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AbstractInland shipping is a key component of transport infrastructure, as it provides an energy-efficient
and cost-effective method for moving goods. This report aims to investigate how an autonomous
mooring system for inland cargo vessels can be modeled and evaluated, to improve efficiency and
safety during mooring operations. This study develops a vessel model that simulates relevant mooring
behaviours under varying environmental conditions and designs a control system for accurate approach
and successful mooring. Simulation results are analysed, focusing on approach accuracy and position-

holding.
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1. INTRODUCTION

Inland shipping plays a vital role in the transport infrastruc-
ture of many countries, offering an energy-efficient and cost-
effective means of moving goods. For instance, inland transport
in the Netherlands alone accounts for 43% of all transport,
highlighting its significant contribution to the country’s logis-
tics (Jacobs, 2022). As the demand for sustainable logistics
increases, the development of autonomous inland vessels has
become a focal point of innovation in maritime technology.

Recent studies remain focused on navigation and collision
avoidance, for intance, in (Wang et al., 2020) a comprehen-
sive review of motion-prediction, conflict detection, and res-
olution methods for manned and unmanned navigation is de-
livered; and in (Menges and Rasheed, 2024) a multi-level
digital twin framework enabling predictive and autonomous
decision-making for ASVs is proposed. Meanwhile, mooring,
which is a key open challenge in MPC applications for marine
autonomy (Wei and Shi, 2023), has seen limited but growing
attention: in (Martinsen et al., 2019) docking is modelled as
an optimal-control task and real-time MPC is demonstrated
on a supply vessel; in (Kockum, 2022) precision docking of
the USV Piraya under disturbances with an MPC controller
is achieved; in (Jagernath, 2024) MPC across un-mooring,
transit, and mooring phases on a scaled inland-vessel model
is applied, keeping trajectory-errors under 10% of length. In
(Homburger et al., 2022) Model Predictive Path Integral con-
trol on a fully-actuated vessel is used, yielding smooth ma-
neuvers in field tests; in (Vijayakumar et al., 2025) MPPI
is integrated with real-time LiDAR to validate safe dockings
from varied starting points; and in(Larsen et al., 2024) an ex-
tended dynamic-positioning scheme validated experimentally
on coastal ferries under disturbances is proposed. Without the
ability to dock independently, unmanned vessels will continue
to rely on human assistance during mooring operations, thereby
limiting their autonomy, scalability, and cost-efficiency. Moor-
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ing remains a delicate maneuver in confined environments,
requiring accuracy and controllability. Advances in predictive
path-following control show that treating the progression along
a geometric path as an optimisation variable can greatly im-
prove accuracy in confined maneuvers (Faulwasser and Find-
eisen, 2009; Faulwasser et al., 2016). Related work in adap-
tive Pure Pursuit controllers shows that making the look-ahead
distance a function of the remaining path length also yields
finer spatial sampling and an implicit deceleration close to the
goal (Ahn et al., 2021; Wang et al., 2025; Park et al., 2014).
Building on this idea, a Non-linear Model Predictive Control
(NMPC) framework is introduced, whose reference governor
computes, at every sampling instant, the closest point on a
spline-interpolated route and assigns a surge-velocity profile
that decays smoothly with the remaining chord-length distance
to the quay. As a result, reference way-points inside the predic-
tion horizon become denser as the vessel nears the berth, giving
the NMPC finer spatial resolution while naturally enforcing
anticipative deceleration in an adaptive pure-pursuit fashion.
Similar velocity-aware path-tracking concepts have so far been
explored only for ground vehicles (Abdelaal and Schon, 2020).

The rest of this work is organized as follows: Section 2 de-
scribes the dynamic model of the inland vessel, including the
assumptions, environmental disturbances, and relevant forces
affecting mooring behaviour. Section 3 introduces key features
on the control system, compares different motion control ap-
proaches, and presents the selected control system design. Sec-
tion 4 outlines the simulation setup, defines key performance in-
dicators, and evaluates the system under various environmental
conditions. Section 5 presents the main conclusions and offers
recommendations for future development.

