independently achieve similar results, which
might hint at a good underlying model structure. Second, one can compare the
final cost of (eq. 4.13) between model structures for an identification method.
Note that one should not compare these costs between identification methods,
given their different cost function declarations. Third, for both identification
methods, all the data have been split into a verification and a validation set.
The former groups all the training missions, whereas the latter gathers the
missions which were not used during the identification procedure. Table 4.12 lists
these manually selected validation missions. These missions were chosen to be
the missions with the highest initial conditions, i.e., vessel speeds. Accordingly,
a robust test set of data is offered to investigate the model structures and
identification methods of this study. This selection should also increase the
performance of the FBM, which is more sensitive to the start conditions.

Table 4.12: Manually chosen validation missions.

Surge Sway Yaw

bow–ramp–m2 left–ramp–m2 cw–ramp–m1
bow–step–m1 left–stairs–m2 cw–step–m2
stern–ramp–m1 right–step–m2 ccw-stairs–m1
stern–stairs–m1
dual–ramp–m2
dual–stairs–m2

4.6.4 Results

Section 4.6.4.1, 4.6.4.2, and 4.6.4.3 respectively discuss the results for the surge,
sway, and yaw motion models. Each section starts with plotting experimental
data, continues with the identification and comparison of their model structures,
and ends with a suggested model selection.



DECOUPLED HYDRODYNAMIC MOTION MODELS 95

4.6.4.1 Results of Surge Motion Models

Exemplary Data Surge Missions

Figure 4.18 summarises the relevant measured data, which were processed
according to Section 4.6.1.3, from the first-step mission with both thrusters on.
Figure 4.18a reveals that the measured nb and ns overshot before they reached
their requested values. This behaviour offers a richer data set, and can also be
noted in the measured u̇. Figure 4.18b, and Figure 4.18c confirm that the sway
speeds remained small compared to the surge speeds, and that the heading did
not change much during the mission.
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Figure 4.18: Data fetched during the first surge dual step mission: (a) surge speed and
acceleration, (b) sway speed and acceleration, and (c) heading and yaw-rate.

Surge Model Structures Identification and Comparison

The surge motion sub-mode experiments enabled data to be recorded where the
thrusters did not cooperate. These independent operation modes, in combination
with the dual modes, might offer the most versatile data sets in this study. For
this reason, all the surge models,M(θxu), have been identified by both the FBM
and DEM, once using physical boundaries on the thruster parameters, and once
with unbounded thruster coefficients, denoted by the superscripts B and U

respectively. For both the bounded and unbounded training runs, the initial
guesses T 0,b

nν0
= T 0,b

nnν0
= T 0,s

nν0
= T 0,s

nnν0
= 0. The initial guesses for T 0,b

nn0
=

13.7
(1500)2

N
rpm2 and T 0,s

nn0
= 135

(1545)2
N

rpm2 were calculated based on the towing
tank data by assuming a purely quadratic fit to the data points at the highest
measured propeller speeds, see Appendix B.

For the unbounded training, T 0,b
nν , T

0,b
nnν , T

0,s
nν , T

0,s
nnν ∈ [0,−∞], and T 0,b

nn , T
0,s
nn ∈

[0,+∞]. For the bounded training T 0,b
nn ∈ [0.85 × T 0,b

nn0
, 1.15 × T 0,b

nn0
], and

T 0,s
nn ∈ [0.25 × T 0,s

nn0
, 1.10 × T 0,s

nn0
]. These boundaries aim to: (i) take into

account the data measurement uncertainty of both thrusters [206], (ii) allow
some slack, given that higher rotational speeds were used compared to the
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towing tank data, (iii) study the now fully embedded steering grid, whereas
it was not embedded in Appendix B, and (iv) investigate the installed flow
straightener [194] in the stern thruster which was not installed during the
towing tank experiments (see Section 5.4.1.1 and Appendix B). Finally,
the T 0,b

nν , T
0,b
nnν , T

0,s
nν , T

0,s
nnν had an upper limit of zero, and an lower limit which

would induce a thrust reduction the size of the available thrust which was taken
to be 85% of the initial guess. More precisely, these lower limits were calculated
using the following data of two independent step missions: nb = 2700 rpm,
u = 1.2 m

s for the bow, and ns = 1400 rpm, u = 0.8 m
s for the stern.

The initial guesses and the boundaries for the added mass and damping models
stayed the same throughout all model structures for both the bounded and
unbounded methods. The initial guess of Xu̇ = 35.4 Ns2

m equalled the upper limit
of (eq. 3.5). To potentially compensate for the weight measurement accuracy,
the high CB, and the geometry of the Cogge, this added mass received the
following training boundaries Xu̇ ∈ [25, 75]. The present damping parameters
received an initial value of seven and the training limits Xuuu, Xuu, Xu ∈ [0, 100].
Evidently, if a damping or thruster parameter was not in θxu it was not used
during its model fit.

Table 4.13 summarises the residuals of the bounded and unbounded FBM and
DEM cost functions for all the surge model structures, i.e., (eq. 4.14)
and (eq. 4.18) for x ∈ [a, · · · , i]. Table 4.14 zooms in on the DEMB by listing its
identified coefficients. The coefficients for DEMU , FBMB , and FBMU , can be
respectively found in the Table D.1–D.3. Based on these identified coefficients,
Figure 4.19 plots the predicted speed profiles, simulated by the differential
equations, for all the model structures with a quadratic damping model,
i.e., M(θbu), M(θeu), and M(θhu), for three validation and three verification
cases. The bias term for each mission was determined by retraining (eq. 4.14) or
(eq. 4.18) for only one mission using the identified coefficients and only allowing
βui to vary. For both the validation and the verification missions, the FBMB

seems to better capture the data compared to its unbounded alternative. For the
bounded and unbounded DEM, there seems to be no significant difference,
which can also be noted by the final costs of Table 4.13. In general, when
judging the model structures on their ability to capture the shape of the data
sets, the speed-independent thruster model, M(θeu), looks to perform the
worst, which Table 4.13 might be confirming, given that this model structure
consistently has a higher final cost compared toM(θbu) andM(θhu) for all the
listed identification approaches.
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Table 4.13: Final costs for the surge identification methods.

θau θbu θcu θdu θeu θ
f
u θ

g
u θhu θiu

FBMB 44,306.46 44,460.31 50,313.20 79,170.60 80,628.91 121,466.91 59,083.96 59,675.91 63,849.69
FBMU 43,361.09 43,361.09 44,946.84 144,849.19 85,623.04 228,775.01 59,083.96 45,0793.14 63,572.62
DEMB 13.69 14.36 18.25 35.64 45.28 92.83 19.13 20.77 23.67
DEMU 13.69 14.24 15.31 36.19 45.33 92.83 19.14 20.79 23.69

Table 4.14: Identified surge model coefficients for bounded DEM.

θau θbu θcu θdu θeu θfu θgu θhu θiu

cost 13.7 14.4 18.2 35.6 45.3 92.8 19.1 20.8 23.7
Xu̇ 25.7 25.0 25.0 75.0 75.0 58.6 30.5 39.8 27.7
Xuuu 8.11 0.00 0.00 25.0 0.00 0.00 12.8 0.00 0.00
Xuu 0.00 11.0 0.00 0.00 36.3 0.00 0.00 13.6 0.00
Xu 14.7 10.8 19.0 15.9 3.77 39.3 17.6 14.0 22.9
T 0,b
nn 6.92 × 10−6 7.00 × 10−6 7.00 × 10−6 6.03 × 10−6 6.02 × 10−6 5.42 × 10−6 5.50 × 10−6 6.21 × 10−6 6.99 × 10−6

T 0,s
nn 2.62 × 10−5 2.66 × 10−5 2.75 × 10−5 1.69 × 10−5 1.62 × 10−5 1.68 × 10−5 2.58 × 10−5 2.71 × 10−5 2.81 × 10−5

T 0,b
nν −7.02 × 10−3 −7.54 × 10−3 −8.79 × 10−3 0.00 0.00 0.00 0.00 0.00 0.00
T 0,s
nν −2.67 × 10−2 −2.78 × 10−2 −3.00 × 10−2 0.00 0.00 0.00 0.00 0.00 0.00
T 0,b
nnν 0.00 0.00 0.00 0.00 0.00 0.00 −3.55 × 10−7 −1.42 × 10−6 −2.98 × 10−6

T 0,s
nnν 0.00 0.00 0.00 0.00 0.00 0.00 −1.52 × 10−5 −1.70 × 10−5 −1.89 × 10−5
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Figure 4.19: Comparison FBMB , FBMU , DEMB , and DEMU identification methods for the different thruster models with quadratic
damping models: (a–d) validation mission: bow–step–m1; (e–h) validation mission: stern–ramp–m1; (i–l) validation mission:

dual–stairs–m2; (m–p) verification mission: bow–step–m2; (q–t) verification mission: stern–ramp–m2; and (u–x) verification mission:
dual–stairs–m1.
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Surge Model Selection

Figure 4.20a–4.20d compares the identified cubic damping models for the three
different thruster models, i.e., M(θau), M(θdu), and M(θgu), with the curves
defined by (eq. 4.21) and (eq. 4.27). The damping models for the speed-
independent thruster model seem to be consistently too large for both the
FBMB,U and DEMB,U . Figure 4.20e–4.20h similarly contrasts the identified
bollard thrust forces of the bow thruster, together with its experimental
data — where this thruster was not placed in a ship hull. Note that
this comparison was not made for the stern thruster due to its installed
flow straightener which would make it an unfair benchmark. Evidently,
the bollard thrust forces for the bounded FBM and DEM stay close to
the experimental data. However, both unbounded methods do stay within
a close range too, which might hint at a good model structure and/or
identification methodology. Finally, the conventional thruster model seems
to perform well according to Table 4.13, Figure 4.19, and Figure 4.20, for
both DEMB and DEMU . Furthermore, given the small differences in identified
thruster coefficients between DEMB and DEMU , Figure 4.21 illustrates the
three different damping models for this thruster model identified by DEMB.
In particular, Figure 4.21a–4.21c shows the simulated model responses for the
three validation cases, Figure 4.21d compares the damping forces with the
curves from (eq. 4.21) and (eq. 4.27), and Figure 4.21e and Figure 4.21f predict
the bollard thrust forces.
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Figure 4.20: Comparison of bounded and unbounded FBM and DEM surge identification
methods for the cubic damping models: (a–d) predicted damping models in comparison with
Peeters et al. (2018 [197]), i.e., (eq. 4.21) and Kristensen et al. (2013 [131]), i.e., (eq. 4.27);
and (e–h) predicted bollard pull forces of the bow thruster in comparison with the towing

tank data from Peeters et al. (2020 [206]).
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Figure 4.21: Comparisons of different damping models for the conventional thruster model,
identified with the DEMB : (a–c) the three longitudinal validation missions, (d) the predicted

damping forces compared with Peeters et al. (2018 [197]), i.e., (eq. 4.21),
and Kristensen et al. (2013 [131]), i.e., (eq. 4.27); (e) predicted bollard thrust bow compared
with towing tank data from Peeters et al. (2020 [206]), and (f) predicted bollard stern thrust

with installed flow straightener; hence the towing tank data was not plotted.

4.6.4.2 Results of Sway Motion Models

Exemplary Data Sway Missions

Figure 4.22 outlines the relevant captured data, which were processed according
to Section 4.6.1.3, from the first ramp mission where the vessel swayed to the
right. This figure displays that both propellers have a lower limit on their
rotational speed, hence the straight parts in the ramp profiles of the propeller
speeds. Figure 4.22c reveals that although the heading oscillated a bit during
the mission the vessel stayed rather straight. Finally, Figure 4.22a shows a
rather small surge speed compared to the sway speed of Figure 4.22b.
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(c) Yaw

Figure 4.22: Data fetched during the first transversal right ramp mission: (a) surge speed
and acceleration, (b) sway speed and acceleration, and (c) heading and yaw-rate.

Sway Model Structures Identification and Comparison

Considering the good DEMB performance in Section 4.6.4.1, similar results for
the sway model identifications will be exclusively discussed here. The determina-
tion of the initial parameter estimations and their training boundaries happened
similarly to the surge model approach. Thus, according to (eq. 3.6), the added
mass Yv̇ = 375 Ns2

m , with the limits Yv̇ ∈ [365, 583] which aim to account for
the vessel weight accuracy and its literature-divergent geometry. The damping
terms started at 500 and had the boundaries of Yvvv, Yvv, Yv ∈ [0, 1.0× 104].

Taking into consideration that: (i) the surge experiments had the most
versatile data sets, (ii) Section 3.2.4.1 assumed the surge or sway wake effect
differences to be negligible, and (iii) both the bounded and unbounded FBMs
and DEMs identified speed-dependent thruster coefficients in the same order
of magnitude, the start estimations for the coefficients, T 90,b

nν0
, T 90,b
nnν0

, and
T 90,s
nν0

, T 90,s
nnν0

, were selected to equal the values of their DEMb identified T (0◦)
equivalents for surge; see Table 4.15. In order to consider the angle dependency
of the thrust deduction (see Appendix B), t, lower and upper limits of 90% and
110% of their initial value were given to these parameters.

The initial guesses for T 90,b
nn0

= 14.52
(1500)2

N
rpm2 and T 90,s

nn0
= 26.15

(617)2
N

rpm2 were
calculated based on the towing tank data by assuming a purely quadratic fit to
the highest data points closest to the highest propeller speed of the experiments;
see Appendix B. Here too, upper and lower limits of 90% and 110% were
implemented for both thrusters. These boundaries aimed to: (i) take into
account the data uncertainty of both thrusters [206], and (ii) allow some slack,
given that higher rotational speeds were used compared to the towing tank data,
(iii) and the fact that the steering grid was now inside a hull. Note that there is
no flow straightener in the transversal four-channel thruster outlets.
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Table 4.15 states the DEMB identified coefficients forM(θxv ). Thereupon, Fig-
ure 4.23 predicts the sway speed profiles for three validation and three verification
missions for the quadratic damping models, i.e.,M(θbv),M(θev), andM(θhv ).
The bias terms for each mission were determined similarly to the surge speed
prediction of Section 4.6.4.1, and the negative initial sway speeds of two of
the validation missions were taken into account in their differential equations.
Both Table 4.15 and Figure 4.23 indicate minor differences between the different
model structures.
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Figure 4.23: Comparison of different thruster models using the quadratic damping model:
(a–c) the validation missions and (d–f) the verification missions.

Sway Model Selection

With the currently available training data, no model structure seems to
outperform its competitors. Figure 4.24a–4.24c depicts the sway speed
predictions for three verification missions for the different damping models
using the conventional thruster model. These figures indicate little differences
between the linear, quadratic, or cubic damping models. Figure 4.24d predicts
these damping forces, and Figure 4.24e, and Figure 4.24f evaluate the bollard
pull forces for the bow and stern thruster in comparison with their towing
tank data.
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Figure 4.24: Comparisons of different damping models for the conventional thruster model,
identified with the bounded DEM: (a–c) the three verification missions, (d) the predicted
damping forces, and (e, f) respectively show the identified bollard thrusts of the bow and
stern thrusters compared with their towing tank data from Peeters et al. (2020 [206]).

4.6.4.3 Results of Yaw Motion Models

Exemplary Data Yaw Missions

Figure 4.25 gives an overview of the relevant captured data, which were processed
according to Section 4.6.1.3, from both stairs missions where the Cogge rotated
counter-clockwise. The trajectory plots of Figure 4.25b, and Figure 4.25d
demonstrate that there was less wind during the first run of the experiments
compared with the second run, given that for the same inputs, the trajectory
of the Cogge during m2 was more spread out in the diagonal XY-direction.
Nevertheless, Figure 4.25a, and Figure 4.25c illustrate that similar yaw-rates
were achieved during both missions.
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Figure 4.25: Data fetched during the first and second rotation counter-clockwise stairs
missions: (a,c) heading and yaw rate, and (b,d) position of the stern GNSS antenna.

Yaw Model Structures Identification and Comparison

Since the yaw experiments used the same thruster angles and propeller speed
configurations as the sway experiments, the exact same initial conditions and
parameter boundaries were used for these thruster coefficients. The yaw moment
of inertia was estimated according to Iz = m(0.2536L)2 = 878 kgm2 [146, 172].
The initial guess Nṙ = 845 Nms2

rad , based on (eq. 3.7), received the boundaries
Nṙ ∈ [845, 1245] which aim to compensate for the geometry of the Cogge.
In addition, all the damping parameters started at 500 and were bounded to
Nrrr, Nrr, Nr ∈ [0, 1.0× 1004].

Table 4.16 lists the coefficients for M(θxr ), identified by the DEMB.
Subsequently, Figure 4.26 shows simulations of the yaw rates for three validation
and three verification missions for the quadratic damping models, i.e.,M(θbr),
M(θer), andM(θhr ). Note that the yaw missions have no bias terms. In the
same vein as the sway results of the Sway Model Structures Identification
and Comparison, both Table 4.16 and Figure 4.26 suggest minor differences
between the different yaw model structures.

Yaw Model Selection

Comparable with the Sway Model Selection, no M(θxr ) seems to capture
the yaw-rate data better than its alternatives. Figure 4.27a–4.27c compares
the conventional thruster model for the three damping models on the three
validation missions. These comparisons indicate a better curve fitting for the non-
linear damping models. Finally, Figure 4.27d illustrates the different predicted
damping moments, and Figure 4.27e and Figure 4.27f plot the computed bollard
thrust forces for the bow and stern thruster.
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(f) cw–stairs–m2
Figure 4.26: Comparison of different thruster models for the quadratic damping model:

(a–c) the validation missions and (d–f) the verification missions.
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(c) ccw–stairs–m1
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(e) Thrust force bow

0 100 200 300 400 500 600 700
Propeller Speed [rpm]

0

5

10

15

20

25

30

35

40

Th
ur

st
 fo

rc
e 

[N
]

(f) Thrust force stern
Figure 4.27: Comparisons of different damping models for the conventional thruster model,
identified with the bounded DEM: (a–c) the three validation missions, (d) the predicted

damping moments, and (e,f) respectively show the identified bollard thrusts of the bow and
stern thruster compared with their towing tank data from Peeters et al. (2020 [206]).
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Table 4.15: Identified sway model coefficients for the bounded DEM.

