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Abstract

Inland waterway transport offers substantial potential to mitigate greenhouse gas emissions and

congestiorfrom roadfreight transportThe development of advanced inland vessels equipped

with clean energy systems aatligh degree of automation represents a promising direction for
future transport networks. Neverthelastand waterwaysre ofterrestrictedby shallowwater
andlimited manoeuvring spacédence the deployment ofull-scaleautonomousresselse-
guirescareful consideration anvironmental andperational challenges ensure safety and
energy efficiencyTo enhance the automatiah inland shipping, this thesigrovidesan in-
depth analysis of how shallow and confined waféctsship resistance, manoeuvring, control
implementationand energy efficiency. Tham of this thesiss to develog holistic simulation
frameworkfor ship performancpredictionand operational analysis.

The development of su@comprehensive framework requires modelloigyesselcharacter-
isticswith hydrodynamic andiver hydraulic effectsFirstly, this thesisdevelopsa novel ship
energy performance modexplicitly tailoredfor resistance and energy consumption prediction
of inland waterway vessellk aims to generate fast and accurate predictions basadaltec-
tion of purely empirical method$Secondly,this thesis developa Manoeuvring Modelling
Group-basedmnanoeuvring moddbr motion prediction under shallow water and bank effects.
Building upon this, a systematic control design was conduettfdconsideration ofhip hy-
drodynamicchaacteristics in confined waterways comparisorof a conventional controller
and anadvanced modgbredictive control was performed to evaluteir performancend
robustnes tackling pathfollowing tasks undecomplexenvironments with various disturb-
ancesWith these models armbntrol methodsan integrated voyage planning framework (VPF)
is proposedor analysing vessel operatiorls capturesavessed s d y pedormarccenith
energy consumption anyais under coupled interactions betwednp hydrodynami river
hydraulics and motion controlBasedon the analysis aghip energy performangcthis thesis
proposesparticle swarm optimisation (PSO) modtde fuel optimisation in inland waterways.

Validation studeswith full-scaletrial measuremestreveaédthatthe energy performangee-
diction modelachieve promising accuragyensuringa mean absolute error below 10% based
on finite inputparameterdt wasalsoobservedhatdisturbances in inland waterways, such as
currentsandbank effectssignificantya f f ect a vessel 6s cour se
fully considered in the control system developmerdgudbnomousessels operating in narrow
channelsA series of case studishowcasédt he V P F 0 s foceagblada wide tange s
of applicationssuch asoute assessmergvaluation of control desigand operational energy
efficiency analysislt wasshownthat the PS&based optimisation achievan average d@.7%
fuel savingsn shallow water operationgith water deptkaware speed initialisation methods.

Keywords: autonomous vesselsontrol designenergy efficiency,inland waterwaysopera-
tional analysisyoyage planning
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Ori gfemdlur es

This thesis aims to enhance gagtomation and digitalisation of inland water transportiey
veloping anovel simulation frameworKor evaluating the operational performance of inland
vessels in confined waterwayihis integrated framewoltkcludesvessehydradynamics, con-

trol responses, arghip’ waterwayinteractiondo quantify energy consumptiauring dynamic
operations in meandering inland waterwalise resultsprovide aninnovativedigital testbed

for assessingoute feasibility control performance, and energy efficiency under hydrodynamic
and hydraulic disturbanceBhe originality and contributions of this thearepreseted below:

1. A dedicated ship energy performance model for inland vessels is developed for provid-
ing fast and accurate predictions of power and energy consumption in shallow and con-
fined watergPaper 1) Themodel's accuracy is validated using experimental ((R&tper
I) andactualmeasurementsf inland vessels (Pap¥h).

2. A manoeuvring model is developed fa@ssel motion dynamics and trajectory predic-
tion in confinedwaterways The simulation reveals thaank effects have a significant
i mpact on the shi po6eritical buvessetoperdtiandin hairowy
fairways (Paper 1)

3. Comprehensiveontrol systemslesign is conductefbr evaluating the ship path fol-
lowing performancevith the consideration of environmental disturbanoesirved and
constrainedairways(Papers Il andV).

4. A novel hydraulic modelling approach is introduced for bathymetry, @estonal
shifts, and current generatiofihe modelenabésphysically consistent river environ-
ments for simulatioriPaper V)

5. Anintegrated voyage planning framework (VPF) is established, combining energy mod-
elling, manoeuvringnodelling,motioncontrol, andiver hydraulic effectsnto a single
digital testbed. Case studies illustrate its applicabilityréote feasibilityassessment,
nearbank operation analysis, and energy prediction under spatially varying bathymetry.
In addition, adepthawarenesspeedptimisation strategy is proposed to redanergy
consumptior(Paper V)
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1 I ntroducti on

This chaptemtroducegheresearchbackground of this thesiSubsequently, the aims and ob-
jectives are presented, along wit.h the study

1.1 Background

With the increasing number afdustrial and engineering activities, the transport sestone
of the largest sources afreenhousegas (GHG) emissions According tothe European
Commission (2025ajreight transport contributes ovBd%of total GHGemissionswith road
transportaccounting for the largest shgfégure1.1). Underthe Paris Agreement, the EU set
a longtermgoalto becomeclimateneutral by 2050including a target ofa 55% reduction in
CO; emissiors by 2030 (European Commission, 201%chieving this strategyequiresprac-
tical solutiongo reduceGHG emissiongparticularly in the roattansport sector.

05 04

Ot heeRai Il ways

=

Figurel.1l. Emissions by transpomiodein the European Union
(European Environment Agency, 2023)

Consideringthe growing environmental challenges and road traffic congestiamd water-

way transport (IW) is seen as a promising solution for shifting goods transport from road to
waterway. Compared to other modes of transport, particularly road and rail, IWT offers unique
advantages in terms of capacity, energy efficieaogl safetylts inherently lower navigation
speed contributes to a strong safety record, with accident rates significantly lower than those in
road transport-or instance, an inlahcargo vessel of approximately 3,af¥adweight tonnage
(DWT) can carry the equivalent load of nealyrailway wagon®f 50 tons eaclbr more than

100 trucks Combined withthe absewre of congestion on IWT, such a high capacity per
transport unibffers significanfpotential to reduce pressure on road traffic.

As worldwide transport volumes continue to rise, innovation across transport modes is essential
to improve cargo flowsand logisticsand minimiseoperational costdWT, characterised by
safety, affordability, and reliabilityprovidesa strong basis for such developmétbwever,

the share of inlandiaterwaysn total freight transpoittasremainedelatively low over the past



decadgFigurel.2). According tothe European Commission (2025lBuropean IWTreached

its lowest level between 2022 and 2023, accounting for only 1.68#talffreight transport
(116billion tonnekm). According totheCentral Commission for the Navigation of the Rldire
(CCNR)action planeventhe GHGemissionslue to inland navigatioare insignificant com-
pared to thedotal amountof emissions from the transport sectactions should be taken to
improve it energy efficiency ano retain its competitivenesincethe other modes of transport
are making advances in reducing their greenhouse gas emiGSONER, 2025) Accordingly,
coherent policy measures are required to accelerate the transition of IWT and maintain its com-
petitiveness. Oneracticalapproach is to establish legal requirements and regulatory frame-
worksto support the decarbonisation of inland transpgarch asmeasures promoting the use

of alternative fuels and batterigsvessel constructiofChristodoulou Ratftis et al., 2023)

In line with these decarbonisation effortse European Commissigaleasedhe action pro-
grammeavigation and Inland Waterway Action and Development in Edrgpa&IADES),
to enhance the role of IWT in mobility and logistics syst@@wsopean Commission, 2021tk
main objective is to shift more cargo transmortorivers and canal$urthemore,the adoption
of autonomous shipping regarded as critical solutionto strengtherthe competitivaness of
inland shippinghroughhigh levelsof digitalisation andautomaion (European Commission,
2020)

26 I Road l Rail I Inland waterways I Aviation

-kilometre
N N
o N
1 1

% Based on tonne
[o o]

&) » ) ©o A D &) S ~ v )
N ~ N = N ~ ~ % ) o I
s & & & 9§ 5§ & & & & 4

Figurel.2. Freight transporsplit by sector irtheEU, 2013 2023
(European Commission, 2025b)

However, due to theonfinedoperational environmesibf these rivers and canals, the imple-
mentation of autonomous vessels in inland waterways faces multiple challBaggsnetry
constraints and varying currents strongly influence vessel dynamiite effective course
keeping and autonomous navigation regpiecisecontrol inconfinedwaterways. These en-
vironmental and operational complexities pose significant challenges to navigational safety and
energy efficiency. In this context, the central ohbjecbf this doctoral researchtis developa

holistic simulation framework for autonomous inland vesthesincorporateBydrodynamics,

river hydraulicsmotion control, and energy predictioesiabling systematic analysis and per-
formance evaluation under realistic inland waterway conditions.



1.2 Motivation and objectives

A key limitation of existing studies is the lack of systematic analysis of inland vessel operational
performanceparticularlyconsidering the coupled effects of ship hydrodynamics and river hy-
draulics.Previous researcim confined waters has primarifpcusedon specific aspect$or
example studieson hydrodynamigerformanceare oftenlimited to shallow wate(Mucha et

al., 2018; Raven, 2016; Zeng et al., 20d@hout lateral confinemenobr on sophisticated con-

trol designwith oversimplifiedwaterways and vessel dynami€hen et al., 2018; Du et al.,
2022) In reality, the operational performance af inland vessel involves the integration of
motion control, energy consumptianalysis andaccurate predictigof interactions with the
surroundingenvironment such as bathymetry and currents. Regarding confined water, many
existing studies rely on idealised straight channels with simplified-sexdnal geometries

(Du et al., 2020; Sano et al., 2014; Zou & Larsson, 20@3pontrast, natural rivers are typically
characterised by curved fairways, irregular bathymetry, and spatially varying current fields,
which significanly affectship manoeuvrability and energy efficiency depending on the navi-
gationalarea These limitations highlight the need for a comprehensive frameworkdhat
bineshydrodynamic modelling, vessel control, and energy assessment in realistic inland water-
ways.

This thesisaims to address these challenges by developing a comprehensive simulation frame-
work that enhances autonomous inland shipping, considbdtigsafety(route feasibility as-
sessmentand energy efficiencfor vessel operationa shallow and confined waterwayghe

primary focus is to propose a digital testbed that facilitéesperformance evaluation of au-
tonomous inland vesseiom early design tthe operational stagd.he objective aredivided

into thefollowing aspects

Developing a &ip energy performance modéfor inland vessels

This aspect evelos a comprehensive ship energy performance model for rapid and accurate
analysis of inland vessel operations in confined waterways. The model integree$/ pro-
posedresistance predictioformula thataccounts foshallowwater and banknduced effects,
alongwith propeller characteristics and engine dynarritslding on these components, the
model aims to generate rapid, relatively accurate estimates of power and energy consumption
under dynamic inland water conditions.

Proposinga manoeuvring modelin shallow andconfined water

This aspect focuses on capturing vlessed motion dynamics ankinematics (trajectoriesh
confined waterdy developingan improved manoeuvring modethat includesthe hydrody-
namic effects ofaryingwater depth andhip bank distancelt providesa quantitative assess-
ment of howwaterwayrestrictions affect turning performance and overall course stability.

Developing control systemsinder environmental disturbances

This aspecimplementsa systematigathfollowing control desigrthat accounts fonydrody-
namic and hydraulieffectsacrossvarious inland water scenarid&he performance of conven-
tional proportional integral derivative(PID) and modebased controllers is compared under



complex disturbances, providing insights for the integration of advanced control strategies into
ship automation systems.

Conducting systematic operational analysisinder river hydraulics effects

This aspecestablishes holistic ship voyage planning framework (VRRat integrateship
hydrodynamics, motion control, and energy performance predi&ibgdraulic model is pro-
posedto captue bathymetric and currentariationsin curved inland waterway$Systematic

case studieare conductednder various operational modes to demonstrate the capability of the
VPF in achieving robust pafiollowing control, dynamic energy estimation, and fuel consump-
tion optimisation

1.3 Assumptionsand limitations

Overall, theVPF is designed for conventional inlamdsselswith standardoropellef rudder
systemspowered by diesel engineSther types opropulsion andsteering systemsuch as
azimuth thrusters, water jets, tunnel thrusters, or \@ittmeider propellerayenotconsidered
in this thesisThe characteristics dfiybrid or electric engines amso excludedThe assump-
tions and limitations areutlinedbelow.

