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Abstract 9 

Autonomous inland shipping offers a safer and more efficient form of transportation over water with 10 

the potential to reduce maritime carbon emissions. However, the operation of autonomous vessels 11 

presents unique challenges due to complex dynamics, varying traffic conditions, and environmental 12 

disturbances. To ensure the safe navigation of these vessels in confined inland waterways, it is crucial 13 

to address manoeuvring prediction and motion control challenges. Research focusing on these 14 

challenges disregards or only partially incorporates inland waterway characteristics related to the vessel 15 

and its surroundings. This study provides a comprehensive analysis of these key factors. By modelling 16 

the vessel using a modified Manoeuvring Modelling Group (MMG) model specifically tailored for 17 

confined waterways, hydrodynamic effects due to shallow water, channel banks, and current are 18 

accounted for. A nonlinear model predictive controller (NMPC) is employed for the vessel path 19 

following control under various scenarios, including straight channels, confluences, and river bends. It 20 

is observed that the hydrodynamic effects from the channel banks significantly impact vessel steering. 21 

Compared to conventional proportional-integral-derivative (PID) controllers, NMPC effectively 22 

reduces course deviations and cross-track errors under varying water depth and ship-to-bank distance 23 

conditions, while also requiring fewer rudder deflections. Furthermore, key performance metrics related 24 

to the control of inland waterway vessels are proposed to evaluate the controller’s performance further. 25 

The NMPC control law demonstrates its effectiveness in capturing the hydrodynamic effects and 26 

improving navigation safety in confined waterways. 27 

 28 

1. Introduction 29 

The European inland waterways, which extend over 41,000 kilometres of rivers and canals, form a 30 

complex transport network connecting 25 countries, numerous cities, and vital industrial regions. 31 

Despite their extensive network, these waterways have been underutilised in the past decade, accounting 32 

only for 6% of the continent’s inland freight transport, in contrast to the 77% dominated by road 33 

transport (European Commission, 2023). Given the strict emission regulations and road congestion 34 

issues within the European Union, enhancing the use of inland waterways could be a reliable and 35 

effective solution. 36 

 37 

Autonomous shipping has emerged as a popular research topic within the maritime community due to 38 

its potential to improve navigational safety, enhance traffic flow with optimal energy efficiency and 39 

reduce operational costs. With the development of sophisticated sensors, algorithms, and intelligent 40 

navigation systems, autonomous vessels offer improved situational awareness. This is particularly 41 

interesting for inland shipping, where vessels navigate in complex environments and within narrow 42 

waterway boundaries. By using advanced automation systems onboard, autonomous inland waterway 43 

vessels (IWVs) can handle challenging scenarios such as path planning and collision avoidance, thereby 44 

contributing to a reliable and safe inland waterway transport network.  45 



 46 

Given that inland waterways have distinct navigation environments as compared to open water, various 47 

technological and legislative challenges must be considered to support the development and deployment 48 

of autonomous IWVs in confined waters. This requires a thorough examination of the vessel’s design, 49 

perception, path planning, motion control, and potential socio-technical challenges (European 50 

Commission, 2020). Among these elements, providing an energy-efficient route, or voyage planning, 51 

stands out as a crucial challenge to ensure that these vessels meet environmental sustainability goals. 52 

To accomplish this, it is critical to establish a comprehensive system that can reflect and optimise energy 53 

management throughout the dynamic operations of vessels. This system should include a ship energy 54 

performance model (Zhang et al., 2023), a manoeuvring model, control design, and routing algorithms. 55 

This work aims to tackle the challenges associated with manoeuvring and effective control of IWVs, 56 

which are vital elements in the operational analysis of dynamic inland waterways. 57 

 58 

Operating IWVs in confined waters is challenging as they are constrained by factors such as canal width, 59 

infrastructure, dynamic water levels, river currents and riverbed variations. Water depth, especially the 60 

impact of shallow waters, significantly affects a vessel’s motion and manoeuvrability (Du et al., 2020; 61 

Kijima and Nakiri, 1990; Liu et al., 2015; Mucha et al., 2019; Pompée, 2015; Yoshimura, 1986). 62 

Furthermore, IWVs must frequently sail close to one side of the bank to clear the way for other 63 

upcoming or passing vessels, making the vessel approach the channel wall. This can result in flow 64 

acceleration between the gap, generating additional hydrodynamic forces on the hull, which poses 65 

challenges to vessel steering and handling, the so-called bank effect (Lee and Lee, 2008; Vantorre et 66 

al., 2003). Shallow water and bank effects are suspected as factors responsible for several grounding 67 

accidents, including the infamous 2021 Suez Canal obstruction (BBC News, 2021). Therefore, a precise 68 

and robust mathematical model is critically important to ensure the operational safety of these full-scale 69 

autonomous vessels, as it helps predict the vessel’s motion response on confined water under these 70 

hydrodynamic effects. In addition, effective control techniques must be developed to safely and 71 

precisely follow the desired track while using the minimum effort from the propulsion and steering 72 

system. By reducing unnecessary manoeuvres and optimising the steering commands, the vessel can 73 

mitigate the wear and tear on the whole system and lead to less energy consumption, which is essential 74 

to, e.g., an electrified vessel for maintaining the vessel’s operational efficiency over longer distances 75 

without frequent recharging.  76 

1.1. Vessel manoeuvring modelling 77 

Vessel manoeuvring is a critical research topic that has been continuously developed during the past 78 

decades. The existing studies on manoeuvring can be classified into two categories: (i) free running 79 

tests, by directly conducting model tests and full-scale trails with acting propeller and rudder to analyse 80 

the vessel’s steering ability; (ii) mathematical model-based methods, focusing on solving equations of 81 

vessel’s motion as rigid body dynamics to update its states based on the speed and rudder input. Due to 82 

the high cost of free-running experiments and difficulties in providing manoeuvring predictions of 83 

vessels under construction, most research has been conducted based on mathematical manoeuvring 84 

models, which can generate fast and accurate movement predictions. Some typical manoeuvring models, 85 

such as the linear Nomoto model and those nonlinear models (Abkowitz, 1964; Nomoto et al., 1957; 86 

Ogawa and Kasai, 1978) have been widely used in maritime society based on various application 87 

demands and purposes. Nevertheless, these models are developed for open water applications by using 88 



the profile of classical commercial vessels, reducing their applicability to inland waterways where 89 

vessels must navigate in shallow and confined waterways most of the time. Research on the shallow 90 

water effect on manoeuvring has been conducted continuously for decades. Kijima and Nakiri (1990) 91 

proposed the famous MMG-based model for hydrodynamic derivatives corrections in shallow water. 92 

These semi-empirical formulas were derived using model tests and lifting surface theory from classical 93 

seagoing vessels. Yoshimura (1986) used the MMG model for manoeuvring prediction of a car carrier 94 

under various water depth conditions. The simulation results show good agreement with the 95 

experimental data, but also emphasise the shortcomings of calculated hydrodynamic coefficients as they 96 

are vessel-specific, meaning that the application on IWVs reduces since the hull types might differ 97 

significantly. In addition to model tests, several researchers (Kaidi et al., 2017; Kim et al., 2022; Mucha, 98 

2017; Okuda et al., 2022) used computational fluid dynamics (CFD) to quantify the impact of shallow 99 

water on vessel manoeuvring, but the focus was still on an individual vessel type by correcting the 100 

hydrodynamic coefficients rather than proposing a generic manoeuvring model. Liu et al. (2017b) 101 

proposed a holistic manoeuvring model, especially for inland vessels on the Yangtze River in China. 102 

This model uses the well-known manoeuvring modelling group (MMG) model as the baseline with 103 

specific modifications for twin propeller inland vessels, including a rudder modelling using two-104 

dimensional CFD simulation. However, the study focused only on navigation on the Yangtze River, 105 

which has a larger water depth and wider channel width than European inland waterways, meaning that 106 

the water depth or other confinement effects were neglected.  107 

 108 

From existing literature, it can be concluded that to enhance the accuracy of predictions concerning the 109 

dynamics of IWVs, a suitable manoeuvring model must be derived and applied to confined water 110 

scenarios. One of the related works was conducted by Yang and el Moctar (2024). By using massive 111 

captive model tests at varying water depths, a new Abkowitz-type model was developed, including the 112 

shallow water effect on manoeuvring forces and moments, and the results were successfully validated 113 

against experimental and full-scale trials of an inland vessel. In a different perspective, Zhang et al. 114 

(2024b) proposed a modified MMG model by incorporating additional terms of bank effect; the shallow 115 

water effect was modelled with hydrodynamic derivatives under various water depths. The model was 116 

validated using turning test data of a pusher-barge model (Koh and Yasukawa, 2012). A rudder control 117 

scheme was subsequently developed, followed by a course-keeping analysis that included these shallow 118 

water, bank, and current effects. However, the simulation was limited to straight waterways, and the 119 

heading control was relatively simplistic, suitable only for navigating straight courses. 120 

1.2. Vessel path-following control 121 

In addition to vessel manoeuvring modelling, research efforts to enhance vessel motion control have 122 

also been witnessed during the past decade, focusing on the vessel path-following problem. Path-123 

following control system design can further be categorised into linear path-following or course-keeping, 124 

which involves controlling the vessel to maintain a straight-line trajectory, and curved path-following, 125 

involving intricate steering mechanisms to navigate the bends in the pathway. Curved path following is 126 

a comparatively complex task due to the need to counteract the vessel’s lateral drift, which primarily 127 

results from its inertia and hydrodynamic disturbances (Wang et al., 2019). To account for the modelling 128 

uncertainties and limited knowledge of the environmental forces such as wind and currents, a robust 129 

control law must be designed to counteract their effect on the vessel; see, for example, (Chen et al., 130 

2023; Paulig and Okhrin, 2024; Sun et al., 2017; Xu et al., 2023). Model-based robust control algorithms 131 



aim at estimating and eliminating the impact of these disturbances on vessel navigation, applying 132 

techniques such as active disturbance-rejection (Sun et al., 2017), neural networks (Park et al., 2017; 133 

Wei et al., 2017), model-predictive control (Fu et al., 2023; Zheng et al., 2016), feedback linearisation 134 

(Chen et al., 2023), reinforcement learning (Hart et al., 2023; Waltz et al., 2025), and sliding-mode 135 

control (Zhang et al., 2020a), to name a few. However, most of these proposed methods only focus on 136 

the environmental disturbances dominating the open sea environment while maintaining sea-going 137 

vessel characteristics (single-propeller, single-rudder designs). This is because modelling the inland 138 

waterway characteristics (bank and shallow-water effects) using physical laws was lacking in the 139 

existing literature. As a result, these algorithms are inadequate in providing good control performance 140 

in inland waterway conditions. Motion control in restricted waterways such as rivers and port areas has 141 

recently been a focus in some works (Du et al., 2022a; Xu et al., 2023); but requires further research on 142 

control design. 143 

 144 

Navigating in inland waterways introduces additional constraints, such as the bank effect and shallow-145 

water effect, which can significantly impact the performance of traditional controllers (Chen et al., 2021; 146 

Sano et al., 2014), making the control synthesis problem more complex. Current maritime navigation 147 

systems, such as track pilots, are often based on a Proportional-Integral-Derivative (PID) control law 148 

or its variants due to their simplicity and ease of implementation (Alessandri et al., 2015; Zhang et al., 149 