2. PROBLEM FORMULATION

In the first place, we consider an inland cargo vessel modeled
after a typical CEMT II class ‘Kempenaar’ (Koedijk, 2020),
characterized by an over-actuated propulsion system, i.e., a
fully rotatable azimuth thruster and a bow-mounted tunnel
thruster. The main aim is to perform the docking maneuver
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autonomously. Thus, low-speed conditions can be assumed,
and the 3 degrees of freedom model from (Fossen, 2011),
disregarding Coriolis effect and considering linear damping,
can be used:

n=R(@)v,, (1)
vr = Mil (T‘i' Twind — DLVr)7 (2)
v, =V—R(9) v, 3)

where 1 =[x y (p]T are the global coordinates of the vessel’s
center of gravity (CoG), and the heading angle respect to the

absolute frame, v = [u v r]T is the velocity vector in the ves-
sel frame, R(¢) the rotation matrix, v, is the water current
in the absolute frame, T represent the forces and moments
produced by the thrusters. Furthermore, T = [T, T, ‘L’r]T, with
T, = Frcosa, 17, = Fg+ Frsino, and 7, = Iy Frsina + IgFp.
Note Fr and Fp are the azimuth and bow thruster forces respec-
tively, « is the azimuth angle, and /7 and [ are the longitudinal
offsets from the CoG to each thruster. Matrix M € R3*3 and
Dy € R**3 are the total inertia matrix and the linear damping
matrix and take the following form:

m—X, 0 0 X, 0 0
M=| 0 m-Y, —Y, |, D=0 Y, Y,|.
0 -N, L—N; 0 N, N,

Finally, Tying represents the steady wind forces and the yaw
moment on the vessel an can be expressed as

— ¢y cos(Thw) Ax
Twind = 5 P Vi [ cysin(Yy) Ay ] )
¢nsin(2 %) Ay Loa
Vwr :R((P)T (Va _Vn)7 (5
Vior = [Vurlls %o = £Vr — @. (6)

where v, is the wind velocity vector in absolute frame, v, =

)", Ay, A, are the projected frontal and lateral wind-exposed
areas and Lopp is overall length, and the coefficients ranges
(cx € [0.50,0.90], ¢, € [0.70,0.95], ¢, € [0.05,0.20]) are ob-
tained from (Fossen, 2011). Note that ports are often enclosed
or equipped with breakwaters that significantly reduce wave
activity, resulting in relatively calm water conditions. As a con-
sequence, modelling efforts for autonomous operations such as
mooring can reasonably neglect wave-induced forces.

Finally, the presence of robotic mooring arms is assumed on
board of the inland cargo vessel. These robotic arms are re-
sponsible for physically connecting the mooring lines to bol-
lards once the vessel is positioned correctly during docking.
Neither the modelling nor the control of the robotic arms is
included in this work; they are assumed to operate reliably
once the vessel is within a predefined positional tolerance near
the quay. Therefore, the objective of the control system is to
guide the vessel to the designated docking position with zero
translational velocity and an orientation aligned with the quay.
Once in position, the vessel must remain sufficiently stationary
for a specified duration to enable the successful execution of the
mooring procedure by robotic arms. This requirement imposes
strict constraints on both the final approach and the station-
keeping phases of the maneuver.

