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Existing studies on multi-vessel formations rarely combine physically based models of ship-ship hydrodynamic
interaction with online formation control, so that energy benefits are typically assessed offline or only
approximated through artificial potentials. This paper addresses this gap by embedding a reduced-order,
hydrodynamics-aware resistance model into a hierarchical formation control framework for multi vessel
systems. A three degree of freedom interaction model is incorporated into the cost function, enabling the
supervisory controller to adaptively optimize inter ship spacing and formation geometry in a speed dependent
and hydrodynamics aware manner. The lower level MPC ensures accurate trajectory tracking and stability
under the guidance of the top level optimization. Four simulation studies are conducted to evaluate the
proposed method. The platooning formation is first analyzed as a reference, followed by the triangular
formation, which achieves balanced tracking performance and stability. The echelon formation is then
examined, demonstrating significant energy savings in medium to high speed regimes while maintaining yaw
stability. Finally, an unconstrained optimization scenario is explored, where the system autonomously adapts
its geometry without prescribed patterns, revealing emergent energy efficient and stable arrangements across
different speed ranges. Results show that the proposed approach not only reduces resistance and improves
energy efficiency but also enhances formation adaptability and robustness under varying operating conditions.
These findings provide new insights into hydrodynamics aware cooperative control and the development of
energy conscious fleet management strategies for future maritime transportation.

1. Introduction resistance and propulsion energy consumption (Phillips et al., 2010a;

Rattanasiri et al.,, 2012, 2015). However, despite these encouraging

Driven by the expansion of global maritime transport and escalating
fuel costs, the shipping industry has placed greater emphasis on achiev-
ing higher energy efficiency and sustainable operations (Chen et al.,
2019). Multi vessel cooperative control has emerged as a novel strategy,
allowing vessels to form coordinated formations that leverage wake
effects and ship to ship interactions to decrease navigational resistance
and realize energy savings (Dong et al., 2022b). Drawing inspiration
from collective behaviors in nature, such as fish schooling (Li et al.,
2020), bird flocking (Andersson and Wallander, 2004), and duck for-
mations (Yuan et al., 2021). This approach optimizes vessel positioning
to harness wake induced advantages, thereby minimizing formation
resistance and improving overall energy efficiency.

Multi vessel formation sailing is widely regarded as a promising
strategy for improving energy efficiency. This theoretical potential has
been substantiated by numerous simulation studies, which demonstrate
that optimizing formation configurations, such as longitudinal spac-
ing and relative positioning which can reduce total hydrodynamic
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results, practical implementation remains limited. Most existing studies
treat inter vessel distances as static optimization variables, overlook-
ing the inherently nonlinear and dynamic nature of hydrodynamic
interactions, which strongly influence both resistance and maneuver-
ability (Xiong et al., 2024). Furthermore, as the fleet size increases,
the complexity of coordination escalates due to additional require-
ments such as collision avoidance, communication delays, and actuator
constraints. Current control frameworks often focus on single vessel
optimization or basic formation maintenance, while the integration of
hydrodynamic interaction models into real time control strategies for
energy aware formation optimization remains largely unexplored.

1.1. Energy efficient sailing and hydrodynamic interactions

Existing literature identifies four primary approaches to enhanc-
ing energy efficiency in single vessels: hull optimization, operational
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optimization, propulsion system optimization, and alternative energy
combined with smart energy management. Hull optimization focuses on
refining the hull shape and auxiliary structures to reduce navigational
resistance. For instance, Yanuar et al. (2012) employing bubble drag
reduction to minimize direct hull water contact and thereby lower
frictional resistance. Moreover, optimizing the bow or overall hull form
further contributes to resistance reduction (Wang et al., 2025; Xue
et al., 2022). Operational optimization encompasses three main strate-
gies: speed optimization (Yan et al., 2024; Li et al., 2023), route opti-
mization (Vorkapic¢ et al., 2021), and trim optimization (Wang et al.,
2018). Propulsion system optimization primarily involves improving
hybrid propulsion systems by exploring various power combinations to
boost efficiency (Hong et al., 2024; Haseltalab and Negenborn, 2019;
Nguyen and Chandar, 2023). Finally, alternative energy and smart
energy management strategies seek to enhance ship energy efficiency
by integrating renewable energy sources (Barone et al., 2024) with
intelligent management systems (Karatug et al., 2024). Overall, these
single-vessel energy-saving measures have achieved significant progress
over the past decade, but their improvement potential is gradually
approaching its limit. To further reduce energy consumption, it is
necessary to explore novel approaches that can provide additional
energy-saving potential.