θav θbv θcv θdv θev θfv θgv θhv θiv

cost 10.1 10.6 12.8 10.4 11.0 14.1 10.4 10.8 12.6
Yv̇ 430.26 440.51 583.00 569.82 583.00 583.00 547.97 545.61 583.00
Yvvv 1424.59 0.00 0.00 1732.56 0.00 0.00 1663.00 0.00 0.00
Yvv 0.00 557.57 0.00 0.00 682.70 0.00 0.00 616.06 0.00
Yv 56.43.7 1.70 173.44 68.62 3.26 226.31 67.87 9.1 195.21
T 90,b
nn 5.81 × 10−6 5.81 × 10−6 5.81 × 10−6 5.81 × 10−6 5.81 × 10−6 5.81 × 10−6 5.81 × 10−6 5.81 × 10−6 5.81 × 10−6

T 90,s
nn 7.56 × 10−5 7.56 × 10−5 7.56 × 10−5 7.56 × 10−5 7.56 × 10−5 7.56 × 10−5 7.56 × 10−5 7.56 × 10−5 7.56 × 10−5

T 90,b
nν −7.72 × 10−3 −8.29 × 10−3 −9.67 × 10−3 0.00 0.00 0.00 0.00 0.00 0.00
T 90,s
nν −2.40 × 10−2 −2.50 × 10−2 −3.30 × 10−2 0.00 0.00 0.00 0.00 0.00 0.00
T 90,b
nnν 0.00 0.00 0.00 0.00 0.00 0.00 −3.91 × 10−07 −1.56 × 10−6 −3.28 × 10−6

T 90,s
nnν 0.00 0.00 0.00 0.00 0.00 0.00 −1.37 × 10−5 −1.53 × 10−5 −1.70 × 10−5

Table 4.16: Identified yaw model coefficients for the bounded DEM.

θar θbr θcr θdr θer θfr θgr θhr θir

cost 2.64 2.90 7.41 2.4 2.67 10.72 2.39 2.68 8.14
Nṙ 845.00 845.00 845.00 887.07 877.95 969.59 845.00 845.00 845.00
Nrrr 4158.99 0.00 0.00 5278.05 0.00 0.00 4873.16 0.00 0.00
Nrr 0.00 1067.49 0.00 0.00 1282.86 0.00 0.00 1218.23 0.00
Nr 153.98 97.57 252.29 175.66 102.54 342.74 173.49 108.28 292.55
T 90,b
nn 7.10 × 10−6 7.10 × 10−6 5.81 × 10−6 7.10 × 10−6 7.10 × 10−6 5.81 × 10−6 7.10 × 10−6 7.10 × 10−6 5.81 × 10−6

T 90,s
nn 6.18 × 10−5 6.22 × 10−5 7.56 × 10−5 6.18 × 10−5 6.18 × 10−5 7.56 × 10−5 6.18 × 10−5 6.18 × 10−5 7.27 × 10−5

T 90,b
nν −6.32 × 10−3 −6.79 × 10−3 −9.67 × 10−3 0.00 0.00 0.00 0.00 0.00 0.00
T 90,s
nν −2.40 × 10−2 −2.50 × 10−2 −3.30 × 10−2 0.00 0.00 0.00 0.00 0.00 0.00
T 90,b
nnν 0.00 0.00 0.00 0.00 0.00 0.00 −3.20 × 10−7 −1.28 × 10−6 −3.28 × 10−6

T 90,s
nnν 0.00 0.00 0.00 0.00 0.00 0.00 −1.67 × 10−5 −1.87 × 10−5 −2.08 × 10−5
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4.6.5 Discussion

When investigating the results of Section 4.6.4, the modelling assumptions and
limitations of Section 3.2.1 need to be kept in mind. The provided exemplary
mission data sets — see Exemplary Data Surge Missions, Exemplary Data
Sway Missions, and Exemplary Data Yaw Missions — already aided to judge
the adequacy of these assumptions. In addition, Figure 4.28 sheds more light
on the neglected degrees of freedom, i.e., roll, pitch, and heave, for three step
missions of the studied motions of surge, sway, and yaw. This figure reveals that
the pitch angle did not vary much for these missions. The roll angle varied more
compared to this pitch angle, and even changed almost 3° during the rotational
manoeuvre. The plotted heave represents the motions of the IMU. Evidently,
these neglected degrees of freedom do impact the hydrodynamics of the vessel.
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(c) cw–step–m1
Figure 4.28: Roll, pitch, and heave for three step missions in the three different motion

modes: (a) dual–step–m1, (b) right–step–m1, and (c) cw–step–m1.

Bearing the just-mentioned assumptions and limitations in mind, the conven-
tional thruster models, i.e.,M(θau),M(θbu), andM(θcu), seem to outperform
their alternative thruster models for the surge motion according to: (i) their
cost function results for both the FBM and the DEM — see Table 4.13; (ii)
their predictions of both validation and verification missions — see Figure 4.19;
and (iii) their comparison with the external CFD and empirical methods —
see Figure 4.20 and Figure 4.21. This combination of evidence might hint that
these model structures best capture the occurring hydrodynamics. However,
for the yaw and sway motion, there seems to be no real significant performance
difference between the different thruster models. Accordingly, Figure 4.29
attempts to provide more insights into why this might be the case, by plotting
the longitudinal or transversal pseudo-advanced speed ratios for surge, sway,
and yaw step missions. The vessel speed was taken as advance speed to
calculate these ratios; however, the propeller itself does not move in this speed
direction, hence the name pseudo-advanced speed ratio. It can be seen that
both thrusters achieved higher pseudo-advanced speed ratios in surge than in
sway or yaw motion.
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Figure 4.29: Pseudo longitudinal, Ju, or transversal, Jv, advance speed ratios, at both
thrusters for a three-step mission in the three different motion modes: (a) dual–step–m1,

(b) right–step–m1, and (c) cw–step–m1.

Whether or not the conventional thruster models of this study capture the
conventional advance speed effect of a normal propeller configuration might
not be determinable with the current data. It might also be the case that
this conventional model structure succeeds in approximating another physical
phenomena. Nevertheless, both speed-dependent thruster models of this study,
i.e., (eq. 3.25) and (eq. 3.28), perform better than the speed-independent
thruster model, (eq. 3.27), for the surge missions, which did induce higher
vessel speeds compared to the sway and yaw cases. For the latter two motion
cases, the simpler bollard thrust model (eq. 3.27) seems to suffice to capture
the vessel behaviour. For all motions, the damping forces or moments seem
to be capturable with only two parameters: a combination of a linear and a
quadratic or cubic term. Consequently, it was demonstrated that a variety of
model structures can capture the decoupled hydrodynamic behaviour of the
Cogge.

Furthermore, the drag equation can offer more insights in the ship resistance of
the Cogge:

Fdrag = CDA
ρu2

2 , (4.28)

with Fdrag the drag force, A the frontal area, and CD the drag coefficient.
For example, the CD of a sphere and half a sphere respectively equal 0.47
and 0.42 for Re around 104 [49]. The surge damping results from this section
(e.g. the conventional thruster model with a quadratic damping model, i.e., θbu
from Table 4.14), the deep water CFD results (see Table 4.8, and (eq. 4.21)),
and the empirical method (eq. 4.27), can be used to estimate the CD of the
Cogge. In order to estimate these coefficients, A can be calculated based on
the vessel draft and beam, hence the air resistance will be neglected. Note
that the CFD results used a draft of 0.23 m, whereas the experiments and
empirical method assumed a draft of 0.21 m. For example, at u = 1.0 m

s and
Re = 4.2× 106: the CFD results generate a CD = 0.31 (i.e. based on (eq. 4.21)),
the experiments give CD = 0.33 (i.e. based on θbu), whereas the empirical
method predicts CD = 0.18 (i.e. based on eq. 4.27). Hence, a good alignment
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between the CFD and outdoor experiments can be found, and the empirical
method seems to underestimate the vessel drag. As discussed in Section 4.6.3.1,
this empirical method is based on sea-going vessels with different geometries
than the Cogge, which has a high block coefficient of CB = 0.95 and length-
beam ratio of L

B = 7.6. Therefore, not all corrections of the empirical method
could be applied and the dimensions of the Cogge fell outside the boundaries of
some parts of this empirical method, which might explain this underestimation.
In comparison, based on the CFD results of Table 4.8, the KVLCC2 (with
CB = 0.81 and L

B = 5.5) has a CD = 0.09, with u = 0.981 m
s and Re = 5.9×106.

Therefore, there seems to be room to improve the hydrodynamic design (i.e.
decrease the ship resistance) of the Cogge which would decrease its power
consumption.

Be noted that, running the sway and yaw models without limitations on their
speed-dependent thruster parameters, i.e., T 90,b/s

nν , T
90,b/s
nnν ∈ [0,−∞], resulted

in similar identification results where the speed-dependent thrust losses became
assigned to only one thruster. This assignment might have been caused due to
the fact that both propellers received the same shapes of input signals. Future
work could add the no-yaw or no-sway constraints to the cost functions of these
sway or yaw modes, which might reduce or avoid this identification effect.

Future work could also focus on investigating the coupled equations of motion,
where the addition of the roll motion might be beneficial, considering the data
of Figure 4.28. Likewise, the propeller dynamics [26, 192, 298] or the potential
thruster-thruster interactions [59] could be investigated. These interactions
might be present when the outflow of the steering-grid points towards the stern.
Adding a wind sensor and explicitly modelling this disturbance should also
offer a better performance than the currently implemented bias terms which
were included to capture these effects. Based on Figure 4.21, the installed
flow straightener seems to have significantly decreased the thrust force of the
four-channel thruster. Hence, it might be better to replace this configuration
with a rudder in the future. The identification methods used need not be
restricted to the suggested model structures or the utilised vessel and its
actuators. For example, a similar approach could be applied to the real-size
watertrucks, which would eliminate the scale effects [64] that would occur when
one extrapolates the presently identified models. The small scale factor of eight,
however, should help in decreasing these scale effects [100].
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4.7 Conclusion

This chapter identified (RO2.2) hydrodynamic models for inland vessels.

It was shown that virtual rudder inputs, and the measured
resultant heading changes, suffice to identify both symmetrical and
asymmetrical transfer function models to capture the turning behaviour
of a differentially-steered vessel. Furthermore, the theoretical propeller-
characteristics based thrust model provided an adequate bollard pull data
representation, which got confirmed by means of a bias–variance trade-off,
and can be extended with an angle-dependent thrust deduction function
for both propulsion systems. In addition, a multilayer feedforward
neural network with Bayesian regulation exemplified a second modelling
approach, which is inherently capable to model complex nonlinear
functions and could offer more protection against the non-physical over-
fitting of data.

Finally, additional test manoeuvres were suggested and conducted
to help identify the decoupled equations of motion for surge, sway,
and yaw of the Cogge, of which all experimental data sets can be
found in the Supplementary Materials of Peeters et al. (2020 [203]).
Furthermore, the CFD-derived surge damping models, the empirical data,
and the bollard pull data served as external validation data sets for the
identification of the surge model. The decoupled model identification
compared two methods, one based on the instantaneous force balance,
and the other one based on the integrating of the differential equations
of motion. Subsequently, the conventional thruster model seemed to be
a good model structure for the surge motion of the Cogge. Whereas,
speed-independent thrust models seem to suffice for the yaw and sway
motions. Finally, cubic or quadratic models seemed to suit to predict the
damping forces or moments for surge, sway, and yaw.

These identified models partly answer RQ2. The first part of the answer,
their derivation (RO2.1), can be found in Chapter 3.

https://doi.org/10.3390/jmse8110889
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Control of Unmanned Inland
Cargo Vessels

“The less you understand the world, the easier it is
to make a decision [252].”

Nassim Nicholas Taleb

Figure 5.1: The Statue of Marduk with his servant dragon [284].
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This chapter investigates the third research question (RQ3), by providing
the perception (RO3.1) and motion control (RO3.2) systems for USVs.
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5.1 Introduction

An unmanned or automated vessel needs to perceive and interact with
its environment in order to navigate. Therefore, Section 5.2 details the
current perception systems for the Cogge, and Section 5.3 handles its present
motion control configuration. Afterwards, Section 5.4 describes the first
interactions between both systems, i.e., the first experiments with the Cogge.
Finally, Section 5.5 concludes this chapter.

To understand the environmental settings in which the vessel could sail, the
following arbitrary differentiation based on the present obstacles could be made:
(E1) static known obstacles, (E2) static unknown obstacles, (E3) dynamic
known obstacles, and (E4) dynamic unknown obstacles. Here, obstacles envelop
both the waterway infrastructure (e.g. bridges, locks, quays, and waterway
cross-sections), and other nearby vessels. The adjective known points to the
information (e.g. geometry, pose, and velocity) availability of the objects,
whereas the opposite holds for the unknown objects. From the moment that
one object in the environment is unknown or dynamic, the environment changes
to its associated description. It is readily understood that other environmental
differentiations could be made, depending on the preferred level of analysis.

5.2 Perception for Inland USVs

These four environments (E1–E4) seem to demand different sensor capabilities
from the vessel on the one hand, and different risk and safety analyses on
the other hand. The former should provide the vessel with both navigational
information of itself and perceptive information of its ambient environment,
respectively discussed in Section 5.2.2 and Section 5.2.3. First, Section 5.2.1
covers the implemented, bottom-up, risk and safety analyses approach. The
in-depth investigations of these analyses falls out of the scope of this thesis.

5.2.1 Risk and Safety Analyses

Although there currently exists little research on industrial cargo USVs [148],
their risk and safety analyses have been investigated [14, 218, 261, 292]. For
example, Thieme et al. (2018 [261]) investigated the applicability of 64 existing
ship risk models for ship-ship collisions, ship-structure collisions, and groundings
for autonomous marine vessels. Thieme et al. (2018 [261]) concluded that for a
more detailed system evaluation more information regarding the USV concept
needs to be known. Valdez Banda et al. (2019 [14]) complementarily noted the
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major challenge of ensuring the safety of a USV in its operational context given
the limited experience with functioning USVs. Therefore, they analysed the
safety hazards for two ferries in their current operational modes and in their
potential autonomous deployments. Finally, the inclusion of a shore control
centre, to monitor or remotely steer a USV, further complicates the risk analyses
by introducing human-system interactions. Here too, a deficiency in the amount
of research considering such human-system interactions and potential human
failures exists [218] (for more information, see Risk and Safety Analysis of an
Inland SCC).

Considering that a common denominator over these recent USV risks analyses
seems to be the scarcity of operational USV concepts, the developments in this
section aim to provide data and insights to nurture future developments in
the risk and safety research area. In this research field, the Systems-Theoretic
Accident Modelling and Processes (STAMP) [14, 141] might be a good future
methodology, given that it reviews the entire socio-technical system [8, 14, 48].
Accordingly, the risk assessments of the present work focused mainly on the lower
technical level, i.e., implementing levels of redundancy in the vessel hardware,
selecting industrially-robust components, having the ability to remotely control
the vessel, and implementing emergency stops. In addition, the relatively small
vessel weight and its slow manoeuvring speeds added to a higher safety level,
during the conducted experiments. Apart from these technical safety measures,
the Flemish waterway administrator, and by extent the Flemish government,
have taken an active role in the discussions regarding safety and regulations
during the experiments conducted with our scale model vessel. They achieved
this role by defining, monitoring, and continuously optimizing a legal framework
for testing and demonstration purposes with autonomous inland vessels.

5.2.2 Navigational Information

Presently, a vessel often fetches its navigational information (e.g. its pose and its
time derivatives) from a standalone GNSS or IMU sensor, from a GNSS and an
IMU separately, or from an integrated IMU–GNSS system. Although the vessel
desires a high accuracy from these sensors, the preciseness of their measurements
can be influenced in practical applications due to environmental noise, sensor
drift, and sensor faults [148]. Moreover, the quality of GNSS signals drops in
the vicinity of tall buildings [280]. Or, in the case of inland vessels, imperfect
GNSS signals will occur in the neighbourhood of bridges, locks, quays, or other
large vessels. Nevertheless, these are the situations where the highest positional
accuracy would be desired. A first solution, to diminish the effect of sensor faults
and the impact of environmental noise, is to install state-of-the-art marine-grade
sensors. Accordingly, the Cogge nests such a GNSS and IMU sensor, of which
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the specifications are discussed in Section 5.2.4.1 and Section 5.2.4.2. The fusion
of their data forms a second solution to increase their performance. Currently,
an Extended Kalman Filter (EKF) based on the vessel kinematics improves the
accuracy of the navigational data. Note that the hydrodynamics of the vessel
could also be included in an EKF [37, 263].

5.2.3 Environment Perception

Complementary to the necessity of accurate navigational information, USVs
or ASVs need to be aware of their environment, e.g., here differentiated by
(E1–4). In the ideal environment of known static obstacles (E1), and low or
no environmental disturbances, — which evidently does not exist (for long) in
reality — a GNSS can suffice to autonomously navigate the vessel. However,
in order to perceive unknown static objects and their relative distance (E2),
exteroceptive sensors (e.g. Stereo Cameras, Lidar, or radar) need to be present.
The lidar and/or stereo camera based object detection has been a growing
research field for indoor environments and the current research also expands
towards, larger, outdoor environments, often forcing the sensors to collect data
at a greater distance with a lower density [94]. Although several successful
studies have demonstrated the Simultaneous Localisation And Mapping (SLAM)
of an agent [38] in a static environment, and some studies implemented SLAM
with obstacle avoidance [53, 113, 173, 301], it remains to be investigated which
sensor set, and their minimum required specifications, is deemed necessary to
achieve this goal on the inland waterways for cargo vessels (E2). Moreover, a
supplementary challenge arises with the addition of dynamic known (E3) or
unknown (E4) objects.