The ship energy performance model aims to capture theigpmeer relationship angrovide
energy consumption predictions &hipsoperating irshallow and confined watemhe appli-
cable water deptrangesrom deep to extremely shallogonditions wherethe water depth to
ship draught ratidollows a criticalrange('Q Y 1.2) The bankinduced drag force iac-
counted for using minimum shipbank distance equivalent to one shgam.In addition, his
model onlyconsidersship hydrodynamics ithe normal waterwaysvhereice-infested rivers
or canals are not included

The manoeuvring modeés limited totwo-dimensionakhip motion with three degrees of free-
dom (3DoF), consideringsurge, swayand yaw motions/ertical motions of inland vessels are
relatively smallas theytypically operate in calm watskvithout significant ocean waveand
arethereforenot included Themodelassumegqual propeller thrust and rudder forces on both
sides, disregarding the asymmetrical flow generated during stelefamgpeuvring simulations

are conducted for singhessel scenaripgneaning that the effects of shighip interactions
such as headn encounters oovertaking,arenot consideredAlthough ship ship interactions
areessentiafor closequarters manoeuvring, their explicit modelling lies outside the present
scopeof this thesisRecent studies, such as the Foubased shipship interactiormodel by
Yang and el Moctar (20253lemonstrate that accurately predicting dynamic interaction forces
during overtaking in deep and shallow waters requires-Caildrated, scenaridependent sur-
rogate models that depend strongly on encounter geometry, ship types, speed combinations,
laterd distance and water depthntegrating such mukship models would require a dedicated
traffic and encountemanagemenmodule high-frequency closetbop control simulations,

and markedly smaller time steps, which is inconsistent with the aim of inaigta computa-
tionally efficient, routescale energy assessment framewbrkaddition, shipship interaction
effects are locandshortlived, making them more critical for control and collisiamoidance
functions than fothevoyagelevel energy analysis considered in this thesis.



In the control desigrthe primary objective it achieve effective pattollowing usingrudder
control. Speedcontrol is considerednly in specific scenariosvhere the ship operates near
infrastructuresuch as bridge passeslocks andspeed must be reduced for safety

The hydraulic modejenerates a series of meandemvajerwayswith bathymetricvariations
and currentthatreflectthecharacteristicef naturalrivers Neverthelesghe complexhenom-
era of river dynamicsjncluding sedimentransport riverbed morphologicathangesand sec-
ondary flows, cannot be captured ltlye present model

In operationasimulation andnalysis an enhanced PID controllisremployedo ensurerack-
ing performance andomputational efficiency. Th@odel predictive controMPC) developed
in Paper IMwas not used due tts high computational demand for lowmigiration voyagesrhe
shipd sperational performance wasaluated from both safetyperspective, focusing ana-
jectorytracking and an energy efficiengerspective, focusing dael consumptionEmissions
were not included in the evaluation metriEsergy consumption optimisatiomassimplified
asan offline problem based on tlgvenroute and corresponding speeflse interaction be-
tween reatime shipmotion and dynamic speed optimisatismot considered in this thesis.

This thesis primarily focuses on the simulattmsed investigation of autonomous inland vessel
motion, control, and energy responses. Magerwaysvere generated using a hydraulic mod-
elling approach, rather than relying on statistical or measureaset datal he availabldull -

scale trialdatawereusedonly for model validation simulationg.herefore a systematic study

on uncertaintyanalysiss not includedn this thesisRegarding model sensitivitipapers | and

Il involve the parameter sensitivity analyses of the energy performance model and the manoeu-
vring model, respectivelyT he globalmpactson ship energy consumptiamd manoeuvrability,
resulting from variations in individual parametesgre quantified

1.4 Outline of the thesis

This thesis presengssummary of the researclntributingto the development of the VP&nd
the connectiombetweerthe included papemreillustrated inFigurel.3. Paperd and Il focus
on model developmeffdr capturing energy performance and manoeuvrabilibyle Papersl|
and IV presenthe pdh-following control design and assessmétdper Vpresenta systematic
operational simulation aanalysisising the developed model

The remainder ofhe thesis is structured as followshapter2 presents a literature review on
ship performance in confined waterways, focusing on hydrodynamics, motion control, and en-
ergy efficiency analysis. Chapt8iintroduces therimary methodology for developing an in-
tegrated simulation framework for autonomous inland vessels. Chapiesents thenain
findings and results from the appended publicati@mapter>5 summarises the concluswaf

this thesis, andhapter6 discusses insights for future studies.
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2 Literature review

This chapter presenéssystematiditerature reviewandhighlightsthe main gap icurrentstud-
ies, whichmotivates theontributionof the work presented ithis thesis.

2.1 Navigational challenges in inland waterways

Dueto thedistinctnatureof inland waterways, vessaperating in rives andcanat faceunique
navigational challengesasthe fairwaysare usuallyrestricted both vertichl and horizontdy.
Confinedwateraffectsvesseperformance in various aspedts;ludingresistance and propul-
sion,manoeuvrability, control behaviour, aoderall energy efficiency.

When avessel sadoninland wates, adecreasing undekeelclearance (UKC) results Btrong
flow interactionsn the gapleadng to additional dragn the hull(Aztjushkov, 1968; Millward,
1989; Raven, 2016The accelerated flownder the hull inducespressure differen¢ceausng
additional sinkagend trim so-called squat effect{Eloot et al., 2008; Lataire et al., 2012;
Pompée, 2015; Raven, 201®) conditions oflow UKC, shallow wateramplifies the squat
effect due to thgreaterrestriction ofwater flow.

In addition totheincreasd resistancethe shallow water effect alsaltersthe manoeuvrability

of vesselperaing in confined wates (Kijima & Nakiri, 1990; Liu et al., 2015; Yasukawa &
Kobayashi, 1995; Yoshimura, 1988he turning ability of a vessel is influenced by both water
depth and hull formwith the varation trendsof tactical diametedepending omlifferent ship
geometriegLiu et al., 2015; Yoshimura, 198@jor instance, ihas beembserved that the tac-
tical diametetbecomessmaller in shallow watefor wide-beam shipswhile slender vessels
displaycompletelydifferentturning characteristicasthetacticaldiameterincreases with de-
creasing water depffyasukawa & Kobayashi, 1995)

Beyondverticalconstraintspperational spacan narrow rivers or canails also limited laterdy.

A decreased shippank distancalters the flowin thegap leadingto additional sway forces and

yaw moments on the vessebmmonly referred tasthe bank effectMoreover,Yang et al.
(2022)highlightedthah vessel 6s hydrodynamic performance
channelsasshipmanoeuvrabilit)canbe stronglyaffected bychannel geometry and flow con-

ditions. Atriver bends, secondary flows erode the outer bank while depositing sediments along

the inner bank, producing point bars and riverbed migration. This creates an asymmetric oper-
ational environmenin which vessels face greattemands osteeringforceson the outer side

and increased grounding risks on the inner side dredtacedvater depth

These disturbances affect course stability and impose additional energy costs on vessel opera-
tions. For inland vessels, especially autonomaunes accounting for these influences in
onboard automation system design is vital to enhance operational efficrapcgyenaviga-

tional safety and optimise energy usage.

2.2 Resistance predictio

When a vessadperates immestricted waterwag/ theresistance pattern can diffeabstantially
from thatin open waterdepending onvater depth and channel widtestrictiors. To distin-
guish between differerevels of confinement,Pompée (2015%uggests criticathresholds



based on theelative dimensiosof the waterwayand the vessgllable2.1), whered ando
arethe crosssectionalarea of the waterway and the vesséjs the watedepth,”Yis theship
draughtandw andd represent thehannel width and ship beanespectively

Table2.1. Thresholdgor determining the confinement effe¢Pompée, 2015)

Parameters Start of confinement Important confinemen Highly confined
0jo 50 78 4

gy 15 3i4 1.5

wjo 50i 100 10i 15 4

According toa series oftudieson shiphydrodynamicsn confined watergAztjushkov, 1968;
Constantine, 1960; Lackenby, 1963; Schlichting, 19843ngs in resistancean beclassified

according tovessel speed and water depth into subcritical, critwal supercriticalegimes as
shown inFigure2.1.
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Figure2.1. Resistance profile in open, shallow, dallly confined water,
adapted fronDu et al. (202Q)

In shallow water, resistance increases significantly when the depth Froude nld@iber (

o "Q®is around 1, corresponding to a critical ship speed of "Q'@Schlichting, 1934)

For shallowwater conditions without lateral restriction, the undulatory effect dominates, pro-
ducing a resistance curve with a single peak at the critical speed. When confinement occurs in
both width and depth, hydraulic effects arise alongside the ataodyleffect, leading to a dra-

matic change in resistance around the subcritical limit and-ahayled resistance curve. Con-
versely, during the transition around the supercritical range, the vessel experiences an increase
in resistance, while lighter vessedhow resistance reduction due to a significant change in wet-

ted surface are@onstantine, 1960For heavy vessels, such as displacement vesisets, is

a limiting speedhat should not be exceeded due to the risk of grounding.



Overthe past decadesgsearch on vessel resistance has been aaiitbea primary focus on
shallowwater conditionswhich can bédroadlycategorised into(i) experimentaktudiesand
(i) numerical simulations.

2.2.1 Experimental tests

Experimental testarethe mostdirect methodfor captuing resistance pattes undervarious
shallow or confined water conditiondiang (2001)onducted extensiveodel tests with an
inlandvesseland a containeshipat different watedepths in the Shallow Water Towing Tank
Duisburg Based on thee experimentsa new methodvasproposed fopredictingav e s s el 6 s
resistance and propulsion performaficen deep to moderdieshallow water'Q Y 1.5).
To addresshallower conditionsZeng et al. (2018)erformeda benchmark test to quantifye
resistance o&ninland ship model in extremely shallow wat@hemeasurementscludere-
sistance sinkage, and trimserving as validation for numerical metholtkicha et al. (2017)
carried outan experimental study analysethe effect ofshallow wateron theresistance and
propulsion of a selpropelled inland vessel mod@&uilding onthis testMucha et al. (2018)
conductech more comprehensiviegenchmarlstudy,evaluatingg h e v esstarcé and pro-
pulsionperformancan confined watersacross a wide range of water deptbhifg bank dis-
tances, and speesl

In addition to seHpropelled vesseld)u et al. (2020ronduded towing tank experiments to
evaluatethe resistanceand wave pattesof two pusherbarge convoysn fully confined wa-
terways.Ship hydrodynamicsvereexamined undevarying conditionsincluding channel di-
mensiors, water depthship draught, and velocitBuilding onthis researchDu et al. (2021)
guantifiedthe impact ofpassing bridge piers in a confined waterveay ship resistance and
squat Similarly, Zentari et al. (2022yondu¢edsystematic experimentstson pusherbarge
convoys withdifferentbarge configurationandin varying shallowwaterconditions The re-
sultsshowedthatconvoyarrangemensignificanty affectsresistancend transport efficiency,
due tostrongflow separationsn the gapbetweenthe barges and the pushbtore recently,
Zentari et al. (2023) further quantifi¢oe effectsof gap flowthroughcontinuousexperimental
tesing ona convoy with a single barginding thatcovering the gapo suppress flow interac-
tion reduced resistance by 6.5%

These experimental studipsovideessential validation references for numerical investigations
of ship hydrodynamics in shallow and confined watéfswever, most tests remain vessel
specific, which limis their applicability at the early design stag#enship details arecarce

In addition towing-tank tests are costly and tinsensuming, and their scope is constrained by
facility dimensionsmakingit extremely expensivanddifficult to achiewe comprehensive cov-
erage of conditionsuch as varying bank distances, chardegiths andoperational speeds
Building suchdatabasgfor model regression requirasarge numbeof tests andeducesap-
plicability to othervesselkypes