Beyond single vessel strategies, increasing attention has been di-
rected toward formation based energy saving in multi vessel systems.
Inspired by natural collective behaviors such as bird flocking, fish
schooling, and duck formations, researchers have demonstrated that
optimized relative positioning can lead to substantial reductions in
propulsion power through hydrodynamic cooperation. Simulation stud-
ies on Autonomous Underwater Vehicles (AUVs) (Phillips et al., 2012,
2010b) and Unmanned Surface Vessels (USVs) (Dong et al., 2022b)
have shown that suitable inter vessel spacing significantly reduces
resistance by leveraging wake effects and wave interference.

The fundamental mechanism driving these benefits lies in hydro-
dynamic interactions, including both wake exploitation and inter ship
pressure field modulation. These effects have been analyzed in a variety
of scenarios such as encounters, overtaking maneuvers, berthing, and at
sea replenishment. For example, He et al. (2022a) used CFD simulations
to evaluate formation induced resistance variations and confirmed the
strong dependence of energy consumption on vessel arrangement. Zhou
et al. (2015) investigated hydrodynamic interactions in constrained
waterways and identified optimal fleet spacing to mitigate additional
drag. Dong et al. (2022a) further revealed that sailing near the free
surface alters wave patterns and maneuverability, which has direct
implications for coordinated control.

Although hydrodynamic synergy in formations has been widely
studied, existing methods predominantly rely on static or offline models
and lack real time responsiveness to dynamic inter vessel interactions.

1.2. Formation control strategies and methods

Effective formation control in multi vessel systems hinges on both
coordination strategies and advanced control algorithms. Various struc-
tural frameworks have been proposed, including the leader follower,
Virtual Structure, and Behavior Based approaches. Among them, the
leader follower paradigm remains the most prevalent, where a desig-
nated lead vessel defines the trajectory, and followers maintain pre-
defined spatial relationships. To improve adaptability and robustness,
enhancements such as sliding mode control, switching topologies (Dong
et al.,, 2022¢; Liu et al., 2021a), and event triggered role reassign-
ment (Zhang et al., 2022) have been introduced. The virtual struc-
ture method models the entire formation as a rigid body to enforce
coordinated motion (Dai et al., 2021; Fang et al., 2022), whereas
behavior based models enable decentralized decision making using
local interaction rules for tasks like collision avoidance and spacing
maintenance (Mwaffo, 2024; Liu et al., 2021b).
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Among control methods, MPC has emerged as a dominant frame-
work due to its ability to handle multi objective optimization, enforce
physical and operational constraints, and perform real time decision
making. MPC optimizes a sequence of control inputs over a finite pre-
diction horizon based on a system model, enabling anticipatory control
that is especially well suited for formation scenarios requiring the
simultaneous handling of hydrodynamic interactions, collision avoid-
ance, and energy optimization. Studies have validated its effectiveness
in COLREGS compliant collision avoidance (Hagen et al., 2022; He
et al.,, 2022b) and cooperative operations, such as distributed towing
systems (Du et al., 2021).

Zheng et al. (2014) applied MPC for autonomous vessel trajectory
tracking, highlighting its constraint handling and tracking precision.
Building on this, Zheng et al. (2016) proposed a fast ADMM based
distributed MPC framework for cooperative waterborne AGVs, signifi-
cantly reducing computational overhead. More recently, Tsolakis et al.
(2024) incorporated traffic rules into MPC based trajectory optimiza-
tion, showing that MPC can enforce COLREGs compliant navigation in
complex, real world traffic environments.

To enhance scalability and fault tolerance, Distributed MPC (DMPC)
has gained attention by decentralizing control across multiple vessels.
This approach allows autonomous fleets to operate without reliance
on a single central node, as shown in vessel train formations (Chen
et al., 2018) and cooperative formation scenarios (Tang et al., 2022).
While MPC based methods are powerful, they require accurate system
modeling and significant computational resources.

Consequently, alternative data driven methods are increasingly be-
ing explored. Model Free Adaptive Control (MFAC) eliminates the need
for explicit models, enabling fast adaptation in uncertain maritime envi-
ronments (Wang et al., 2024). Reinforcement Learning (RL) approaches
provide high adaptability and have shown promise when integrated
with MPC to enhance formation control under dynamic and partially
known conditions (Shang et al., 2023). Despite their strengths, RL
methods often require extensive training data and may lack formal
stability guarantees.