An implementation of a COLREG compliant collision avoidance for known
dynamic objects (E3) can be found in Benjamin et al. (2017 [18]): the
(autonomous) fleet can share navigational information with other (autonomous)
vessels using the same nested MOOS-IvP software, hence making all the dynamic
objects known. Given the fact that the Cogge currently runs the MOOS-IvP
software, the usability of its obstacle avoidance implementation for inland
waterways can be investigated in the future. Given the modularity of the
software design, other collision avoidance strategies could also be implemented.
Another example of an environment with known dynamic objects (E3) can be
found in the Hull-to-Hull (H2H) navigation project [21, 128] which also involves
test cases with the Cogge. In this project, vessels share their navigational
information and its uncertainty over a proprietary communication channel in
order to perform close proximity encounters (more details can be found in The
Hull-To-Hull Navigation Concept section). In addition, some navigational
information of known dynamic obstacles can be fetched from the AIS data.
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Nevertheless, in reality, not all vessels use their AIS, nor do all vessels have
such a system, and different smaller waterway users can enter the operational
environment of an unmanned vessel, unlocking the need for the detection and
tracking of unknown dynamic objects (E4). In comparison with their terrestrial
and aerial robotic counterparts, there seem to be two main differences. On the
one hand, most of the to-be-tracked objects tend to be larger in size exhibiting
slower dynamics which could lower the complexity of tracking these objects. On
the other hand, however, this larger size means that the objects have higher
inertias and thus slower response times so the collision avoidance algorithms
will need to operate and predict over a longer time horizon. These non-trivial
dynamic tracking and collision avoidance tasks need to build their foundation
on the results of (E1–3), and consequently their investigation falls out of the
scope of this thesis.

5.2.4 Selected Sensors for the Cogge

During the first research stages, good weather conditions are presumed for the
sensor selection. Later on, the additional complexity of bad weather conditions
can be added. Keeping this assumption in mind, and based on the ongoing
research mentioned above, Table 5.1 lists the envisaged sensor sets to investigate
the different environments (E1–4). Thereupon, the following sections describe
the selected onboard sensors (GNSS, IMU, Lidar, and Stereo Cameras). Their
first in-situ experimental results can be found in Section 5.4. The remote
motion control H2H experiments are discussed thoroughly in Section 6.5.2, and,
currently, there is no AIS system installed. Therefore both systems will not be
discussed in detail in the present chapter. On top of these sensor selections, it
is not unlikely that additional sensors will be added in the future, depending
on the findings and possible limitations of the current sensor sets. Finally, note
that the achieved results in these environments can also help the development
of more automated manned vessels. For example, these developments in the
perception of the environment could guide, augment, or replace certain tasks
currently performed by the onboard crew.

Table 5.1: Envisaged sensor settings for the first experiments with the Cogge

Env. Obstacles Minimal sensor set Status

E1 Known, static GNSS, IMU Successful, see Section 5.4.2
E2 Unknown, static GNSS, IMU, Lidar, Stereo Cameras In progress, see Section 5.4.3
E3 Known, dynamic GNSS, IMU, AIS or other asset

communication
In progress, see Section 5.4.4

E4 Unknown, dynamic GNSS, IMU, Lidar, Stereo Cameras,
AIS or other asset communication

Future work
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5.2.4.1 GNSS

The installed AsteRx-U Marine GNSS sensor [233] can operate in -30 to 65°C and
has an IP67-rated housing, making it a robust sensor for inland vessels. On the
Cogge, it uses two mushroom antennas (separated by a baseline of approximately
4.43 m [297]) to receive multi-frequency and multi-constellation GNSS signals.
This way, it can benefit from the more accurate European Galileo constellation
while still being able to use additional constellations to boost its convergence
time and accuracy [142]. Furthermore, it includes a ultra high frequency radio,
Bluetooth, WiFi, and a cellular modem. This cellular connection allows for the
reception of Real Time Kinematic (RTK) corrections [136] for the GNSS signals,
improving the accuracy of its navigational data. Table 5.2 visualises the impact
of these RTK corrections on the performance of this sensor, together with other
accuracies. As shown, the correction accuracy depends on the distance between
the sensor and the nearest RTK base station. For example, for the horizontal
position the absolute accuracy results in 0.6 cm + 0.05 cm

km of distance from
an RTK base station. Flanders currently has 45 base stations installed, ensuring
a dense coverage, and freely provides these RTK corrections over mobile internet
via the Flemish Positioning Service [85].

Table 5.2: Absolute accuracies for the AsteRx-U Marine [233]. Using the twice the distance
root mean square accuracy: the distance between the true and computed parameter is lower

than the stated accuracy with at least a 95% probability.

Parameter Accuracy

Horizontal position, standalone 1.2 m
Vertical position, standalone 1.9 m
Horizontal position, RTK 0.6 cm + 0.5 ppm
Vertical position, RTK 1.0 cm + 1 ppm
Velocity, standalone 0.03 m/s
Heading, 1m baseline 0.15°
Heading, 10m baseline 0.03°
Pitch, 1m baseline 0.25°
Pitch, 10m baseline 0.05°

5.2.4.2 IMU

The Ekinox-2-E IMU sensor can operate in the temperature range of -40 to 75°C
and has an IP68 rating (24 hours submersible at 2 m) [230]. This IMU uses three
accelerometers and three gyroscopes to measure the linear accelerations and
angular velocities of the vessel. Moreover, it can provide additional information
regarding the position, orientation, and linear speeds of the vessel by means of
single or double time integration. An internal kinematic EKF can be used to
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compensate for the IMU drift, shown by Figure 5.2. The internal EKF predicts
states at 200 Hz, based on the integration of its gyroscopes and accelerometers,
and these states get a corrective step at 5 Hz provided by GNSS data from the
GNSS. An embedded software module first checks the integrity of this GNSS
data and sends it through its proprietary error model before sending it to the
EKF.

GNSS
AsteRx-U

 
3 gyroscopes - 1kHz
3 accelerometers -1kHz

Extended Kalman Filter

Prediction

Correction
Error model
Integrity check

IMU Ekinox-E

200 Hz

5 Hz

PPS GNSS

Figure 5.2: Working principle of the embedded EKF, based on [230].

The line of sight between the tracked satellites and the GNSS mushrooms will
be disturbed and potentially blocked when passing a bridge. Consequently,
it is of paramount importance for an unmanned vessel to still receive reliable
navigational information during this time span. Table 5.3 demonstrates two
examples of the importance of the EKF by listing its accuracy in function of the
elapsed time since a corrective GNSS signal was received (0 s, 10 s, and 30 s).
Logically, the accuracy diminishes the longer a GNSS outage lasts. Nevertheless
the IMU is still capable to produce useful data during these shorter outages
which align with the typical time of passing under a bridge. Furthermore, the
IMU computes and publishes the accuracies of its predicted states so that an
autonomy system could take this information into account.

Table 5.3: IMU accuracy (one standard deviation) dependent on GNSS outages [230]

Parameter Accuracy

Horizontal velocity, 0 s 0.02 m/s
Horizontal velocity, 10 s 0.05 m/s
Horizontal velocity, 30 s 0.25 m/s
Heading (baseline > 4 m) 0 s 0.05°
Heading (baseline > 4 m) 10 s 0.08°
Heading (baseline > 4 m) 30 s 0.13°
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5.2.4.3 Lidar

The OPAL 1000 lidar has no external moving parts, sits in an IP67 housing,
and can operate in a temperature range of -40 to 40°C [177]. The laser scanner
measures a panoramic field of view of 360° in the horizontal plane, and 45° in
the vertical plane, at a maximum rate of 300 000 pulses per second, with a
maximum range of 1000 m. It can penetrate obscurants such as dust, snow,
rain, fog, and smoke by using its patented algorithm, which uses seven pulses
to measure one point. Moreover, it can also be connected to and synced with
the IMU and GNSS in order to perform scans when the vessel moves.

5.2.4.4 Stereo Cameras

A computer vision technology company named Vision++ provided the tailored
stereo camera system [277] for the Cogge. This system consists of two industrial
cameras positioned on the port and starboard side of the bow sensor rail. Most
conventional, commercially available, systems have a maximum distance of 40 cm
between both cameras, whereas on the Cogge, they have a baseline of 60 cm,
which provides an optimal depth sight at a distance of approximately 15-20 m,
i.e., 3–4 times the length of the Cogge. These cameras have a frame rate of 22
frames per second (fps), a pixel class of 5 megapixel, and a power-over-Ethernet
connection, which simplifies the power and communication requirements. When
creating stereoscopic images, it is crucial that the images provided by both
cameras are taken simultaneously. Hence, in the current set-up, the cameras
are connected to each other via a proprietary wire, which allows one camera to
trigger the other one. The camera software suite controls the cameras and allows
the user to fine tune the settings of the cameras to optimize their exposure.
In addition, the software supplied by Vision++ enables the extraction of 3-
dimensional-point cloud data from a stereo camera image, specifically configured
for an inland waterway environment. This cloud can be used in conjunction
with the point cloud data produced by the lidar. The camera images can also
be used to aid the perception and obstacle detection.
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5.3 Motion Control for an Inland USV

Presently, three control levels provide the motion control of the vessel, when
it operates as an ASV. Figure 5.3 provides an overarching view of these three
control levels coined “low”, “middle”, and “high” level control. This figure
illustrates their main interactions when the Cogge follows a list of waypoints.
The following High Level Control, Middle Level Control, and Low Level Control
sections provide more details, referring to Figure 5.3.
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Figure 5.3: Implemented cascaded control hierarchy
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5.3.1 High Level Control

The high level control covers the top-level route planning, for example the
determination of the route to be taken between two cities. Currently, an in-
house developed (by Senne Van Baelen) waypoint generator forms a static list
of waypoints between a chosen start and endpoint on a river or canal. This
developed generator uses the OpenStreetMap [189] database in order to fetch the
global coordinates from the chosen waterway. The generator places waypoints in
the middle of the waterway, and the maximum distance between two consecutive
waypoints can be specified by the user. Finally, the result can be downloaded
as a plain text file and be used as to-be-tracked waypoints by the Middle Level
Control.

5.3.2 Middle Level Control

Currently, the MOOS-IvP autonomy system provides the foundation for the
middle level control of the Cogge. Three main components form the core of
this autonomy system: a collection of MOOSApps, the autonomy decision
making system named the IvP-Helm (which is a MOOSApp on its own), and
the MOOSDB for their communication. To configure this IvP-Helm, the user
can write or use a set of behaviours that the vessel should follow, for example:
follow waypoints and maintain a certain speed. These behaviours have user-
defined IvP-functions which span over their decision space (e.g. heading and
speed). Moreover, the user can also decide when a particular behaviour should
occur by configuring the mission modes. The IvP-Helm will then calculate the
desired system states depending on the different active behaviours, and their
IvP-functions [20].

Continuing with the illustrative configuration of Figure 5.3, the IvP-Helm could
be configured to, for example, solely follow waypoints by using the MOOS-IvP
waypoint-following behaviour. This behaviour needs a list of waypoints to follow,
which in this case will be provided by the aforementioned High Level Control.
Next, the IvP-Helm needs navigational information, e.g., the current heading
and speed, to calculate the desired heading and speed for the vessel to reach
the following waypoint. This information flow illustrates the backseat control
paradigm from the MOOS-IvP software: the autonomy decision making IvP-
Helm only needs navigational information from the vessel at hand, which it can
treat as a black box. The IvP-Helm will then, based on its internal behaviour
configuration, provide the desired systems states for the vessel. Nevertheless, in
the control architecture of the Cogge, the navigation and control modules are
no black boxes but currently also consist of several MOOSApps, such as drivers
for the sensors, and the low level motion controller. Therefore, the virtual
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hierarchical separation line between middle and low level control has been
drawn at the level of the MOOSDB as some part of the autonomy system (the
IvP-Helm and its surroundings) form the middle level control and other parts
(low level motion controller and sensor drivers) form the Low Level Control.

5.3.3 Low Level Control

The low level control diminishes the error between the desired and current
system states, e.g., the heading and speed. The former states are produced by
the Middle Level Control and the latter are provided by the GNSS and IMU
sensors. Currently, a conventional Proportional Integral Derivative (PID)
controller (implemented as a MOOSApp) can control the heading and speed of
the vessel. The PID controller is a well-known, simple, and robust controller,
often used in maritime applications [63, 90] and can be tuned by pole placement
algorithms [90, 169, 293]. Evidently, more sophisticated control techniques
can be used in the future which take into account the vessel kinematics and
kinetics [67, 72, 132, 143, 303]. Nevertheless, the performance of the implemented
PID controller can be used as a benchmark for the future implementation of more
sophisticated control philosophies. Finally, the onboard PLC (see Section 2.4.3.1)
receives the output of the PID controller, i.e., the desired control system states
ndb , n

d
s , α

i,d
b , αi,ds , sends back their measured values. In addition, this PLC

diminishes the error between these lowest-level system states.

5.4 Results of the First Experiments

This section analyses some of the first experiments conducted with the Cogge.
First, Section 5.4.1 demonstrates a few open-loop experiments to uncover
some of the basic hydrodynamic capabilities of the vessel. These trials were
performed on the small lake of Rotselaar, Belgium. Afterwards, the subsequent
sections discuss a few different environment interactions for the aforementioned
differentiated cases E1, E2, and E3.

5.4.1 Open-loop, Rotselaar lake

5.4.1.1 Straight Sailing

During the first open-loop tests, the Cogge showed an asymmetric course
behaviour. When the vessel was commanded to sail straight (e.g. giving solely
the stern an rpm, i.e., nds 6= 0 and ndb = αib = αis = 0) it seemed to show a
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repetitive asymmetric behaviour which turned the vessel to starboard. Presently,
it is hard to discover the exact cause of this behaviour. A first empirical solution
was to place a honeycomb-like flow-straightener in the longitudinal direction
of the stern-side outlet of the stern thruster to straighten its exiting water
flow when sailing straight ahead. Figure 5.4 displays the effect of this flow-
straightener on the straight line sailing capacity of the vessel. The black lines
show the first experiments without flow-straightener, whereas the red lines show
similar experiments but with the flow-straightener inserted in the stern outlet.
Note how the black lines show a high curvature due to the asymmetric behaviour,
whereas the red lines show a more straight sailing behaviour over longer spatial
slots. The differences in length between all curves are due to different requested
propeller speeds and time spans of the missions. The installation of this flow
straightener significantly improved the straight line stability of the vessel —
which can be felt when remotely controlling the vessel.
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Figure 5.4: Sailed trajectories for open-loop straight sailing with and without
flow-straightener, the positions were measured by the GNSS placed at the stern.

5.4.1.2 Pseudo Spiral Manoeuvre

To investigate the possible turning rates of the Cogge, a pseudo spiral manoeuvre
was performed. This manoeuvre differed slightly from the Dieudonné spiral
manoeuvre [61], as the vessel only turned into one direction and there was a
constant settling time between the rudder impulses. The uncertainty of the
spatial necessities for a full spiral manoeuvre pushed the decision to initially
only perform the pseudo spiral manoeuvre. The manoeuvre was performed
fully autonomously with the following desired settings: ns = 1000 rpm, αis = 0°,
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nb = 2500 rpm, and αib varying between [4°, 8°, 20°, 40°, 60°, 80°]. Hence the stern
thruster was oriented to propel the vessel forward (with the flow-straightener
installed) and the bow thruster was used to steer the vessel, by using a constant
propeller speed but changing its outlet angle. Figure 5.5a lists these desired
system states during the whole mission. As visible, an arbitrarily settling time
of 10 seconds was used, this time span was chosen to be rather short in order
to have the space to perform the full mission, but it can be increased in future
tests. For the same reason, the first angle change occurred right from the start,
introducing some start-up effects in the data as the vessel itself also needed to
accelerate. In the future a longer start-up time could be introduced. Figure 5.5b
plots the measured heading from the GNSS and the recorded yaw-rates from the
IMU. The latter were filtered with a centered moving average filter of window
size 50. Finally, Figure 5.5c plots the sailed trajectory.
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Figure 5.5: Open-Loop pseudo spiral manoeuvre: (a) manoeuvre inputs, (b) relevant
system outputs, and (c) elapsed trajectory, the positions were measured by the GNSS placed

at the stern.

5.4.2 E1 — Known Static Obstacles

5.4.2.1 Autonomous Sailing on the Yzer River

The first autonomous, unmanned, closed-loop tests were performed on the Yser
(river in Nieuwpoort, Belgium), in the context of the EFRO (European Fund
for Regional Development) project “Autonoom Varen in de Westhoek [57]”.
This EFRO project investigated the legal and technical necessities to perform
a pilot demonstration of autonomous sailing with a scale model of an inland
vessel in a confined demonstration area. Afterwards the project conducted such
demonstrations of which the described tests in this section were the first ones.
These preliminary tests used the control hierarchy described in Section 5.3.
Moreover, the map shown in the waypoint generator of Figure 5.3 actually shows
some of the generated waypoints for these experiments. After the generation
of the waypoints list, and the configuration of the IvP-Helm to follow these
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consecutive waypoints, the low level controller needs to be configured. The angle
of the bow thruster provided the steering mechanism for the vessel, whereas the
stern thruster was kept a static neutral angle with a constant propeller speed.
This set-up aligns with the configuration of the Pseudo Spiral Manoeuvre, and
had the following settings: ns ≈ 1250 rpm, αis = 0°, nb ≈ 2400 rpm, and
αib ∈ [−90°, 90°] as the control variable. The IvP-Helm provided the desired
heading to follow the waypoints and the IMU gave the current heading. The
error between both headings was controlled with a manually tuned PI-control
on αib, with a proportional gain factor KP = 2 and an integral gain factor
KI = 0.2s−1 with an integral limit of 0.7 in order to avoid integral wind-up.