2.2.2 Numerical simulations

With advances itiurbulence modellingnd computational resourcesmputational fluid dy-
namics CFD) simulationshave becoma reliable and efficient method for anatygship hy-
drodynamicsln resistance predicticior shallow waterextensive numerical studiesve been
conducted ovethe past decadekinde (2017)carried outa series of CFD simulatior® an



inland cargo vesseb investigateship resistance and squatanestrictedchannelwith results
thataligned well with modeltestdata in shallow wateRotteveel et al. (2011)sedCFD for
stern optimisatiof an inland vesséiom deep to shallow watefhe Parnassos RANS Solver
was appliedo determineghe flow patterrfor a series of hull form&he findings suggestthat

a V-shapedship bottom minimise power requiremestin shallow water, while ardealised
bottomtransitionsto an Sshapen deepwater conditionsZeng (2019performed systematic
CFD simulationgo propose an integrated formula pyedictingship resistance in shallow wa-
ter, includingviscous resistance correcti¢feng et al., 201%9ndwavemakingresistance cor-
rection(Zeng et al., 2020Kaidi et al. (2018tonductech numerical analysis oiulli propellei
rudder interactions for an inland container vesseh simulatiors coveringdepthsfrom deep
to extremely shallow water3he resultsshowed that amongparametersuch as(i) rudder
deflection, (i) the" Q" Yratio, and(iii) the advance coefficients of the propellexster depth
had thedominantinfluence on overalinteractions.Islam et al. (2021performedextensive
simulations tanvestigate the resistance and propulsion performaraeiofand container ves-
selfrom calm open waters twonfinedchannelsThe results suggestédat full-scale simula-
tions arenecessaryo determirethev e s s el 6 powere qui r ed

Beyond singlevesselsimulations numerousnumericalstudieson vessel convoybkave also
been conducted series ofCFD simulationgZentari et al., 2022nvestigate the hydrody-
namic performance of pusflidarge convoyander varying shallovwater conditiongnd quan-
tified the impact of gap flown the convoyZentari et al., 2023 he effect of turbulence models
wassystematicallydiscussed, and was foundthat compared with the standakd - model
(Launder & Sharma, 1974ndthe™Q 7 SSTmodel(Menter, 1992)a more advancedm-
proved delayed detached eddy simula(i@DES) model(Gritskevich et al., 2012)roduced
the bestagreementvith experimentsparticularly forcapturingcomplex flows in extreméy
shallow waterSimilarly, Du et al. (2020)eportedgood agreement between CFD simulagion
and model testf®r resistance prediction of different pushearge convoys ahighly confined
waterway with trapezoidal crosections.In a follow-up study,shig ship interactios were
evaluated through heamh simulations between a tanker and a conaoy shipstructure in-
teractions werexamined irsimulatons ofa convoy passing bridge piefsi et al., 2021)

It can be concluded that wittigh-fidelity turbulencemodels, numerical simulations can yield
accurate predictions ofah i p 6 s h ypmerfoomdncen ldowever, a common limitatien

thar high computational cosin addition the simulations anesually restrictedo fixed opera-
tional conditionssuch as constant speed or water deptlcapaurethe operational range of an
inland vessel in ghamicflows in rivers or canals, regression model development requires ex-
tensive,costly simulationsacross a wide range of conditionghile parametric models enable
resistance prediction for multiple hull geometries, developing such models requires substantial
simulation efforts across numerous vessel configuratibhe difficulty of conducting such
extensive simulations in eartage design motivates the development of a more efficient, em-
pirically driven alternativeTo address this gafPaper | proposea generic modebased on
empirical methods foa shipd Bydrodynamigerformancepredictionin shallow and confined
water.
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2.3 Manoeuvring modelling

Ship manoeuvring hdeng beera critical researctopic due toits significance forsafety, effi-
ciency, and operational performanEgistingresearch can deroadlydivided into two catego-
ries: (i) directexperimentabr numericafree-running tests with propeller and ruddermction

and (i) mathematical models feplvinga v e quatibné smotion. Giventhe high cost
andcomplexity ofthe environmental setup required foirect freerunning trials, mosstudies
focuson manoeuvring models for fast and accurate prediction of vessieins.Classicaimod-

els such aghe linear Nomoto modéNomoto et al., 1957Yhe wholeship modelAbkowitz,
1964) and the modular manoeuvring mo@@bawa & Kasai, 1978; Yasukawa & Yoshimura,
2015) have been widelgppliedin research ansghip designHowever, these modelgereorig-

inally developed for conventional sgaing vessels opeiiag in deep open watersotheir ap-
plicability to confinedwaterwaysis questionable due to thalistinct nature ofthe operating
conditions.Beyond the differences in hydrodynamic derivatives between inland aigbisen
ships, shallowwater and baninduced forces introduce additional forces and moments that can
substantially alter a(Lat@reeta. |2009; Vanmmeetaly 2003) ng b

To enhance manoeuvring prediction in shallow and confined syatseries of studiehave

been undertaken tmprovethe applicability of manoeuvring moaddy incorporating confine-
ment effectsYoshimura (1986appliedthe Manoeuvring Modelling GroupMMG) modelto
predictthe manoeuvringf a car carrieundervariousshallowwaterconditions.The predicted
trajectories agrekwell with experimental measurementait the resultsalso highlightedhe
limitations of usingvesselspecific hydrodynamic derivativeKijima and Nakiri (1990)ro-
poseda widely usedormula for correcting hydrodynamic derivatives in shallow watesed

on experimentatiata frommerchanvesselsResearch indicates that under shatiwater con-
ditions, a shipds man ohalluype(lauket al.,i2GlYy, Yasukava & d e p e n
Kobayashi, 1995; Yoshimura, 198&)or conventional vessels with single or twin propellers,
turning behaviour typicallydeterioratesvith decreasing water depth. However, winkam
ships show th@pposite trendwith even better turning ability in shallow water than in deep
water due to théncreasedudder force and momeiiKoh & Yasukawa, 2012; Yoshimura,
1986) This highlights that, unlike mathematical models for conventional ships in open water,
manoeuvring models for inland vessels must incorporate shalier effectas well avessel

type and steering configuration.

To improve manoeuvringredictionfor inland vesseld.iu et al. (2017)proposed an integrated
manoeuvring modedpecificallyfor inland vesselsincorporating arenhancedudderlift and
drag prediction formulaerivedfrom extensive2D CFD simulationgLiu et al., 2016)How-
ever, themodelwas appliednly in deep waternwhereconfinedwater effectavere neglected
More recently,Yang and el Moctar (2024)xtendedhe Abkowitzbased model by incorporat-
ing shallowwater correctioato hydrodynamic derivativederived from extensivaumerical
captive model testwith aninland vessetvarying water depths'he manoeuvring modelas
successfully validatethroughfull-scale trials of an inland bargdeverthelessthe modele-
mains limitedto avessel with a specific hull type and does aotount folateral effectssuch
as the bank effect.

While certainadvances have been made in manoeuvring modellingaimd waterwayscurrent
applications are often limited tihe validationphase such as turning circle comparisohs.
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addition,their application scenarigemain limited to relatively deeppenfairwaysor to shal-
low waterswithout lateral disturbanceg§rang & el Moctar, 2024)To enhancehe practical
relevanceand accuracyf manoeuvring predictiofor inland vessels, a dedicated manoeuvring
model that captures ship characteristics in shaltmnfined watersnust bedevelopedMore-
over, such a modedhould be more extensively appliealvesseloperational analyses under
complex river bathymetrie3herefore, Paper Ihtroduces the manoeuvring modelling for in-
land vesselgncluding the effect®f shallow water, currenteind bank effectsThe shallow
water correction implemented here focuses on resistiheehydrodynamic derivativasider
different waterdepthsfollow established experimental formulations reported in the literature
(Koh & Yasukawa, 2012)it should be noted thdbr newly designed vesselshe correction
formula(Kijima & Nakiri, 1990) provides a practical approximation for shallaxater deriva-
tives, although measured coefficients remain preferable when available.

2.4 Control design

Control desigris a critical taskfor autonomousnland vessels, where accurate pfatthowing

is essentiako ensuresafety in constrained environmerftde et al., 2024; Paulig & Okhrin,
2024; Waltz et al., 2025Navigatingriver bendsrequirescontinual heading adjustments and
drift compensatiorRobust controllers arereforecrucial forcounteractinglisturbances from
currents and hydrodynamic loads, ensugffgctive courseeeping along curved paths

Sano et al. (2014mployed a conventiongroportional derivative (PD) controller to investi-
gate thecourse stability o& container vessel modearchannel waB. The resul highlighted
thatrudder control isessential fomaintainng headingduring neatbank operationsparticu-
larly in shallowwaterconditions Chen et al. (2021a@pplieda conventionaPID controllerto
anLNG carrier modein aconfined channelinvestigatinghe effecs of water depth andpeed
on shipmanoeuvring and motion contratross varying operating condits. Reducedvater
depthwas found to significantly affegiropulsionefficiency, and crosstrack error increask
markedly Theseresuls indicate thamportance of incorporatinghallowwater effecs in con-
trol design However thestudy wadimited to straight channgWith path-following onzig-zag
coursein calm waterneglectingheinfluenceof curved channsland currentdn asubsequent
study, afuzzy-basedtracking controller (FuzzyTC) wagevelopedor rapid heading control
underrealisticinland-waterconditionswith current effect§Chen et al., 2021bYhe trajectoy
showed significant improvementvith FuzzyTC in terms of computainal speed anttacking
performanceompared witta conventional prescience modesed tracking controller

Chen et al. (2018proposed a distributed MP@ethod for vessel platoonindemonstrating
promising performance in desyater port navigationTao et al. (2022¢xtended this concept
to inland wateways but their framework relied on simplified vessel dynamics and environ-
mental forcesXu et al. (2023Qevelopedan improved heading contrdesignfor large inland
vessels irtonfined watersising MPG with vessel dynamics calculatédm a simplified MMG
model and experimentally derived hydrodynamic coefficienieverthelessthe application
scenariavas limited to straight channels, astthllowwater resistance was not consideded
ing the modelling procesZheng et al. (2016ntroducedan integratedtime-awareness con-
troller for path-following of anautonomous cargo vesselport operationd_ow-leveltracking
control wasachievedwith MPC, while a mixedinteger quadratic programmingoblem was
solvedat a higher level to generate timiag/are and energgptimal referencérajectoriever
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the MPC horizon Simulations demonstrategodtracking performancand energefficiency
usingthis mixed control strategy.

Existing researclindicatesthat modelbased control algorithm&hen et al., 2018; Du et al.,
2022; Mahipala & Johansen, 2023; Zheng et al., 2p@6prmwell in congestedvaterways
However, a common limitation thatthese studiesften rely on overly simplifieghipmanoeu-
vring modelswhich cannot fully capturactual vessel dynamids addition their application
primarily focuson ports or straight channels, with limited consideration of waterway bathyme-
try, raigng concerns about their suitabilitgr natural riversin complex inland waterwaysuch

as river meanders or curved canalsilinear disturbancege.g. shallowwater effectspank
effects and currenfsencounterediuring long voyagepose significanthallengsto MPC ef-
ficiency due to high computational demands. Linear MPC can reduce this burdemedous-

ing vessel dynamics in curved waterwayslifficult and requires comprehensive system iden-
tification. To improvetrackingperformance in curvethland waterways, €inforcement learn-
ing methodgqPaulig & Okhrin, 2024; Waltz et al., 202bave beemeveloped tenhance con-
trol robustnesslthough theisimulationinvolvescostly training and implementatigmoceses

To conductrobust,effective andcomputationally efficientontrol desigrwith consideations

of environmental disturbancesconfined fairwaysPapers Il and Nshowcase comprehensive
control systems development with a combination of classical and advisiiee controllers,
tailored to autonomous inland vessel

2.5 Energy performance analysis

Giventhe confined nature afvers and canalship energy efficiency is a kayetricfor sus-
tainable transport and logistics on inland waterw@g et al., 2021; Wang et al., 2016; Yan
et al., 2018; Zheng et al., 202%Yith increasinglystrict environmental regulations and rising
fuel costs, redung energy consumption has become bote@mnomic and ecologicaliority

for enhancing the competitiveness of inland shipping.