2020b). In a previous work by the authors (Zhang et al., 2024a), a PID control algorithm was proposed 150 

for the modified MMG model proposed in (Zhang et al., 2024b) for the vessel path following under 151 

various course-keeping as well as steering scenarios. However, the performance and robustness of the 152 

proposed algorithm in river confluences and under the presence of river currents were insufficient, as 153 

large cross-track errors were still observed. This was partly due to the nonlinear effects, which are more 154 

significant during complex manoeuvres and could not be counteracted by the model-free PID controller. 155 

Furthermore, the performance analysis of the control design was absent. Finally, the waterways were 156 

modelled to have a rectangular-shaped cross-section and a constant water depth, meaning that the 157 

impact of bank geometry was neglected and thus failed to fully represent a real inland waterway. It was 158 

concluded that these factors necessitate the development of sophisticated model-based control 159 

algorithms to ensure safe navigation.  160 

 161 

Model Predictive Control (MPC) has been a widely popular control technique for the path-following 162 

control design of ASVs (Fu et al., 2023; Li et al., 2020; Zheng et al., 2014). By employing a prediction 163 

model, MPC is capable of predicting and accommodating changes in the system’s future behaviour. 164 

This makes it an attractive choice for vessel navigation applications, where proactive decision-making 165 

is crucial due to the vessel’s large inertia and limited manoeuvrability. Furthermore, MPC can explicitly 166 

take into account the constraints on the vessel inputs and states, facilitating the constrained control 167 

requirements of inland navigation. Since the performance of the MPC algorithm greatly relies on the 168 

model’s accuracy, a detailed manoeuvring model is a foremost requirement for control design. Many 169 

existing works have addressed the path-following control problem for autonomous vessels using linear 170 

MPC (Haseltalab and Negenborn, 2019; Zhang et al., 2017; Zheng et al., 2014; Zheng et al., 2016). 171 

These methods use models obtained by successive linearization around the operation point, which may 172 

change significantly. However, a wide range of operating conditions (e.g., varying water depths, 173 

variable proximity to channel wall, sharp turns) cannot be effectively represented by a single linear 174 

manoeuvring model around a fixed point. As a result, for large prediction times, this will lead to a 175 



significant model mismatch and therefore, large tracking errors (Zheng et al., 2014). Unlike open-sea 176 

navigation, where ample space allows for gradual course corrections, the confined and dynamic nature 177 

of inland waterways demands high-fidelity modelling of the aforementioned effects to ensure safe 178 

navigation. Nonlinear MPC (NMPC) utilizes the complete model of the vessel, ensuring that various 179 

nonlinear effects, as well as the varying operating conditions in the inland waterways, can be accounted. 180 

However, NMPC is known to have a high computational burden, which may lead to implementation 181 

issues, as the underlying optimization problem may not timely converge. Several methods have been 182 

proposed in the literature to address this issue, such as using explicit MPC (Tondel et al., 2003), direct 183 

multiple shooting (Kirches et al., 2012), real-time iteration (Gros et al., 2020), etc. The direct multiple-184 

shooting method has also been employed for vessel path-tracking control applications, see (Abdelaal et 185 

al., 2018; Kayacan et al., 2019; Kosch et al., 2021). 186 

1.3. Contributions of the paper 187 

The main contribution of this work is two-fold. Firstly, we propose the design of an NMPC control law 188 

for the path following control of the IWV. The dynamics of the IWV are modelled using an improved 189 

manoeuvring simulation model, designed specifically for inland waterways based on physical laws to 190 

effectively capture the unique hydrodynamic effects. The vessel’s trajectories are modelled using a 191 

modified MMG model (Zhang et al., 2024b) and include environmental factors such as water depths, 192 

river currents, and bank effects. This further facilitates the simulation and analysis of a virtual 193 

autonomous vessel’s steering performance in confined waterways. To address the high computational 194 

time issue, the NMPC optimization problem is implemented using a direct multiple-shooting method. 195 

This method reduces the propagation of the nonlinearity within the optimal control problem (OCP) 196 

formulation, leading to a faster convergence of the NMPC optimization problem. As a result, the 197 

computational time required is significantly reduced. Secondly, an extensive case study is performed 198 

considering a pusher-barge model to validate the performance of the proposed control design in diverse 199 

and complex inland waterway situations, such as navigating river bends and intersections. New key 200 

performance metrics are proposed for evaluating the performance of the controlled operation on inland 201 

waterways. The vessel’s steering capabilities are further compared against a standard model-free control 202 

technique based on a PID control law, as it represents an industry benchmark at present. The 203 

comparative analysis highlights the proposed control law’s superior performance and robustness to 204 

external disturbances.  205 

 206 

2. Methodology 207 

This section describes the major methods and assumptions used in the work. The subsection 2.1 208 

introduces the modified MMG model and highlights modified terms regarding the hydrodynamic effect 209 

of confined water, subsection 2.2 showcases the schematics of control design, and various control 210 

algorithms.  211 

2.1. Manoeuvring model in inland waterway 212 

The manoeuvring model follows the architecture in Zhang et al. (2024b), where the effect of shallow 213 

water was modelled by two parts: (i) increasing resistance, especially the viscous pressure coefficient, 214 

is predicted using the methods from Zhang et al. (2023), and (ii) surge force and moments during 215 

steering in shallow water were calculated straightforwardly using hydrodynamic derivatives from the 216 

experiment. In addition, the bank effect is a critical factor for navigation in narrow fairways, which is 217 



calculated using the method from Vantorre et al. (2003), where the lateral force and the yaw moment 218 

are modelled based on the vessel-bank distance, the water depth, and the bank geometry.  219 

2.1.1. Equations of motion  220 

IWVs typically operate at a steady, low speed and therefore do not frequently encounter high waves or 221 

strong winds. Consequently, the manoeuvring model in this study focuses on two-dimensional (2D) 222 

planar ship motion with three degrees of freedom (3-DoF), considering only surge, sway, and yaw 223 

motions, as illustrated in Figure 1. The earth-fixed coordinate system is denoted by 𝑜0 − 𝑥0𝑦0𝑧0, while 224 

𝑜 − 𝑥𝑦𝑧 represents the body-fixed coordinate system of the inland vessel, with the origin located at the 225 

midship. The midship position is defined at the geometrical centre of the vessel. The vessel heading (ψ) 226 

is defined as the angle between the 𝑜0 − 𝑥0 axis and the 𝑜 − 𝑥 axis, and the rudder angle is represented 227 

by 𝛿 . The coordinates of the centre of gravity (𝑥𝐺 , 𝑦𝐺) are expressed in the earth-fixed coordinate 228 

system as (𝑥0𝐺 , 𝑦0𝐺). 229 

 230 

Figure 1. Coordinate system of an IWV.  231 

The equations of rigid body dynamics for IWVs operating in restricted water are represented as:   232 

(𝑚 + 𝑚𝑥)�̇� − (𝑚 +𝑚𝑦)𝑣𝑚𝑟 − 𝑥𝐺𝑚𝑟
2 = 𝑋𝐻 + 𝑋𝑃 + 𝑋𝑅 + 𝑋𝐵

(𝑚 + 𝑚𝑥)�̇�𝑚 − (𝑚 + 𝑚𝑥)𝑢𝑟 + 𝑥𝐺𝑚�̇� = 𝑌𝐻 + 𝑌𝑅 + 𝑌𝐵
(𝐼𝑧  + 𝑥𝐺

2  𝑚 + 𝐽𝑍)�̇� + 𝑥𝐺𝑚(�̇�𝑚  + 𝑢 𝑟) = 𝑁𝐻 +𝑁𝑅 +𝑁𝐵

} (1) 233 

where, 𝑚 is the mass of IWV, 𝑚𝑥  and 𝑚𝑦  represent the added mass in longitudinal and transverse 234 

directions, 𝑢 is the surge velocity, 𝑣𝑚 is the sway velocity at midship, 𝑟 is the yaw velocity, 𝑥𝐺 is the 235 

location of the centre of gravity (CoG), 𝐼𝑧 is the moment of inertia, and 𝐽𝑍 is the added moment of 236 

inertia. The right-hand side is the summation of the surge force 𝑋, sway force 𝑌, and yaw moment 𝑁, 237 

and the subscripts 𝐻, 𝑃, 𝑅, and 𝐵 represent the individual effect from the hull, propeller, rudder, and 238 

bank effect, respectively. 239 

2.1.2. Hydrodynamic force on vessel hull 240 

Hydrodynamic forces on the vessel hull are dimensionless according to the following equation:  241 



𝑋𝐻 (0.5𝜌𝐿𝑇𝑈2)⁄ = −𝑅0
′ + 𝑋𝛽𝛽

′ 𝛽𝑚
2 + 𝑋𝛽𝑟

′ 𝛽𝑚𝑟
′ + 𝑋𝑟𝑟

′ 𝑟′
2
+ 𝑋𝛽𝛽𝛽𝛽

′ 𝛽𝑚
4

𝑌𝐻 (0.5𝜌𝐿𝑇𝑈2)⁄ = 𝑌𝛽
′𝛽𝑚 + 𝑌𝑟

′𝑟′ + 𝑌𝛽𝛽𝛽
′ 𝛽𝑚

3 + 𝑌𝛽𝛽𝑟
′ 𝛽𝑚

2 𝑟′ + 𝑌𝛽𝑟𝑟
′ 𝛽𝑚𝑟

′2 + 𝑌𝑟𝑟𝑟
′ 𝑟′

3

𝑁𝐻 (0.5𝜌𝐿2𝑇𝑈2)⁄ = 𝑁𝛽
′𝛽𝑚 +𝑁𝑟

′𝑟′ +𝑁𝛽𝛽𝛽
′ 𝛽𝑚

3 +𝑁𝛽𝛽𝑟
′ 𝛽𝑚

2 𝑟′ +𝑁𝛽𝑟𝑟
′ 𝛽𝑚𝑟

′2 +𝑁𝑟𝑟𝑟
′ 𝑟′

3
}
 

 
(2) 242 

where 𝜌 is the freshwater density, 𝐿 is the vessel length, 𝑇 is the draught, and 𝑈 is the vessel’s total 243 

speed, 𝑅0
′  is the resistance coefficient in shallow water (Zhang et al., 2023), 𝛽𝑚 is the drift angle at 244 

midship, if there is no current, this is calculated by 𝛽𝑚 = −𝑡𝑎𝑛−1(𝑣𝑚 𝑢⁄ ), 𝑋𝛽𝛽
′ , 𝑋𝛽𝑟

′ , …, 𝑁𝑟𝑟𝑟
′  are the 245 

so-called hydrodynamic derivatives by regression analysis from the captive model test, 𝑟′ is the non-246 

dimensional yaw speed (𝑟′ = 𝑟𝐿 𝑈⁄ ). It should be noted that 𝑢, 𝑣𝑚 must be modified based on the speed 247 

and direction of the water flow if the current effect is included. 248 

2.1.3. Propeller thrust 249 

IWVs are normally equipped with twin propellers. The total longitudinal force delivered from a twin-250 

propeller configuration can be expressed by: 251 

𝑋𝑃 = (1 − 𝑡)(𝑇𝑃
𝑃  + 𝑇𝑃

𝑆) (3) 252 

where 𝑡 is the thrust deduction factor, 𝑇𝑃
𝑃 and 𝑇𝑃

𝑆 represent the thrust generated from the portside and 253 

starboard propeller, which is computed as: 254 

𝑇𝑃
𝑃 = 𝑇𝑃

𝑆 = 𝜌𝑛𝑃
2𝐷𝑃

4𝐾𝑇(𝐽) (4) 255 

In Eq. (4), 𝑛𝑃 is the propeller revolution speed, 𝐷𝑃 is the propeller diameter, and 𝐾𝑇(𝐽) is the function 256 

of the thrust coefficient derived from the open water test under various advanced ratios 𝐽: 257 