Figure 5.6 summarises two parts of autonomous sailing on the Yser: (a), (b),
and (c), show a fragment of a straight part on the Yser; whereas (d), (e), and
(f), show a sample of a bend of the Yser, whilst passing underneath a bridge.
These two trajectories are also visible on the map of Figure 5.3 where the red
line is the highway bridge under which the vessel sailed in (d). The plotted
waypoints of (a) and (d) have a higher density than the waypoints of Figure 5.3,
as for the latter the amount of visible waypoints was decreased to increase the
readability of the figure. Next, plots (b) and (e) show the measured propeller
speeds on the one hand, and the measured control angle αib on the other hand.
Finally, (c) and (f) show the desired heading, determined and published by the
IvP-Helm, and the current heading, fetched from the IMU. As demonstrated
by these six subplots, the vessel was able to follow the waypoints on both a
straight and curved trajectory which passed underneath a bridge.
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Figure 5.6: Closed-loop waypoint following on the Yser. Straight trajectory on the first row
(a–b–c), and a curved trajectory on the second row (d–e–f), position measured at stern.
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5.4.3 E2 — Unknown Static Obstacles

5.4.3.1 Lidar Scans

Figure 5.7 illustrates a static scan with an exposure of 5 minutes at the small
inland leisure harbour of Leuven, Belgium, where the lidar was placed on the
shoreside. On the left side of this image, a few moored leisure craft can be
seen. Whereas, Figure 5.8 shows the accumulated data of an approximately one
minute scan while the vessel was slowly sailing. The left hand side plots the
raw lidar data using a colour code from red to blue to denote the decreasing
intensity of the measured points, and thus increasing distance relative to the
lidar. The right hand side of the figure plots the manual overlay of the lidar
data (now in black) on the local geographical map of the lake of Rotselaar where
these data were fetched. Hence for this configuration the lidar was mounted
on the vessel and had access to the IMU data. During the exposure time, a
wind-surfing class was present on the water which resulted in the ghost points
on the water close to the top of the image.

Figure 5.7: Lidar cloud after 5 minutes of exposure time. The shown area is approximately
50 m by 100 m, on the left the bow of a few leisure vessels can be seen and on the right some

trees. The top and bottom show the contours of the neighbouring buildings.
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Figure 5.8: Lidar data from an approximately one minute scan while the vessel was moving:
(left) intensity data points, (right) manual overlay of data on geographical map.

5.4.3.2 Shoreline Extraction from Lidar Data

Van Baelen et al. (2020 [269]) compared three methods to extract a shoreline
from lidar data. Figure 5.9 illustrates the working principle for such a shoreline
extraction. The methods were performed offline based on a lidar scan conducted
with the Cogge, which Figure 5.9a partly shows. Figure 5.9b depicts a resulting
shoreline extraction. This extraction can then be compared with the available
inland navigation charts, see Figure 5.9c.
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z
Y
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Figure 5.9: Shore line extraction from lidar data, adapted from Van Baelen et al. [269]: (a)
lidar data set, (b) shore line extraction, and (c) extracted shoreline and inland navigation

chart shoreline comparison.
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5.4.3.3 Stereo Camera Images

Figure 5.10 depicts two, simultaneously-taken, images of the stereo camera
system. The visible railway bridge lies at the coordinates (50° 54′ 01.5′′ N,
4° 42′ 23.9′′ E). As mentioned in section Section 5.2.4.4, these images can be
used to extract depth data of the surrounding environment. The images were
taken on a rainy day where water droplets eventually made it onto the lenses,
resulting in the blurred result. This effect of the weather shows the importance
of using more than one perception system and hints at the future research
challenges when the effects of bad weather conditions are added.

(a) (b)

Figure 5.10: Stereo camera images: (a) image of the left camera, (b) image of the right
camera, at the same time stamp.

5.4.3.4 In-Operation Communication Data Rates

The following data rates indicate the measured data consumptions during the
first experiments. Evidently, these rates depend on the configuration of certain
sensor parameters. In order to avoid confusion, two separate network loops
can be detailed: (i) the local network, i.e., communication between the sensors
and the onboard I-PC, and (ii) wireless vessel-to-shore communication, i.e.,
where certain data could be transmitted between the onboard I-PC and the
rugged shoreside laptop. In the first case, both the GNSS and IMU consume
less than 1 Mbps (Megabit per second). The lidar uses approximately 5 Mbps
when it spins on one-sixth of its maximum frequency. And, given that each
camera can produce 5 megapixel images at 22 fps, they could theoretically each
approximately produce a maximum data rate of 330 Mbps, which they each
transmit over a category seven Ethernet cable.
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In the second case, when one wants to stream some of these data wirelessly to
another device, there are currently two options available via the onboard router:
using the cellular network or using a wireless local area network. Note that this
router has a theoretical maximum bandwidth of 150 Mbps. On top of that, the
current cellular 4G network has a claimed maximum bandwidth of 100 Mbps.
However, this number is highly environment-dependent and a conservative
bandwidth of 5–15 Mbps has been noticed to be more representative for the
possible regime data rates at our testing locations. During the experiments, there
was always a wireless communication between the onboard MOOS processes
and the MOOS processes on a remote laptop which triggered and monitored the
onboard counterparts. The frequency and the content of these vessel-to-shore
communications can be chosen and was never larger than 1 Mbps, hence it was
always possible to transmit these data over the cellular network. It might be
beneficial to add a second separated local network to route all the data coming
from the perception sensors, together with a second I-PC to process all these
data, and a second router to transmit these data to the shore in the future.

5.4.4 E3 — Known Dynamic Obstacles

In the European Horizon 2020 project “Hull-to-Hull (H2H) [21, 22, 128, 297]”,
vessels will sail in an environment with known, i.e., H2H-compliant, dynamic
objects. This H2H concept uses uncertainty zones to visualise the relative
positioning between H2H-compliant vessels. Presently, H2H-experiments have
been conducted with the Cogge remotely controlled from the shore, see First
USV and H2H-Extended Inland SCC tests, for more details. Future work could
focus in integrating this received H2H-information from other vessels into the
motion control of the Cogge. This integration would need the addition of traffic
rules to the present motion control system [18, 72].
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5.5 Conclusion

This chapter detailed the perception (RO3.1) and motion con-
trol (RO3.2) systems for USVs, by differentiating four navigational
environments (E1–E4) according to the presence of static or dynamic,
and known or unknown objects.

In these environments, the USV needs navigational information of itself
(e.g. pose and velocity) in order to perform meaningful manoeuvres.
Dependent on in which environment the USV operates, it needs
different environment perception information fetched by exteroceptive
sensors such as lidars and stereo cameras. Subsequently, the currently
envisaged onboard sensor selection was listed together with the
specifications of these sensors, for the Cogge operating in these four
environments.

Currently, the associated motion control system has a hierarchical
structure of three levels coined high, middle, and low level control. This
structure controlled the Cogge during its autonomous sailing missions in
the Yser river, under the assumption of static and known obstacles (E1).
In addition, the present onboard status of the exteroceptive sensors for
unknown static object (E2) recognition was detailed. And finally, the
first explorations towards navigating in the vicinity of known dynamic
objects (E3) were briefly discussed with respect to the H2H experiments
on which Chapter 6 will provide more details.

Together, the present perception and motion control systems provide a
preliminary answer to RQ3. The results of future experiments might
adapt certain parts of the current answers.
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“De beste stuer-luy sijn aen lant [182].”4

Jacob Cats

Figure 6.1: Geppetto carving Pinocchio, 1902 [52].

4The best helmsmen stand on shore
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This chapter provides an alternative answer to the second and third
research questions (RQ2 and RQ3), by putting a remote operator in the
loop. This operator can implicitly model (RO2.1) and identify (RO2.2)
the USV, in combination with providing its perception (RO3.1) and
motion control (RO3.2). Parts of this chapter were previously published
as:

[206] G. Peeters, G. Yayla, T. Catoor, S. Van Baelen, M. R. Afzal,
C. Christofakis, S. Storms, R. Boonen and P. Slaets. “An Inland Shore
Control Centre for Monitoring or Controlling Unmanned Inland Cargo
Vessels”. In: Journal of Marine Science and Engineering 8.758 (2020).
With joined first authors G. Peeters and G. Yayla. doi: 10 . 3390 /
jmse8100758

https://doi.org/10.3390/jmse8100758
https://doi.org/10.3390/jmse8100758
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6.1 Introduction

Although a spectrum of definitions for automated or autonomous can be
found [16], they are often entangled with, or separated by, a level of human
interference. This interference might hint at a human mediator in juxtaposition
with an increasingly automated and independent cargo fleet as a technologically-
feasible inland waterway transport concept in the near future. Consequently,
one of the key components of this envisaged concept could be an inland Shore
Control Centre (SCC) capable of remotely monitoring and controlling several
USVs or ASVs simultaneously. Therefore, Section 6.2 details the motivation to
build an inland SCC. Afterwards, Section 6.3 discusses the inland SCC design
concept together with its design requirements, which resulted in the inland
SCC design of Section 6.4. Thereupon, Section 6.5 handles on the first in-situ
experiments, Section 6.6 discusses their results, and Section 6.7 concludes this
section.

6.2 Motivation for an Inland Shore Control Centre

Over the last few years, the investigation of autonomous or unmanned vessel
concepts has grown rapidly. The Finnish Advanced Autonomous Waterborne
Applications project (AAWA) [1] proposed preliminary designs for advanced
ship solutions. The first autonomous cargo vessel, the Norwegian Yara
Birkeland, is on its way [291], whereas a Belgian scale model of an unmanned
inland cargo vessel, the Cogge, already performed preliminary unmanned
experiments [194]. Additionally, the European Maritime Unmanned Navigation,
through the Intelligence in Networks MUNIN project [130], investigated a dry
bulk carrier for intercontinental trade. Most of these just-mentioned concepts
rely heavily on an SCC that can monitor or steer the vessels. The MUNIN project
went into great detail for the technological concept of a complete SCC: they
included operators, back-up operators, watch keepers (supervisors, engineers,
and captains), planners (voyage and maintenance), and administrative staff in
their design [130, 152]. Accordingly, they estimated a necessary total staff of
169 people to continuously monitor a fleet of 90 vessels dedicated to one SCC
wherein an operator monitors six vessels at once. Such a novel SCC design
also gives rise to human factor challenges, where other domains (e.g. aviation,
cars, and subway systems) can provide useful insights [278]. Furthermore,
the operational context between an onboard bridge and onshore SCC differs
significantly, i.e., one can most likely not just move the bridge to shore and
expect it to work, given that the user–environment interactions, and thus the
actual work, would change [159, 160].
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Consequently, this chapter used an activity-centred design (ACD) approach [184]
to construct an inland SCC for five main reasons. Firstly, given that the final
businesses model for a USV or ASV for inland cargo transport is not yet clear,
the emphasis was put on the activity, i.e., remotely controlling or monitoring a
USV or ASV via the inland SCC, which will most likely need to be performed
independently of the final concept. Secondly, Man et al. (2018 [160]) noted
that, when having to remotely monitor and control simulated unmanned cargo
vessels via an SCC, operators tend to use the familiar navigational and collision
avoidance technologies but in a different way. Therefore, this study offers a
flexible combination of different technologies that should enable the activity of
monitoring or controlling USVs. Thirdly, the first potential business models
for short sea shipping and ferries seem to focus on short, local routes [291],
not unlike inland cargo shipping, hence the focus on an inland SCC. Fourthly,
one of the concluded next steps in the AAWA project stresses the need for
the development and testing of specific technological solutions [1], such as the
here-constructed inland SCC. Finally, most of the existing SCC design research
focusses on sea-going vessels and stays rather theoretical [1, 130, 152, 211,
291], although some studies have investigated the SCC design by controlling
or monitoring simulated vessels [159, 160], whereas this work paves the way to
studying real ship-shore interactions. In sum, this chapter aimed to:

I. Use an ACD approach [184] to develop an inland SCC concept which
provides its operator with interaction possibilities with a USV, where
interaction denotes the remote access of the USV actuation system and
overall system settings. Accordingly, this inland SCC aims to serve
as a tool to enhance the situation awareness [70] and sensemaking [156]
capabilities of the remote operator. Thus, the inland SCC unlocks research
on the impacts on ship sense [215] and harmony [214] when remotely
monitoring or controlling a USV.

II. Translate this inland SCC concept into four design requirements: (R-
i) provide the relevant information groups suggested by Porathe et
al. (2014 [211]), (R-ii) provide interaction with the USV, (R-iii) select
industrial components, and (R-iv) keep the design modular.

III. Provide technological details of the merged inland SCC and USV system
design in accordance with these four design requirements.

IV. Offer preliminary data of an operator remotely controlling a USV via the
inland SCC, to investigate the system and operator performance.

V. Illustrate the modular design philosophy by extending the inland SCC
design within the Hull-To-Hull (H2H) project [238] which augments the
remote motion control of a USV via the inland SCC. The change in
operator performance due to this extension was also investigated.
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The successful accomplishment of these five research aims will offer insights for
potential paradigm shifts in the transport sector on the one hand, and for human
factor research within the mechatronic innovations in the inland waterway sector
on the other hand. In addition, the modular, industrially-relevant, bottom up
approach will enable future cost-benefit analyses of the inland SCC system
design by means of an engineering estimate approach [166].

6.3 Concept and Requirements of an Inland Shore
Control Centre

Section 6.3.1 summarises the already-existing line-of-sight control subsystem
components [199], which unlocked a potential for human monitoring and
controlling a USV. Together with the Motivation for an Inland Shore Control
Centre, this potential inspired the ACD concept of an inland SCC, handled
by Section 6.3.2. Thereupon, Section 6.3.3 lists the design requirements to
achieve this concept, and afterwards Section 6.3.4 discusses the H2H navigation
concept [238] which extends this inland SCC by providing augmented motion
control of the USV. Finally, Section 6.3.5 addresses the inland SCC risk and
safety analysis.

6.3.1 Line-Of-Sight Control Subsystem

Figure 6.2 reveals the three main external devices which were used, either
on shore or on a support vessel, during the unmanned operations of the
Cogge documented in Peeters et al. (2020 [194]). A wearable remote control,
see Figure 6.2b, was used to position or manoeuvre the vessel in between
missions when desired. This remote has a screen which can access a mobile-
friendly version of the PLC web-interface. Both the industrial computer on
the Cogge and the shoreside monitoring rugged laptop, see Figure 6.2b, ran
the MOOS [180], allowing the latter to monitor the MOOS processes on the
former, which also ran MOOS-IvP [20] processes, to provide the vessel with an
autonomy system [194]. Finally, Figure 6.2c depicts the web-based interface
accessible via any internet-connected device to monitor the relevant onboard
PLC parameters and to remotely control the vessel if necessary, not unlike the
developments in Osga et al. (2013, 2015 [190, 191]).
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(a) (b) (c)

Figure 6.2: The previous line-of-sight shore side control components (summer 2019): (a)
wearable remote controller with web-interface, (b) the rugged computer (R-PC) running

MOOS-IvP, and (c) an additional laptop monitoring the PLC web-interface.

6.3.2 Concept of an Inland Shore Control Centre

First, Section 6.3.2.1 explains the concepts of ship sense and harmony,
and the influence on them when an operator remotely controls a vessel.
Afterwards, Section 6.3.2.2 looks at these concepts from another perspective.
Finally, Section 6.3.2.3 forms the ACD concept of the inland SCC based on
these previous two sections.

6.3.2.1 Ship Sense and Harmony

Conventionally, onboard crew members acquire a certain degree of ship
sense [215] with which they handle the ship in order to keep harmony [214]
between the ship and its environment. Ideally, this harmony results in a safe
and pleasant journey for the vessel, crew, cargo, and passengers [214]. Parts
of these ship sense and harmony seeking concepts might be compatible with
embodied sensemaking [56], which in addition to the more-studied cognitive
and linguistic sensemaking literature [228] also investigates the effects of
intuitions, sensations, and emotions on how one interprets and acts in the
environment [56, 156]. These potential compatibilities can be seen in the three
harmony sub-categories: (i) environmental prerequisites (context and situation),
(ii) vessel-specific prerequisites (inertia and navigational instrumentation),
and (iii) personal requisites (spatial awareness, theoretical knowledge, and
experience) [214]. Evidently, an operator in a remote SCC loses a direct
ship sense, and thus the subsequent harmony with the environment [158], which
complicates the ship handling. Therefore, to study the necessities for adequate
situation awareness in an SCC, Porathe et al. (2014 [211]) interviewed six bridge
officers and uncovered 165 pieces of necessary information which they bundled
into nine groups: (i) voyage (e.g. voyage plan), (ii) sailing (e.g. heading data),
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(iii) observations (e.g. video cameras), (iv) safety and emergencies (e.g. bilge
pumps status), (v) security (e.g. video of ship itself), (vi) cargo stability and
strength (e.g. stability system status), (vii) technical (e.g. engine parameters),
(viii) shore control centre (e.g. voice communication with other vessels), and
(ix) administrative (e.g. log books). Furthermore, Man et al. (2015 [159])
performed several scenario-based trials with an SCC monitoring virtual vessels
to study the aforementioned harmony model and the adequacy of these nine
information groups for situation awareness. Two of their main conclusions
were the importance of a proper alarm management system and the fact that
a SCC should not mimic the bridge layout. This latter conclusion was again
emphasised in Man et al. (2018 [160]) which noted the tight coupling between
the user and the environment that could be taken into account by means of an
ecological design approach [274].