3. CONTROL METHOD
3.1 Non-linear Model Predictive Control

Predictive control can explicitly handle system constraints
and predict future behavior, making it well suited for real-
time control applications with practical implementability. How-
ever, given the non-linear dynamics inherent in vessel mo-
tion, non-linear control better captures system complexities and
improves robustness and accuracy, offering a superior trade-
off between performance and model fidelity for this applica-
tion. NMPC predicts the future evolution of the system based
on its current state, an estimation of the vessel dynamics
and environmental disturbances, and computes control actions
that minimize a cost function, while simultaneously satisfying
system constraints. At every sampling instant k, the NMPC
controller receives the vessel’s current state vector x(k) =
[x(k) y(k) @(k) u(k) v(k) r(k)]", and uses it to predict the ef-
fect of different control actions u(k) = [Fr(k) F(k) a(k)]".
The optimizer must ensure accurate tracking of the reference
trajectory while enforcing smooth actuator commands, avoid-
ing large jumps in actuator forces or azimuth thruster angle
changes, i.e., it must solve the following problem over a pre-
diction horizon N):

NP
min J(U) = Y e(k+ilk)TQe(k+ilk) (7
i=0
+ Au(k + k) TS Au(k + i|k),
sa. x(k+i+1k) = frg(x(k+ilk),u(k+ilk)),
i=0,...,N,—1
e(k+ilk) = x(k+ilk) — x,(k+1),
Au(k+ilk) =u(k+ilk) —u(k+i—1]k),
Upin < U(k+1i) <Opay, i=0,...,N,— 1,
Au(k+i) < Aupin, i=0,...,N,—1,

where U = [u(k) u(k+1) ... u(k—f—Np)]T, i.e., the aggregated
vector of control actions over the prediction horizon, frk(.)
is the Runge—Kutta discretization of the continuous model in
(1)—(6) with sampling time T, x(k|k) = x(k), and Au(k|k) is
computed using the last applied input u(k — 1). Note that the
first term of the cost function penalizes state deviation from
the reference, and the second penalizes input changes. The
diagonal matrix Q € R%*6 and S € R?*3 set each component’s
weight. Larger values impose stronger penalties, directing the
optimizer to focus on reducing that particular state deviation
or smoothing the corresponding control change. Once, the
optimizer computes an optimal control sequence that satisfies
the constraints, it only applies the input u*(k|k), updates the
state at k+ 1, and then repeats the process in a receding-horizon
fashion.

3.2 Reference Governor

The reference trajectory is precomputed based on manually
selected GPS waypoints, i.e., let the ordered way-points be

wi = (x;,yy) €R* i=0,1,...,N, (8)

and denote the successive chord lengths by

d,‘iiuwi—W,',]H, iZl,...,N, (9)
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with
N
L:=) d;>0. (10)
i=1
Set the normalized cumulative chord-length parameter
1 i
5o =0, s,:ZZdA,, i=1,...,N, (11)

so that each increment s; — s;_ is proportional to the Euclidean
distance between consecutive points. Let us also define the
component functions x,y : [0,1] — R, as the unique cubic
splines of class C? that interpolate the data sets (s;,x;) and
(si,¥i). Then, the resulting geometric path is the parametric map
r:[0,1] = R%,  r(s) = [x(s),y(s)], whose image Z := r(]0, 1])
is a C? curve passing smoothly and exactly through every way-
point at a proportional to the physical distance traveled along
consecutive segments. Let also p(k) = [x(k),y(k)]" € R? be the
position of the vessel at instant k. The closest-point parameter
is

s* (k) == arg min ||r(s) — p(k)[[,
s€(0,1]

and the closest point on the path is (k) := r(s*(k)) € Z. Let
us now define d(k) as the chord-distance from the closest point
from the vessel to the docking position, i.e.,

(12)

(13)

Since the vessel is performing a docking maneuver, let us also
define a desired surge speed during the operation as

d(k) == L(1 - 5*(k)).