𝐽 = 𝑢(1 − 𝑤𝑃)/(𝑛𝑃  𝐷𝑃) (5) 258 

In Eq. (5), 𝑢 is the surge velocity, 𝑤𝑃 is wake fraction at the propeller in manoeuvring, computed as: 259 

𝑤𝑃/𝑤𝑃0 = exp(− 4 𝛽𝑃
2) (6) 260 

where 𝑤𝑃0 is the effective wake in a straight motion, 𝛽𝑃 is the inflow angle at the propeller, including 261 

the drift angle 𝛽𝑚 and yaw speed 𝑟′, given as: 262 

𝛽𝑃 = 𝛽𝑚 − (𝑥𝑃 𝐿)⁄ 𝑟′ (7) 263 

In Eq. (7), 𝑥𝑃 is the position of a propeller in the longitudinal direction. The propulsive coefficients, 264 

such as thrust deduction 𝑡 and wake fraction 𝑤𝑃0 are regarded as identical for each propeller. This is 265 

because of the challenge of analysing the unsymmetrical inflow fields during motions in manoeuvring; 266 

the crossflow can alter the wake field, and oblique movement might result in more complicated 267 

interactions. To understand this requires sophisticated experimental measurements (Friedhoff et al., 268 

2019) such as Particle Image Velocimetry (PIV) or heavy CFD simulations, which are beyond the scope 269 

of the present work.  270 

2.1.4. Rudder steering force and moment 271 

Rudder steering force is a crucial factor as it directly influences the vessel’s manoeuvrability. IWVs are 272 

normally equipped with twin or multiple rudders for better steering ability. In this work, the rudder 273 

forces are computed by: 274 



𝑋𝑅 = −(1 − 𝑡𝑅)(𝐹𝑁
𝑃  + 𝐹𝑁

𝑆)sin𝛿

𝑌𝑅 = −(1 + 𝛼𝐻)(𝐹𝑁
𝑃  + 𝐹𝑁

𝑆)cos𝛿

𝑁𝑅 = −(𝑥𝑅  + 𝛼𝐻  𝑥𝐻)(𝐹𝑁
𝑃  + 𝐹𝑁

𝑆)cos𝛿

} (8) 275 

where 𝑡𝑅  is the empirical correction factor to rudder surge force during steering (Yasukawa and 276 

Yoshimura, 2015); 𝐹𝑁
𝑃  and 𝐹𝑁

𝑆  denotes the rudder normal force on the port side and starboard, 277 

respectively; 𝛿 represents the rudder angle; 𝛼𝐻  is the rudder force increase factor; 𝑥𝑅  is the relative 278 

position of rudders in the longitudinal direction, and 𝑥𝐻 is the position where additional lateral force is 279 

acting. Like propeller force calculation, the interaction of multiple rudders was neglected in this work, 280 

meaning that the rudder normal force is assumed to be identical with the same inflow angle; the equation 281 

is given as:  282 

𝐹𝑁 = 0.5𝜌𝐴𝑅𝑈𝑅
2 (

6.13𝛬

𝛬 + 2.25
sin𝛼𝑅) (9) 283 

where 𝐴𝑅 is the rudder area, 𝑈𝑅 is the resultant inflow velocity at the rudder (𝑈𝑅 = √𝑢𝑅
2 + 𝑣𝑅

2), 𝛬 is the 284 

rudder aspect ratio, and 𝛼𝑅 is the effective inflow angle at the rudder given by: 285 

𝛼𝑅 = 𝛿 − tan
−1 (

𝑣𝑅
𝑢𝑅
) (10) 286 

In Eq. (10), 𝑢𝑅  and 𝑣𝑅  represent the longitudinal rudder inflow velocity and the transverse rudder 287 

inflow velocity, respectively. These individual velocities are computed using the equation: 288 

𝑣𝑅 = 𝑈𝛾𝑅(𝛽 − 𝑙𝑅
′  𝑟′)

𝑢𝑅 =
𝜀𝑢𝑃
1 − 𝑠

√1 − 2(1 − 𝜂 𝜅)𝑠 + {1 − 𝜂 𝜅 (2 − 𝜅)}𝑠2
(11) 289 

where 𝛾𝑅 is the flow straightening coefficient, 𝑙𝑅
′  is a constant derived from experiments which denotes 290 

the acting point of 𝑣𝑅, 𝑠 is the propeller slip ratio, 𝜂 is a ratio of propeller diameter to rudder span (𝜂 =291 

𝐷𝑃 𝐵𝑅⁄ ), 𝜅 is a constant from the experiment, and ε is the ratio of wake at the rudder to the wake fraction 292 

at the propeller given as: 293 

𝜀 = (1 − 𝑤𝑅) (1 − 𝑤𝑃)⁄ (12) 294 

2.1.5. Bank-induced effect 295 

The bank effect is another important factor that affects vessel handling in inland waterways. In this 296 

work, the hydrodynamic forces and bow-out moment are calculated through the methods from Vantorre 297 

et al. (2003). A key feature of their mathematical model is that it also decomposes bank-induced force 298 

and moment into individual components, which can be easily incorporated into the MMG model: 299 
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(13) 300 

where 𝑌 represents lateral force, 𝑁 is the yaw moment, the superscripts 𝐻, 𝑃, 𝐻𝑃 denote the individual 301 

effects of speed (hull), propulsion, and the coupled effect. The term 𝑉𝑇 is the reference velocity, 𝐹𝑟 is 302 

the Froude number, 𝛼𝑖𝑘
𝐻 , 𝛽𝑖𝑘

𝐻 , 𝛼𝑖𝑘
𝑃 , 𝛽𝑖𝑘

𝑃 , 𝛼𝑖𝑘
𝐻𝑃, and 𝛽𝑖𝑘

𝐻𝑃 are coefficients from regression analysis, 𝑦𝐵 and 303 

𝑦𝐵3 represent non-dimensional quantities of vessel-bank distance, given as: 304 

𝑦𝐵 =
1

2
𝐵 (

1

𝑦𝑝
+
1

𝑦𝑠
)

𝑦𝐵3 =
1

2
𝐵 (

1

𝑦𝑝3
+
1

𝑦𝑠3
)

(14) 305 

where 𝑦𝑝 and 𝑦𝑝3 represent the vessel-bank distance from the portside to the midship, 𝑦𝑠 and 𝑦𝑠3 are 306 

vessel-bank distance from starboard, as shown in Figure 2.  307 

 308 

Figure 2. Schematics of vessel-bank distances. The vessel’s cross-section is visualised in 309 

yellow and is surrounded by the waterway shown in blue.  310 

2.1.6. River current 311 

Current is a critical factor in the inland waterways that might affect vessel dynamics. Specifically in 312 

sharp river bends or narrow fairways, the presence of currents makes manoeuvring complex. The 313 

currents in this work follow a near parabolic distribution along the lateral direction, meaning that the 314 

flow has a higher speed near the waterway’s centre and close to zero speed near the banks. The equation 315 

is given as: 316 

𝑢𝑟 = 𝑢 − 𝑈𝐶cos(𝛽𝐶  − 𝜓)

𝑣𝑟𝑚 = 𝑣𝑚 − 𝑈𝐶sin(𝛽𝐶  − 𝜓)
 (15) 317 



where, 𝛽𝐶 is the incoming current angle in the earth-fixed coordinate system. Hence, the drift angle at 318 

midship, which accounts for the difference between the vessel’s course and heading, is given by 𝛽𝑚 =319 

− tan−1(𝑣𝑟𝑚 𝑢𝑟⁄ ). Further, the total ship speed 𝑈 is calculated by using 𝑈 = √𝑢𝑟
2 + 𝑣𝑟𝑚

2. Note that 320 

the equations of motion are updated using the vessel’s speed through water.  321 

2.2.  Guidance, navigation and control for inland waterborne navigation 322 

2.2.1. Navigation system 323 

The guidance and control systems rely on the continuous availability of the vessel’s position, heading 324 

and velocities in three degrees of freedom (3-DOF). This is made possible by the multiple sensors that 325 

typically form a part of the navigation system and facilitate sensor fusion, redundancy and fault 326 

diagnosis. Typically, GPS/GNSS, gyrocompass and accelerometers are employed for the same. The 327 

navigation system of an IWV can be differentiated from a seagoing vessel by the requirement of 328 

additional sensors measuring the water depth and currents that must be incorporated into a closed-loop 329 

control system for autonomous navigation. The vessel’s distance from the bank must also be available 330 

and can be measured using Electronic Chart Display and Information System (ECDIS) data (European 331 

Commission, 2020). Additionally, in major rivers and canals, bank infrastructure is increasingly being 332 

installed to offer precise localisation with respect to fairway boundaries. Such infrastructure includes 333 

fixed beacons and transponders that communicate with the vessel’s systems to provide constant updates 334 

on its relative position. Advanced navigation systems may further integrate Automatic Identification 335 

System (AIS) data and satellite-based augmentation system (SBAS) to improve positioning accuracy 336 

and situational awareness.  337 

2.2.2. Guidance system 338 

The IWV path following problem can be posed as a heading control problem by using an appropriate 339 

guidance law. This requires transforming the desired position coordinates to the desired heading angles. 340 

This is a typical approach followed for vessel control, using steering laws such as Line-Of-Sight (LOS) 341 

(Breivik and Fossen, 2008), or its improved variants (Fossen and Lekkas, 2017; Xu et al., 2023). The 342 

primary objective of such guidance laws is to adjust the vessel’s heading angle to minimise the cross-343 

track error, i.e., the lateral deviation from the desired path. As shown in the next section, focusing on 344 

heading control can greatly simplify the control design procedure without trading off the path-following 345 

performance.  346 

The guidance system uses a path planning algorithm to compute the reference heading angles for a 347 

predetermined path created using a set of waypoints. In this work, a lookahead-based Line-of-Sight 348 

(LOS) algorithm is employed (Breivik and Fossen, 2008), as visualised in Figure 3. Firstly, the cross-349 

track error 𝑋𝑇𝐸(𝑡) is defined by  350 

𝑋𝑇𝐸(𝑡) = √(𝑥𝑝(𝑡) − 𝑥cl(𝑡))
2
+ (𝑦𝑝(𝑡) − 𝑦cl(𝑡))