Currentresearch on ship energyedictions can be divided int@a)physicsbased, or white bgx
methodgCalleya, 2014; Mermiris et al., 2011; Tillig et al., 201(b) datadrivenmethodgHu

et al., 2019; Karagiannidis & Themelis, 2021; Parkes et al., 2018; Zhang et al.,, 202b{x)
physicsinformed (grey-box) models(Haranen et al., 2016; Lang et al., 20Z@)e< models
havedemonstratedatisfactoryaccuracy inspeedpower modelling and energy consumption
predictionsfor vesselsoperating inopen watersHowever,they weredeveloped foiconven-
tional merchant vessel®cusing on the influence of wind and ocean wawvkse neglecting
the effects of shallow wata@nd confinecchannels.

For inland vesseld;an et al. (2020proposeé a novel energy performance prediction model
specifically forinland vesselsbased omrmeasuremestfrom a bulk carrieroperatingon the
Yangtze River China.However the critical shallowwater effect was oversimplifiedsinga
speedcorrection methodUsing onboard sensor dafeom an inlandship, Yuan et al. (2021)
developecdh regression modébr reaktime fuel consumption predictiobased ora longshort-
termmemory (LSTM) neural networkMore recently,Fan et al. (2024¢valuatedseveraima-

chine learning models for predicting ship energy consumption using onboard sensor data from
an inland bulk carriecconcludng that Random Forest and XGBoost providedriost accurate
predictions.
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With the development of various energy prediction methods, studies on -@figcgncy op-
timisation have been actively conductééang et al. (2016htegrated a wavelet neural network
with a realtime engine speed optimisation model for stiertn prediction on a river cruise
vesselYan et al. (2018applied bigdata analytics with distributedrkeans clustering to seg-
ment inland ship routes and determine optimal engine speeds under varying conditaoms.
et al. (2021)employeda heuristic algorithm to optimise engine speed and reduce operational
costsof inland shipspased ora machine learning modebimilarly, Perera and Mo (2017)
developed a machinatelligence framework combining onboard data-precessingwith
shorebased analysis to enhance enegfficiency managemenf.ogether, these studigso-
videafoundationfor inland vesse¢énergy optimisation, highlighting theportance ofccurate
prediction to support decisiemaking across varying operating environments.

However, existing research orland vessetnergy efficiencyemains fragmente@atadriven
methods rely heavily on operational measurements, varelypicallyunavailable during the
early designstageslimiting their generalisability across vessel types and waterwayslis-
cussed irbectiors 2.2, 2.3 and2.4, mostphysicsbasedwhite-box) modeldocuson shiphy-
drodynamics in shallow water in isolatiameglectingthe combined effectsf ship resistance
propulsion manoeuvringand motioncontrol and their overalimpacton energy performance
These limitations have motivated the development of a novel veplagaing framework in
this thesiscapable ofevaluating thegperformance of arbitrary inland vessels from the design
stage through to operatiordased on the models and methdéseloped, Paper V introduces
the development of such a holissonulation framework foave ssel 6s ener gy
prediction and dynamic operational analysis.
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3 Met hod:oldegwel opment of the voyag

This chaptempresents thprimarymethodaused inthe VPF, whichinvolve energy performance
modelling, manoeuvring modelling, control designd system integrations.

3.1 Overview of thevoyage planning framework

Theoverall architecture of the VPi#evelopedn this thesis ishownin Figure3.1. It consists

of several modulewith key modelsand componentthat capturevessel dynamigsncluding
interactions betweethe hull and the surrounding environmerithe ship simulation modules

include (a) a ship energy performance model for predicting power and fuel consumption ac-
cording to the vessel 6s state and r eibamkant e
distance, and the speed and direction of water curtamis(b) a manoeuvring model to predict

the vessel 6s motion based on control output.

The environmenmodulefeaturesa novel hydraulic model for generating waterway maps, in-
cluding bathymetry and current profiléehesemodelsareintegrated into aayage planning
module Oncethe route an@éngine mode are defined, operatiosiahulationsare conducted
Theresults are presented in the route analysis module, which incladges! trajectory assess-
ment and energy consumptianalysis Based on dynamic fuel consumptidatafrom histori-

cal statesanenergy optimisation module developedo adjust vessel spe¢a minimise fuel
consumption according to waterway conditions.

( N\ ( A
Ship simulation modul e Route anal ysi
| VesseIL Fuel l
Energy perforlan[fdamoedevri ngl [HMoQoent rol I e} esliLghrajec cynsumpfl|i
/_‘-“"\ ol e ] e = L
Dynami c power |pflediction Motion update
L I p, J
Bathym&ctutryrentl
Voyamleanne
( | 1\ T 'd )
P cRout e sejf e Laon H H i
Environment mo|de B(Path foll owi nf s@ b1l i gppotdiud
L hfAlEngine mode JjdfeTeciion /{(7
il v
AGenerate _ - . 1.Constant o - = )
Aséegments : s AFix rpm - Energpt i mils 4
rosecti q : f i
model |l in & { AFix Shlp 58 0 Optisnmded rqg(d
_T‘ - ) 2.Dyn_am|c_teunng fuel consumplt
r“’ ANavigation j iUEnsure oper aft
: AEnergy effifdiency withcbBhhtr a
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Figure3.1. Overview of the voyage planning framewd@zhang et al., 2025c)

3.2 Ship energy performance model

A ship energy system model enables rapid estimation of eerggumptiorby establishing
the speedpower relationship, which isssentiafor autonomousnland navigation where dy-
namic energy demand must decuratelymonitored for efficient fuel oenergyuse.However,
energyprediction is particularly challenging at the design stage dtieetdmited availability
of data, whichrestrictsthe performance and applicability datadriven modelgFan et al.,
2024; Yuan et al., 2021)
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Therefore, Paperdppliedthe architecture ahe physicsbasedship performance mod&hip-
CLEAN (Tillig et al., 2017) originally developedor seagoing vessels, and modifiés main
methoablogyto account foship hydrodynamics in shallow and confined watérns adaptation
establiskedadedicated model for inland vesselamedShipCLEAN-IWV (Zhang et al., 2023)
The overall model structure shownin Figure3.2. It consists okeveral modules for ship ge-
ometry modelling, resistance prediction, propeller desagua power prediction. The detailed
model development is preseniadheremaindeof thissection

NI BTEAFY 2RSSt AyS

h dz( LJdz{
A{ LISISRs S
NBt o2y

65 TGN\ 2|y gg AREE

A2 }@ZUC

.

Figure3.2. Overview of theship performance model ShipCLEAMWYV
(Zhang et al., 2023)

3.2.1 Resistance in shallovand confined waters

Becauseanland vessels operate under relatively calm conditions with minimal influence from
wind and waves, the resistance formula developed in this study focuses on inland waterway
effects. It incorporates the influence of water depth and channel widthi lfahip distance).

The total resistance in ShipCLEAMVV is determined as follows:

Y ™ o Y6 Y Y (1)

where” is the freshwater density, is the additional resistance due to sgftgctsin shal-
low water(Raven, 2016)Y is the additional resistance indudedbank effecs, ando is

the total resistance coefficient. Tlestimation ofd is based on the methegroposed by
Millward (1989)andZeng (2019)and is giverby:

o) p Q Q 6" 6 (2

where®Q s the form factor from deep watéfQis the form factor correction for shallow
water, andd” is the frictional resistance coefficiehe™@  andd” are calculatedisingthe

methodproposed by eng (2019)A generic methotbr form factor correctiofiMillward, 1989)
is applied
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where'Ois water depttand”Yis the ship draughiThe equatiofior calculaing 6° is given as:

. YT QY @ "0
Toopmop ” TTOXQ o 'Y ()

where'Y Gs the Reynoldsiumber,and®, &, andd are parameters determined by ship type

as shownin Table3.1. In shallow water, frictional resistancependson both the Reynolds

number and the water depttrdraughtratio, whichdeviate§ r om t he conventi on
correlation line Zentari et al. (2022pbserved aimilar increase irfrictional resistancevith
decreasindgJKC, particularlywhen@ "Vis below 2.

Table3.1. Vesselspecificparameters fromeference hull model&Zeng, 2019)

Vessel 6 ) 18 [

Wigley hull 0.445 0.3466 10.4909 11.461
KCS 0.651 1.2050 10.5406 11.451
Rhine Ship 86 0.860 1.1680 10.5238 11.472

As indicated byRaven (2016)the additional squat effect in shallow water is incorporated to
account forits contribution to the total resistance. Developed from towing tank tests, this for-
mulation depends on ship fullness and the depth Froude ni@ihemd isexpresseds:

o . "0 e
Y N w+ 5
= 3 (5)

where® is a parameter that depends on the hull shape and fyllmigssanaverage valuef
1.46 (Raven, 2016)and™Oi is the depth Froude number in degater conditionsgiven by
O ] ™Q0

The additional resistance frothe squat (Y ) can becalculatedbased on the increased wetted
surface

Yiy ¥ o 1 ' (6)

wheredb represents the shiipsdst hweatselripd dast)edisas pelaa cae
important to note thagpart from shallowvater effectsinland vesselsftenoperate in confined

wateways wherefairways argestrictedooth verticaly (by water depth) and latetgl(by shigi

bank distance)As the vessel approaches the bank, the channel walteadditional drag on

thehull (Lataire et al., 2009; Zou & Larsson, 2018Bhe additionatesistancenducedby bank

effectswas derivedrom a regression moddlased orexperimental measurements and CFD
simulations(Du et al., 2020; Linde et al., 2017; Mucha et al., 2018)

According todatareportedn the literatureamarked increase iresistanceccurs ashe ship
bank distancéo-beam ratio(Q¥6) decreases fromaround 2.5 to 1.0Figure 3.3 presentghe
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regression modelf the additional resistanes a function othe speeiddepth relationshigOi )
andtherelative shijjbank distanc€6). The data indicate that channel walls may cause up to
a 30% increase irresistance when a vessmvelsclose to shore at high speedsconfined
waterways Converselywhenthe lateral distance exceeds a certain threshold, the bank effect
becomes negligible. This threshold is definedtbg influential transversal distanae

(Lataire et al., 2009expressed as:

) vé "0 p (7)

*  Duetal. (2020)
*  Muchaetal. (2018)
* Lindeetal (2017)

Regression
40%
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Bo»

INK
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Y o)
Fey 02 4 d/B

Figure3.3. Regression surfader bankinduced resistancégrived from a collection of
model tesmeasurementandcomputational fluid dynamicsimulations.

In the simulations, the additional bamduced resistance is obtained by interpolating this re-
gression sur f ace andthetogal watkraeptertorskeid @ s and thee e d
instantaneous shipank distancen this thesis, the banéffect resistance model is applied to
subcritical depth Froude numbef®i(< 0.7), as higfspeedn shallowwater operationsear
theriver bankmarkedlyincreaseshe vessels resistance and risk girounding or loss of ma-
noeuvrability(Du et al., 2020; Lataire, 2014)

3.2.2 Propeller design

In ShipCLEAN, propelleraredesigned using standard propeller seriaadthe opersource

tool OpenProgEpps et al., 2009Becausehe baseline blade geometries are primarily intended
for conventional commercial vessels, the module was adapteda new standard seri¢s
better represent inland vessel characteristiash asducted propellers. Blade sections were
based on the classical #¥&0 type. For duct design, OpenProp offers only a limited selection
of airfoil profiles; therefore, the NACA 4315 mean limghich has a geometisimilar to the
classical N19A nozzlevas incorporateds an exampl&s shownn Figure3.4.
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Figure3.4. Ducted propeller design BhipCLEAN-IWV.

With the resistance and propeller desagralysis therequiredshaft power § ) can be calcu-
latedasfollows:

” Y G

5 — 8)
where— is the hull efficiency € p O] p U ),— isthe operwater efficiencyob-
tainedfrom the propeller curve; is the relative rotative efficiencyag¢sumedonstanat 1.0,
and- is the transmission efficiencyncluding shaft and gearbox los&t t00.97 in Paper$
and V.