6.3.2.2 Situation Awareness, Sensemaking, and Interaction

At a different level of analysis, these concepts of ship sense and harmony seem to
span the areas of situation awareness, sensemaking, and interaction. Situation
awareness and its different levels are understood as, “The perception of elements
in the environment within a volume of time and space, the comprehension
of their meaning, and the projection of their status in the near future [70]”,
note that Endsley (2015 [69]) clarified some of the common misconceptions or
misunderstandings of this definition. Likewise, sensemaking refers to: “The
interplay of action and interpretation rather than the influence of evaluation
of choice [283]”, or alternatively: “sensemaking is the process through which
people work to understand issues or events that are novel, ambiguous, confusing,
or in some other way violate expectations [156]”. Finally, within this study,
interaction indicates both the possibility of remote motion control actions from
an operator and the option of changing onboard operational settings. These
three concepts are not mutually exclusive; on the contrary, they seem to have
codependent sub parts all centring around the human operator.

6.3.2.3 Activity-Centred Design Concept of an Inland Shore Control
Centre

The ACD approach of this study focusses on providing a tool, i.e., the inland
SCC, to remotely control or monitor an ASV or USV, whereas a human-
centred design approach would focus more on making the tool invisible [184].
Nevertheless, given that the current users, i.e., the researchers, are also the
designers of the inland SCC, user- and human-centred design choices were
often implicitly incorporated. The inland SCC should offer the possibility
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of interaction with the USV in order to help its operator to develop certain
levels of situation awareness and sensemaking (see Section 6.3.2.2). Given that
the first experiments and usage (see Section 6.4.5) of this inland SCC focus
on (continuously) remotely controlling a USV, situation awareness is herein
understood as a cognitive construct, although this definition can be criticised [58].
When future experiments focus more on the monitoring activity, the inland
SCC concept will shift further towards a joint cognitive system (JCS) [110, 111].
In this socio-technical system, redefining the situation awareness towards a
distributed situation awareness [249] might be more suited. Finally, Section 6.3.3
will translate these concepts of interaction, situation awareness, and sensemaking
into design requirements for the inland SCC.

6.3.3 Design Requirements of an Inland Shore Control Centre

Four main design requirements (R-i–iv) were judged necessary in order to realise
the inland SCC concept of Section 6.3.2.3. Together, they aim to provide
a fully-operational, industrially-relevant, experimental set-up enabling both
current research on inland SCCs and on mechatronic innovation for the inland
waterway transport sector, whilst attempting not to block future potential
expansions thereupon:

(R-i) Generate and communicate elements of the following information
groups [211]: (ii) sailing, (iii) observations, (iv) safety and emergencies, (v)
security, and (vii) technical to the inland SCC. These groups will enhance
the situational awareness and sensemaking abilities of the remote operator.

(R-ii) Provide interaction possibilities with the USV in order to remotely alter
the USV motion and its system configurations. This interaction will
also assist the sensemaking and situation awareness capabilities of the
operator.

(R-iii) Install industrial, marine-grade components for both the extensions on
the USV and the inland SCC system design. This requirement should
make the overall system safer and transferable to a potential real SCC.

(R-iv) Keep the system design modular and flexible, where possible. This
flexibility should smoothen the likely design iterations and extensions.

These requirements illustrate the activity-centred, bottom-up design focus for
constructing the USV and inland SCC ecosystem. As emphasised by (R-iv), this
focus allows for design iterations and provides a foundation for future extended
designs. Some of the known design limitations are the disregard of the remaining
information groups [211]: (i) voyage, (vi) cargo stability and strength, (viii)
shore control centre, and (ix) administrative; during the first experiments, a
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voyage plan, transporting cargo, communicating with other vessels, and overall
administration are not deemed crucial. Furthermore, the accountability for
the different control modes [97] (e.g. an unmanned, automated, or remotely-
controlled, surface vessel) has not yet been implemented: under the assumption
that, during the first experiments, the operator is fully aware of the goal of the
tests, and that these different modes (their definition and their impact) remain
part of the ongoing research.

In addition, the current design makes an abstraction of the potential onboard
social hierarchy of the crew [130, 152, 159], as there is only one operator, and of
the complexity of managing a fleet [130, 152] as only one USV will be controlled.
Finally, no explicit design focus has been put on ergonomics. Given the flexible
physical system lay-out, this design can be tuned during experiments, fitting
it to the human, and not the other way around [95]. Likewise, mental work
load [299] information could be fetched during experiments, which could induce
design iterations. These potential iterations and the design flexibility, will help
to avoid the unadvised mimicking of a bridge lay-out [159, 160].

6.3.4 The Hull-To-Hull Navigation Concept

The H2H project offers a first conceptual extension of the Concept of an
Inland Shore Control Centre. This H2H project fits within the European
Horizon 2020 program, and aims to provide the hull-to-hull distance between
H2H objects, which can be either stationary (e.g. a dock), or dynamic (e.g. a
vessel) [21, 22], in combination with the uncertainty of this distance and of
the positions and orientations of these H2H objects. Figure 6.3a draws an
exemplary uncertainty zone in red around a moving H2H object. This zone,
together with the dynamics of the ship and its operational mode, could also be
used for cascaded, dynamically-changing uncertainty zones, shown in orange
and green [128, 297], that could trigger certain messages or system events when
interactions with other vessels occur.

Within this H2H project, each H2H object has an H2H System which normally
consists of: (i) position and movement sensors, (ii) 2D or 3D geometry models,
(iii) an H2H engine to perform calculations, (iv) a data communication link,
and (v) an H2H application or user interface. This overarching H2H System
design should facilitate close proximity manoeuvring between H2H objects.
Accordingly, our research group will test this H2H design philosophy for inland
vessels by two types of experiments: single-handed sailing and single-handed
docking. Here, the underlying hypothesis would be that the H2H System should
allow a vessel operator to single-handedly perform close proximity manoeuvres
when using the H2H Application.
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Figure 6.3b illustrates such a docking manoeuvre, where the numbers indicate
the sequence of envisaged waypoints. Accordingly, the vessel will arrive near the
dock, initiate a starboard docking manoeuvre, continue sailing, turn around, and
finally perform a second docking manoeuvre from port side. Since it is physically
impossible to board the Cogge, the USV would conduct these experiments while
being remotely controlled by a human operator in the inland SCC.

Given this unmanned nature of the Cogge and the fact that this USV should
only avoid (straight sailing) or encounter (docking) the shoreline, a modification
in the H2H system design has been made, depicted by Figure 6.3c, that leverages
our modular inland SCC design. Instead of having two H2H engines, i.e., one
for the USV and one for the dock, both engines have been combined into one.
In order to achieve this design, the USV needs to send its H2H-engine-relevant
data to the combined engine. Furthermore, given that the human will use the
H2H-application, this information needs to be sent from the H2H-combined
engine to our inland SCC where it will be shown on a display. The motion
control and monitoring parts of the inland SCC will be used as discussed in
Section 6.4.3 and demonstrated in Section 6.4.4.
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Figure 6.3: Augmented remote motion control and monitoring within the H2H project: (a)
proximity zones, (b) envisaged design docking manoeuvre experiments, and (c) design

philosophy of the H2H-extensions on the Inland SCC design.
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6.3.5 Risk and Safety Analysis of an Inland Shore Control
Centre

Despite the scarcity of research regarding industrial cargo USVs [148], their
potentially complimentary SCCs [56, 130, 152], and thus their subsequent
operational modes or business cases, several studies investigated the potential
risks, hazards, and safety concerns for these concepts [14, 218, 261, 292], and their
integration in the existing International Maritime Organisation regulations [235].
Nevertheless, the usefulness of having more operational USV and SCC concept
data remains a common conclusion in most analyses. Therefore, in line with
the suggested engineering estimate approach for the potential future CBAs
and the overall activity-based, bottom-up, modular system design, the risk
assessment concentrates on the lower technical level (e.g. selecting industrially-
robust components, having multiple interaction possibilities with the vessel,
having onboard safety stops).

Consequently, the inland SCC and its induced experimental data can nurture
the just-mentioned risk and safety analyses, for which the Systems-theoretic
Accident Modelling and Processes (STAMP) [14, 141] seems to be a good future
methodology as it reviews the entire socio-technical system [8, 14, 48], which will
be of paramount importance given the envisaged human–machine interactions.
Finally, note that the Flemish waterway administrator continuously defines,
monitors, and optimises a legal framework for testing and demonstration
purposes with USVs, generating mutually beneficial discussions regarding USV
safety and regulations.

6.4 Design and Construction of an Inland Shore
Control Centre

First, Section 6.4.1 summarises the resulting technical inland SCC design based
on its concept and requirements, i.e., nurtured by the Activity-Centred Design of
an Inland SCC and the Design Requirements of an Inland Shore Control Centre,
and Section 6.4.2 depicts its physical construction. Similarly Section 6.4.3
shows the technical details of the H2H-extended inland SCC and Section 6.4.4
illustrates its physical construction. Finally, Section 6.4.5 discusses the design
of the performed experiments.
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6.4.1 Technical Design of an Inland Shore Control Centre

Figure 6.4 represents the full inland SCC design in conjunction with the USV
of Section 2.4, i.e., the Cogge. The additions to this USV, in order to accomplish
the inland SCC design requirements together with the inland SCC design itself,
are detailed in the following three sections, as summarised by Table 6.1, with
reference to the full components list of Table A.1.

VPN

42
 
 
 

VPN server

VPN

VPN

VPN

VPN

A
 
 
 

Inland Shore Control Centre subsystem

motion control

monitoring

Router28
 
 
 

29
 
 
 

26
 
 
 POE Switch

 
 
 

Wind sensor
 
 
 

3G/4GVPN TCP 
(UDP)/IP

TCP/IP
  
RS232

VPN

27
 
 
 

IP cameras
 
 
 

RR5
 
 
 

Port displ.35 
 
 

33
 
 
 

Stbd displ.Bow displ. 34
 
 
 

40
 
 
 

touch screen

38
 
 
 

PLC2 x AC

Ctrl displ.SCC PC

 3G
analog I/O

digital I/O
Modbus TCP/IP

39
 
 
 

3637
 
 
 

 Router41 
 
 

(H2H application)

3G/4G

32 Stern displ.

Sensor subsystem

autonomy

monitoring

GNSS
 
 
 

17
 
 
 

Stereo cameras
 
 
 

15
 
 
 

IMU
 
 
 

16 
 
 

LIDAR
 
 
 

18
 
 
 

RS232

PPS

PPS

Line-Of-Sight Control subsystem

RC
 
 
 

Radio

3G/4G

Wifi (LAN)

R - PC1
 
 
 

31
 
 
 30
 
 
 

BMS
 
 
 

Power and safety subsystem

20
 
 

Bilge pumps
 
 
 

21
 
 
22
 
 

Stern light
 
 
 
Bow light
 
 
 

23
 
 

24V DC 
 
 
 
2 x 12V DC 
 
 
 

24 
 

25 
 

19
 
 ESTOP

 
 
 

Bow thruster motor drive
 
 
 

9
 
 

Bow angle stepper motor
 
 
 

10
 
 

Stern angle stepper motor
 
 
 

13
 
 

Stern thruster motor drive
 
 
 

12
 
 

CANopen

CANopen

Actuation subsystem

3G

Router
 
 
 

4
 
 
 

Radio

TCP (UDP)/IP

POE Switch  
 
 

3
 
 
 

Modbus
TCP/IP1

 
 
 

PLC
 
 
 

2
 
 
 

I - PC
 
 
 

TCP (UDP)/IP TCP (UDP)/IP

3G/4G Wifi

TCP 
(UDP)/IP

RS232

TCP 
(UDP)/IP

USB

TCP (UDP)/IP

TCP (UDP)/IP

Figure 6.4: Main inland SCC and USV components and their communication links.

Table 6.1: Resulting inland SCC design based on the design requirements of Section 6.3.3.

Requirement Design Result Discussed in

(R-i) Information Groups Figure 6.4: sensor and In-
land SCC subsystem, PLC

Section 6.4.1.1

(R-ii) USV Interaction Figure 6.4: inland SCC
subsystem

Section 6.4.1.2

(R-iii) Marine-Grade, Industrial
Components

Table A.1 Section 6.4.1.3

(R-iv) Modular and Flexible
Design

Figure 6.4 Section 6.4.1.3
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6.4.1.1 Design Results for Requirement One (R-i)

Table 6.2 details the USV and inland SCC components or subsystems that
provide the necessary data for the selected information groups, with reference
to Figure 6.4. Comparing this figure with the components of the Cogge as a USV,
i.e., Figure 2.12, demonstrates that some of the already-onboard components,
namely, the autonomous part of the sensor subsystem and the PLC (number 1),
can now be used for multiple purposes.

More precisely, the GNSS and IMU sensors, which normally feed the autonomy
software nested in the I-PC, can now stream their data to the inland SCC,
thus providing sailing information. Similarly, the stereo cameras and the lidar
can produce observation information, if desired. Furthermore, the onboard
PLC monitors all wanted parameters and alarms to provide both technical,
and safety and emergency information to the inland SCC. The PLC web
interface accumulates this information, similarly to Figure 6.2c. In addition to
these reused components, the USV has four new cameras installed: port, bow,
starboard, and stern orientation. Their images offer security information on the
one hand, and given the small USV size, these can also be used as observation
information on the other hand.

Three mobile internet connections can pipe these just-discussed information
sources to the inland SCC and its display screens: the (i) PLC transmits its
technical, and safety and emergency information via a dedicated 3G connection,
(ii) the Quartz router (number 4) is capable of streaming the observation
information, and (iii) the Pepwave router (number 28) streams the security
information. Note that an offshore VPN server (number 42), in conjunction
with nested VPN clients shown on some components, facilities the data routing
and provides remote access to all these services.

Table 6.2: Summary of the information group realisations.

Information Group Design Result

Sailing Figure 6.4: autonomy sensor subsystem
Observation Figure 6.4: autonomy and monitoring sensor subsystems
Safety and Emergency Figure 6.4: PLC
Security Figure 6.4: monitoring sensor subsystem
Technical Figure 6.4: PLC
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6.4.1.2 Design Results for Requirement Two (R-ii)

With the accomplishment of (R-i), the operator should have a degree of situation
awareness and sensemaking capabilities, which both can potentially be improved
by interaction with the vessel. This interaction in the form of remote motion
control, i.e., when remotely steering the vessel, is self-evident: one needs to be
able to send desired actuation states to the actuation subsystem of Figure 6.4.
A human–machine interface consisting of two azimuth controllers and a touch
screen provides this service, shown by Figure 6.5. The latter depicts the current
internal steering angles, αi, and propeller speeds, n, for both actuators, along
with their operator-requested values.

Similarly to the onboard actuation layout, see Figure 2.7, the bow controller is
placed in front of the stern controller. Both controllers are 360-degrees-steerable
and have a lever to control the propeller speed. Consequently, a one-on-one
mapping describes the relation between αi and the azimuth-controller-angle
for both actuators. Likewise, the maximum position of the lever represents the
maximum propeller speeds of the actuators.

Figure 6.5: The inland SCC motion control subsystem: two azimuth controllers on the left
and a touch screen on the right.

The motion control part of the inland SCC subsystem in Figure 6.4 shows the
full design of Figure 6.5. Accordingly, a shoreside PLC (number 38) orchestrates
all the desired actuation system states and has a dedicated 3G mobile internet
connection with its onboard counterpart at the heart of the USV. Next to this
enabled motion control interaction, the onboard PLC (number 1) web interface
allows the enabling or disabling of components or settings. Similarly, processes
can be started or stopped on the I-PC via a secure shell connection, further
augmenting the spectrum of interaction possibilities with the vessel.
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6.4.1.3 Design Results for Requirement Three and Four (R-iii–iv)

The component enumeration in Table A.1 exemplifies their accordance with
the industrial-robustness requirement, i.e., (R-iii). This selection procedure
means that these components should also be serviceable on a real-scale vessel
or control centre in their operational environments. The details in the previous
two result sections, which handled (R-i) and (R-ii), demonstrate the applied
modular system design approach. For instance, the multi-purpose utilisation
of the USV autonomy sensors, and the nesting of this full USV system design
inside the inland SCC concept in general, see Section 6.4.1.1, reveal the
envisaged scalability and component-interchangeability of this modular design.
In addiction, Section 6.4.1.2 expanded the inland SCC remote motion control on
the already-existing cascaded motion control hierarchy nested inside the USV.
Finally Section 6.3.4 presented an additional propagation of the inland SCC,
further demonstrating its modularity and adequacy as an experimental set-up.

6.4.2 Construction of an Inland Shore Control Centre

Figure 6.6 displays a picture of the first operational status of the inland SCC,
with component numbers referring to Table A.1. As shown, the motion control
part of the inland SCC subsystem of Figure 6.4 was fully installed, whereas
the stern-view camera (number 27) and complimentary display (number 32)
were not yet installed. The other three cameras (number 27) provided a live
stream of observation and security data while the USV was under remote motion
control. These three IP cameras have a variable data throughput depending
on their available bandwidth. They can alter this data rate by changing their
configuration parameters, e.g., their quality, resolution, or frames per seconds
(fps). Figure 6.7 illustrates the positions of the USV components, where their
numbers refer to Table A.1.
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Figure 6.6: Constructed inland SCC streaming video data from the USV sailing on the
Rotselaar lake (see Section 6.5.1), part numbers refer to Table A.1.
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Figure 6.7: Positions of the main onboard USV components, referring to Table A.1. Note
that the LIDAR (number 18) was not mounted, but can be seen in Figure 2.5.

6.4.3 Technical Design Hull-To-Hull-Extended Inland Shore
Control Centre

Figure 6.8 summarises the current H2H-extended inland SCC system design of
this paper. Note that the ongoing H2H project does not have a fully finalised
design yet. Consequently, the final H2H-extended system design might still
have small adaptions compared to this current design.