2
   (16) 351 

where, 𝑥cl and 𝑦cl are the points at the closest distance from the vessel on the desired path. Similarly, 352 

signed XTE (𝑆𝑋𝑇𝐸(𝑡)) can be defined as 353 

𝑆𝑋𝑇𝐸(𝑡) = {
𝑋𝑇𝐸(𝑡),   |�̃�| < 0

−𝑋𝑇𝐸(𝑡),   Otherwise
(17) 354 



where, �̃� is the cross product between the waypoint vector and the ship’s position vector, and is equal 355 

to 356 

�̃� = (𝑥𝑤𝑝,𝑘+1 − 𝑥𝑤𝑝,𝑘)(𝑦𝑝 − 𝑦𝑤𝑝,𝑘) − (𝑦𝑤𝑝,𝑘+1 − 𝑦𝑤𝑝,𝑘)(𝑥𝑝 − 𝑥𝑤𝑝,𝑘) (18) 357 

Using the current position of the vessel and the positions of the waypoints, the reference heading is 358 

computed as 359 

𝜓𝑟𝑒𝑓(𝑡) = 𝜓𝑤𝑝(𝑡)  − 𝜓𝑐𝑟𝑜𝑠𝑠(𝑡) (19) 360 

where, 𝜓wp(𝑡) represents the reference heading angle component corresponding to the slope of the line 361 

formed by two consecutive waypoints, i.e. 362 

𝜓𝑤𝑝(𝑡) = 𝑎𝑡𝑎𝑛2(𝑦𝑤𝑝,𝑘+1 − 𝑦𝑤𝑝,𝑘 , 𝑥𝑤𝑝,𝑘+1 − 𝑥𝑤𝑝,𝑘) (20) 363 

Further, 𝜓cross(𝑡)  is the reference heading angle component that minimises the cross-track error 364 

𝑋𝑇𝐸(𝑡) and is given by: 365 

𝜓𝑐𝑟𝑜𝑠𝑠(𝑡) = 𝑎𝑡𝑎𝑛2(𝑆𝑋𝑇𝐸(𝑡), 𝑋𝐷) (21) 366 

where, 𝑋𝐷 is a predefined lookahead distance value corresponding to the reaction distance of the IWV, 367 

which depends on the vessel type and its dimensions. In this work, it is selected as a constant positive 368 

value.  369 

Since the path is approximated by straight-line segments connected by waypoints, a switching criterion 370 

is required to switch between these segments. In this work, the along-track distance-based waypoint 371 

switching criterion is employed, where a switch is made when the vessel reaches a predefined distance 372 

away from the upcoming waypoint (Breivik and Fossen, 2008). 373 

Remark: Path segment/waypoint switching using a constant distance or circle radius can lead to some 374 

sharp changes in the reference heading, resulting in rudder angle oscillations (Naeem et al., 2003). 375 

These oscillations can be reduced by a careful selection of the lookahead and the along-track distances. 376 

Furthermore, a smoother LOS steering law or switching criteria can significantly decrease this effect 377 

(Bakaric et al., 2004; Fossen et al., 2003; Saravanakumar and Asokan, 2011). 378 

 379 

Figure 3. Guidance law for the IWV heading control. 380 

 381 

Currents



2.2.3. PID control design 382 

Figure 4 shows a block diagram representation of the resulting closed-loop system with a PID controller 383 

for the IWV heading control. The PID reference tracking control law was designed to update δ𝑐 at each 384 

time step, such that: 385 

𝛿𝑐(𝑡) = 𝐾𝑝 (𝜓𝑒(𝑡) + 𝑇𝑑(𝜓𝑒(𝑡) − 𝜓𝑒(𝑡 − 1)) +
1

𝑇𝑖
(∑𝜓𝑒𝑙

𝑡

𝑙=0

)) (22) 386 

where, 𝜓𝑒(𝑡)  represents the error in the heading angle at the time step 𝑡 , 𝐾𝑝  is the controller’s 387 

proportional gain and  𝑇𝑑 and 𝑇𝑖 are the derivative and integral time constants, respectively. To select 388 

an optimal value for these control gains, the Ziegler-Nichols method (Ziegler and Nichols, 1942) was 389 

employed to ensure a minimal heading error and acceptable overshooting and settling times for the 390 

resulting path. 391 

 392 

Figure 4. Block diagram representation of the IWV heading control using the PID controller. 393 

 394 

2.2.4. Nonlinear Model-Predictive Control (NMPC): IWV model 395 

To formulate the NMPC design problem, the IWV dynamics are presented in the state-space notation 396 

as: 397 

�̇�(𝑡) = 𝑓(𝑞(𝑡)) + 𝑔1(𝑞(𝑡), 𝔲(𝑡)) + 𝑔2(𝑞(𝑡)) (23) 398 

where, 𝑞(𝑡) denotes the vessel’s states and 𝔲(𝑡) is the control input, given by: 399 

𝑞(𝑡) = [𝑞1(𝑡) 𝑞2(𝑡) 𝑞3(𝑡) 𝑞4(𝑡) 𝑞5(𝑡) 𝑞6(𝑡)]
𝑇

= [𝑥𝑝(𝑡) 𝑦𝑝(𝑡) 𝜓(𝑡) 𝑢(𝑡) 𝑣𝑚(𝑡) 𝑟(𝑡)]𝑇

𝔲(𝑡) = 𝛿(𝑡)

(24) 400 

Further, the function of vessel states 𝑓(𝑞(𝑡)), 𝑔2(𝑞(𝑡)), and of the states and control input 401 

𝑔1(𝑞(𝑡), 𝑢(𝑡)) are given by: 402 

𝑓(𝑞(𝑡)) = [
𝑅(𝑞3(𝑡))𝜈(𝑡)

−𝑀−1(𝐷 − 𝜏𝑒)
]

𝑔1(𝑞(𝑡), 𝔲(𝑡)) = [
𝟎

𝑀−1𝜏𝑐
]

(25)

𝑔2(𝑞(𝑡)) =  [
𝟎

𝑀−1𝜏𝑜
]

 403 

 where: 404 

𝑀 = [

(𝑚 +𝑚𝑥) 0 0

0 (𝑚 +𝑚𝑥) 𝑥𝐺𝑚

0 𝑥𝐺𝑚 (𝐼𝑧 + 𝑥𝐺
2𝑚+ 𝐽𝑧)

] , 𝐷 = [

−(𝑚 +𝑚𝑦)𝑞5(𝑡)𝑞6(𝑡) − 𝑥𝐺𝑚𝑞6(𝑡)
2

−(𝑚 +𝑚𝑥)𝑞4(𝑡)𝑞6(𝑡)

𝑥𝐺𝑚𝑞4(𝑡)𝑞6(𝑡)

], 405 

𝜏𝑒 = [
𝑋𝐻 + 𝑋𝐵
𝑌𝐻 + 𝑌𝐵
𝑁𝐻 +𝑁𝐵

] , 𝜏𝑐 = [
𝑋𝑅
𝑌𝑅
𝑁𝑅

] , 𝜏𝑜 = [
𝑋𝑃
0
0
] , 𝑅(𝑞3(𝑡)) = [

𝑐𝑜𝑠(𝑞3(𝑡)) −𝑠𝑖𝑛(𝑞3(𝑡)) 0

𝑠𝑖𝑛(𝑞3(𝑡)) 𝑐𝑜𝑠(𝑞3(𝑡)) 0

0 0 1

], 406 



and 𝜂 and 𝜈 represent the generalised position and generalised velocity vectors, given by: 407 

𝜂(𝑡) = [𝑞1(𝑡) 𝑞2(𝑡) 𝑞3(𝑡)]
𝑇

= [𝑥𝑝(𝑡) 𝑦𝑝(𝑡) 𝜓(𝑡)]𝑇

𝜈(𝑡) = [𝑞4(𝑡) 𝑞5(𝑡) 𝑞6(𝑡)]
𝑇

= [𝑢(𝑡) 𝑣𝑚(𝑡) 𝑟(𝑡)]𝑇

(26) 408 

As shown, 𝜏𝑒 comprises the hull forces and bank effect forces, whereas 𝜏𝑐 comprises the controlled 409 

rudder forces. Further, note that to simplify the control design process, the propeller rotation speed 𝑛𝑃 410 

is uncontrolled and assumed to remain constant during the heading control phase. This assumption is 411 

commonly used for path following in inland waterways, as overtaking is rare due to narrow channels, 412 

thereby minimising the speed variations. Instead, speed is often optimised as part of the voyage 413 

optimization, see for example (Yan et al., 2018).  414 

Equation (23) must be further discretised for a given sampling time to incorporate it as a prediction 415 

model within the finite time horizon of the NMPC OCP formulation. Therefore, upon discretisation, the 416 

IWV model is derived by the following discrete-time dynamics: 417 

𝑞𝑐(𝑘 + 1) = 𝑓𝑐(𝑞𝑐(𝑘)) + 𝑔1𝑐(𝑞𝑐(𝑘), 𝑢𝑐(𝑘)) + 𝑔2𝑐(𝑞𝑐(𝑘)) (27) 418 

where the subscript (. )𝑐 is used to represent the variables used in the IWV prediction model, and 𝑘 is 419 

the discrete time step. Notice that Equation (27) is highly nonlinear and non-affine in control. Next, the 420 

constraints on the state variables and the control inputs are presented through the following inequalities: 421 

𝜓𝑚𝑖𝑛 ≤ 𝑞3𝑐(𝑘) ≤ 𝜓𝑚𝑎𝑥
𝑢𝑚𝑖𝑛 ≤ 𝑞4𝑐(𝑘) ≤ 𝑢𝑚𝑎𝑥
𝑣𝑚𝑖𝑛 ≤ 𝑞5𝑐(𝑘) ≤ 𝑣𝑚𝑎𝑥 

𝑟𝑚𝑖𝑛 ≤ 𝑞6𝑐(𝑘) ≤ 𝑟𝑚𝑎𝑥
𝛿𝑚𝑖𝑛 ≤ 𝑢𝑐(𝑘) ≤ 𝛿𝑚𝑎𝑥

                                                                 (28) 422 

Furthermore, to avoid rudder damage due to excessive actuation, the rate of change of the rudder angle 423 

can be limited by enforcing the following inequality: 424 

|𝑢𝑐(𝑘 + 1) − 𝑢𝑐(𝑘)| ≤ 𝛥𝑚𝑎𝑥 (29) 425 

where, 𝛥max is the maximum allowed change in the rudder angle in one time step. Finally, the fairway 426 

constraints can also be better modelled by using polyhedrons in terms of the constraints on the 𝑥 − and 427 

𝑦 − coordinates of the vessel, which results in the following inequality constraint: 428 

𝐴𝑓𝑤[𝑞1𝑐(𝑘) 𝑞2𝑐(𝑘)]
𝑇
≤ 𝑏𝑓𝑤 (30) 429 

where, 𝐴𝑓𝑤 ∈ ℝ
𝑁𝑓𝑤×2 and 𝑏𝑓𝑤 ∈ ℝ

𝑁𝑓𝑤 represent the polyhedron in the H-representation. 430 

2.2.5. NMPC optimal control problem (OCP) formulation 431 

An MPC-based control system computes a finite sequence of optimal control actions online by solving 432 

a finite horizon optimisation problem. Out of the computed sequence, only the first control action is 433 

provided to the system, and this process is repeated at each time step. Figure 5 represents the overall 434 

closed-loop system resulting from the implementation of the NMPC system. 435 



 436 

Figure 5. Block diagram representation of the IWV heading control using NMPC. 437 