In summary, despite modeling and computational challenges, MPC
remains the most promising framework for energy aware formation
control of multi vessel systems. Its optimization based nature allows
for transparent trade offs between energy consumption, trajectory ac-
curacy, and safety constraints. Moreover, MPC provides a structured
platform for integrating physical models, interaction aware objectives,
making it highly suitable for real world deployment in increasingly
complex maritime scenarios.

Despite extensive work on formation control and on hydrodynamic
interactions between multiple ships, most existing control frameworks
either neglect ship-to-ship interaction or embed them only implicitly
through conservative safety margins or artificial potential fields. Energy
savings from formation are then assessed offline, rather than used
directly as an online control objective. Conversely, recent hydrody-
namic studies on ship formations and ship-to-ship interactions provide
detailed resistance and load characteristics as a function of spacing,
layout, speed and water depth, but are rarely translated into real-
time configuration decisions for multi-vessel control. This disconnect
between hydrodynamic modeling and cooperative control motivates
the present work.

1.3. Objective and contributions

This paper makes the following contributions.

1. A physically informed energy modeling framework is established
for close-spacing formations. Total resistance is decomposed
into frictional, pressure and wave-making components, and aug-
mented with a Kelvin-wake inspired interaction term that de-
pends on formation layout, longitudinal and lateral gaps, and
Froude number. This yields an effective resistance model for the
fleet that links configuration and speed to energy consumption.
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2. A hierarchical, hydrodynamics-aware formation-control archi-
tecture is proposed. A supervisory decision layer optimizes con-
figuration, inter-ship spacing and speed for energy efficiency,
while a lower MPC layer enforces vessel dynamics, actuator lim-
its and minimum-separation constraints. This separation keeps
the online optimization small-scale and allows the use of stan-
dard quadratic programs in the MPC layer.

3. The decision layer employs a speed-dependent weighting scheme
that balances energy efficiency and formation-keeping. At low
speeds, the weight on spacing and trajectory tracking dominates
to preserve cohesion and safety when hydrodynamic interactions
are weak. At higher Froude numbers, the energy term gains
importance so that the controller can exploit beneficial wake and
pressure effects while respecting safety constraints.

4. The framework is evaluated on a three-vessel fleet sailing seg-
ments in platooning, triangular and echelon formations, as well
as a free-formation configuration. Comparative simulations
quantify how energy savings, tracking performance and safety
margins trade off across formations and operating regimes,
and illustrate the computational scalability of the proposed
architecture for small fleets.

The choice for a hierarchical configuration-tracking structure re-
flects a compromise between model fidelity and online tractability.
Centralized nonlinear MPC with full hydrodynamic coupling would
in principle capture all interactions, but quickly becomes computa-
tionally prohibitive and hard to tune for larger fleets. Potential-field
or purely kinematic approaches are lighter to implement, yet they
typically lack a direct link to physically based resistance models and
thus offer limited insight into energy savings. In contrast, the proposed
architecture uses a reduced-order, Kelvin-wake-based resistance model
in a small-scale nonlinear program at the supervisory level, while the
tracking layer remains a standard, constraint-handling MPC. This yields
an energy-aware controller that retains physical interpretability and
remains implementable for small to medium-sized formations.

1.4. Outline

The remainder of this paper is organized as follows. Section 2
introduces the system dynamics of ASVs, the longitudinal and lateral
interference force formulations, and the energy consumption model.
Section 3 presents a hierarchical control framework, where the upper
layer optimizes formation geometry for energy efficiency, and the
lower layer applies MPC for trajectory tracking. In Section 4, sets up
simulation scenarios and analyzes energy and tracking performance
across formations. Section 5 concludes with a summary and suggests
directions for future research.

2. System description
2.1. ASV kinematic and dynamic modeling

The formation system consists of multi autonomous surface ves-
sel(ASV). The plane motion of a vessel can be described by the 3-DoF
(degrees of freedom) kinematics and kinetics model. The model of the
ASYV; is described based on Fossen (2011):

n; = Ri(yy)y; &)
My, = =C;(v;)v; — D;(v;))v; + 7;,(vi, m) + 7,

where 7, = [x; ¥ wi]T is the vector denoting the ship position
(x;,y;) and heading y; with coordinates in the earth fixed frame;
v = [u v r[]T is the vector denoting the ship velocities in the
body fixed frame containing the velocity of surge u;, sway v;, and
yaw r;; The control input vector is 7, = [, 7, 7,] € R.
The terms M; € R¥3, C; € R, and D; € R¥3 are the mass
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(inertia), Coriolis-Centripetal, and Damping matrix, respectively. Full
details of the hydrodynamic coefficients can be found in Fossen (2011)
The matrix 7;; = [Tixx’TiSy’Tisr]T € R¥S represents the ship to ship
interaction forces and moments. The matrix R;(y;) € R>3 denotes a
rotation matrix, and is given below:

cos(y;) —sin(y;) O
R,(w;) =|sin(y;)  cos(y;) Of. (2)
0 0 1

2.2. Formation geometric configuration

In this study, we focus on a three vessels formation system as
the baseline configuration. This choice is motivated by several con-
siderations. First, a meaningful formation system typically comprises
at least three vessels, which enables the study of spatial coordination
and interaction patterns beyond simple pairwise behaviors. Second,
the geometric diversity of three vessels arrangements improves the
generality of the results, allowing insights to be extended to larger
fleets. Third, a symmetric three vessels configuration provides balanced
lateral forces and yaw moments, contributing to greater formation sta-
bility. Compared to two vessel systems, three vessel formations exhibit
greater potential for total resistance reduction and energy consumption
optimization (He et al., 2022a).

A variety of formation geometries have been proposed in the lit-
erature, including platooning (Liu et al.,, 2017; Liang et al., 2021),
parallel (Almeida et al., 2010), triangular (Liu and Bucknall, 2015; Peng
et al., 2017), V shaped (Lv et al., 2022; Riahifard et al., 2019), eche-
lon (Dong et al., 2022b) and grid based (Luo et al., 2024) configura-
tions. Each structure offers trade offs in terms of hydrodynamic benefit,
formation coverage, communication topology, and control complexity.

For instance, platooning formations maximize longitudinal wake-
riding benefits and are relatively easy to coordinate, but they provide
limited lateral coverage and can be vulnerable to traffic conflicts in
bends and crossings. Triangular layouts offer wider footprints and
improved observability for the leader, at the cost of more complex
communication patterns and potentially stronger lateral interactions
near the apex vessel. Echelon formations strike a compromise, enabling
partial wake-riding along oblique tracks while preserving some lateral
coverage, but they require careful tuning of both longitudinal and
transverse gaps to avoid excessive sway and yaw loads. These trade-
offs are consistent with observations from recent formation-control and
hydrodynamic studies on multi-vessel systems (Zhao et al., 2025; He
et al., 2022a; Dong et al., 2022b).

However, not all formations are suited for energy efficient oper-
ation. Specifically, some layouts, such as parallel, grid, or circular
formations, tend to lack effective wake utilization and may intro-
duce additional hydrodynamic disturbances such as lateral suction or
yaw moment imbalance. As a result, they offer limited potential for
propulsion power reduction.

Given that this study focuses on hydrodynamics aware energy op-
timization, we limit our attention to three representative formation
geometries with promising energy saving characteristics: platooning,
triangular, and echelon formations as shown in Fig. 1. These layouts
not only enable better exploitation of wake effects but also offer distinct
spatial arrangements for analyzing formation control under nonlinear
interaction forces.

In the platooning formation (Fig. 1a), vessels are aligned along
a longitudinal axis, with each follower maintaining the distance S
from its predecessor. This configuration is known for its strong wake
utilization effect, as downstream vessels benefit from reduced flow
resistance by sailing within the wake field of the leading ship. Properly
optimized spacing can reduce both frictional drag and wave making
resistance, thereby enhancing fuel efficiency. However, platooning also
presents challenges:

» Wake stability: When the spacing between vessels is excessively
narrow, turbulent wake flows can destabilize the following vessel.
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Fig. 1. The geometric configuration of formation.

» Path adaptability: Maintaining precise trajectory tracking is
more critical compared to other formations, as minor deviations
can lead to ineffective wake utilization.

In the triangular formation (Fig. 1b), the follower vessels are sym-
metrically arranged behind the leader, forming a staggered triangle.
This layout strikes a balance between wake exploitation and lateral
stability, making it a compromise between platooning and parallel
formations. The triangular formation offers several advantages:

+ Distributed wake utilization: Unlike platooning formations,
where wake utilization is concentrated on a single vessel, the tri-
angular configuration distributes the benefits across both follower
vessels.

+ Improved hydrodynamic balance: The offset arrangement re-
duces the risk of lateral suction and pressure imbalance, common
in tightly spaced side by side formations.

» Yaw moment suppression: The symmetric structure minimizes
yaw disturbances and enhances formation cohesion.