DESIGN AND CONSTRUCTION OF AN INLAND SHORE CONTROL CENTRE 149

VPN

42
 
 
 

VPN server

VPN

VPN

VPN

VPN

openVPN -> 10.8.0.xopenVPN -> 10.8.0.x
subnet 1 -> 192.168.1.xNetworks:

subnetmask: 255.255.255.0 subnet 2 -> 192.168.2.x
subnet 3 -> 192.168.3.x H2H PepVPN  -> 192.10.2.x

H2H subsystem

Router46
 
 
 

MBR antenna
(179)

44

H2H engine
(combined)

45

MBR MBR antenna
(144)49

 
 
 

TCP 
(UDP)/IP

3G/4G MBR

3G/4G

A
 
 
 

Inland Shore Control Centre subsystem

motion control

monitoring

Router28
 
 
 

29
 
 
 

26
 
 
 POE Switch

 
 
 

Wind sensor
 
 
 

VPN TCP 
(UDP)/IP

TCP/IP
  
RS232

VPN

27
 
 
 

IP cameras
 
 
 

RR5
 
 
 

Port displ.35 
 
 

33
 
 
 

Stbd displ.Bow displ. 34
 
 
 

40
 
 
 

Touch screen

38
 
 
 

PLC2 x AC

Ctrl displ.SCC PC

 3G
analog I/O

digital I/O
Modbus TCP/IP

39
 
 
 

3637
 
 
 

 Router41 
 
 

(H2H application)

3G/4G

32 Stern displ. GNSS47

Sensor subsystem

autonomy

monitoring

GNSS
 
 
 

17
 
 
 

Stereo cameras
 
 
 

15
 
 
 

IMU
 
 
 

16 
 
 

LIDAR
 
 
 

18
 
 
 

RS232

PPS

PPS

Line-Of-Sight Control subsystem

RC
 
 
 

Radio

3G/4G

Wifi (LAN)

R - PC1
 
 
 

31
 
 
 30
 
 
 

BMS
 
 
 

Power and safety subsystem

20
 
 

Bilge pumps
 
 
 

21
 
 
22
 
 

Stern light
 
 
 
Bow light
 
 
 

23
 
 

24V DC 
 
 
 
2 x 12V DC 
 
 
 

24 
 

25 
 

19
 
 ESTOP

 
 
 

Bow thruster motor drive
 
 
 

9
 
 

Bow angle stepper motor
 
 
 

10
 
 

Stern angle stepper motor
 
 
 

13
 
 

Stern thruster motor drive
 
 
 

12
 
 

CANopen

CANopen

Actuation subsystem

3G

Router
 
 
 

4
 
 
 

Radio

TCP (UDP)/IP

POE Switch  
 
 

3
 
 
 

Modbus
TCP/IP1

 
 
 

PLC
 
 
 

2
 
 
 

I - PC
 
 
 

TCP (UDP)/IP TCP (UDP)/IP

3G/4G Wifi

TCP 
(UDP)/IP

RS232

TCP 
(UDP)/IP

USB

TCP (UDP)/IP

TCP (UDP)/IP

SN3

SN1 SN1

SN2 SN2

Figure 6.8: H2H-extended inland SCC and USV system design: main components and their
communication links.

6.4.4 Construction of Hull-To-Hull-Extended Inland Shore
Control Centre

In order to further clarify the H2H-concept (Section 6.3.4) and its technical
design details (Section 6.4.3), Figure 6.9 depicts some core parts of the current
H2H-extended inland SCC experimental configuration. Figure 6.9a presents the
combined H2H engine, from Figure 6.3c, which receives navigational information
from the USV and has an own GNSS antenna (number 47, not shown) which
is placed on a pre-calibrated position which, together with its 3D drawing,
represents the quay, i.e., a static H2H object. The middle screen (number 32) on
the bottom of Figure 6.9b visualises the output of the H2H application, which
receives information from the combined H2H engine, see Figure 6.3c. This H2H
application ran on a laptop (not listed), to facility the first mobile tests.
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(a) (b)
Figure 6.9: Current H2H-extended inland SCC configuration: (a) the combined H2H

Engine, and (b) the H2H application running in the inland SCC.

6.4.5 Design of Experiments

In order to test the designs and constructions of Section 6.4.1 – Section 6.4.4, the
experiments of this study aimed to measure the performance of the overall USV
and inland SCC system and the situation awareness of its operator. The system
performance was measured by conducting successful experiments and thus
implicitly stress testing its overall design. In addition, indicative communication
data rates and latencies were explicitly measured to provide more insights in the
system performance. The situation awareness of the operator was assessed by
both performance measurements and process indices, similarly to the situation
awareness assessments techniques present in aviation research [181].

6.4.5.1 First USV and Inland SCC System Stress Tests and Experiments

An operator inside the inland SCC was instructed to remotely control the USV
in two different locations, a canal and a lake, on two different days. In the first
experiment, the USV was positioned in a canal near Leuven, in the vicinity of
the inland SCC, although there was no line of sight for the operator. In the
second experiment, the USV sailed on a lake in Rotselaar and its operator was
positioned in the inland SCC in Leuven, which separates them by approximately
7 km. For both experiments, the focus was put on the activity, i.e., continuously
remotely controlling the USV via the inland SCC. During the canal mission, the
operator was asked to sail past two bridges, turn around, and sail back. During
the lake mission, the operator received full freedom to sail around. Consequently,
both experiments mainly focus on stress testing the full USV and inland SCC
system design. Given their loosely defined mission goal, the situation awareness
of the operator was not explicitly measured with the just-discussed assessment
tools of this study. The results of both missions can be found in Section 6.5.1.
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6.4.5.2 First USV and H2H-Extended Inland SCC System Stress Tests and
Experiments

The first experiments with the H2H-extended inland SCC system had two
goals: to offer a stress test of the complete extended system, and to provide
preliminary data on the impact of the H2H-navigation system on the activity
of continuously remotely controlling a USV. Hence, these data can also serve to
assess the situation awareness of the operator using the H2H-extended inland
SCC system. More precisely, an eye-tracker served as process index and the
performance measures framework for unmanned systems [114, 115] was used as
a guideline for performance measurements. This set of first experiments falls
under a larger set of scheduled experiments which aims to test the single-handed
sailing and docking hypotheses (see Section 6.3.4) within the H2H project. In
this larger set of experiments, both skippers and students will be asked to single-
handedly sail the USV via the inland SCC during both straight sailing and
docking manoeuvres, once with and once without the H2H-extended interface.

Five performance metrics were selected: time, energy, accuracy, safety, and
reliability, in accordance with the commonly used performance dimensions of
effectiveness and efficiency, which respectively denote requirement fulfilment
and resource consumption [176]. The former two metrics measure efficiency
and the latter three effectiveness. Within these experiments, the time metric
denotes the elapsed time of a mission, energy the power consumption of the
actuation system, accuracy the deviation from the desired trajectory, safety
the avoidance of collision, and reliability the overall effectiveness of the tool,
i.e., was the participant able to achieve the envisaged goal [297]. Two main
sources of performance measure variance [253] will be used and modelled as
continuous variables, coined domain knowledge and gamer experience. The
former variable could explain a performance increase, given that a person
with skipper experience might better understand the propulsion system of the
vessel or make better sense of the vessel movements in its environment. The
latter variable might explain a performance increase due to more experience in
virtually remotely controlling objects in a gaming universe [139], or a better
understanding of the motion control system layout.

In this study, two students, with no former knowledge of the USV and the
inland SCC, were asked to sail a straight line, back and forth, in the middle of
the canal in Leuven. Each participant was given this task twice: once without
the H2H-interface, meaning they had to estimate the middle of the canal based
on the camera feedback, and once with the H2H-interface which showed a top
view visualisation of the vessel in the canal and the target line in the middle of
this canal. The order of these experiments was changed between the students.
Their results can be found in Section 6.5.2.
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6.5 Results

6.5.1 First USV and Inland SCC System Stress Tests and
Experiments

Figure 6.10 and Figure 6.11 respectively present data of the canal (Leuven)
and lake (Rotselaar) experiments which Section 6.4.5.1 designed. Figure 6.10a
and Figure 6.11a plot the position of the main GNSS antenna mushroom
positioned at the stern of the vessel, hence they indicate the sailed trajectories.
The USV course can be seen in Figure 6.10b and Figure 6.11b in conjunction
with the measured steering angles of both actuators. Be aware that these
steering angles should be viewed in combination with their propeller speeds,
shown in Figure 6.10c and Figure 6.11c, given that these determine the thrust
size. As can be seen on Figure 6.10b, the bow thruster was mainly used for small
course corrections, whereas both thrusters were used during the more complex
manoeuvres. Throughout the less-spatially-restricted lake mission, Figure 6.6,
more complex manoeuvres occurred, often involving rotations of both actuators.
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Figure 6.10: USV under inland SCC motion control in a canal (Leuven): (a) sailed
trajectory, (b) internal actuation angles and SCC course, and (c) actuation rotational speeds.
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Figure 6.11: USV under inland SCC motion control in a lake (Rotselaar): (a) sailed
trajectory, (b) internal actuation angles and USV course, and (c) actuation rotational speeds.
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Figure 6.12 offers the calculated time delays between the USV and inland SCC
PLCs for both experiments. This calculation goes as follows: the shoreside
PLC transmits its clock-time to the onboard PLC which relays this time to
the shoreside PLC. At the reception of this relayed clock time, the shoreside
PLC subtracts this time from its current clock time and assumes the half of
this difference to be the latency time between both PLCs. Figure 6.12 seem
to indicate a similar median latency between the onboard and onshore PLCs
which use a 3G connection to communicate. In the former mission, two latency
peaks larger than 1 s can be noted. These canal tests were performed in the
vicinity of two large bridges, whereas the lake missions had no noticeable nearby
obstacles, which might explain these peaks. Next to these motion control
latency measurements, some indicative video stream delays of 300–500 ms were
manually measured. Here, a timer was placed in the field of view of the camera
and pictures were taken of the captured video stream together with this timer,
hence providing the latency. Note that a new 5G network might be deployed in
Belgium in the foreseeable future, which could enhance the streaming capacity
and quality.
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Figure 6.12: Latency time between PLCs for the (a) canal and (b) lake mission.

In order to fully crystallise the working principle of the USV and inland SCC
system, Video S1 shows the Cogge whilst a human operator remotely controls
it via the inland SCC, with no line of sight. Note that this video was shot on
another testing day than the one producing the data of Figure 6.10, but on
the same location. Furthermore, it can be seen that inside the inland SCC the
monitor for the stern camera (number 32) was installed but used to visualise the
H2H application, which ran on a low frequency during its first live operation,
but was not present during the experiments of Figure 6.10 and Figure 6.11.
Furthermore, a combined data consumption of 6 to 9 Mbps was noted when
requesting a video stream with a resolution of 1024×720 at 24 fps with a normal
image quality. Given the average upload speed of 11 Mbps in the Belgian mobile

https://doi.org/10.3390/jmse8100758
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network [33], the selected Pepwave router (number 28) can pipe this data rate
since it has two modems capable of bandwidth fusion with redundant SIM card
slot features.

6.5.2 First USV and H2H-Extended Inland SCC System
Stress Tests and Experiments

Figure 6.13a and Figure 6.13b respectively show the first run of participant one
with the H2H-application and the second run of this participant without the
H2H-application. Similarly, but reversed, Figure 6.13c and Figure 6.13d plot
the first run of participant two without the H2H-application and the second
run of this participant with the H2H-application. These results show that,
with or without the H2H-application, the activity of remotely controlling the
USV was achievable. It should be noted that, due to their small quantity,
these results serve as indicators of how the future larger sets of experiments
(see Section 6.4.5.2) can be analysed. Only when more experiments will be
conducted in the future, can significant conclusions be made. Nevertheless the
current experiments already indicate some interesting findings. Bearing these
limitations in mind, Figure 6.13a and Figure 6.13d seem to indicate that the
H2H-application helped both participants to stay in the middle of the canal as
they show a smaller offset with regard to this middle of the canal (line between
both plotted waypoints) compared to Figure 6.13b and Figure 6.13c. Note
that the canal is approximately 25 m wide in this test region. In addition, for
both participants, the recorded mission durations were shorter when using the
H2H-application.

A more in depth analysis of these two performance metrics (time and accuracy),
the three remaining performance metrics (energy, safety, and reliability),
and the eye-tracker data, falls out of the scope of the current chapter, but
will be performed in the H2H project. Although, it can already be noted
that all the experiments shown concluded without any collisions and the
participants were able to reliably achieve their mission goals. In order to
further clarify the operational working principle of the H2H-extended inland
SCC, the supplementary Video S2 shows a participant single-handedly preparing
a docking manoeuvre with and without the H2H-application. A snapshot of
this video can be seen in Figure 6.14a. During these experiments, and the
straight-sailing experiments, the participants each wore an eye-tracking device
from which a recorded feed can be seen in Video S3. In Video S3, the participant
turned the USV during a single-handed straight sailing mission, e.g., Figure 6.13,
and the video shows that the participant made use of the H2H-application to
orient the USV. A snapshot of this video can also be seen in Figure 6.14b.

https://doi.org/10.3390/jmse8100758
https://doi.org/10.3390/jmse8100758
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Figure 6.13: H2H-extended inland SCC straight sailing experiment with the USV in a
canal (Leuven): (a) participant one, first run, with H2H-application ≈ 8.5 min, (b)

participant one, second run, without H2H-application ≈ 10 min, (c) participant two first run,
without H2H-application ≈ 7 min, and (d) participant two, second run, with H2H-application

≈ 6 min.

(a) (b)

Figure 6.14: Single-handed sailing with the USV and inland SCC system on a canal
(Leuven): (a) Video S2: docking manoeuvres from a participant (left) with the

H2H-application, and (right) without the H2H application; (b) Video S3: tracking of the eye
movements of a participant during the 180° turn of a straight sailing experiment.
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6.6 Discussion

The first loosely-defined experiments of Section 6.5.1 offered a thorough stress
test of the total USV and inland SCC system. Although the situation awareness
of the operator was not explicitly measured, it can be noted that the inland
SCC helped the operator to develop a sufficient level of situation awareness
and sensemaking during the requested activity of remotely controlling the USV.
Hence, these experiments offered a first verification of the ACD concept of
the inland SCC from Section 6.3.2.3. Subsequently, the first USV and H2H-
extended inland SCC experiments in Section 6.5.2 put forward three main
findings. Firstly, they stress tested the H2H-extended inland SCC and USV
system, further verifying the possibility to continuously remote control a USV
via the inland SCC. Secondly, their goal-oriented mission design allowed to assess
the situation awareness of the operator by means of performance measurements
and process indices. Thirdly, these assessment tools enable the investigation of
the performance impact of the H2H-Extension. For example, both participants
seemed to have benefited from this H2H-application, given that it decreased
their mission time and track error, compared to the normal inland SCC set-up.

The two analysed performance metrics of Section 6.5.2 seem to indicate an
improved level of situation awareness for both participants when using the H2H
application, although one needs be careful with such preliminary conclusions: a
good performance need not be indicative of a better situation awareness, and
vice versa [181]. Additionally, similar caution should be taken when processing
the eye-tracker data, given its potential limitation due to the “looked but
failed to see [35]” phenomenon [181]. Therefore, in future work, it would be
interesting to implement some of the other situation awareness assessment
tools of Nguyen et al. (2019 [181]), in order to complement the more basic
assessment tools used throughout this study. For example, the freeze-probe
technique, would randomly freeze some displays. Afterwards, the participant
could be asked to estimate the current system states, such as position, speed,
and orientation, or environmental states, such as objects or infrastructure in
the neighbourhood. Evidently, the freeze-probe technique would intrude on
the activity of controlling the USV. In comparison, a non-intrusive post-trial
self-rating technique such as the situation awareness rating technique [255] could
also be added.

The cascaded growth of the inland SCC, such as the addition of the H2H-
application, further demonstrates that the underlying activities mainly shape
the developed tools. Nevertheless, the used ACD approach does also rely heavily
on the UCD approach [184]. This connection was rather straightforward given
that the researchers act both as product designers and users, thereby often
implicitly incorporating their user requirements into the design, which might
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give rise to biases. The additions to the inland SCC also emphasise the envisaged
modularity of the overall system design, handled by Section 6.4.1.3. In this
regard, the currently implemented components of Section 6.4.1.1 provide the
integrated USV and inland SCC with a first iteration of information groups in
order for its operator to develop levels of situation awareness and sensemaking.
Evidently, these selected components are indicative and will most likely be
modified and extended based on the feedback of future experiments, which
might decrease the aforementioned potential design biases.

Figure 6.15 further exemplifies the overall SCC design modularity, by depicting
the motion control subsystem at the lake in Rotselaar, where it only needed
a power supply. The shown laptop was connected to a mobile router enabling
access to the video stream of the bow-oriented camera. Considering the operator
had clear line of sight, this was not necessary but further tested the overall
design flexibility. On the top of the picture, a part of the lake can be seen
together with the Cogge, a support vessel, and a few researchers. This follow-up
vessel was used during all the discussed experiments and had the wearable
controller (number 30) onboard. This vessel can also be seen on the bow and
starboard oriented video streams on Figure 6.6.

Figure 6.15: Moveable motion control subsystem of the inland SCC system.

Furthermore, this motion control subsystem could also be used to remotely
control other types of USVs such as Maverick discussed in Section 2.5. Given
that this vessel will have a similar onboard PLC as the Cogge, this should not
demand many adaptations. For its old actuator configuration (see Figure 2.15a),
it might be more intuitive to change the position of the azimuth controllers, in
order to avoid mode confusion [107]. Furthermore, when handling vessels with
a larger mass, haptic feedback [2] might be favourable.

The Cogge can already be deployed as an unmanned vessel, capable of
autonomously following waypoints [194]. Future work could thus investigate the
impact of this operational mode, i.e., monitoring an autonomous inland USV



158 DESIGN AND BUILD OF AN INLAND SHORE CONTROL CENTRE

in its spatially restricted waters [147]. In such a JCS [110, 111] the situational
awareness will become more distributed [249] and perhaps extensions such as
the H2H-application might help in providing a representation of the current
system state and its limitations [160, 274]. Although it is not trivial to define
and measure the performance of such a complex system [124, 135], the usability,
usefulness, and understandability of such a JCS should be measured [212]. Such
future experiments, and the currently scheduled experiments within the H2H
project, will allow a further bottom-up investigation of the impact on ship sense
and harmony when remotely handling a USV under different operational modes.
Although these first data sets will be embryonic, originating from conditioned
but real outdoor environments, they hopefully provide essential information for
future socio-technical IWT CBAs [166] and STAMP [14, 141] analyses.