The NMPC OCP is formulated as a nonlinear programming (NLP) problem using the multiple shooting 438 

method over a finite prediction horizon 𝑁ℎ , where at each time step 𝑘, the following optimisation 439 

problem is solved: 440 

𝑁𝑀𝑃𝐶 (𝑞3𝑐(𝑘),𝜓
𝑟𝑒𝑓(𝑘))441 

=   

𝑎𝑟𝑔𝑚𝑖𝑛
𝑞3𝑐,𝔲𝑐

(𝑞3𝑐(𝑁ℎ|𝑘) − 𝜓
𝑟𝑒𝑓(𝑁ℎ|𝑘))

2
𝑝𝑚 + ∑

1

2

𝑁ℎ−1

ℎ=0

(𝑞3𝑐(ℎ|𝑘) − 𝜓
𝑟𝑒𝑓(ℎ|𝑘))

2
𝑞𝑚

+ 𝔲𝑐
2(ℎ|𝑘)𝑟𝑚

𝑠. 𝑡. ∀ℎ ∈ 0,… ,𝑁ℎ − 1

𝑞𝑐(0|𝑘) = 𝑞(𝑘),

𝐸𝑞. (25) − (28)

                   (31) 442 

Here, 𝑝𝑚, 𝑞𝑚, and 𝑟𝑚 are scalar values representing the controller weights. Further, ℎ represents a time 443 

step over the prediction horizon, such that, 0 ≤ ℎ ≤ 𝑁ℎ − 1. Therefore, ℎ|𝑘 represents the prediction 444 

of the respective variable at the prediction step ℎ, performed at the time step 𝑘. The objective function 445 

comprises a running cost and a terminal cost component that minimises the heading error. In addition, 446 

a running-cost component also minimises the required rudder movements. The solution of the NMPC 447 

OCP at the 𝑘th time step is the pair of optimal rudder angle sequence and the corresponding sequence 448 

of the vessel’s states, given by: 449 

(𝑢𝑐
∗ , 𝑞3𝑐

∗ ) = 𝑁𝑀𝑃𝐶 (𝑞3𝑐(𝑘),𝜓
𝑟𝑒𝑓(𝑘)) (32) 450 

Finally, the first input rudder angle in the sequence is applied to the vessel, such that: 451 

δ(𝑘) = 𝔲𝑐
∗(0) (33) 452 



A unique feature of the multiple shooting method is that it divides the time horizon into smaller 453 

segments and generates the state trajectory at each time interval, by solving an independent initial value 454 

problem. This is unlike the single shooting method, which propagates the state trajectory from a single 455 

initial condition over the entire prediction horizon. This in turn improves the convergence speed of the 456 

solution, and makes the optimization more robust to errors in the initial values (Abdelaal et al., 2018). 457 

 458 

3. Key Performance Metrics 459 

The IWV heading control involves the satisfaction of multiple objectives. Typically, the controller’s 460 

performance is evaluated by using the cross-track error and rudder angle error measures. (Du et al., 461 

2022b). In this section, we propose some key performance metrics specifically focussing on evaluating 462 

the performance of path-following controllers for IWVs. While some of these metrics are based on 463 

commonly used metrics for control analysis, others are focused on evaluating the safety and robustness 464 

of inland navigation.   465 

• Maximum Absolute Cross-Track Error (MAXTE): The minimisation of cross-track error (XTE) 466 

is the primary objective of IWV heading control. The satisfaction of this objective can be 467 

evaluated by using the MAXTE metric, which is given by:  468 

𝑀𝐴𝑋𝑇𝐸 = 𝑚𝑎𝑥 
𝑘
𝑋𝑇𝐸(𝑘) = 𝑚𝑎𝑥

𝑘
√(𝑥𝑝(𝑘) − 𝑥𝑐𝑙(𝑘))

2
+ (𝑦𝑝(𝑘) − 𝑦𝑐𝑙(𝑘))

2
(34) 469 

Note that (𝑥𝑐𝑙 , 𝑦𝑐𝑙) maybe different from the waypoints and correspond to the closest point at 470 

a straight-line distance from the vessel. For a pusher connected to multiple barges, it is 471 

important to take into account the cumulative width when calculating the MAXTE, and the 472 

coordinates (𝑥𝑝, 𝑦𝑝) must be modified accordingly. 473 

• Average Absolute Cross-Track Error (AAXTE): While MAXTE indicates the maximum 474 

deviation from the desired path, AAXTE is concerned with the mean XTE accumulated over 475 

the time horizon until the vessel reaches its destination. This metric is also directly related to 476 

the running state cost of the NMPC OCP formulation. 477 

𝐴𝐴𝑋𝑇𝐸 =
1

𝑇𝑓
∑ √(𝑥𝑝(𝑘) − 𝑥𝑐𝑙(𝑘))

2
+ (𝑦𝑝(𝑘) − 𝑦𝑐𝑙(𝑘))

2
𝑇𝑓−1

𝑘=0

(35) 478 

• Safe inland navigation metric (SINM): Assuming two-way traffic on the waterway, it is desired 479 

to ensure that the vessel does not deviate too far in the port side direction. For a constant width 480 

of the river channel, this corresponds to the vessel not crossing the waterway axis. At the same 481 

time, it must have a minimal XTE. These constraints can be simultaneously evaluated by using 482 

the SINM metric given as 483 

𝑆𝐼𝑁𝑀 =
1

𝑇𝑓
∑ (𝛼 

𝑚𝑎𝑥(0, 𝑋𝑇𝐸(𝑘) − 𝑋𝑇𝐸𝑚𝑎𝑥)

𝑋𝑇𝐸𝑚𝑎𝑥
+ 𝛽

𝑚𝑎𝑥 (0, 𝑑𝑐𝑙,𝑚𝑖𝑛 − 𝑑𝑐𝑙(𝑘))

𝑑𝑐𝑙,𝑚𝑖𝑛
)

𝑇𝑓−1

𝑘=0

    (36) 484 

 485 



where, 𝑋𝑇𝐸(𝑘) is the cross-track error at the time step 𝑘, 𝑋𝑇𝐸max is the maximum allowable 486 

cross-track error, 𝑑𝑐𝑙(k) is the distance of the vessel from the centreline at the 𝑘𝑡h time step, 487 

and 𝑑𝑐𝑙,min is the minimum allowable distance from the centreline. The terms 𝛼 and 𝛽 are 488 

scalars used to assign weights to the importance of 𝑋𝑇𝐸 and 𝑑𝑐𝑙. 489 

• Average Absolute Control Effort (AACE): The AACE metric computes the average control 490 

effort expanded by the control system throughout the duration of the course. It is a crucial 491 

metric from the energy consumption point of view. Similar to AAXTE, AACE considers the 492 

time-varying profile of the commanded rudder angles 𝛿 . This metric is expressed as: 493 

𝐴𝐴𝐶𝐸 =
1

𝑇𝑓
∑ |𝛿(𝑘)|2

𝑇𝑓−1

𝑘=0

(37) 494 

• Inland Waterway Robustness Index (IWRI): As river currents, shallow-water effect and bank 495 

effect are some of the most significant sources of external disturbances impacting the IWV 496 

manoeuvring, it is crucial to ensure that the designed controller is sufficiently robust against 497 

them. The IWRI is calculated by measuring the impact of these disturbances on performance 498 

metrics such as the cross-track error and the heading error, by comparing it to a nominal 499 

baseline scenario. It is calculated as: 500 

𝐼𝑊𝑅𝐼 =
1

𝑇𝑓
∑ (

𝑋𝑇𝐸𝑘 − 𝑋𝑇𝐸𝑏𝑙
𝑋𝑇𝐸𝑏𝑙

+
𝜓𝑒,𝑘 −𝜓𝑒𝑏𝑙

𝜓𝑒𝑏𝑙
)

𝑇𝑓−1

𝑘=0

(38) 501 

where 𝑋𝑇𝐸𝑘 and 𝜓𝑒,𝑘 are the cross-track errors and the heading errors at the 𝑘𝑡ℎ time-step, 502 

whereas 𝑋𝑇𝐸𝑏𝑙 and 𝜓𝑒𝑏𝑙 are the corresponding baseline errors under nominal conditions. The 503 

baseline errors can be calculated by estimating the achievable errors under no water current, 504 

shallow-water and bank effect conditions. 505 

• Estimated Time of Arrival (ETA): The vessel’s ETA can vary significantly despite it 506 

maintaining a constant propeller rpm due to environmental factors such as currents, wind, and 507 

hydrodynamic disturbances. The controller’s ability to effectively predict and counteract these 508 

factors plays a crucial role in determining the actual sailing time. For simplicity, the ETA is 509 

calculated while assuming no traffic congestion and the vessel being able to maintain a 510 

constant propeller speed throughout its journey. 511 

𝐸𝑇𝐴 =
𝐷

𝑣
+∑(

∆𝑑𝑖
𝑣 − ∆𝑣𝑖

)                                                                

𝑛

𝑖=1

(39) 512 

Here, 𝑛 distance segments are considered where speed deviations are caused due to various 513 

factors. 𝐷 and 𝑣 denote the total distance to be covered and the constant nominal speed of the 514 

vessel, whereas ∆𝑑𝑖 , ∆𝑣𝑖  denote the 𝑖 −th distance segment with speed variation, and the 515 

variation in speed, respectively. 516 

Ideally, it is preferred that these performance metrics have the minimum possible values. For SINM, 517 

the ideal value is zero, whereas for IWRI, a negative value indicates the controller outperforming the 518 

nominal case. In the following subsections, various simulation scenarios are presented to further 519 

evaluate the proposed controller’s performance against these metrics. 520 

4. Simulation Results  521 



This section shows the simulations of pusher-barge trajectories with designed controllers. The modified 522 

MMG model is utilised as the basis for predicting vessels’ dynamics under inland waterways with 523 

current effects. The simulation scenarios cover three typical operational modes of IWVs: (i) navigation 524 

along one side of the bank in the straight canal, (ii) turning in waterway interactions confluence, and 525 

(iii) track-pilot along river bends. The performance and robustness of the proposed control methods are 526 

evaluated by the deviation of course (cross-track error) and rudder efforts, as well as the proposed key 527 

performance metrics.  528 

4.1. Vessel model 529 

The vessel considered in this work is a pusher-barge convoy, where a rake barge connects to a pusher 530 

to formulate the 11BP system, as shown in Figure 6. The geometry of the convoy is listed in Table 1. 531 

Note that the midship position for the vessel is defined at the longitudinal and latitudinal coordinate 532 

representing the centre of the entire convoy, i.e., (50.48, 0) m. The pusher has twin ducted propellers 533 

and four rudders to generate adequate manoeuvrability. The profile of the propeller and rudder is shown 534 

in Table 2. The hydrodynamic derivatives are selected based on experimental data from Koh and 535 

Yasukawa (2012), the model test was conducted on various water depth conditions, including depth-to-536 

draught ratio (𝐻 𝑇⁄ ) of 1.5 for medium shallow water and 1.2 for shallow water conditions (see the 537 