3.2.3 Power and energy consumption prediction

ShipCLEANIWYV usesan engine module derived from regression analysis of engine curves
from major suppliers and marine engine manufactkigouche et al., 2015)ncludingCum-

mins, MAN, Caterpillar, and Wartsila, coverindgpeadoperational load spectruriigble3.2).

The formulatiorallowsstraightforward, loadiependent estimation 0f"O0 liased on the rated
power(D ) and the loadatio(® jO ).

Table3.2. Engine regression model based on load rétipd{ ).

0 [kW] ® 0j0 b "Y'O0 6"QM [g/kW/h] Error [%]
100G 300 0i 20 ocwdpad 8 BT U 10
20i 100 CT& p TR pa TS TT GOV 7
300 500 0i 20 ota xi ° 10
20i 100 COHT T WX TBI T WTT 7
5001 1,000 0i 20 oC map 8 P& P T 15
20i 100 COMWCTE T @ T8 T @O 10
1,000 2,000 0i 20 C WA TGP 8 Y 0 10
20i 100 C oY ETE L XX T8 TT @T 10
2,000110000  0i 20 C o Yl 8 P T O 7
20i 100 CTRITIT TR @ QW T8 TT @T 5
>10,000 0i 20 Cpahe 8 P& o QY -
20i 100 P WYTE WU T8 T WO 5

This approach is particularly effective for estimating fuel consumption when an inland vessel
is at an early design stage with limited data. As more lobletamesavailable after the early
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design stage, this model can be easily adapted to incorporate more detailed engine characteris-
tics.

3.3 Manoeuvring model in confined waterways

To capture ship motion dynamics in inland waterw&gger 1l presents a manoeuvring model
thataccounts foshallowwater and bank effeetThe modebevelopment, equations, ackar-
acteristics aréescribedn thissection

3.3.1 Rigid body dynamics

The coordinate systems used in this thesissamvnin Figure 3.5. Becauseanland vessels
typically operate in relatively calm watghe manoeuvring model focuses on #hmensional
(2D) planar ship motion (surge, sway, and yawjere vertical motiors neglectedAs depicted

in the coordinate systems, @ w & represents the earflxed frame, and ® wi§ the

body-fixed frame located at midshi@ is the centre of gravity (CoG), addand0 denote the
surge and sway speeds at midship, respectiMelie thatd and0 must be adjustei account
for thespeed and directioof the water current

A

&)

Figure3.5. Coordinate system @ninland vessel.

3.3.2 Equations of motion

The manoeuvring model for predicting vessel motion in inland waterways is based on the orig-
inal MMG formulation, modified to account fehallow water and bank effects. The governing
equations are expressed as:

a a 6 d& a vi wai ® ® O o
a a v a a 6i wai ® ® 9)
Owa I wWwa L ai 6 0 0
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whered i s t he s¢ iapé sarethe added massin thew andwdirections, re-
spectively,® is the longitudinal coordinate ¢iie CoG, Ois the moment of inertia, and is

the added moment of inertia for yaw motion. On the flggmdside,®, &, and0 represent the

surge force, sway force, and yaw moment, respectively. The sub&riptsnd'Y denotethe
contributonsf r om t he shipds hul |, p r io fhesoridineal MMG and r
formulation and6 representadditionalcontributionsfrom bank effects.

3.3.3 Hydrodynamic forces on the ship hull
The forcsandmomenta ct i ng on t Ic@culatddugn@s hul | ar e

O T WO
O T 0T (10)
6 T® 0 YO

where” is the freshwater densityi s t h e s hYis thé draughamdyit v, t he shi p
speed® , ®,and0b arethe nondimensional surge force, sway force, and yaw moment, cal-
culatedas

A Y & 7 7T i AR ® 1 o
(A AY) Nl © O F 1 ® 71 1 ® 1 b (11)
0 0 T 0t 0 f O 1T 1 0 1 i O 1 @

In theseequatiors, 'Y is the nordimensional total resistance coefficient, including a correction
for shallow water and barkduced resistangas presented isubsectior.2.1 The termgy

Q o, 8 , are the hydrodynamic derivativeshere thecoefficients were taken from the

experimental test of amland vesseln Koh and Yasukawa (2012) is the midship drift
angle, computed &s OAT U jo ,and isthe nordimensional yawrateé i P
For differentinland vesselKoh et al. (2008tronductedsystematic experimental testsdight
different pusherbargearrangements. However, tleeefficients are only applicable deep
water conditions and were thereforat considered for vessalanoeuvringsimulationin shal-
low water in this thesis.

3.3.4 Propeller force
Fora twin-propeller configurationthe surge forces givenby:

W p oY Y (12)

whereois the thrust deduction fact@and”Y and”Y are the propeller thrustrom the portside
and starboard, respectivebglculatedas:

Y OY 7§00 (13)

Here,& is the propeller spee€) is the propeller diameteandvu is the thrust coefficient
expressed as
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L Q0 Qv Q (14)
whereQ and™Q are regression parameters from opeter curves, andis the advance ratio:
O 6p U 7¢O (15)

In Eq.(15), 0 is the ship surge velocity, arid is the wake fraction during ship steering, cal-
culatedas

070  Agpr (16)

whereb is the wake fractioduringstraightaheadnotion(Koh & Yasukawa, 2012 andf

is the propeller inflow angle during manoeuvrimgfined a$ I @j 0 1, depending
on the relative coordinate of the propetier Notably, propellers can kaevelopedusingthe
model in Papel to facilitate manoeuvring simulation and assesshfieghé open water data is
not availableat theearly designstage

For model simplificationthe parameters of the propeller on each side, suol@d0d , are
assumed to be identic#@{ccuratdy analysng unsymmetrical inflow for twin propellers during
steeringwould require experimentalflow-field measurement or detailed CFD simulations,
which are beyondhe scope othis model.

3.3.5 Rudder model
The rudder forceand momenare calculateas:

) po O 0O0EIl
® p| O OANO (17)
0 | @ O 0ARO

whereo is the steering resistance deduction factoris the rudder force increase fact,
is the rudder normal force) is the relative longitudinal coordinate of the rudd@tentical on
each sidg andw is the longitudinal coordinate of the locatiamerethe additional lateral
force acs.

The rudder normal foras computed as:
O ™0 YO (18)

whered is the rudder aredy 0 U is the flow velocity at the ruddeand® is the
rudder normal force coefficient based on the original MMG model:

OFET (19)

whereQis the rudder aspect rati®@( 6 j 6 , with 6 the rudder span anal the chord
length), and is the effective rudder inflow angle:
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0

1 O (20)
Here,6 andu are the longitudinal andlansverse rudder inflow spepdalculatedas
, o Y T ai
T I N (21)

p i

wherel s the flow straightening coefficiendy is a constantiefiningthe acting point ob
from model test(Koh & Yasukawa, 2012pnd- is the ratio otherudderwake fraction to the
propellerwake fraction; Pp U j p U .Intheequationfod ,i isthe propeller slip
ratio,— 'O j 6 is the relative ratio of propeller diameter to rudder spadll is an experi-
mental constanDetailed parameters and coefficieate providedn Paper II.

3.3.6 Mathematical modelfor bank effect

When a vessel operatesarchannel wallsthe accelerated flown the gapcreatespressure
differencesproducinga combination of longitudinal force (increased resistance), lateral force,
and yaw moment on the hyfFigure3.6). This phenomenon is referred asthe bank effect

which hasa crucial influence n t he v es s el .dlewevardhe exstinystudidsonl i t y
inland-vessel manoeuvring modelling oftaaglectthis essentiafactor(Liu et al., 2017; Yang

& el Moctar, 2024) This thesigpresentsa comparison ofhethreemost weltknown bank ef-
fectsmodels(Ch'Ng et al., 1993; Norrbin, 1976; Vantorre et al., 20@8) incorporates them

to enhance manoeuvring predictifm inland vessels. Thaetailed equationsf these modsl

are showrbelow.
YF <0
- —
Ywn>0
N:uw<0
Y, >0
e ——— _

Figure3.6. Schematics of bank effectadapted fronbataire et al. (2018)

Based on extensivaodeltestsof ship manoeuvring in confined waterwaygh vertical banks
(Norrbin, 1976, 1985Norrbin developecanempirical modelsingrectangular channe(§ig-
ure3.7) to calculate the hydrodynamic forces araslv momentfor varying ship bank dstances
andwater deptk

. v w oW % (22)
W "00'Y- T[8T00C([T18)')(C6
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Figure3.7. Bank configuratiorirom Norrbin (1976)

Similarly, Ch'Ng et al. (1993proposedan empiricalformulabasedon model tests usinthree
merchant vessgWith different hull formsThe rondimensional lateral force and yaw moment
are calculated as

pTUWIT o, , SO ¢ w . w O
TV DwW W ) 5 @ 5
® [ W ,
w F T[@QBO T3t T 0]
PMTMT ., W S . . W WS . w O (23)
™Yo > v ® 770 “ 0o
W

where® , %, é& areregression coefficient&Ch'Ng et al., 1993)JOis theratio of UKC to
water depthiQ, andw andw are nondimensional shipank distancem atrapezoidal chan-
nel (Figure3.8), defined as:

, P, P p
w -0 —-— =
C O O
o P P P (24)
C O
0 0 Y
N
Yp3 Vs3
T/2[\_ y,
Yn Vs

Figure3.8. Ship' bank configurationn Ch'Ng et al. (1993)

Building upontheseprevious models, Flanders Hydraul{®&antorre et al., 2003)evelopedn
empirical formulaor modelling the bank effecbased on systematic captive modelgtasing

three vessels under varyimgter depth, shigank distance, and speed conditions. The model

is expressed as:
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where thesuperscriptdQ 0, and'O0denote the individual effects bfill (pure speed), propul-
sion, andhe coupled effectrespectivelyw is the reference velocithat depends on the pro-

pelle® ¢hrustand dimensiorfw gYj ” ‘O ); Oiis the Froude number; and ,f

| .1 ,I ,and  areregressiorcoefficients w andw arenondimensional shigank
distancesfollowing the configurations i€h'Ng et al. (1993Detailed parameteese provided
in Vantorre et al. (2003)

For the sake of model comparisotise lateral forced and yaw momend predicted bythe
three bank model@Ch'Ng et al., 1993; Norrbin, 1976; Vantorre et al., 208@)isualised in
Figure3.9. The three methods produce similar lateral attraction forces until thicosimip dis-
tanceto beam ratiq’(Q¥6) drops below approximately 2, at which point the modeVagtorre
et al. (2003)predicts a repulsion force. As shownFigure3.9(c, d) for a speed of 4 knots, a
clear attraction force occurs as the vessel nears thelbatake (2014)ndicated thatrepulsion
arises when the gap distance falls below a critical threshold.

It should be noted that in Papers Il, lll, and IV, only the modeVégtorre et al. (2003)as

used for manoeuvring model development and control simulations. In Paper V, the average
value of the three models is applied for moderate distances, providing a comprehensive analysis
of bank effects. Howevewhen a repulsiotiorce is detected, the value froMantorre et al.
(2003)is used.
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Vantorre et al. (2003) Vantorre et al. (2003)
——Ch'Ng et al. (1993) —— Ch'Ng et al. (1993)
Norrbin (1978) Norrbin (1978)
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Figure3.9. Comparison of bankffect models under a depttrdraught ratio ofQ"Y= 1.5 (a)
overall lateral force as a function of shifank distanc&6 and speed; (ow-out moment;
(c) crosssectional view of lateral force at 4 knots, showing the transition between attraction
and repulsion zones; (d)osssectional view of bowout moment at 4 knots.

3.3.7 Water currents
Currens area critical factorin inland waterwaysaffecing vessel dynamicdn sharp river
bends or narrow fairways, currents make manoeuvroge complex.In this work, currents
follow a nearparabolic distribution along the lateral direction, meaning that fipeeds are
higher near the waterway centre and close to zero near the banks. The squagjiven as:
6 6 YAIIO 1
o o YOE! (26)

wherg s the incoming current angle in the edlitted coordinate systent.he drift angle at
mi dship, which accounts for the dif fcdcu-ence b
lated a$ OAT U jo .Thetotal ship spegdgivenby™y 0 0 . Note that
the equations of motion are thgwdtert ed using th
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3.4 Control system desigrfor inland vessels

This sectionintroduces hie design of guidance and contsgktems for vessel patbllowing.
The controldesignincludesa comparison of several methodsch asconventional PID and
advancedMPC.