In the echelon formation (Fig. 1c), vessels are placed diagonally
behind the leader, typically on the same side, forming a step like
structure. This configuration allows partial wake usage for one fol-
lower while maintaining a relatively open lateral topology. This layout
enables the trailing ships to intersect the wake region at an oblique
angle, allowing them to avoid the turbulent wake core while still
benefiting from reduced resistance due to favorable flow conditions.
Its key features include:

» Enhanced wake exploitation: By entering the wake zone di-
agonally, the trailing vessel can harness the low pressure region
without being subjected to high turbulence intensity.

» Low trajectory overlap: The formation minimizes path redun-
dancy, enabling flexible motion planning and collision avoidance.

In summary, platooning, triangular, and echelon formations are
selected in this study due to their demonstrated potential for hydro-
dynamic cooperation and energy savings. Each configuration offers
distinct advantages in wake utilization, flow stability, and control
feasibility. To quantify and compare their energy performance under
realistic conditions, the next section develops a resistance based energy
consumption model that incorporates ship to ship interaction effects.

2.3. Energy consumption modeling

Optimizing the energy consumption of multi vessel formations re-
quires establishing a model for the overall energy consumption of the
formation. The primary sources of energy loss during vessel navigation
come from resistance, including frictional resistance, pressure resis-
tance, wave making resistance, and ship to ship interaction forces. This
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section will develop an energy consumption model that incorporates
these key factors and provides corresponding empirical formulas for
use in the optimization of formation control.
The power demand of a vessel propulsion system can be expressed
as (Molland et al., 2017):
Ry XU

Py — 3

where P denotes the total propulsive power, R, represents the total
resistance, and U is the vessel speed. The propulsive efficiency 5
typically ranges between 0.6 — 0.8.

The total surge load on each vessel is written as the sum of calm-
water resistance and additional interaction resistance,

Ryj=Rc;+ Fp;, 4

where Rc; denotes the calm-water resistance of vessel i sailing alone,
and F;; collects the change in resistance due to ship-to-ship interaction
in formation. The corresponding surge component is included in the
load vector 7;; in (1). Sway and yaw interaction loads are treated in a
similar way and are mainly used to assess stability and safety margins
in the simulations.

2.3.1. Calm-water resistance model
For a single vessel, the calm-water resistance is expressed in non-
dimensional form as:

Re; =3 pU}S Cro(Fry, (5)

where p is the water density, U, is the speed through water, S is the
wetted surface area, Fr; = U;/ \/g_L is the Froude number based on
the waterline length L, and Cy (Fr) is the calm-water total resistance
coefficient. In this work: '

Cr.c(Fr) = Cp(Re) + Cp + Cyy (Fr), (6)

where Cp follows the ITTC-1957 line, Cp is a constant form factor
and Cy,(Fr) represents the wave-making contribution obtained from
a standard resistance curve for the chosen hull form (International
Towing Tank Conference, 1957; Molland et al., 2017).

2.3.2. Additional interaction resistance model

In multi vessel formations, wave interference induced by the leading
vessel produces additional hydrodynamic effects on following vessels.
The key factors affecting this additional interaction forces include
formation spacing, which include longitudinal distance S; and lateral
distance S, and vessel speed U, both of which affect the hydrodynamic
interactions among ships. These interactions yield wake utilization
benefits, lateral suction forces, and pressure differentials, all of which
collectively determine the total resistance encountered by each vessel.
Although there are other influencing factors, like the environmental
disturbances such as wind, wave and current, they are neglected in this
study.

The distance between vessels in a formation profoundly influences
the magnitude of hydrodynamic interactions. Depending on the con-
figuration, inter vessel spacing can result in either a reduction in
resistance—via effective wake utilization, or an increase in resistance
due to undesirable interference effects. Moreover, vessel speed plays a
critical role in determining both the nature and magnitude of ship to
ship interaction forces. To accurately evaluate energy consumption and
optimize control, it is essential to formulate a theoretical model that
reflects the wave induced resistance variation at each follower vessel
location.

A surface vessel sailing at constant speed generates a V shaped
Kelvin wake characterized by transverse and diverging waves. Under
linear potential flow theory, and assuming small amplitude (small dis-
turbance) waves (Newman, 2018), the free surface elevation generated
by a single vessel can be approximated by:

(x5, yi;) = Acostkx;; + kyy; ;) 7)
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Fig. 2. Formation control structure.

where #;; is the free surface elevation generated by the ASV; at the
location of ASV. x;; = |x;—x;| and y;; = |y; —y;| represent the
longitudinal and lateral spacing between ASV; and ASV;. A is the wave
amplitude, k = 2z/4 is the longitudinal wave number, k, = ktan 6y is
the lateral wave number associated with the Kelvin angle 6 ~ 19.47°,
and A is the dominant wavelength.