Table 3).  538 

 539 

Figure 6. Geometry of pusher-barge convoy; dimensions in meters.  540 
 541 

Table 1. Dimensions of the pusher-barge convoy in full-scale. 542 
Parameters Pusher Rake-

barge 

Pusher-barge 

convoy 

Length, 𝐿 [m] 40.00 60.96 100.96 

Ship Beam, 𝐵 [m] 9.00 10.67 10.67 

Draught, 𝑇 [m] 2.20 2.74 2.74 

Displacement, ∇ [m3] 494.7 1646.2 2140.9 

Block coefficient, 𝐶𝐵 [-] 0.633 0.924 0.725 

 543 

Table 2. Profile of rudder and propeller equipped on the pusher. 544 

Parameters  Values  

Propeller diameter, 𝐷𝑃 [m] 1.8 

Revolution speed, 𝑛𝑃 [rpm] 300 

Rudder span, 𝐵𝑅 [m] 2.0 

Rudder chord length, 𝐶𝑅 [m] 2.0 

       

            

 
  
 
 

 
 
  
 
 

 
  
 
 

 
  
 
 

           



Rudder area, 𝐴𝑅 [m2] 4.0 

 545 

Table 3. Hydrodynamic derivatives of the pusher-barge model in shallow water. 546 

Symbol 𝐻/𝑇=1.5 𝐻/𝑇=1.2 Symbol 𝐻/𝑇=1.5 𝐻/𝑇=1.2 

𝑋𝛽𝛽
′  −0.1749 −0.3637 𝑚𝑥

′  0.0148 0.0195 

𝑋𝑟𝑟
′  0.0792 0.1055 𝑚𝑦

′  0.2325 0.3722 

𝑋𝛽𝑟
′  −0.0888 −0.248 𝑡 0.249 0.326 

𝑌𝛽
′ 0.6354 1.2375 𝛼𝐻 0.089 0.418 

𝑌𝑟
′ −0.0227 −0.113 𝑥𝐻

′  −0.249 −0.189 

𝑌𝛽𝛽𝛽
′  2.5353 4.2245 𝑤𝑃𝑂 0.493 0.576 

𝑌𝛽𝛽𝑟
′  0.7413 3.6005 𝛾𝑅 0.357 0.293 

𝑌𝛽𝑟𝑟
′  0.286 0.7129 ℓ𝑅

′  −0.538 −1.113 

𝑌𝑟𝑟𝑟
′  −0.0836 −0.2003 𝜀 1.189 1.823 

𝑁𝛽
′  0.1988 0.4435    

𝑁𝑟
′ −0.0654 −0.0861    

𝑁𝛽𝛽𝛽
′  0.5665 1.1277    

𝑁𝛽𝛽𝑟
′  −0.6547 −0.2249    

𝑁𝛽𝑟𝑟
′  −0.0528 −0.0561    

𝑁𝑟𝑟𝑟
′  0.0097 −0.0522    

 547 

4.2. Control parameters 548 

The simulation scenarios are implemented based on the controller parameters listed in Table 4. For the 549 

NMPC, the state constraints are derived from the practical physical limits of the IWV. A prediction 550 

horizon equal to 25 secs is selected based on the full-scale vessel’s characteristic time-scale and a 551 

computational requirement that enables for real-time application. Furthermore, the OCP is formulated 552 

using the Casadi toolbox (Andersson et al., 2019) and solved using IPOPT (Wachter and Biegler, 2006). 553 

The NLP formulation of the OCP is performed using the multiple-shooting method in MATLAB to 554 

ensure improved efficiency and numerical stability.  555 

  556 



Table 4. Parameters of the controllers. 557 

Controller Parameter Value 

PID 𝐾𝑃 5 

𝑇𝐼 10 

𝑇𝐷 25 

 Time interval [sec] 0.5 

NMPC Prediction horizon 𝑁ℎ[sec] 25 

Interval [sec] 0.5 

Terminal cost weight 𝑝𝑚 4500 

Running cost weights 𝑞𝑚, 𝑟𝑚 𝑞𝑚 = 150, 𝑟𝑚 = 1 × 10−4 

 Rudder angle limits [degrees] −45 ≤ 𝑢𝑐(𝑘) ≤ 45 

 Heading angle limits [degrees] −90 ≤ 𝑞3𝑐(𝑘) ≤ 90 

 Surge velocity limits [m/s] 0 ≤ 𝑞4𝑐(𝑘) ≤ 5 

 Sway velocity limits [m/s] −1.5 ≤ 𝑞5𝑐(𝑘) ≤ 1.5 

 Yaw velocity limits [degrees/s] −5 ≤ 𝑞6𝑐(𝑘) ≤ 5 

 Rudder angle change rate 𝛥𝑚𝑎𝑥 [degrees/sec] 7.2 

 558 

4.3. Straight channel simulation 559 

The straight channel is designed to have a width of 𝑊𝐶=100 m, and a rectangular cross-section with a 560 

constant water depth of 𝐻 /𝑇=1.2, representing extreme shallow water conditions that might pose 561 

challenges to steering handling. The currents are near parabolic and distributed along the canal with the 562 

maximum current speed at the waterway centre (𝑈𝐶𝑀𝐴𝑋 = 0.5 m/s). The vessel is desired to keep a 563 

constant lateral vessel-bank distance of 𝑦𝑠= 25, which is a typical operational condition to ensure safety 564 

in confined canals to clear the way for upcoming or overtaking vessels. Under this circumstance, the 565 

heading controller is responsible for compensating the disturbances due to complex hydrodynamic 566 

effects from waterway, such as shallow water effect, bank effect and currents, to track and maintain the 567 

desired course with minimum error and control effort.  568 

 569 

Figure 7 showcases the vessel trajectory with PID controller and NMPC under the influence of water 570 

currents. For upstream sailing, it can be observed in Figure 7 (a) that both controllers show good 571 

performance as the trajectories are fairly close to the reference path. Under downstream conditions in 572 

Figure 7 (b), the heading controller can maintain the path effectively while a slight course deviation can 573 

be noticed. This is due to the decrease of rudder incoming flow speed at downstream navigation for 574 

lower steering force. This phenomenon can be clearly seen in Figure 8, where the rudder effort is 575 

obviously lower in the upcoming current (Figure 8 (a)) as compared to downstream sailing, as shown 576 

in Figure 8 (b). The comparison of rudder effort also emphasises an important feature of NMPC: 577 

optimisation of the control effort. The controller can effectively utilise its predictions over the future 578 

horizon to adjust the rudder instead of correcting only based on the vessel’s states, as in the case of PID 579 

control. The cross-track error is shown in Figure 8 (c) and (d), and in general, the time plot shows both 580 

controllers have good tracking performance, with the NMPC having an even smaller cross-track error. 581 

Especially in upstream conditions, the lateral course deviation converges to less than 0.5 m from the 582 

desired track. When navigating in narrow fairways, such as locks or small canals, precise motion control 583 

and track-keeping are critical for ensuring navigational safety.  584 

 585 



 

(a) Trajectory of upstream sailing. 

 

(b) Trajectory of downstream sailing. 

Figure 7. Trajectories in a straight channel under heading control. 586 

 587 

  

(a) Rudder angle (upstream). (b) Rudder angle (downstream). 

  

(c) SXTE (upstream). (d) SXTE (downstream). 

Figure 8. The rudder angles and signed cross-track errors (SXTE) (see Equation (20)) over time with 588 

PID controller and NMPC for the vessel sailing upstream and downstream, respectively.  589 

 590 

4.4. T-junction simulation 591 

Inland waterways have many intersections that connect river branches, canals, and ports to form 592 

complex transport networks. Navigating a vessel through this waterway confluence faces unique 593 

challenges, such as tight manoeuvres or sharp turning. Unlike sea-going vessels, the operational spaces 594 



of IWVs are limited by such waterways. Therefore, advanced heading control is critically important 595 

when steering vessels in these intersections. To evaluate the tracking performance of the designed 596 

controllers, a waterway intersection with a “T-junction” shape is established in this section. The main 597 

channel has a relatively higher current speed (𝑈𝐶𝑀𝐴𝑋=0.5 m/s), and the tributary has a lower current 598 

speed (𝑈𝐶𝑀𝐴𝑋=0.1 m/s). It should be noted that the hydrodynamic behaviour of flow at the confluence 599 

point, such as vortices, is neglected in this work as it requires CFD simulation with accurate turbulence 600 

models. To execute a sharp turn in confined water, the vessel must initiate the manoeuvre well in 601 

advance. This implies that the waypoint generation should take the vessel’s turning behaviour into 602 

consideration. In this scenario, the starting point for turning was selected based on the vessel’s advance 603 

distance, which is equal to 2.5 times the vessel’s length (Zhang et al., 2024b).  604 

 605 

Figure 9 illustrates the trajectories resulting from the turning simulation under different current 606 

directions in the main channel, where attitudes of the vessel have been plotted in different colours to 607 

show its turning dynamics along the corresponding trajectory. To ensure turning safety, the vessel 608 

maintains a relatively low constant propulsion speed of 100 rpm, meaning that the speed changes 609 

dynamically only according to the vessel’s location and current directions, as shown in Figure 10. The 610 

trajectories indicate that the NMPC achieves a near-perfect tracking performance under both conditions. 611 

In the downstream current as depicted in Figure 9 (a), the difference between the PID controller and 612 

NMPC is relatively minor, as the incoming current increases the rudder load and generates more 613 

manoeuvring force, although some course deviation from the PID controller is still observable. In 614 

contrast, when applied to the downstream current scenario (see Figure 9 (b)), a clear difference between 615 

the two control methods can be seen. The PID controller exhibits a significantly higher tracking error 616 

compared to the NMPC, with the maximum tracking error even exceeding 20 m during the turning 617 

simulation, as shown in Figure 11. Another important factor that should be noted is that while the 618 

tracking performance of the PID controller is inferior to the more advanced NMPC, it still enables the 619 

system to generate fast responses to dynamic environmental impacts. As shown in Figure 9 (b), when 620 

the vessel completes the turn and enters the tributary, the PID controller’s heading control can quickly 621 

steer the vessel back to the desired track, highlighting the controller's ability to adapt swiftly to changing 622 

conditions. 623 

 624 

  

(a) Trajectory under upstream current. (b) Trajectory under downstream current. 

Figure 9. Comparison of trajectories in T-junction-shaped waterways with a consistent water depth 625 

condition of 𝐻/𝑇=1.2. The vessel keeps a constant propulsion speed of 100 rpm. 626 



 627 

  

(a) Surge speed 𝑢. (b) Sway speed 𝑣. 

Figure 10. Comparison of the surge velocity 𝑢, 𝑣 during vessel turning, for PID controller and NMPC.   628 

 629 

 630 
Figure 11. The signed cross-track errors with PID controller and NMPC for the vessel sailing 631 

upstream and downstream, respectively.  632 

The corresponding rudder control effort is summarised in Figure 12. The rudder angle indicates a clear 633 

difference between the PID controller and NMPC. The NMPC’s objective function explicitly considers 634 

reducing control effort, resulting in smoother and more consistent rudder angles over time. As seen in 635 

the NMPC simulations, the rudder angle does not show sudden changes during most of the operational 636 

period. However, relatively large deflections are observed in a short period when the vessel enters the 637 

near-bank track in the tributary due to the need for the heading controller to compensate for newly 638 

encountered hydrodynamic disturbances and maintain the vessel’s course. On the contrary, the PID  639 

heading controller results in large deflections under both current directions. This difference highlights 640 

the potential of the NMPC to reduce frequent changes in the steering system, which is crucial for energy 641 

conservation and the stability of autonomous systems, especially as future IWVs may be fully electrified. 642 

 643 

Additionally, in this work, the vessel follows a constant rpm since vessels typically do not frequently 644 

change speed while navigating in a straight line. Implementing speed control within a certain range 645 

during sharp turns could potentially enhance the controller's performance in course tracking. However, 646 

this approach would also increase the complexity of the control design. Both controllers would require 647 

more parameter tuning due to the introduction of additional control variables. Furthermore, the 648 

computational demand will be higher when solving the NMPC optimisation problem online, 649 

necessitating more advanced hardware to ensure real-time performance.  650 

 651 



  
(a) Rudder execution for upstream case. (b) Rudder execution for downstream case. 