Uc, d(k) ZLdv
g = { min(u(k),uccos (3L 5 > d(k) > Ly,
O? d(k) g 57
(14)

being L, a parameter that defines where the vessel needs to start
braking, 0 a tolerance from which we consider the vessel must
remain stopped, and u, the cruise speed within the port. Thus,
the extended reference for the NMPC in the prediction horizon
N, is obtained recursively from the closest-point parameter
s* (k). Let

ve(s) = [[F(s)I| = 1/ x(5)* +3(s)?,

be the geometric speed of the path. Then, starting from s; =
s* (k) we propagate a virtual-time update

15)

uglk+j—1)

T;,1), j=1,....N,, (16)
Vc(Sk+j—1) w ), J P

Skj = min(sgqj—1 +

which advances the path parameter by the Euclidean distance
that the vessel is expected to travel in one control step, scaled by
the local metric of the curve. The prediction-horizon reference
reads

skt 7)
atan2 (Y (sir ), X (sk+5))
ug(k+ j) ,
0
0

j=0,....,H.  (17)

Xy =

In simple terms, at each control step, we locate the point on
this curve closest to the current position and then “roll forward”
along the curve by the distance the vessel is expected to travel in
one sampling period. How far we move along the curve depends
on the desired surge speed at that instant, which itself is set by
how far we are from the final docking position (slower as we
approach).

4. SIMULATION
4.1 Problem setting

The NMPC prediction model and the simulation both employ
the identical non-linear 3-DOF vessel dynamics from Eq. (1)-
(6). The difference is in the integration time step: inside the
NMPC optimizer, states are propagated over each sampling
interval TMP€ = (.8 s, whereas in the simulation (or real-time

implementation), the same dynamics update at every Y}dy "=
0.4 s to advance the plant. Length Lgece; = 60 m is used to
determine the deceleration zone and length 6 = 0.014 m the
holding tolerance. Speed u. = 2 m/s is used to define the cruise
surge speed. Throughout all phases, the reference sway speed
and yaw rate remain fixed at zero). Next, the diagonal state-
weighting matrix is Q = diag(10°, 10, 108, 0, 0, 0), and the
input-increment weight matrix is S = diag(10%, 103, 10°). Note
that there is no need of weighting error in velocities since
the references in position are already accounting for desired
velocities. The constraint boundaries are specified in Table 1,
including both input bounds on thruster forces and azimuth
angle, and rate limits on azimuth angle changes (Fossen and
Perez, 2004).

Table 1. NMPC Constraints

Constraint Value

Fr [-7 x 10°, 7 x 10°]N

Fg [-1.5x10%, 1.5x 10°]N
o [—m, w|rad

|Ac| <15°s71

Measurements of wind, current, and vessel states are assumed
ideal. As a result, the estimations provided to the NMPC are
identical to the true values used in the simulation (or real-time
implementation). This implies that all external disturbances
acting on the vessel are fully known to the predictor, and no
unmeasured disturbances enter the optimization process. Also,
both the wind and current are varied to simulate three different
environmental conditions. Table 2 shows the three scenarios,
starting with no wind or current. The disturbances mild and
heavy are representative of common scenarios, with realistic
values. To extend the validation of results, the wind and current
directions are randomly varied across simulations. The mean
performance is then calculated for each scenario.
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Table 2. Environmental-Disturbance Scenarios

Scenario Wind [m/s] Current [m/s]
No Disturb. 0.00 0.00
Mild Disturb. 10.00 1.00
Heavy Disturb. 20.00 2.00

4.2 Key Performance Indicators

To assess the performance of the autonomous mooring con-
troller, three key performance indicators (KPIs) are defined.
The KPIs are chosen to obtain both the accuracy of the approach
trajectory, using cross-track error and heading error, and the
reliability of the mooring. The vessel state is logged at each
step, and all three KPIs are computed for evaluation.

First, the cross-track error (CTE) measures lateral deviation
from the path. Second, the heading error (HE) consider the dif-
ference between the reference heading and the actual heading.
Both values are examined at step k:

(18)
19)

The metrics |CTE| (average lateral offset) and max{|CTE|},
|[HE|, and max{|HE|}, are reported over the approach phase.