3.4.1 Guidance systenin confined water

Inland vessels require precise control systerensuresafe operation in confined waterways,
whereshallow water effects and river currents can disrupt course stability. To address these
challenges, thguidance navigation, anccontrol (GNC) module developed in this thesis ex-
plicitly accounts for such disturbancése schematic of the pathllowing GNC module under
current conditions is shown Figure3.10.

Figure3.10. Guidance system for patbllowing controlonaninland waterway.

lts main objective is to maintain the vessel
mising crosgrack error (XTE) through effective rudder contidking thev e s scerreri [so-
sition and the positions of the waypoints, the reference heading is computed as

r o [ o T 0 (27)

wherg . p0 represents the reference headamgjle,calculatedfrom two consecutive way-
points

)

[ 0 WoQ® ®w ® (28)
[ 707 ®dS the reference heading component that minimises the-wems error® "Y@ |,
given by:
r 0 ®O GEYD YD (29)
where® is a predefined lookahead distance corresponding to the reaction distanceef the
land water vessel\/V), dependhg on the vessel type and dimensioAs. noted byFossen

(2011) the lookahead distance can be constant or-¢i@mngng. InPapes Il, 1, and IV, a
constant lookahead distance wesed whereas inPaper V, an arbasedvarying lookahead
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distancewas applied to improvdrajectory trackingn complex, meandering waterways, as
shown inFigure3.10.

3.4.2 Classical PID controller

Figure3.11showstheblock diagram of thelosedloop heading contralsinga PID controller.
Therudderangleisadjestat each ti me st ep t éorpatbfollowmng.l t he
The overall equation is given by:

[ (30)

wherel 0 is the headingerrorat thetime stepd, U is the proportional gajrand "Y and”Y
are the derivative and integral time constamespectively. TheZiegleir Nichols method
(Ziegler & Nichols, 1942)vasusedto determineoptimal value for the control parameters.

Guidance | ¥™(t) e (t)

{LVPTJ } System

PID Heading  9(t)
Controller IWV

WPTp (@p(t), yp(t))

1 Navigational |
Sensors

Figure3.11. Block diagram of th@roportional integral derivativeheading control.

3.4.3 Incremental PID controller

In addition to the conventional PID contrah incremental PID controllés introducedo up-
date the rudder angle for complex waterwaysThe rudder angle @iven by

L , . Yo, , . Yo
‘]ouroropw(oqop(oc#o(ﬂ)

whereg 0 isthe heading error at the current time step is the proportional gain, aritf

and”Yarethe derivative and integral time constars@meas inthe conventional PID’Y is the
sampling period.

The ncremental PID updates the rudder command by adding an increment computed from
changes irthe error, whereas conventiongbd@sitiona) PID computes the absolute command
directly from the error and its integral/derivative terifiis approaclprovidesimproved nu-
merical stability and reduced sensitivity to integral windup, which is particularly beneficial in
nonlinear dynamic environment&strom & Hagglund, 1995)

In Papes Il and IV, conventional PID control was used fetatively simplified scenarios,
while Paperll employeda furthersimplified PD-only versionfor straightchannel conditios

In Paper V, the performance of traditional and incremental PID methaslassessed under
river conditions with nonruniform bathymetry and varying currents. Due to its better

28



adaptability to such complex inland features, incremental PID was implemented in the final
simulation framework.

3.4.4 Model predictive control

To formulate th@onlineamodel predictive control (NMPQ)esign problem, the IWV dynam-
ics are presented in the stafgace notation as:

RO Qo QROMNOG QRO (32)
whereno denotes t he Weasissthe cobtsol input, giveels: an d
no 0O n o no

n
r 0O U 0 10 (33)

no no 0 n
w o wo 0 o

NO 1 o
The function othevessel state®r) 0 ,"Q 1 0 , ard of the states and control input are given
by:

U
0 O 7
QROMN O ot (34)
Qo o

whered denotethe mass matrixQ is the damping matrixt denoteghe forcesand moments
on the hull and from bank effects, represergthe rudder forces and momenasidt is the
propeller force with a constant rotation spegelen as:

a a T T
0 T a a w a
T w a O wd v

& & f oR O GAan o
o) 4 & f o o (35)
@an 0 o

Qe

O ® A A n o i "D 0 m
t ®w o n W ht m hYyn o [ Q%0 OER O T
0 0 0 i - - o
In addition,” represerdgthe generalised velocity vectors, given by:
"0 R 0 noO no 60 L 0 10 (36)

Equation 82) is discretised using the specified sampling time to serve as the prediction model
in NMPC, resulting in the following discreteane IWV dynamics:
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nQp QAT TN T A (37)

where the subscrip8 represergthe variables used in thee s speediialic® model, an®is
the discrete time steplence, the constraints on the state variables and the control inputs are
given adollows:

[
6
(VI (38)
1 i
1

Kjl Kjl Kjl D—l D—l

f
g
v n
n
\ 1

As shown inFigure3.12, the NMPC optimal control problem is formulated as a nonlinear pro-
gramming problem with multiple shooting over a finite horifon At every time stefXQ the
controller solves the following optimisation problem:

O0von Qh Q Wi dQﬁEZSr] OsQ T 0 sQ n
(39)
g howe @ N e

where the scalar valugs iy , andi are the controller weight&Js the time step over the
prediction horizon, withm  "Q 0 p; and'®@Crefers to the prediction dhe stepQ per-
formed at the global time sté The objective function consists of a running cost and a terminal
cost that minimise the heading error. The running cost also minimises control efforts.

4(t) ; ; MNavigational
Iwv Sensors

q(t) p(t), yp(t

Nonlinear MPC Controller

u* Maodified
£ » Nonlinear
MMG Model —‘
I < ac
| Optimizer | Y™ (t) | Guidance
T System
Objectives and | T WP
Constraints ce
WPTp

Figure3.12. Block diagram omodel predictive controbased heading control
(Zhang et al., 2025a)
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Therefore, the solution of the NMPCtae ® time stefis the sequence of optimal rudder an-
glesand the corresponding vessel stat@gen as

"y bOOuvop Qh Q (40)
The development of the NMPC is presented in Paper 1V, with compaagamst conventional

PID control in terms ofracking error and control effort. Some selected resultslareicased
and discussed ichapter4.

3.5 River hydraulics modelling

Accurate hydraulismodelling is essential for analysing vessel motion and energy use in con-
strained inland waterways. Such models incorporate bathymetriamthtzarying currents, all

of which influence manoeuvring performance and control strategy develof@dgaard, 1989;
Rhoads, 2020)To generate a simulation environment that captures the physical characteristics
of natural inland waterway®aper V proposesmmvelhydraulic model for the rapid generation

of meanderingvaterwaysincluding predictions of crossectional (bathymetric) changes

3.5.1 Crosssectional shift modelling

A meandering rivecan beconstructed by combining straight and curved sections of varying
sizes(Fossen, 2011; Paulig & Okhrin, 2022he modeffollows this approachthe waterway
is generated using a sequence of segmastfiustrated irFigure3.13.
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Figure3.13. Schematics of waterway generation with cresstional shift modelling.
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Each segment is discretised into crssstions TYRYF8ERY), with grid points uniformly dis-
tributed according to the local geometry. Straight segments are parameterised by their length,
with the initial segment additionally defined by a starting orientation. Curved sections are de-
termined by the radius and segmental angle: Each new segment is transformed to attach to
and align with the end cros®ction of the previous segment, maintaining continuity and geo-
metric consistency.

To represent thenorphologicakchanges of riverbedsanewparametric formula is proposed as
a function of curvature, bend radius, and segment location. The depth profile is modelled using
the following equation:

Q
I E

% p -0 (42)
where'Q; represents the water depthtbé crosssection@n the'®segment; is a random
perturbation following a normal distribution with a standard deviation of©.1, is the max-

imum depth of the crossection, and is the shape function of the riverbed in the vertical
direction(seeFigure3.13). It is calculatedchs

Q p (42)

8-1| o]
©
]

whereQ is the lateratoordinaten the local framef each crossectionwis the halwidth of
the channel, and is a skewng factor that calculates the cressctional shift depending on
the waterwayshape

— yaQ
doe- P Tox

MA (43)

Here| is a constantletermiring the segment curvatudirection( N  phrip ), with 0 for
straight segments, p for leftward curvesandl for rightward curved-urther—is thesegment
angle,Y'@iQs the arc distance between cresstion’Gand thes e g m emidisection §eered

box), and is the segmentadius The equatiomndicatesthat the maximuniathymetricshift

occursatthe middle of a curved segment.

3.5.2 Current modelling

In river meanders, the distribution dépthaveraged currentelocity across a crossection
generally follows the corresponding water defidldlgaard, 1989)Jsinga similarapproacho

the crosssectional modelling, the current velocity is formulated to align with the depth profile,
allowing a simplified representation of flow asymmetry neaer and outer bend$he current
velocity isexpresse@s

(44)

Q Q
P P TR
i
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where 0 is the maximum flow velocity and is arandomdisturbanceepresentingincer-
tainties in flow speedn straight segmentshe current distribution along the transverse direc-
tion is nearly parabolic. In curved segments, the maximum flow spedstaamined bythe
depth profile. The flow direction @ssumegberpendicular to each cressction, meaning vor-
tex or secondary flowarenot modelled and atbdereforeneglected.

3.6 Energy optimisation

Energyefficient operation is critical for inland vessed¢specially for future autonomous ves-
sels thatmay rely on battery power. Adjusting vessel spestording toenvironmental and
navigational conditions can yieklibstantialenergy savings in constrained waterwalysis
sectiondescribeshe energy optimisation module developed within the VPF framewdrikch
suppors automated onboard decistomaking

3.6.1 Particle swarm algorithm

Given the geographical limitations of inland waterways, vessel routes are generally fixed. Con-
sequently, optimisation efforfscus onoperational strategies, such as adjusting speed profiles
along predefined tracks based on environmental conditions. lth#sis a particle swarm op-
timisation (PSO) algorithm is applied to determine the eneffigient speed profile. PSO is a
populationbased method that iteratively improves candidate solutions by simulating collective
behaviour within a search spaé&ennedy & Eberhart, 1995)

Figure3.14illustratestheoptimisationprocess of the PSO algorithm. During optimisateagch
particle records two key elemenits bestfound position (personal best,c ‘Q) and theglobal
bestpositionidentified by the swarniglobal best;@ Q) at timed. Each particle updates its
velocity and positiorusing this informationThe velocity is influenced by both individual ex-
perience and swarknowledge while the new position is computed relative to the personal and
global bests. The update equations are:

0 10 © ROQ & o "BDQI ow
‘ o (45)
w w U

wherg is the inertia weightp andc arethe particlecognitionand social acceleration coef-

ficients,i andi arerandom values betweenabhdl, andw is the updategbarticle posi-
tion.
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Figure3.14. Schematic of thearticle swarm optimisatioprocess.

The route is discretised into sequential waypoints, and a swarm is initigliedach particle
represernng a candidate speed profile along the route. The objective is to minimise fuel con-
sumption while satisfying the estimated time of arrival (ETA) constraint. A dynamic inertia
weight is applied to improve convergence towards the global optimum during itsratio

1 01 T TY (46)

3.6.2 Energy optimisation in inland waterways

Using the PSO gbrithm, the schematics aénergyoptimisationfor inland vesselareillus-
trated inFigure 3.15. The waypoints are mapped into the solution space, incorporating local
factorsthatinfluence fuel consumption, such as water depth, sbgmk distance, and current
velocity. With ship speesl specifiedat eachwaypointand the engine model incorporated, the
fuel cost functiorfor each leg©0 ) is establishedThe objective of the PSO algorithm is to
adjust the ship speed each waypoirib: (a) minimise total energy consumptio®¢ ) over

the entire route, and (b) ensuhe total sailing time satisfies the ETA constrajrtalculated
based on a fixed reference ship speed
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Figure3.15. lllustration of theparticle swarm optimisatioalgorithm for ship energy
optimisation in inland waterays

The performance of swarased algorithms is sensitive to initialisation. To assess this effect,

the initial speed profile is generated based on the water depth along the route. Ship speeds are
selected within 6090% of the maximum speed and reduced adagrih an exponential func-

tion:

TiEp i pg
G T Omd ™Ip Q ° 8 p& 1 08t (47)
T i o

wherei is the deptko-draft ratio at waypointdi  "Oj "V, and| is a factor controlling the
rate of speed reduction with respect to water depth (assumed to be 1 in thisT$tedigtailed
initialisationprocess is presented in Paper V.