Figure 12. The rudder angles over time with PID controller and NMPC for the vessel sailing upstream 652 

and downstream, respectively. 653 

 654 

4.5. River bends simulation 655 

The final simulation scenario is navigation over river bends, which is the most prevalent environment 656 

for natural rivers. In this section, a river with near-wave-shaped bends is defined. The channel has a 657 

constant width of 150 m and a uniform water depth (𝐻/𝑇=1.2), which corresponds to the shallow water 658 

condition described in Section 4.4. The current flow follows the direction of the waterway, reaching its 659 

maximum speed in the centreline. Figure 13 depicts the trajectories obtained from the vessel’s closed-660 

loop simulations in river bends. The vessel begins at an initial vessel-bank distance (𝑦𝑠) of 55 m and 661 

maintains a constant propulsion speed of 100 rpm. The control objective is to steer the vessel towards 662 

a predefined route at a lateral distance of 35 m from the bank. Overall, the results suggest that both 663 

control methods provide good tracking performance since the vessel can follow the course effectively. 664 

It is noteworthy to note that, in this scenario, the PID controller outperforms the NMPC at the start of 665 

the simulation since it can steer the vessel faster to approach the track. This aligned with the findings 666 

in the Section 4.4, demonstrating the capability of the PID controller to react quickly. Because current 667 

fields grow more complicated near river bends, the NMPC must account for these additional dynamic 668 

disturbances within the same prediction time. This can explain its initial struggle at optimisation, 669 

especially in the downstream case with reduced rudder capacity (see Figure 13 (b)). Once the interaction 670 

increases, the NMPC follows the course while providing a good tracking performance. This can be seen 671 

in the time plot of the cross-track error, where the comparison showcases that NMPC can effectively 672 

reduce course deviation (see Figure 14). At the second river bend, where 𝑥 spans from 800 to 1200 m, 673 

the XTE from NMPC remained steady at less than 5 m, whereas the PID controller had nearly twice the 674 

value. Similarly, the rudder angle oscillations are also significantly larger for the PID controller for both 675 

upstream and downstream sailing cases (Figure 15), even reaching its maximum angle limit of 45 676 

degrees. 677 

 



(a) Trajectory of upstream sailing. 

 

(b) Trajectory of downstream sailing. 

Figure 13. Trajectories of control simulations on river bends. 678 

 679 

  

(a) SXTE for upstream sailing case. (b) SXTE for downstream sailing case. 

Figure 14. Comparison of signed cross-track errors with PID controller and NMPC for the vessel 680 

sailing upstream and downstream, respectively. 681 

 682 

  

(a) Rudder angles for upstream sailing case. (b) Rudder angles for downstream sailing case. 

Figure 15. Rudder angle plots for river bend navigation for the vessel sailing upstream and 683 

downstream, respectively. 684 

 685 

4.5.1. Impact of ship-bank distances 686 

IWVs frequently need to sail close to riverbanks to facilitate the passage of other vessels. However, 687 

vessels may experience significant hydrodynamic effects when navigating very close to the banks. The 688 

impact of bank effects is investigated under different ship-bank distances to evaluate the performance 689 

of the control design. Figure 16 showcases the trajectories under two ship-bank distance conditions. 690 

The vessel is expected to follow the designated path with heading control to maintain its course, under 691 

disturbances caused by increasing levels of bank effects. The NMPC can effectively control the heading 692 

deviation at a medium ship-bank distance (𝑦𝑠=30). However, it is important to note that the closer the 693 



vessel is to the bank, the more pronounced the bow-out moment acting on it becomes, see Figure 16 694 

(b). When the route is extremely close to the bank, both controllers face difficulties in steering the vessel 695 

back to the desired track. It can be observed from the rudder angle plots (Figure 17) that the PID 696 

controller expends higher control effort in the form of large rudder deviations to maintain the reference 697 

trajectory, whereas the NMPC makes smaller but more frequent rudder deviations. 698 

 699 

Considering the vessel's response time, such scenarios of navigating very close to riverbanks are 700 

particularly challenging. Future research should focus on developing more refined control designs, such 701 

as reducing speed while ensuring sufficient rudder steering force. 702 

 

(a) Trajectory under 𝑦𝑠=30. 

 

(b) Trajectory under 𝑦𝑠=15. 

Figure 16. Trajectories under different ship-bank distances. 703 

 704 

  

(a) Rudder angle under 𝑦𝑠=30. (b) Rudder angle under 𝑦𝑠=15. 

Figure 17. Rudder angle plots under different ship-bank distances. 705 

 706 

4.5.2. Impact of propulsion speeds 707 



In this subsection, the impact of shaft speed on control performance is analysed for three different RPMs: 708 

100, 125 and 150. The initial simulation setup was kept consistent with the aforementioned conditions. 709 

The cross-track errors of the two algorithms at different speeds are presented in Figure 18. The results 710 

indicate that increasing speed can reduce the tracking error by utilising higher rudder force, as shown 711 

in Figure 18 (a). However, in the case of the PID controller, increasing speed does not improve the 712 

vessel’s tracking performance; instead, it introduces higher deviations. This may be attributed to the 713 

characteristics of the NMPC, which incorporates a prediction model. This is crucial for allocating the 714 

control inputs appropriately based on anticipated vessel behaviour in future steps. In contrast, the 715 

increased rudder load does not yield the expected benefits with the PID controller, as the rudder may 716 

oversteer due to shorter reaction times at higher speeds. Additionally, it is noteworthy that the NMPC 717 

can align the vessel with the reference trajectories with minimal track error, significantly reducing the 718 

sailing time while ensuring minor course deviations. For instance, the blue line (100 rpm) indicates that 719 

the NMPC saves almost 200 seconds of operation time as compared to the PID controller. This is crucial 720 

for reducing the ETA and saving energy, especially during long-term operations.  721 

  

(a) SXTE of NMPC. (b) SXTE of PID. 

Figure 18. The impact of propulsion speeds on the signed cross-track error with PID controller and 722 

NMPC. The vessel is sailing upstream in these scenarios. 723 

 724 

4.5.3. Impact of river cross-section shapes 725 

In previous sections, the channel has a rectangular-shaped cross-section. In natural inland waterways, 726 

the fairway has different bank geometry with varying slopes. A common cross-section shape is 727 

trapezoidal, with a constant slope from the bottom up to the free surface. In this section, the impact of 728 

the cross-section shape is analysed and quantified with three bank slopes. The channel’s top width is 729 

150 m, and the bottom width varies from 120 m to 80 m. The maximum water depth is 1.5 times the 730 

vessel’s draught (𝐻/𝑇=1.5) to represent medium shallow water, and it decreases near both sides of the 731 

banks. The cross-sectional shape and waterway generated from the top view are illustrated in Figure 19. 732 

The control objective for the vessel is to keep a constant distance of 40 m from the bank (𝑦𝑠 = 40). 733 

This suggests that the narrower the bottom width, the more confined the waterways are and the stronger 734 

the hydrodynamic force (bank-effect) acting on the vessel. Under this scenario, the initial rpm is set to 735 

100 according to the speed's impact on the performance of both controllers in the section 4.5.2.  736 

In the case of a relatively wider bottom, as shown in Figure 20, some deviations between the two 737 

controllers have been noticed. The PID controller shows higher course deviations at the beginning, and 738 

the error gradually converges with good tracking performance over time (blue line). It is clear that the 739 

PID controller shows difficulties in course tracking due to the bank effect. For NMPC simulation, as 740 



illustrated in the blue line, the vessel is also subject to a bow-out effect at the beginning, but proactive 741 

heading control effectively mitigates the course deviation, and the trajectory does not show much 742 

oscillation behaviour. When the waterway becomes more constrained, the channel wall poses a stronger 743 

hydrodynamic force and moment on the vessel, making the tracking performance in the case of the PID 744 

controller worse, as obvious deviations can be observed. The NMPC is affected by such stronger bank 745 

effects as well, but the trajectory is more stable and still follows the desired track, as shown in Figure 746 

21 and Figure 22. A quantitative analysis of the signed cross-track error and the rudder angles is 747 

presented in Figure 23 and Figure 24, respectively, which compares the performance of each controller 748 

for the considered cases. The NMPC demonstrates excellent tracking ability with lower rudder efforts 749 

under a variety of waterway constraints. The increasing bank effect results in slightly increased tracking 750 

error, but the heading control can limit deviations to a very promising range (below 5 m) in all instances. 751 

In contrast, the PID controller has a considerable steady cross-track error at the second bend, which is 752 

almost twice that of the MPC. Such a value is considered a large course deviation, as the vessel may 753 

risk a loss of manoeuvrability when approximating channel banks.  754 

 

(a) Slope 1: 𝑤𝐶𝐵=120. 

 

(b) Slope 2: 𝑤𝐶𝐵=100. 

 

(c) Slope 3: 𝑤𝐶𝐵=80. 

Figure 19. Waterway generation with different cross-section shapes. 755 
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 757 
Figure 20. Trajectories in river bends with a bottom width of 𝑊𝐶𝐵=120m.  758 

 759 

 760 
Figure 21. Trajectories in river bends with bottom width of 𝑊𝐶𝐵=100m.  761 

 762 

 763 
Figure 22. Trajectories in river bends with bottom width of 𝑊𝐶𝐵=80m. 764 

 765 

 766 



  
(a) SXTE of NMPC. (b) SXTE of PID. 