6.7 Conclusion

With the intention of providing a finer level of resolution in the feasibility
studies regarding unmanned or automated inland cargo shipping, this
chapter discussed the design and build of an inland SCC in order to
remotely control or monitor a USV or ASV.

Preliminary experiments verified that the operator had sufficient
interaction possibilities with the USV in order to continuously remotely
control the vessel. Accordingly, the inland SCC had the potential to
support the development of situation awareness and sensemaking for its
operator, within these first experiments. However, additional situation
awareness assessment tools would be advised to further probe the achieved
level of situation awareness in the future. Similarly, experiments where
the USV is remotely monitored instead of controlled could further validate
these findings and help to study the impact on ship sense and harmony
when monitoring an autonomous USV. A stepping stone in this direction
might be achieved during the discussed H2H navigation experiments
which investigate the enhanced remote motion control of a USV. This
enhancement could serve as a monitoring tool in the future. Evidently,
the technological feasibility of this inland SCC system and its potential
design iterations or extensions do not prove its socio-economic viability.
For such a viability estimation, future CBAs would be better suited for
which this chapter aims to provide fruitful input.

This chapter provides an alternative answer toRQ2 andRQ3, by putting
a remote operator in the loop.



Conclusion

“The line separating good and evil passes not
through states, nor between classes, nor between
political parties either — but right through every
human heart — and through all human hearts. This
line shifts, inside us, it oscillates with the
years [244].”

Alexander Solzhenitsyn

Figure 7.1: Cogge, sailing on the Yser reservoir, photo courtesy of Marcus Kotzé.
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7.1 Research Answers and Deliverables

This section revisits the main research questions of this thesis and provides more
insights on their current answers. Afterwards, this section elaborates on the
alternative answers for the last two research questions. Finally, an overarching
conclusion of the present answers concludes this section.

7.1.1 RQ1 — Industrial and Scientific Relevance

A1. The design and build of an industrially relevant research vessel for
unmanned inland cargo shipping (← RQ1).

This thesis intends to provide data and insights to investigate the automation
potential of the inland waterway fleet. This intention resulted in the
design and construction of two industrially relevant (D1.1) research (D1.2)
vessels (Chapter 2). The resultant automation potential of these two designs
depends on the onboard perception and motion control systems (A3) which
can benefit from modelling and identifying the vessel hydrodynamics (A2).

D1.1 An industrially relevant unmanned inland cargo vessel (←RO1.1).

The introduction (Chapter 1) highlighted the present situation of the IWT sector
which undergoes an outflow of small CEMT–I–II vessels and has an overcapacity
problem on the larger waterways. Nevertheless, the present governmental
policies aim to transport more freight via this IWT sector. Two novel smaller
vessel designs might offer part of the solution for this envisaged IWT utilisation
discrepancy. First, the new watertruck barges enable the decoupling of sailing
and cargo handling time, by introducing a modular fleet of push boats and
propelled or unpropelled barges. Second, the onboard crane of the pallet shuttle
barges unlocks cargo handling, independently of the shoreside infrastructure.
Furthermore, their flat deck facilitates the transportation of palletized cargo.
Both concepts seem to have an automation potential which, when properly
exploited, might increase their competitiveness and attract more cargo to
the IWT sector. Therefore, these novel vessel types served as the blueprints
for the research (D1.2) fleet construction. Furthermore, most intracity cargo
transport still goes over road, although a few European cities have demonstrated
their potential for urban freight transport via waterways. Here too, increasing
the automation level of smaller urban vessels might unlock a competitive freight
transport alternative.
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D1.2 A scientifically relevant unmanned inland cargo vessel (←RO1.2).

The state of the art of USV or ASV research further crystallised the design
of the research fleet, in addition to the industrial developments in the IWT
sector (D1.1). Some of the specific research challenges for inland cargo vessels
were listed and provided inputs for orienting A2 and A3. Consequently, three
design choices integrated the industrial relevance perspective into the design of
two experimental platforms. First, the Cogge is a geometrical sale model of a
self-propelled watertruck barge, and the Maverick is a functional scale model
of a pallet shuttle barge. In addition, both vessels have a length that should
enable intracity freight transport research. Second, both vessels have a highly
manoeuvrable actuation system which could virtually mimic more constrained
actuation systems. Furthermore, the Cogge carries the same non-conventional
propulsion system as its real-size counterparts. Third, the modular software and
hardware design should facilitate future system extensions or reconfigurations.
Moreover, industrial and robust system components were selected in order to
facilitate their potential future transfer to real-size vessels (D1.1).

7.1.2 RQ2 — Modelling and Identification

A2. The modelling and identification of hydrodynamic motion models of an
inland cargo vessel (← RQ2).

Understanding the hydrodynamics of the new research fleet (A1) can increase
the performance of the perception and motion control systems (A3). However,
given that no model is correct but some are useful, caution should be taken
when selecting a model and its subsequent assumptions and limitations. Hence,
deciding “what” to model and “how” depends on the requirements of the end-
user. Subsequently, this thesis offers a selection of models (Chapter 3, D2.1)
and their identification procedures (Chapter 4, D2.2).

D2.1 Hydrodynamic models for an inland cargo vessel (←RO2.1).

The hydrodynamic models of this thesis (Chapter 3) focussed on modelling
the decoupled planar motions via a modular vectorial model, since this model
offers physical insights in the occurring hydrodynamics. Moreover, given the
modularity of this model, an alternative neural network was suggested and
constructed to capture the non-conventional thruster forces of the Cogge. In
addition, a transfer function model, which relates the yaw-rate outputs to the
rudder inputs, can offer a straightforward model for the steering behaviour of a
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vessel. Finally, CFD can model the water in which a vessel navigates, in order
to construct a virtual hydrodynamic data generation environment.

D2.2 Identified hydrodynamic models for inland cargo vessels (←RO2.2).

This thesis divided the data generation for the identification (Chapter 4) of
the hydrodynamic models (D2.1) into three sources: outdoor, indoor, or
virtual experiments. The virtual environment might offer the most conditioned
environment, given that all the conditions need to be specified by the user. The
indoor towing tank offers a second well-conditioned testing facility, whereas the
outdoor environment will be most prone to known and unknown disturbances.
However, outdoor experiments generate data of the vessel in its operational
environment and can thus provide insights in the usability of the modelling
assumptions and limitations. Therefore, outdoor data sets for the decoupled
planar motions of the Cogge were generated, some based on newly defined
additional testing manoeuvres. The subsequently identified surge motion models
were compared with bollard pull towing tank data, and with both empirically-
and CFD-generated surge damping data. These comparisons seem to hint at a
good underlying derived model structure (D2.1) and the physical plausibility
of the identified parameters. Finally, the outdoor measured heading and virtual-
rudder angles sufficed to identify the asymmetrical steering dynamics of a
differentially steered vessel.

7.1.3 RQ3 — Perception and Motion Control

A3. The perception and motion control systems for an unmanned inland
cargo vessel (← RQ3).

A USV or ASV (A1) needs to perceive (D3.1) in order to act in (D3.2) its
environment. Both perception and motion control systems can benefit from
the hydrodynamic models of the vessels in their environment (A3). This
study (Chapter 5) defined four environments based on the presence of known
or unknown and static or dynamic objects. Furthermore, the perception
system envelopes both own navigational information (e.g. pose and speed)
and exteroceptive information (sensing the objects in the neighbourhood). The
motion control system was further refined into low, middle, and high level control.
Evidently, all made refinements are arbitrary and can be altered dependent on
the desired research interest.
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D3.1 Perception for an unmanned inland cargo vessel (←RO3.1).

Autonomous and unmanned navigation in an environment with solely known
and static obstacles was demonstrated with a GNSS sensor in combination with
an IMU for the Cogge on a river. This configuration could also suffice for known
dynamic objects. Nevertheless, environments with only known static or dynamic
objects remain scarce. Therefore, the present work showed the preliminary
work on the offline detection and extraction of a shoreline as a stepping stone
towards the online detection of a shoreline or other static unknown obstacles.

D3.2 Motion control for an unmanned inland cargo vessel (←RO3.2).

The present highest level of control calculated waypoints between two points of
interest. Thereupon, the middle level control followed these waypoints by means
of the waypoint following MOOS-IvP behaviour, which could run in combination
with other behaviours. Finally the low level PID heading controller commanded
the desired actuation control system changes, handled by the onboard PLC. For
the avoidance of dynamic objects, traffic rules will need to be implemented.

7.1.4 Alternative Answers for RQ2 and RQ3

A2 and A3 revisited by putting a remote operator in the loop.

Two main findings drove the design of an inland shore control centre (Chapter 6).
First, since it is physically impossible to board the Cogge, a wearable remote
controller was used during the initial outdoor experiments. The capability of
this wearable controller to position the vessel in between missions, significantly
facilitated these experiments. Second, the manual remote control of a USV
or ASV could unlock alternative industrial applications. Subsequently, an inland
shore control centre to remotely control or monitor USVs or ASVs was designed
and constructed. In this shore control centre, a human operator indirectly
performs the perception (D3.1) and motion control (D3.2) for the vessel (A3).
Furthermore, the operator implicitly models (D2.1) and identifies (D2.2) the
vessel hydrodynamics (A2) when interacting with the vessel. The first remote
control experiments with this SCC seem to confirm the capability of this SCC
to aid the remote operator in the construction of situational awareness and
sensemaking. This situational awareness seemed to have been improved during
the first preliminary H2H-extended SCC experiments.
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7.1.5 Overall Conclusion

Present answers and their limitations Towards Unmanned Inland Shipping.

The constructed vessels balance industrial and scientific relevance. The vessel
designs did not study the optimal dimensions [105] for an unmanned inland
vessel. The present fleet rather aims to provide data and insights for such
calculations, given that current USV or ASV economically viable business
models still need to be defined [222, 272]. Currently, most IWT focussed TEN-T
related investments seem to focus on facilitating the hinterland navigation
for large vessels [76]. However, urban freight transportation via IWT might
additionally offer a sustainable urban cargo transportation alternative, for
several European cities. This potential will be investigated in the ongoing
Avatar [11] and IW-Net [178] projects, in which the constructed fleet will serve
as experimental platforms. Multimodal logistical hubs [268] might be crucial
for these urban freight transport developments, which might need significant
private or public IWT investments, as did happen frequently and successfully
in the past [54] (see Figure 1.2).

The identified decoupled motion models for the Cogge [203] focussed on using
data generated outdoor with the vessel in its operational environment [205].
Although this approach tests the models where they will be used, it does
lack a ground truth for the identified coefficients. Presently, the longitudinal
surge damping coefficients derived via CFD [197] and the bollard pull towing
tank data [194] offered two Cogge-specific external data benchmarks. However,
conducting additional experiments with the Cogge inside a towing tank would
provide additional physical insights, and would unlock a complete outdoor,
indoor, and virtual data-based model identification comparison. Although CFD
based data generation might offer the most conditioned environment, these
conditions need to be correctly set by the user, i.e., a converging CFD solution
does not need to indicate a physically correct solution.

External disturbances such as wind, current, and waves [90] were presently
not explicitly modelled. Nevertheless, for the envisaged smaller freight vessels
and current research fleet, these disturbances will have a relatively large effect
and should thus be taken into account. Similarly, for the larger vessels, the
horizontal and vertical spatial restrictions will influence the hydrodynamic vessel
behaviour [68, 145, 210], as they did in the past.

At the lowest control level, the old helmsmen-inspired PID controller can still
suffice for autonomous navigation in certain environments [90, 199]. However,
the identified hydrodynamic models could be used to develop model predictive
controllers which might offer a performance increase. Moreover, the overall
control performance could also be increased by injecting additional information
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and context in the higher levels of the control hierarchy, with the potential
integration of formalised collision avoidance algorithms [72, 132].

In the same vein, the onboard exteroceptive sensors will need information and
context to provide online obstacle detection [38], whereas only their offline
performance was presently briefly investigated. These context injections should
pave the way towards future explainable and composable USV or ASV system
integrations [36]. Furthermore, these exteroceptive sensors would enable relative-
position-based motion control for the vessels. This control mode might be crucial
in the vicinity of infrastructure where the availability and accuracy of global
positioning data decreases (e.g. bridges, locks, and quays).

The constructed inland shore control centre [206] offers an intermediate solution
for these perception and motion control challenges, by enabling a remote operator
to perform these tasks. Nevertheless, this solution raises questions regarding the
feasibility for the remote operator to construct a feeling of ship sense [215] and
to keep the ship in harmony [214] with its environment, for which the present
H2H experiments aim to provide some preliminary insights [295, 296].

In conclusion, this thesis resulted in two experimental platforms and an
associated shore control centre, to investigate the automation potential of
the present and future inland cargo fleet. Evidently, the technologically oriented
validations of the abovementioned research questions alone do not prove their
socio-economic viability. Accordingly, this work aims to provide fruitful insights
for higher resolution socio-economic feasibility studies. Note that over the last
three years, this broader socio-economic scope of automated vessels has become
an important aspect of some of the projects classified by the CCNR list of
“automation in inland navigation [45]”. Moreover, this overview [45] confirms the
pioneering role of the present thesis with its construction and experimentation of
unmanned, scale model, inland cargo vessels and their associated shore control
centre. Finally, the results of this work need not be restricted to unmanned
vessels but could also guide automation developments for manned vessels.

7.2 Future Work

With the present vessel design blueprints, their first implementation, the
resultant first outdoor experiments, and their limitations, an iteration on the
price estimation for potentially unmanned or automated inland cargo vessels
could be made [272, 273], focussing on the vessel sizes ranging from urban
freight transport up to CEMT–I–II. Similarly, the cost for a minimally viable
urban IWT cargo flow could be roughly estimated [11, 178]. Both estimations
might help to orient private or public IWT-related investments.



166 CONCLUSION

The coupled hydrodynamic motion models should be identified, in addition to
their present decoupled counterparts. The present work focussed on modelling
and identifying inland vessels in calm water, without explicitly modelled
disturbances. However, the wind disturbance [90] should be modelled and
measured or estimated for the smaller size vessels, given its large relative effect.
The effects of shallow water or banks could also be investigated with the research
fleet [68, 137, 210]. Evidently, these effects increase for larger vessels navigating
in the same waterways. Furthermore, if the vessels operate in a river, the water
current could be modelled [90]. In most inland waterways, wave effects might
be neglected, however, they could be added [13, 88, 90], if deemed necessary.
The identification procedures in this work focussed on the hydrodynamics of
the Cogge, but they could also be applied to the Maverick.

A first model predictive control implementation [72, 303] could be formed based
on the already identified motion models. The present offline shore detection
should be modified towards an online equivalent [38]. This would enable
relative-position-based navigation, in environments with static obstacles. In
combination, these control and perception upgrades would provide a foundation
for a more contextual navigation of USV or ASVs, which would make the
behaviour of the vessels more explainable [36]. This explainability might be
crucial in the potential future vessel–vessel or vessel–human interactions, in a
more automated IWT sector.

7.3 Main Scientific Contributions

Three main contributions will be briefly highlighted, a complete overview of the
scientific contributions can be found in the publication list of the author.

(i) The build of a scale model unmanned inland cargo vessel (Chapter 2) and
its first experiments (Chapter 5) [199]. These design blueprints presently
serve to overhaul a second research vessel which will be used to investigate
urban freight transport [11, 178].

(ii) The build of an inland shore control centre (Chapter 6) to remotely control
or monitor vessels [206]. This centre enabled the H2H experiments and
can be used in other ongoing [11, 178, 248] and future projects.

(iii) The modelling (Chapter 3) and identification (Chapter 4) of the decoupled
equations of motion for the self-propelled watertruck barge scale model, of
which all experimental data are publicly available in the Supplementary
Materials of Peeters et al. (2020 [203]).

https://doi.org/10.3390/jmse8110889
https://doi.org/10.3390/jmse8110889
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Table A.1: List of H2H-extended Inland SCC and USV system components: their descriptions, abbreviations or names, and specific types.

Nr. Description Abbreviation/Name Type

1 Programmable logic controller Onboard PLC Wago PFC200 750-8207
2 Industrial computer I-PC Moxa MC-7200-MP-T
3 Power over Ethernet switch POE switch Wago 5-port 1000 Base-T Industrial Eco Switch
4 Industrial Router USV Quartz Router USV Siretta,Quartz-W22-LTE, 4G/LTE, WiFi, 2 LAN/2 SIM Port
5 Radio receiver RR Danfoss MPCAN
6 Antenna LTE (PLC) PLC antenna LTE Antenna for PLC
7 Antenna LTE (Quartz) LTE antenna LTE Antenna for Quartz LTE
8 Antenna Wifi (Quartz) Wifi antenna Wifi Antenna for Quartz LTE
9 Bow thruster motor drive Bow motor drive Roboteq MBL1660A
10 Bow angle integrated stepper Bow angle quickstep JVL MIS234S
11 Bow thruster motor Bow motor Turnigy RotoMAx 150cc
12 Stern thruster motor drive Stern motor drive Roboteq MBL1660A
13 Stern angle integrated stepper Stern angle quickstep JVL MIS343
14 Stern thruster motor Stern motor Turnigy Aerodrive SK3-6364-245KV
15 Stereo cameras (2x) Stereo cameras Custom built, UI-5280FA-C-HQ Vision++
16 Inertial measurements unit IMU EKINOX2-E-G4A3
17 Navigational GNSS sensor GNSS Septentrio AsteRx-U MARINE
18 Laser scanner LIDAR Neptec OPAL-1000
19 Emergency stops (4x) ESTOP Twist to reset 40 mm Mushroom
20 Bilge pumps (3x) Bilge pumps Rule Bilge pump 800
21 Stern light Stern light LED white 12–24 V
22 Directional lights bow Port/Starboard light Allpa LED 2 colors 8–30 V
23 Battery monitoring system BMS Mastervolt-Amperian interface
24 Battery 24 V 24V DC Navex
25 Battery 24 V (2 × 12v) 2 × 12V DC Navex
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Table A.1: Cont.