Finally mooring success (MS) is evaluated during the hold
phase (t > Ty). During this phase the positions of the two
mooring-arm end-points are tracked, extending from the ves-
sel’s centerline by longitudinal offsets [ys4 and [y p. Their
coordinates are:

oo 0] iy ][]
m= o] - [lotd) o)) [

Here, A; and By represent the instantaneous locations of the
bow and stern mooring-arm hooks. For autonomous mooring
to succeed, each hook must fall within a circular reach region
of radius reacn around its corresponding bollard at positions
Apollard and Bpojiarg. Furthermore, both absolute distances Ay
and By from the Aguay and Bquay need to remain above the sgafery -
Thus, a time step is counted as successful if:

(| Ak — Avoltara|| & ||Bk — Bboltara|| < Freach

(2D

14k — Aquay || & [| B = Bauay || = ssatery
The mooring success is passed if all sets of coordinates are
considered successful.

4.3 Results and Discussion

First, we present the results of a representative simulation under
heavy disturbances (see Fig. 1), which can be viewed in full
here. The solid blue line shows the actual trajectory followed by
the barge, while the dashed red line represents the desired path.
It can be observed that the barge closely tracks the intended
trajectory.

Map of Delft with GPX Route: gpxPts
51°55'N [="_"_GpX Reference Path v‘ ER\;
Traveled Path o

51°54'30"N [

Latitude

51°54'N

4°24'E

4°25'E
Longitude

4°26'E
Figure 1. Traveled route by the vessel.

Furthermore, Fig. 2 displays the control actions computed for
the vessel, which are smooth throughout the operation, and
shows that sway motion remains very limited, and the yaw rates
are gentle. The surge velocity stays close to the desired cruise
speed for most of the journey, decelerating smoothly from the
predefined deceleration distance.

3 Surge Velocity Azimuth & Bow Thrusters

= 06 =
@ 3 0.4 <+
E1 - 1 0.2 ~
‘;‘ X 0 0 X
= 0.2 =
0 Mg 04 u®
0 500 1000 0 500 1000
Sway Velocity & Yaw Rate Azimuth Angle
3
0.05 0.02 ~—
E 0 L 5'2
0 T @®
E .05 —
> 04 mysr 8
045 -0.04 0
0 500 1000 0 500 1000
Time [s] Time [s]

Figure 2. Vessel velocities and control actions during heavy
disturbance simulation.

During the approach phase, CTE and HE are used to assess
the accuracy of the trajectory under varying environmental
conditions. Table 3 summarizes the results for each disturbance
scenario among 30 simulations of each type.

Table 3. Results approach phase

Criteria Scenario

No Mild Heavy
Max. CTE [m] 1.0307  1.1549  1.8392
Avg. CTE [m] 0.1544  0.2320 0.4496
Max. HE [°] 0.1193  0.1281  0.2900
Avg. HE [°] 0.0143  0.0147 0.0158

The results illustrate that increasing wind and current distur-
bances lead to higher values of both CTE and HE. The average
CTE increases from 0.1544 m in the no-disturbance case to
0.4496 m under heavy conditions. This corresponds to approx-
imately 0.82% of the vessel’s length (LOA = 55 m), indicating
that the controller maintains an accurate trajectory throughout
the approach. The difference between the mild and heavy cases
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is limited, the largest increase in deviation occurs between
the mild and heavy disturbance scenarios. The average HE
increases from 0.0143° to 0.0158°, showing that the vessel re-
mains closely aligned with the reference orientation, even under
environmental influence. As can be seen in Fig. 3, the heading
errors rarely goes over 1° across all scenarios indicating small
orientation deviations during the approach phase. Also, the
maximum values of CTE and HE are substantially higher than
the averages. These peaks are primarily observed during turns
in the reference trajectory, where sharper control actions are
required. These local increases are expected, as turning maneu-
vers demand larger lateral and rotational adjustments that are
influenced by the system constraints. Interestingly, across all
environmental disturbance scenarios, the CTE profiles follow
a similar shape over time. This consistency indicates that the
propsed method is stable and reliable across a range of external
conditions. While the magnitude of the deviations increases
with disturbance intensity, the CTE profile remains nearly un-
changed.