3.7 System integrationof the voyage planing framework

Figure3.16 presents the overall diagram of ¥BF, illustrating the integration and interaction

of its submodels and modules. The process begins with the hydraulic model, which generates

a waterway map incorporating bathymetry and current profiles to serve as the simulation envi-
ronment. Once the routedoperational mode are defined, paahowing control is performed.

Based on the control commands, the vetsasel 0s
developed for confined waterways Upon reaching the endpoint o
erational datahatincluding trajectory and a sequence of historical siatescordedenabing

the calcul ation of dynamic energy consumpt i c
through analysis of tracking accuracy and energy use. Finallyotlbe and corresponding en-

ergy data are used to conduct the optimisation process.
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4 Summary of appended papers

This chaptesummariseshe mainresultsand findingsfrom the researctpresented ithe ap-
pendedpapers

4.1 Paper I Energy performance modelling of IWV

Papel presensthe development of ShipCLEANVV, an extended version of the ShipCLEAN
energy performance model tailored for inland vessely themodel structure summarised in
section3.2 The main contributiomf this study is to propose a physicased ship energyre-
diction model for rapid, accuraamalysis of resistance, power, and energy consumption in shal-
low and confined waters, particularly usefutheearly desigrstagewith limited inputs.

While retainirg the modular architectuiginally designedor seagoing applicationg Ship-

CLEAN, themodified ShipCLEANIWV modelincorporatesledicated methods to account for
confined waterway effects and vesspecific characteristics relevant to inland navigation. The
resistance module was refined using empirical formulatiooaptureshallow water influences,

and the results showed strong agreement with experimental measurements. Power prediction
wasvalidatedagainst published data to ensaredellingaccuracy To demonstr at e
applicability under realistic operational conditions, a case studgevahictedisingdatafrom
inlandwaterway segments the Seine Rivewith varying water depthand widtts. The anal-
ysishighlightshow vessel loading arship’ bank distancemfluenceenergy consumption.

4.1.1 Resistance predictionand validation

The accuracy of resistance prediction plays a key role in reliable power estanékiepro-
posedesistancéormulacombines a modified cahwater resistance formulatipprimarily ad-
dressing the viscous compongntith additional terms accounting for squat and bemtkiced
drag. Avalidationstudy based on experimental data from a scalegbegfelled vess€dMucha
et al., 2018)s shownin Figure4.1.
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Figure4.1. Resistanceesultsof a 135 m inland vessghdapted fronZhang et al. (2023)

The results indicate that the model predictions align well with the test data and capture the
changes in resistance across different water depths. Some deviations are observed at high speeds
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in very shallow waterQ“Y= 1.2), due to the absence of a correction for wawa&ing resistance.
Nevertheless, such conditions are typically avoided in practice, as inland vessels tend to reduce
speed in low water levels to mitigate grounding risks associated with Shaatsistance char-
acteristics of another classical inland vessel typeasher barge systemiswere evaluated using

towing tank data from convoys with varying barge arrangenigetdari et al., 2022hs shown

in Figure4.2.

Figure4.2. Configuration of pushé&barge convoysadapted fronfZentari et al., 2022)

As shownin Figure 4.3, the model predictionsalign well with the experimental range. Re-
sistancencreasesaswater depthdecreaseswith a significantrise observedunderextremdy
shallow conditios.
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Figure4.3. Resistance prediction of the pushmarge convoy in threeonfigurations.
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In this case, additional drag results from complex interactions and gap effects between units;
the gap between a pusher and a single barge alone can contribute up to 6% of total resistance
(Zentari et al., 2023However, an accurate prediction of these effects is strongly influenced by
the hull form of both the pusher and barges conneatatidepending ooperating speednd

water depthwhich are beyond the scoprd capacity of the current model

4.1.2 Operational analysis

The dynamic operational analysis was conducted using an icéagdvesselwith a length of
135 m, a beam of 11.45 m, and a design draft of3a2 90% loading. Water depth valué&d (
were derived from sectiah measuremesdf the Seine River based on data reportedibgle
(2017) while the corresponding channel widtles ) were obtained from the MERIT Hydro
databas€Yamazaki et al., 2019)sing thesavaterway profiles, arrent speeds along the route
were estimateffom recorded discharge rates,sf®wnin Figure4.4.
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Figure4.4. Waterway data of the selected reach with a length of 153 km.

Figure4.5 presents the power output alongside the corresponding instantaneous fuel consump-
tion. The results highlighthe strongsensitivityof propulsion poweto draught under shallow

water conditions. At 40% loading, the shallowest water deptises 70% increase in power
demandresulting inamarkedrise in fuel consumption. This effastevenmorepronouncedt

full loading, where power requirements dstomealoublecomparedo deeper water scenarios.
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Figure4.5. Predicted pweroutputand fuel consumption rate based
on the waterway data.

Beyond water depth, the influence of slhpnkdistanceon fuel consumption was examined
(seeFigure4.6). Here,Q andQ repreentthe shifj bank distance asalf and onegquarter of

the channel width, respectively. As highlighted by the blue bounding box, resistance increases
markedly when the vessel operates close td#mk Overall, howeverthe bank effechasa
relatively minorimpact onthev e s sfueellc@nsumptiorcompared with the influence of shal-

low water.
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Figure4.6. Impactof the shipjbank distance on fuel consumption rate.
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4.2 Paper Il T Manoeuvring modelling

Paper Il introduces a manoeuvring model tailored for inleassels, developed based on the 3
DoF MMG ship manoeuvring modeThe main improvenent of themodelis to incorporate
bothshallow water corrections amdmathematicalormulation for bank effects, enabling real-
istic prediction of vessel behaviour in confined environmefkte main mehodology and
model development are presentedeaction3.3.

A verification study was conducted using published hydrodynamic derivaifvagpushér

barge convoyo simulate turning manoeuvres. This was followed by a systematic investigation
of bank effects on vessel trajectory without rudder input, under varying water depths, lateral
distancesand propeller speeds. To assess the effectiveness of domglementationacase

study examingt he r udder c torcdumteractamkindused farbesvhileé rhayn-
taining the intended courga straight channels

4.2.1 Turning test validation

Validation of themanoeuvringnodel was carried out using experimental data from a pusher
barge model in calm water, without accounting for bank effects. The objective was to assess the
mo d e |l 6 s usingltydradynanyic derivatives from publicly available literature. Turning
simulations were performed at rudder anglds ef35° and] = 20°, with a model speed of
0.364m/s (equivalent to 5 knots fuBcale). In theoriginal reference study byoh and
Yasukawa (2012)the fourthorder derivativen was omitted Figure 4.7 and Figure 4.8

present selected turning resutts the given rudder anglew/herethered linedenotesimula-

tion resuls from the developed manoeuvring model. Overall, the modptures he v essel &
manoeuvring behaviour welind it was observed thte pushédrbargeexhibitedenhanced

turning capabilityfrom medium QT = 1.5 to extremelyshallow watei("QT = 1.2). Relevant
researclfLiu et al., 2015; Yasukawa & Kobayashi, 1995; Yoshimura & Sakurai, i88@pate

this phenomenois acommoncharacteristic of widdeam shipswhich is also exhibited ke

pusher
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Figure4.7. Turningsimulationvalidationat] = 35°.

The deviations observed in the turning circle, such dsgaore 4.8(b), mayresultfrom the
empirical formula underestimating the rudder normal force or from missing parameters in the
literature.The coordinates of the CoG and the relative positions of the propeller and rudder
were based omssumptionsas some datavere missing in theoriginal study Differences
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between these assumed locations and those of the original shipmagydelad taleviationsn
the computed rudder normal force.
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Figure4.8. Turning simulation validation at = 20°.

4.2.2 Bank effectsimulation

To quantifythe influencesf bank effect on ship motion dedicated simulations were con-
ductedwithout rudder compensatiofhe trajectoes werecalculatedusing the manoeuvring

model thatincludes thebank effects termmegarding lateral force and momel#hang et al.,

2024b) As shownin Figure4.9, the vessel was modelled to navigate a strai@ot mwide
channel, with varying initial starbodrdank distanceso . For all scenarios, the simulation du-
ration was fixed at 140 s. The resulglicatethat when sailing near the channel centre, the
bank effect is minimalHowever, a  decreases, the beaut motion induced by asymmetric

flow between the port and starboard sides becomes more pronounced, leading to noticeable
course deviationgn extreme casesuch hydrodynarsieffectsmayresult ina potential risk of
collisionwith the opposite banlasillustrated inFigure4.9(d).
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Figure4.9. Ship trajectories under varyirggarboarebank distanced
illustrating bank effects

It is alsoobserved from the trajectories that, once the vessel passes the channel centreline, the
left bank experiences new lateral forces and yaw mometite mpposite directio.hisresults
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in bow-out motions from the port sidand the vessel shows zigg trajectories around the
centrelineSucha phenomenon can be explainedioy bank model isubsectior8.3.6 In Eq.
(24), the nondimensionalistance w are calculated according to the relative shgnk dis-
tance from starboardy)) and portsidéw
teractedrom both sidesf the ship sails at the waterway centiiring neatbank operations,
the direction of lateral effectiepend®n the relative locatioof each side of the bankdow-
ever, the vessel still hashigh risk of collision with the left bank if the initial besut effect is
significant, andf the initial shig bankdistance is togshort as shown ifrigure4.9 (d).

@ ® ). Therefore, thdank effect will be coun-

Figure4.10 presentghe ship motiorunder bank disturbances varyingwaterdeptts. The in-
fluence ofbank effectgs particularly pronouncedn shallow water The vesselexperiences
significant bowout momentsespecially inthe extreme shallow water cag@®"Y= 1.2. Addi-
tionally, reducedship bank distanceamplify thesedisturbances, as shownhigure4.10(b).
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Figure4.10. Ship trajectoriesvith varying water depth: (ap = 45 m and (bjo =35 m.

Additionally, the influence of the operating propeller was also examined and quantified. Simu-
lations show that higher propeller speauseasehe hydrodynamidoadon the hull, thereby
raisingthe risk of shoreline collisiorséeFigure4.11). As indicated bythe bankeffectmodel

in Vantorre et al. (2003)the magnitude of the hydrodynamic effeatreasesith propeller

rpm, resultingin higherbankinduced force and momergthatinfluencevessel manoeuvring.

As indicated in Eq(25), the impact opropeller action on the shiipank interaction forces and

,0  (effect of propul-

sion combined with forward speedhereforejncreasing the rpm will result in higher thrust
which increases the reference veloaityand ship speedeadingto a significant increase in

both the side forces and yaw moments.

momentds decomposed int® , 0 (bollard pull conditionsand
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Figure4.11. Ship trajectories showingank effects atarying propeller speeds
(0w =35 m): (a)Q"Y=19.3 andb) Q"Y= 1.5.

4.2.3 Coursekeeping control simulation

Considering the presencehlznk dfects,safe navigation on inland waterways requéesuring
thatthe ruddecan generatsufficient steering force and moment. This is particularly critical in
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highly confined channels, where effective rudder control is esséntiabursekeepingand
counteracting disturbanceRudder control simulations were performed for two typical opera-
tional scenarios: (a) correcting the heading to maintainaimghnel navigation and (b) sailing
along oneside of thebanks. Figure4.12 presents the vessel trajectories for tighnnel navi-
gation under river currenis different directions.
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Figure4.12. Ship trajectoriesor mid-channekoursekeeping

The trajectories indicate that when facing a downstream current, the vessel experienced reduced
rudder inflow speed, requiring more time to realign with the target course. Since inland vessels
typically reduce speed in confined waterways to mitigate freks squat and grounding, the
additional reduction in relative inflow speed caused by downstream currents further diminishes
rudder effectiveness.