Figure 23. Signed cross-track error comparison with PID controller and NMPC under varying width 767 

of the river bottom. 768 
 769 

   
Figure 24. Rudder angles for the PID controller and NMPC under varying width of channel bottom. 770 

 771 

4.6. Comparison of key performance metrics  772 

In this subsection, the performance of the proposed NMPC is further analysed and compared with the 773 

traditional PID controller by using the key performance metrics proposed in subsection 2.3. For the 774 

SINM metric, the parameters 𝛼 and 𝛽 are selected to be equal to 0.5. Further, XT𝐸𝑚𝑎𝑥 and 𝑑𝑐𝑙,𝑚𝑖𝑛 are 775 

selected as 1.7, 10 meters for the straight channel and 2.5, 5 meters for the T-junction and river bends 776 

scenario, respectively. For the IWRI metric, the XT𝐸𝑏𝑙  and 𝜓𝑒𝑏𝑙  are selected as 0.15 meters, 0.01 777 

radians for the straight channel, and 1.5 meters, 0.07 radians for the T-junction and river bends scenarios, 778 

respectively. 779 

As seen in Table 5, the values obtained for NMPC are significantly lower than the ones for the PID 780 

controller for most metrics in both upstream and downstream cases. The PID controller outperforms 781 

NMPC only in the AACE metric in the straight channel and river bends simulation, and in the MAXTE 782 

metric in the river bends case. However, the higher MAXTE value for NMPC is due to a sharper initial 783 

heading computed by it for steering the vessel. This ultimately leads to a smaller average XTE, as 784 

indicated by the AAXTE metric. Interestingly, the IWRI metric has a negative value in the T-junction 785 

scenario for downstream sailing with NMPC, highlighting its robustness as compared to the baseline 786 

values. The NMPC also takes significantly less time to reach the destination in all three scenarios, as 787 

captured by the ETA metric. 788 

 789 

Table 5. The values of the key performance metrics for the considered simulation scenarios. For each 790 

scenario, the minimum values obtained are highlighted in bold. 791 
Scenario  

Current 

stream 

PID  

 

NMPC  

MAXTE AAXTE SINM AACE IWRI ETA 

(s) 

MAXTE AAXTE SINM AACE IWRI ETA 

(s) 

Straight 

channel 

Up 1.393  1.244 0 161.242 8.097 600 0.854 0.292 0 9.53x104 0.515 586 

 Down 3.609 3.019 0.424 920.526 21.268 600 3.494 2.438 0.312 4.85x105 17.132 578.5 

T-

junction 

Up 13.634 5.455 0.736 2.30x105 2.255 630 9.319 3.112 0.335 1.24x105 0.607 529.5  

Down 22.031 9.497 1.539 2.28x105 5.251 497 7.148 1.731 0.056 1.40x105 -0.039 470.5 

Up 24.747 4.873 0.670 63.795 1.625 1396 25.162 3.737 0.461 8.25x104 0.747 1332.5 



River 

bend 

Down 25.358 7.278 1.140 124.01 3.294 900.5 26.407 5.160 0.794 2.38x105 1.884 857 

 792 

4.7. Discussion on the impact of static obstacles 793 

In addition to its path-following capabilities, the NMPC can also aid in improving the vessel’s collision-794 

avoidance capabilities. Consider static obstacles such as buoys, a standstill vessel, or a permanent 795 

fixture. These obstacles can be incorporated into the planned path or detected in real-time, allowing the 796 

guidance system to update the vessel’s trajectory dynamically. The following simulations consider 797 

manually modifying the waypoints without employing a collision avoidance algorithm. Preliminary 798 

results, as shown in Figure 25 visualize the resulting path followed by the IWV with a static obstacle 799 

along its route. The obstacle is located at the coordinates (1000,435), having a length and width equal 800 

to 30 m and 15 m, respectively. The NMPC is capable of handling the sharp change in the reference 801 

trajectory by effectively mitigating cross-track errors without leading to instability. On the other hand, 802 

the PID controller takes a longer time to steer the vessel back towards the reference trajectory. 803 

Furthermore, it avoids the static obstacle with only a small margin. This again emphasises the advantage 804 

of employing predictive control, which is crucial for scenarios involving sharp turns. To further enhance 805 

the tracking performance, a variable speed control may be employed in this case.  806 

 807 

Figure 25. Trajectories in the river bend with a static obstacle (x=1000 m). 808 

 809 

4.8. Comparison of NMPC’s performance against a linearised MPC  810 

On a reviewer’s suggestion, in this subsection, we provide further justification for using NMPC instead 811 

of a Linearised MPC (LMPC). Firstly, the LMPC implementation is carried out using a Nomoto (KT) 812 

manoeuvring model (Nomoto et al., 1957). This model simplifies the vessel’s motions into its turning 813 

and course-keeping capability, represented by second-order linear dynamics and is a popular choice for 814 

vessel heading control (He et al., 2023). The linearisation is performed by using a multi-equilibrium 815 

point approach, where the vessel’s nonlinear equations of motion are locally linearised around a 816 

sequence of equilibrium/reference heading angles (𝜓ref), yaw rates (𝑟ref) and rudder angles (𝛿ref). 817 

Since the model is re-linearised at each time step, it is more accurate as compared to a single global 818 

linearisation approach. The resulting model can be expressed as  819 

𝛿�̅�(𝑘 + 1) = 𝐴(𝑘)𝛿�̅�(𝑘) + 𝐵(𝑘)𝛿�̅�(𝑘) (40) 820 



where, 𝛿�̅� = �̅� − �̅�ref, 𝛿𝑝 = �̅� − �̅�ref represent small deviations of the vessel states and control inputs 821 

from the reference values, with 𝑞ref = [  𝜓ref 𝑟ref  �̇�ref ]
𝑇

 and 𝑝ref = [ 𝛿ref  �̇�ref ]
𝑇

. 𝐴(𝑘) and 𝐵(𝑘) 822 

are the state and input matrices, respectively, derived from the Jacobian of the original nonlinear system 823 

at the current reference point. The resulting LMPC then solves a quadratic OCP at each time interval, 824 

using the updated linear model and reference values. 825 

 

(a) Trajectory for upstream sailing. 

 

(b) Trajectory of downstream sailing. 

Figure 26. Trajectories of control simulations on river bends with LMPC. 826 

 827 

  
(a) SXTE (Upstream case). (b) SXTE (Downstream case). 

Figure 27. Signed cross-track error comparison with LMPC for the upstream and downstream sailing 828 

cases. 829 

 830 



Table 6. The values of the key performance metrics for the different controllers in river bends 831 

scenario. The minimum values obtained for each metric are highlighted in bold. 832 
 

 

 

 

Current 

stream 

MAXTE AAXTE SINM AACE IWRI ETA (s) 

 

LMPC 

Up 24.759 9.357 1.625 404.908 4.933 1362 

Down 30.194 11.769 1.962 278.577 6.358 823.5 

 

PID 

Up 24.747 4.873 0.670 63.795 1.625 1396 

Down 25.358 7.278 1.140 124.01 3.294 900.5 

 

NMPC 

Up 25.162 3.737 0.461 8.25x104 0.747 1332.5 

Down 26.407 5.160 0.794 2.38x105 1.884 857 

 833 

The river bends scenario, as previously described in Section 4.5 is simulated for a canal with a bottom 834 

width of 𝑊𝐶𝐵=120m. The control objective is to steer the vessel towards a predefined route at a lateral 835 

distance of 35 m from the bank and follow the path. The vessel’s resulting trajectories for upstream and 836 

downstream sailing are shown in Figure 26(a) and (b), respectively. Further, the signed cross-track 837 

errors are visualised in Figure 27(a) and (b), compared against the PID controller and NMPC. It can be 838 

observed that LMPC has inferior tracking performance to both controllers as the overall XTE is 839 

significantly higher. This relatively inferior performance of LMPC can be attributed to the widely 840 

varying operating conditions due to bank forces and current direction in the bends. As described in 841 

Equations (2) and (13), the forces acting on the vessel hull and the bank-induced forces are highly 842 

nonlinear in the vessel’s states. Even with the multi-equilibrium linearisation approach, significant 843 

model mismatch is observed, which increases with the increase in prediction horizon, leading to higher 844 

tracking errors. On the other hand, the PID controller does not face this limitation.  845 

On the key performance metrics (see Table 6), LMPC has a comparable performance with the PID 846 

controller and NMPC for the MAXTE and ETA metrics. However, it performs poorly on the AAXTE, 847 

SINM and IWRI metrics. On the AACE metric, it performs significantly better than NMPC but is not 848 

as effective as the PID controller. Overall, it is evident that the current implementation of LMPC can 849 

be further improved for effective path planning control under different conditions. Various 850 

modifications have been proposed in the literature to improve its performance, such as disturbance 851 

estimation (Abdelaal et al., 2018; Zhang et al., 2017), state-compensated extended state observers (Liu 852 

et al., 2017a), etc.  853 

5. Conclusions  854 

This paper focuses on the modelling, design and analysis of an improved model-predictive heading 855 

control method for the path following of inland waterway vessels. The rigid body dynamics of the vessel 856 

are calculated based on a modified MMG model incorporating specific hydrodynamic impacts of inland 857 

water, including shallow water, river current and bank effects. The performance of the proposed NMPC 858 

is firstly evaluated against the standard PID controller based on the cross-track error and control efforts 859 

metrics under various inland waterway scenarios. Additionally, key performance metrics are proposed 860 

for evaluating the control performance based on navigation requirements specific to inland waterways. 861 

 862 

The simulation was first conducted in straight channel conditions, with the objective of maintaining the 863 

vessel’s path at a specific vessel-bank distance. The simulation shows that both PID and NMPC have 864 

good tracking performance under both current directions, with NMPC exhibiting smaller tracking errors 865 

and fewer rudder efforts, particularly during the downstream sailing condition.  866 



 867 

Unlike straight-channel sailing, vessel path control in confluences is significantly more complex due to 868 

the difficulties in handling the vessel during tight manoeuvres under limited turning space. To validate 869 

the control performance and feasibility under these conditions, a sharp turning at a waterway confluence 870 

was simulated. The proposed NMPC demonstrates superior results under this challenging scenario, 871 

where the tracking error can be reduced within 5 m. On the other hand, the PID controller has a much 872 

larger course deviation, and the error exceeds more than 20 m during turning. The simulation results 873 

conclude that the NMPC can effectively optimise the rudder control actions based on the vessel’s future 874 

behaviour to prevent frequent turning or large deflections.  875 

 876 

Lastly, the simulation was conducted considering river bends, and the impact of propulsion speeds and 877 

bank geometries at different bank slopes was evaluated. Interestingly, increasing the vessel’s speed 878 

reduces the tracking error in the NMPC case, yet leads to the opposite behaviour in the PID controller’s 879 

case. This is because increasing speed shortens the vessel’s reaction time for the PID controller, even 880 

though the rudder steering force increases at higher propulsion speeds. In contrast, NMPC can anticipate 881 

the vessel’s future behaviour and optimally allocate control input. 882 

 883 

The decreasing waterway bottom width significantly impacts the PID controller’s performance since 884 

the vessel is subject to a stronger bank effect due to higher constraint levels. On the contrary, NMPC 885 

showed minor disturbances and demonstrated good tracking performance. The performance of NMPC 886 

was also found to be significantly better than the PID controller on the proposed key performance 887 

metrics. A smaller value of MAXTE, AAXTE and SINM metrics indicates a superior control 888 

performance of the NMPC, whereas a small IWRI indicates its higher robustness in comparison to the 889 

PID controller. In addition, it achieves a comparatively smaller ETA, which further establishes its 890 

applicability for inland navigation. A sharp changing reference trajectory resulting from a collision 891 

avoidance scenario is also simulated, where, unlike the PID controller, the NMPC can maintain an 892 

acceptable error margin and avoid unstable manoeuvres. Finally, a comparison is made between the 893 

NMPC and its linear counterpart, LMPC. While LMPC is preferred for its simplicity and faster 894 

computation, simpler linear models do not provide sufficient robustness against environmental 895 

disturbances. LMPC in conjunction with state estimation and disturbance mitigation-based methods 896 

may improve control performance. 897 

 898 

Future research will focus on improving the robustness of the MPC in the presence of parameter 899 

uncertainties and unmodelled dynamics. Here, incorporating data-driven techniques can be particularly 900 

useful. Furthermore, variable speed control could further enhance the controller’s performance, 901 

allowing for more responsive adjustments to changing navigation conditions.  902 
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