|CTE| and |HE|
——CTE No Disturb
- - -CTE Mild

- CTE Heavy Disturb
1.5 |——HE No Disturb i
~HE Mild
- HE Heavy Disturb | |

0.15

|CTE|
[HE|

0 2! "‘-. ) A ' Vel A m 0
0 200 400 600 800 1000
Iteration

Figure 3. Mean absolute HE during the approach phase

During the hold phase, the vessel’s mooring position is recorded
every 0.8 seconds and evaluated against the mooring criteria
defined in Eq. (21) with 7yeach = 15 m and sgagery = 6 m. These
criteria verify whether both mooring points remain within the
defined reach regions of their respective bollards while main-
taining a safe distance from the quay. Figure 4 visualises the
vessel’s position and alignment during the hold phase, includ-
ing the reach boundaries, safety margins, quay line, and the
outline of the vessel.

Hold-phase Vessel Points A & B with
Mooring Constraints and Vessel Outline

1120 - \
\
/
1100 - v
® Vessel Point A
—, 1080 Vessel Point B
_g ® Current Vessel Location
® Vessel Reference Point
> L
1060 ’ — — —Anchor A Reach
— — —Anchor B Reach
1040 Anchor Point A
Anchor Point B
1020 - - - —Safety Margin
| Quay
350 400 450
X [m]

Figure 4. Mooring position through time

The results for all disturbance scenarios are shown in Table 4.
In each simulation, the vessel successfully met the mooring
criteria at every time step, with zero failures observed across
30 evaluations per scenario, meaning the mooring success is
passed in all cases. The vessel consistently maintained its
final position within the required tolerance bounds under all
environmental conditions. This indicates that, once the vessel
reaches the mooring region, the controller is able to hold
position in a manner that satisfies the spatial constraints of
the mooring system. The absence of failures across all tested
cases highlights that the controller maintains both mooring
points within the required bounds at every time step. Given the
vessel’s size and the presence of wind and current disturbances,
achieving zero failures throughout the entire hold phase is a
strong indication of consistent spatial performance under the
defined mooring criteria.

Table 4. Mooring Feasibility Results

Criteria Scenario

No Mild  Heavy
Amount of successes 30 30 30
Amount of fails 0 0 0
Mooring success (MS) Pass  Pass Pass

The simulations has been performed using an MATLAB In-
tel(R) Core(TM) i7-1365U CPU with 1.80 GHz processor.The
time required to compute the reference is negligible compared
to the NMPC computation time and the overall average time per
iteration is 0.69 seconds, which is below the selected sampling
time for the NMPC, 0.8 seconds.

5. CONCLUSION

This work has developed and validated a high-fidelity method
for autonomous mooring of inland cargo vessels based on
NMPC. Through extensive MATLAB simulations, it was
demonstrated that the developed method reliably converges to
a stabilizing control action under three disturbance regimes.
In the absence of wind and current, both lateral and heading
errors remained within tight tolerances. When subjected to mild
disturbances performance degraded marginally, with a slight in-
crease in cross-track deviation but negligible impact on heading
alignment. Even under heavy disturbances the controller con-
tinued to drive the vessel toward the quay without instability,
although lateral error grew larger. These findings indicate that,
while extreme environmental loads increase positional error,
they do not cause the NMPC to lose stability or fail. Real-
world deployment will involve measurement of noise, actuation
delays, and hydrodynamic effects not captured by the current
model (e.g., bank influence or wave action). Still, the present
results establish a solid baseline: under moderate inland wa-
terway conditions, the NMPC framework reliably guides the
vessel into the mooring corridor with minimal human input.
Future work will narrow the gap between simulation and prac-
tice by enhancing realism and implementation readiness. Key
steps include replacing manual GPS waypoints with automated
path planning to reduce wind and current effects while op-
timizing energy use, modeling environmental forces as time-
varying inputs, and introducing sensor noise and thruster delays
to test controller robustness. Finally, scaled lab experiments
will validate the framework under controlled yet representative
conditions.
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