26 Wind Sensor Wind Sensor Rugged NMEA0183 Wind Transducer WND100
27 Network cameras (4x) IP cameras Panasonic WV-S3531L
28 LTE Router Pepwave LTE Router Pepwave MAX Transit MAX TST DUO LTEA W T
29 12 Port Switch Zyxel Switch Zyxel 12-port GbE Managed PoE Switch RGS200-12P
30 Wearable remote control RC IK3 Danfoss
31 Rugged shoreside laptop R-PC Dell latitude rugged 7204
32 Monitor stern Stern displ. Samsung C27F591FDU Color Display Unit
33 Monitor bow Bow displ. Samsung C27F591FDU Color Display Unit
34 Monitor starboard Stbd displ. Samsung C27F591FDU Color Display Unit
35 Monitor port Port displ. Samsung C27F591FDU Color Display Unit
36 Monitor information Ctrl displ. HP LD5512 UHD 4K Conferencing Display
37 Monitoring Computer SCC PC Intel i9X based PC
38 Programmable logic controller Shore PLC Wago PFC200, 750-8207
39 Azimuth controllers (2x) AC Verhaar Omega IVOP-BS-01
40 Motion control touch screen Touch screen Wago Touch Panel 600, 762-4103
41 Industrial Router SCC Quartz Router SCC Siretta,Quartz-W22-LTE, 4G/LTE, WiFi, 2 LAN/2 SIM Port
42 VPN server VPN server OpenVPN
43 LTM942 Antenna Multi Band Antenna Mobilemark Dual Carrier MIMO Multi-Band LTM942
44 MBR Antenna 179 MBR 179 Antenna Kongsberg Maritime Broadband Radio MBR 179
45 H2H Combined Engine H2H Engines (combined) Kongsberg Rack, 2x DPS R+ HMI, 2x DPS 232 R+
46 4G LTE Router Pepwave Router Pepwave MAX BR1 Embedded 4G LTE Automatic Failover
47 GNSS Antenna shore NovAtel Antenna NovAtel GPS-713-GGG-N , GNSS & GPS Antenna
48 Dynamic positioning systems DPS (2x) 2x Kongsberg DPS 232 R+
49 MBR Antenna 144 MBR 144 Antenna Kongsberg Maritime Broadband Radio MBR 144
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Bollard Pull Test Data
Table B.1 lists the towing tank data for the steering-grid thruster. This thruster
performed its bollard pull tests as a stand-alone device without enveloping ship hull
hence only the internal angle-dependent hull losses occurred. In addition, the thrust
forces were measured in alignment with the control angle of the steering grid, i.e.,
assuming αi

g = αo
g, using a planar beam load cell of the type LCPB series of OMEGA

with a maximal error of 1% [194]. Table B.2 lists the four-channel thruster bollard
tests, measured by a UDW3 force/torque sensor from AMTI, with a maximal error
of 3% per component (mainly due to the possibility of cross-talk). These tests were
performed inside half a ship hull, which was split in the transversal direction, i.e.,
cut in the yz-plane at midship. The data were measured in the x- and y-direction of
the vessel. The listed resulting total thrust force, Dc, and its orientation, αo

c , were
calculated based on these xy-decomposed measurements [194]. Note that there was
no flow-straightener used during these bollard pull experiments (see Section 5.4.1.1).

B.1 Bollard Pull Data Steering-Grid Thruster
Table B.1: Data steering-grid thruster, Dg(ng , αi)

αig [°] 500 rpm 1000 rpm 1500 rpm

0 1.85 7.47 13.70
30 2.30 8.08 15.16
60 1.75 7.64 15.30 1

90 1.64 6.68 14.52
120 1.79 6.57 13.11
150 0.81 3.41 7.79
180 0.79 3.36 8.12

1 data point calculated based on Table C.2 with a quadratic fit for t(α).
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B.2 Bollard Pull Data Four-Channel Thruster

Table B.2: Data four-channel stern thruster.

αic [°] nc [rpm] Dxc [N] D
y
c [N] Dc [N] αoc [°]

0 354 6.98 0.10 6.98 0.82
−30 348 2.49 −3.09 3.97 −51.14
−45 328 1.71 −3.56 3.95 −64.34
−60 330 0.60 −5.62 5.65 −83.91
−90 325 0.37 −6.86 6.87 −86.91
−120 336 0.52 −4.63 4.66 −83.59
−135 337 −1.27 −2.27 2.60 −119.23
−150 334 −3.68 −0.13 3.68 −177.98
−180 360 −7.32 −0.22 7.32 −178.28

0 660 23.78 0.68 23.79 1.64
−30 653 7.85 −11.46 13.89 −55.59
−45 628 6.20 −12.72 14.15 −64.01
−60 626 2.01 −20.33 20.43 −84.35
−90 617 2.48 −26.15 26.27 −84.58
−120 630 2.22 −16.69 16.84 −82.42
−135 628 −4.82 −8.38 9.67 −119.91
−150 636 −13.15 −0.52 13.16 −177.74
−180 665 −24.91 −0.13 24.91 −179.70

0 960 51.06 1.26 51.08 1.41
−30 952 16.60 −24.50 29.59 −55.88
−45 930 13.23 −27.56 30.57 −64.36
−60 925 4.61 −45.45 45.68 −84.21
−90 925 4.83 −58.38 58.58 −85.27
−120 938 5.39 −36.35 36.75 −81.57
−135 935 −10.45 −18.30 21.07 −119.73
−150 934 −29.63 −1.44 29.66 −177.22
−180 966 −53.43 −1.06 53.44 −178.86

0 1255 87.64 1.99 87.66 1.30
−30 1248 28.34 −42.07 50.73 −56.03
−45 1219 23.00 −47.14 52.45 −63.99
−60 1216 7.72 −79.07 79.45 −84.42
−90 1215 8.45 −102.88 103.23 −85.30
−120 1226 9.23 −64.20 64.86 −81.82
−135 1226 −18.17 −32.13 36.91 −119.49
−150 1226 −51.58 −2.57 51.64 −177.15
−180 1260 −92.01 −2.24 92.04 −178.61

0 1545 134.40 3.36 134.44 1.43
−30 1538 43.05 −64.44 77.50 −56.25
−45 1515 35.41 −72.83 80.98 −64.07
−60 1510 11.36 −121.99 122.52 −84.68
−90 1510 10.80 −160.79 161.15 −86.16
−120 1515 13.26 −99.74 100.62 −82.43
−135 1515 −28.21 −49.33 56.83 −119.76
−150 1515 −79.17 −5.21 79.34 −176.23
−180 1550 −140.19 −4.15 140.25 −178.30
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Identified Bow Thruster Coefficients
Table C.1: Tm(n) = Tnn

Order t(θ) Cost t5 t4 t3 t2 t1 t0 Tn

Quintic 25.45 3.68 × 10−10 1.61 × 10−07 −2.43 × 10−05 1.48 × 10−03 −2.98 × 10−02 1.33 × 10−02 8.40 × 10−03

Quartic 30.39 0 −5.25 × 10−09 1.72 × 10−06 −1.39 × 10−04 2.36 × 10−03 1.69 × 10−02 8.57 × 10−03

Cubic 31.44 0 0 −1.67 × 10−07 7.23 × 10−05 −4.87 × 10−03 −7.75 × 10−03 8.18 × 10−03

Quadratic 31.88 0 0 0 2.61 × 10−05 −1.72 × 10−03 −1.94 × 10−02 8.29 × 10−03

Linear 37.01 0 0 0 0 2.58 × 10−03 4.81 × 10−03 9.36 × 10−03

Constant 62.12 0 0 0 0 0 2.14 × 10−02 7.22 × 10−03

Table C.2: Tm(n) = Tnnn2

Order t(θ) Cost t5 t4 t3 t2 t1 t0 Tnn

Quintic 2.76 −1.86 × 10−10 7.75 × 10−08 −1.11 × 10−05 6.85 × 10−04 −1.63 × 10−02 7.76 × 10−03 6.37 × 10−06

Quartic 3.80 0 −6.58 × 10−09 2.01 × 10−06 −1.32 × 10−04 −5.03 × 10−04 8.35 × 10−04 6.36 × 10−06

Cubic 5.38 0 0 −3.52 × 10−07 1.30 × 10−04 −9.39 × 10−03 5.85 × 10−03 6.23 × 10−06

Quadratic 7.28 0 0 0 3.06 × 10−05 −2.55 × 10−03 8.08 × 10−03 6.57 × 10−06

Linear 14.84 0 0 0 0 2.60 × 10−03 −6.83 × 10−03 7.24 × 10−06

Constant 41.24 0 0 0 0 0 7.35 × 10−06 5.52 × 10−06
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Table C.3: Tm(n) = Tnnnn3

Order t(θ) Cost t5 t4 t3 t2 t1 t0 Tnnn

Quintic 27.15 −8.28 × 10−11 3.04 × 10−08 −3.75 × 10−06 2.34 × 10−04 −8.61 × 10−03 1.52 × 10−02 4.40 × 10−09

Quartic 27.32 0 −7.20 × 10−09 2.15 × 10−06 −1.31 × 10−04 −1.74 × 10−03 −9.32 × 10−04 4.34 × 10−09

Cubic 29.10 0 0 −4.42 × 10−07 1.58 × 10−04 −1.17 × 10−02 −1.29 × 10−02 4.17 × 10−09

Quadratic 31.72 0 0 0 3.30 × 10−05 −2.95 × 10−03 −3.40 × 10−03 4.48 × 10−09

Linear 39.85 0 0 0 0 2.56 × 10−03 −4.04 × 10−03 5.03 × 10−09

Constant 64.79 0 0 0 0 0 2.24 × 10−08 3.83 × 10−09

Table C.4: Tm(n) = Tnnn2 + Tnn

Order t(θ) Cost t5 t4 t3 t2 t1 t0 Tnn Tn

Quintic 1.50 −2.00 × 10−10 8.44 × 10−08 −1.23 × 10−05 7.56 × 10−04 −1.71 × 10−02 9.49 × 10−02 5.74 × 10−06 1.70 × 10−03

Quartic 2.96 0 −6.65 × 10−09 2.05 × 10−06 −1.38 × 10−04 −1.56 × 10−04 −3.61 × 10−02 5.28 × 10−06 1.19 × 10−03

Cubic 4.47 0 0 −3.41 × 10−07 1.27 × 10−04 −9.15 × 10−03 −3.46 × 10−02 5.11 × 10−06 1.21 × 10−03

Quadratic 6.12 0 0 0 3.43 × 10−05 −2.78 × 10−03 −1.36 × 10−01 4.78 × 10−06 1.31 × 10−03

Linear 13.35 0 0 0 0 2.58 × 10−03 3.29 × 10−04 5.87 × 10−06 1.91 × 10−03

Constant 39.83 0 0 0 0 0 −7.91 × 10−02 4.11 × 10−06 1.35 × 10−03

Table C.5: Tm(n) = Tnnnn3 + Tnnn2 + Tnn

Order t(θ) Cost t5 t4 t3 t2 t1 t0 Tnnn Tnn Tn

Quintic 0.99 −2.43 × 10−10 1.03 × 10−07 −1.51 × 10−05 9.27 × 10−04 −2.06 × 10−02 −4.62 × 10−02 −2.34 × 10−09 1.01 × 10−05 −1.05 × 10−03

Quartic 2.62 0 −9.61 × 10−09 2.97 × 10−06 −2.02 × 10−04 2.27 × 10−05 −5.09 × 10−01 −1.31 × 10−09 6.50 × 10−06 −5.91 × 10−04

Cubic 4.11 0 0 −3.32 × 10−07 1.24 × 10−04 −8.93 × 10−03 −3.87 × 10−02 −1.91 × 10−09 9.31 × 10−06 −8.55 × 10−04

Quadratic 5.67 0 0 0 5.45 × 10−05 −4.38 × 10−03 −8.26 × 10−01 −1.29 × 10−09 5.82 × 10−06 −5.85 × 10−04

Linear 12.77 0 0 0 0 2.51 × 10−03 2.83 × 10−02 −3.14 × 10−09 1.30 × 10−05 −1.44e − 03
Constant 39.26 0 0 0 0 0 1.44 × 10−01 −2.75 × 10−09 1.13 × 10−05 −1.29 × 10−03
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Surge Coefficients

Table D.1: Identified surge model coefficients for the DEMU .

θau θbu θcu θdu θeu θfu θgu θhu θiu

cost 13.7 14.2 15.3 36.2 45.3 92.8 19.1 20.8 23.7
Xu̇ 26.60 35.41 75.00 75.00 25.00 62.60 43.46 74.96 56.80
Xuuu 8.30 0.00 0.00 25.85 0.00 0.00 13.14 0.00 0.00
Xuu 0.00 9.01 0.00 0.00 33.08 0.00 0.00 13.45 0.00
Xu 14.7 11.9 18.2 16.0 3.60 39.5 18.0 15.3 24.0
T 0,b
nn 6.88 × 10−6 7.53 × 10−6 9.03 × 10−6 6.28 × 10−6 5.49 × 10−6 5.46 × 10−6 5.55 × 10−6 6.70 × 10−6 7.29 × 10−6

T 0,s
nn 2.62 × 10−5 2.70 × 10−5 2.93 × 10−5 1.67 × 10−5 1.48 × 10−5 1.69 × 10−5 2.63 × 10−5 2.86 × 10−5 2.95 × 10−5

T 0,b
nν −6.84 × 10−3 −9.22 × 10−3 −1.41 × 10−2 0.00 0.00 0.00 0.00 0.00 0.00
T 0,s
nν −2.67 × 10−2 -2.86 × 10−2 −3.23 × 10−2 0.00 0.00 0.00 0.00 0.00 0.00
T 0,b
nnν 0.00 0.00 0.00 0.00 0.00 0.00 −2.80 × 10−07 −1.71 × 10−6 −3.07 × 10−6

T 0,s
nnν 0.00 0.00 0.00 0.00 0.00 0.00 −1.56 × 10−5 −1.81 × 10−5 −1.98 × 10−5
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Table D.2: Identified surge model coefficients for the FBMB .

θau θbu θcu θdu θeu θfu θgu θhu θiu

cost 44,306.5 44,460.3 50,313.2 79,170.6 80,628.9 121,466.91 59,084.0 59,675.91 63,849.7
Xu̇ 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00
Xuuu 4.42 0.00 0.00 16.60 0.00 0.00 9.36 0.00 0.00
Xuu 4.97 11.98 0.00 5.18 31.12 0.00 0.00 13.46 0.00
Xu 9.43 6.52 15.35 10.10 0.00 31.07 14.22 8.92 19.04
T 0,b
nn 7.00 × 10−6 7.00 × 10−6 7.00 × 10−6 5.18 × 10−6 5.18 × 10−6 5.18 × 10−6 6.27 × 10−6 6.50 × 10−6 7.00 × 10−6

T 0,s
nn 2.41 × 10−5 2.41 × 10−5 2.54 × 10−5 1.47 × 10−5 1.49 × 10−5 1.56 × 10−5 2.37 × 10−5 2.38 × 10−5 2.50 × 10−5

T 0,b
nν −8.79 × 10−3 −8.85 × 10−3 −1.02 × 10−2 0.00 0.00 0.00 0.00 0.00 0.00
T 0,s
nν −2.47 × 10−2 −2.51 × 10−2 −2.83 × 10−2 0.00 0.00 0.00 0.00 0.00 0.00
T 0,b
nnν 0.00 0.00 0.00 0.00 0.00 0.00 −2.13 × 10−6 −2.47 × 10−6 −3.54 × 10−6

T 0,s
nnν 0.00 0.00 0.00 0.00 0.00 0.00 −1.47 × 10−5 −1.51 × 10−5 −1.66 × 10−5

Table D.3: Identified surge model coefficients for the FBMU .

θau θbu θcu θdu θeu θfu θgu θhu θiu

cost 43,361.1 43,361.1 44,946.8 144,849.2 85,623.0 228,755.0 59,084.0 450,793.1 63,572.6
Xu̇ 25.00 25.00 25.00 35.45 29.47 35.42 25.0 35.40 25.00
Xuuu 0.00 0.00 0.00 12.58 0.00 0.00 9.36 0.00 0.00
Xuu 8.10 8.10 0.00 13.38 26.78 0.00 0.00 7.00 0.00
Xu 8.63 8.63 13.78 15.68 5.64 18.25 14.22 7.00 18.85
T 0,b
nn 7.82 × 10−6 7.82 × 10−6 8.48 × 10−6 7.01 × 10−6 5.32 × 10−6 6.36 × 10−6 6.27 × 10−6 8.96 × 10−6 7.33 × 10−6

T 0,s
nn 2.42 × 10−5 2.42 × 10−5 2.47 × 10−5 1.82 × 10−5 1.55 × 10−5 1.12 × 10−5 2.37 × 10−5 5.64 × 10−5 2.48 × 10−5

T 0,b
nν −1.17 × 10−2 −1.17 × 10−2 −1.46 × 10−2 0.00 0.00 0.00 0.00 0.00 0.00
T 0,s
nν −2.55 × 10−2 −2.55 × 10−2 −2.73 × 10−2 0.00 0.00 0.00 0.00 0.00 0.00
T 0,b
nnν 0.00 0.00 0.00 0.00 0.00 0.00 −2.13 × 10−6 −7.49 × 10−6 −3.88 × 10−6

T 0,s
nnν 0.00 0.00 0.00 0.00 0.00 0.00 −1.47 × 10−5 −6.65 × 10−5 −1.63 × 10−5
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