In the second navigation scenario, operating near the bank increaseschargd forces and
moments, making rudder control more challenging. As shoviigre4.13, the downstream
case illustrates that the original twpmopeller twinrudder (TPTR) configuration lacks suffi-
cient steering capacity wounterthe intensified hydrodynamic effects from the baarkglthe
rudderstruggles tachiee stable convergence.

T T T T T
_._100 = Left Bank ——y¢=25.0 [m] (upstream)—
g L S i
= = =
Right Bank Current
1 —
0F | | | | @]
0 500 1000 1500 2000 2500
T T T T T
_ -100 Left Bank —yS:25.O [m] (Downstream)—
E o} = i
” Right Bank Current
ight Ban urren
100 — —
| | | | | (b)
0 500 1000 1500 2000 2500

X [m]

Figure4.13. Vessel trajectoriewhensailing along the bankith thetwin-propeller twirrud-
der(TPTR)configuration.

A further analysis was conducted by upgrading the steering system from the TPTR setup to a
twin-propeller quadudder TPQR arrangementa fourpropeller configuration commonly
usedin modern European inland vessels. As showrigure4.14, the addional rudders suc-
cessfully resolve the control issue, even at reduced propeller sheaugdownstream opera-

tions.
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Figure4.14. Vessel trajectory usingvin-propeller quagudderconfiguration.

4.3 Paper Il i Control designwith PID

Paper lllpresents the control design procéssinland vessel$n more complex scenarios.
Based on the modified MMG mod&bm Paper I] the main conibution of control system
development ido improwve tracking performancen confined wateways, accounting fordis-
turbances fronshallow water, bank effects, and currergs summarised isection3.4. The
effectiveness othe control design was evaluated under various inland waiescenariosin-
cludingriver confluences and bendBhe results demonstrated thiaé tproposed control strat-
egy effectively mitigatekydrodynamiceeffectsfrom confined waterwaysn ship handlingnd
compensates for current disturbances, enabling reliable ekeepengperformancdor the tar-
geted class of inland vessels.

4.3.10peration near banks

IWVs often need tasail close to one side @friver or canal bank to allow safe passage for
oncoming or overtaking vessels, particularly in narrow fairwayssuch cases, the reduced
ship’ bank distancgeneratefiydrodynamic interactionthatcan affecivessel handling. Effec-
tive rudder control is therefore essential to counter these effects and maintain the intended
course.The firstsimulationscenaricevaluats the control desigduringnearbank operations
With the propulsion speed fixed at 150 rpm, tkesvys e | 6 s s pe®dvadesder gr ou
pending on its location along the river bend and the current direeahown irrigure4.15.
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Figure4.15. Time histories ofY  for nearbank operations.

Figure4.16 showsthe trajectories for different current directions. When sailing near a bank, the
vessekxperience@ pronounced bowut moment andequireda longer distance tollow the
predefinedpath especially in downstream conditigras shown irrigure4.16(b).
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Figure4.16. IWV trajectolieswhile sailing along the right bank at a siyank distance of 35
m: (a) upstream current; (b) downstream current.

Once the target course was reached, the proposed controller effectively maintained the desired
courseunder the two current conditiorSigure4.17 shows the time histories of the side force
acting on the vessahdicatingthatthe rudder control effectively counteradtforces arising

from drift and bank effects.
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Figure4.17. Time histories of side force acting on the vessel:
(a) upstream current; (b) downstream current.

As shown irFigure4.18, the resukiindicate that the designed PID rudder controller is generally
effective in correcting the vessel 6s ItlseadIi
evident that, compared with upstream conditions, downstream operation results in a larger XTE
due to reduced rudder effectiveness caused by the lower inflow speed to the rudder.
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Figure4.18. Crosstrack error for neabank operations.

4.3.1 Operation at the waterway confluence

In inland waterway transport, a confluence where two rivers meet serves as a key junction for
traffic flow. Thisposesuniquecontrol challenges for vessels due to complex currentsnaoe
importantly, the requirement for sharp turns with khigteheading changes limited maroeu-

vring space

Forthe second operation scenario, a waterway confluence was constructed to test the effective-
ness of theontrol degyn for pathfollowing with sharp turnsThev e s seadinésgeed was

reduced from 150 rpm to 100 rpoonsideringthe e s sel 6s i nherent respon
manoeuvresTo execute a sharp turn effectively, the vessel must begin manoeuvring well in
advanceSelecting a suitable turn radius is vital for navigational safaling into account
environmental influences such as current and potential unforeseen events. Internal vessel pa-
rametersincluding maximum rudder angle, dimensions, and sp&sdcritically determine the

feasible turn radiuand advanceistancesin this case, andvancedlistance equal to 2.5 times

A

t he vessel 6s based giurhing test esults fRpplerille d ,

As shown inFigure4.19, the IWV demonstratkeffective trajectory tracking under different
current directions, indicating that the cont
low the desired pattnder wupstream conditions, the curr.
vres, thereby reducing tracking errors. In contrast, downstream navigatgentsnore chal-
lengingrudder contrglas the vessé$ acceleratedby the current, resulting in greater tracking
errors.The reduced steering force during downstream operatitimer contributes tthe pro-

nounced course deviations.

These findings highlight the inherent limitations of the skateed PID controller in complex
manoeuvring environments, where strong cuineggsel interactions can substantially affect
coursekeeping performance. Downstream conditions, in particulaceskate these challenges

by increasing drift and reducing rudder effectiveness. Additionally, higher vessel speeds shorten
the response time available to the controller within confined manoeuvring spaces.
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Figure4.19. Turningresult (a) upstream current; (b) downstream cur(ghtang et al.,
2024a)

To addresgheseissues, future control desigshouldadoptmore sophisticated approaches,
such asaadvancedMPC, which enables proactive ruddatjustmentdased on predicted vessel
statesatfuture time stps By accounting fothe combined effects of currenvessel dynamics,
and environmental disturbances, MRB&sthe potential to improve&acking performancand
minimise course deviations in complex waterwagexplored further in Paper IV.

4.4 Paper IV T Improved path-following with NMPC

Following the research presented in Papleand 11, Paper IV introducean improvedmodet

based contradlesign Building on thdimitationsof classical PID contrabentified previouly,
thisstudyenhancscontrol performance by incorporating advanced NM&@jng tominimise

both course offset and control efforfhe main architecture of NMPC is summarisedtil-
section3.4.4 The control designvastestedundervariousinland water conditionsncluding
straight channs] waterway intersectiongnd river meanders<Comparedwith conventional

PID controllers, the proposed NMPC approach significantly reduces course deviations and
crosstrack errorsacrossvarying water depths and shipank distances, whilglsominimising
rudderactuation In addition, performance indicators tailored to IWV control are introduced to
support systematic evaluation. The results confirm that NMPC effectively accounts for hydro-
dynamic disturbancesnprovingnavigation stability and safety in confined waterways.

4.4.1 Path following control in straight channelk

The straight chann&lasconfigured with a width ofo =100 m and a rectangular cressction,
maintaining a constant water depth'@fY= 1.2 to represerdanextreme shallowvater condi-

tion thatcould challengesteering. The current profile folled a neafparabolic distribution
acrossthe canal, with maximum velocitgt the waterwaycentreline("Y = 0.5 m/s). The
vesselwasrequired to maintain a constant lateral distance from the bankZ5 m), a typical
operationalscenarioin confined canals to allow safe passage for approaching or overtaking
traffic. In this setting, th&iMPC heading controller must counteract disturbances arising from
combined hydrodynamic effectisicluding shallow water influence, bank effect, and currents

to track andnaintainthe desired course with minimal error and control effort.

Figure4.20 showspathfollowing results forPID and NMPCundercurrents.Underupstream
conditions Figure4.20a), both controllers folloed the referenceourseclosely.By contrast,
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under downstream conditionkigure 4.20b), heading controtemaired effective but aslight
course offset wagbservedlue to reduced rudderflow speedresuling in lower steering force.
Theeffectof currentds furtherquantifiedusingcrosstrack error(Figure4.21).
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Figure4.20. Vessel trajectoriesnderheading contraolor varying currentdirections

Under upstream currents, NMPC yields markedly lower tracking error and faster convergence
than classical PID. Under downstream conditions, where reduced rudder inflow limits steering
capability, NMPC effectively suppresses ban#uced drift and improvesoavergence. Over-

all, NMPC outperforms the standard PID method, and this scenario highlights a particularly
challenging condition, where the vessel is uralguated at very low RPM, especially under
currentinduced disturbances.
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Figure4.21. Crosstrack error (XTE)for varying currentlirections

4.4.2 Path-following control in a waterway confluence

The second test condition represents a more operasios@driopathfollowing for sharp turns
at waterway confluences. In this section, -fuiiction waterwaywas configured to evaluate
controller tracking performance. The main channel has a higher current Speed € 0.5

m/s), and the tributary has a lower current spead ( = 0.1 m/s).lt should be noted that
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detailed confluencow phenomena (e.g. vorticeade neglected heras they ardeyond the

scope and wouldequireCFD simulations with accurate turbulence models.

Figure4.22 showcassthe comparison results of the two controll&m®m the zoomedh views

NMPC demonstratetharkedlyimproved patkracking performanceEven under downstream

currens, the predictivecontrol method camanticipatet h e
rudder in agance (sedigure4.22b). By contrast PID controllersexhibit significantly larger
course deviationsAs shownin Figure4.23, NMPC effectively reduces the XTE under both

current directions.
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water conditios ('Q"Y= 1.2). The vessemaintainsa constanpropulsion speedf 100rpm.

In addition to therackingerror, the effectiveness of the two controllevasfurtherevaluated
usinganotherkey performance indicatocontrol effort Figure4.24 shows the time histories of
rudder executions, wher&lMPC clearly outperformsPID with minimal rudder deflections
along the trackBy penalising control efforin the objective function, MPC produgeonsist-
ently smooth rudder angles. Ordyorief peakof larger deflectiorappeas nearthetributaryd s
bank entry, where the controller musiunteracinewly encounteredhydrodynamic disturb-
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Figure4.23. Crosstrack errorfor pathfollowing control at the waterway confluence.

ances to keep the vessel on couldesc o mpar i son hi ghlights

frequentsteeringadjustmentswhich is critical for energyconservatiorand maintainingthe

stability ofautonomousystemsparticularlyas future inland vessetsaybefully electrified.
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Figure4.24. Rudder efforfrom model predictive contrand
proportional integral derivativecontrollers

4.4.3 Path following control in river bends

The third control simulation scenaiiiovolvessailing along river bends$n the previoustudy
(Paper I11) the curved channélada rectangulacrosssection.To betterreflect natural inland
waterways, trapezoidal cresections with uniform side slopesereintroduced in thistudy.
Three bankslope configurationsvere evaluated with the top width fixed at 150 m and the
bottom width varyingrom 120to 80 m. The maximum water deptfas set t6Q"Y= 1.5 (me-
dium shallow water) and decredgewards both bankdhe detailedwaterwayandthe corre-
spondingcrosssectionalgeometry are shown figure4.25.
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Figure4.25. Waterway with varyingcrosssectional shapes.

The vesselvasrequired to maintain a constant distafroen the bank = 40m. Reducing the
bottom widthincreasesvaterway confinement and amplifies the bank effect on the hull.

Figure4.26 shows thevessel trajectorieis the channel with eelatively widerbottom.The PID
controllerexhibitednoticeabledeviations, particularly dhebeginning of the simulatiofonce
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aligned with the trackif convergel and achievedood tracking performancé contrastthe
MPCtrajectory experiencea similar bowout motion but proactive rudder controapidly mit-
igated the course deviatigrasindicated bythe red line.
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Figure4.26. Vesseltrajectories in river bends with a bottom widthcef =120m.

As the waterway became more constrained, the channel wall generated strongadbee#
hydrodynamic forces and moments, which affected PID tracking performance and resulted in
increased crossack error and heading deviations, as showfignire4.27 andFigure4.28.
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Figure4.27. Vessel tajectories in river bends with a bottom widtheef =100m.

Figure4.28. Vessel tajectories in river bends with a bottom widthecef =80m.

52






















