For each follower i, only the most influential upstream vessels
are considered. In this work, we assume that at most two upstream
neighbors contribute significantly to the wave field at i, namely the
leader and, when present, the closest preceding follower on the same
side of the formation.

Let W, denote the set of upstream neighbors of vessel i. To keep
the interaction model simple and focused on dominant effects, N is
restricted to at most two vessels: the leader and, if applicable, the

closest follower directly ahead of i in the same lane. The free-surface

elevation at follower i is then approximated as:

n = Z ”ij(xijsyij)a (8)
JEN;

where 7;; is the Kelvin-wave contribution generated by vessel j at the
position of vessel i.

According to linear wave theory (Dean and Dalrymple, 1991), the
pressure perturbation near the free surface is approximately propor-
tional to the local slope of the wave elevation, represented by the
spatial gradient of #. This relationship can be simplified as:

Ap x Vg, ©

where Vi denotes the surface gradient, reflecting the local wave in-
duced tilt. This approximation is widely used in small disturbance
hydrodynamic models to relate wave shape to pressure field variation.

The additional resistance acting on the ASV; due to ship to ship
interaction can be assumed proportional to the square of the local slope,
representing the magnitude of wave impact regardless of its direction:

on; 2
F, — ] . 10
I; 53 <()X> (10)

However, this formulation cannot distinguish between thrust aiding
and thrust resisting effects, since it is always non negative.

To account for the thrust and resistance distinction: Riding in a
wave trough induces a propulsive effect (drag reduction). Riding on a

wave crest induces resistance (drag increase). Thus, the model is refined
to incorporate curvature:

32711'

ox2’ an

Fy oo X

To further refine this expression and account for slope directional-
ity, which affects wave loading asymmetry, we introduce a slope sign
term:

o’n; i on;
F,i(x)=K><;1,~><ﬁ><51gn 5 ) 12)

where F; denotes the additional ship to ship interaction forces of ASV;,
K is a proportionality constant, sign(-) indicates the slope direction.

Consequently, the energy consumption model for formation com-
prising three ASVs can be expressed as follows:

3 3

Er =Y (Re,x Vi) + X (Fr xV;). 13)
i=1 i=2

where the first summation captures the calm-water contributions and

the second summation adds the interaction-induced resistance of the

followers.

Assumptions and validity. The interaction model is a reduced-order
approximation based on linear Kelvin-wave theory. The flow is assumed
inviscid and irrotational, the free-surface disturbance is small, and
the dominant wave component of each vessel is represented by a
single harmonic with fixed Kelvin angle and wavelength. Superposition
is applied, but for each follower only the leader and at most one
additional upstream follower on the same side are taken into account,
since more distant vessels have a much weaker influence in the close-
spacing regimes considered here. The model is intended to capture
qualitative trends, not exact loads, and is used to guide spacing and
layout optimization in the hierarchical MPC framework rather than to
replace detailed hydrodynamic analysis.

3. Formation control framework

Building on the modeling in Section 2, this section presents a
hierarchical formation-control framework that integrates the Kelvin-
wave-based interaction model into an online optimization and tracking
scheme. The architecture, sketched in Fig. 2, the framework is com-
posed of three layers: the decision layer, the control layer, and the
physical layer.
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Decision layer: At this level, the current sailing speed V,(r) and
configuration state #,(r) are the input into an Energy Consumption Model
to evaluate the total energy Er(t). Weight Adaptive Adjuster determines
the trade off between energy efficiency and formation accuracy through
dynamic weight coefficients w,(r) and w,(r), based on speed sensitive
mechanisms (e.g., Froude number driven sigmoid functions). These
are passed to a Multi Objective Optimizer, and also the initial state of
formation X lf’ . The optimizer outputs the optimal desired speed V,(t)
and spatial configuration #,(), which are transmitted to the lower
layer.

Control layer: The Formation MPC Controller receives V(1) and n,(t)
as reference targets and generates real time control commands z;(r) for
each ASV, taking into account system dynamics, control constraints,
and predicted ship to ship interaction effects.

Physical layer: This layer represents the actual vessel fleet, consist-
ing of a leader ASV and multiple follower ASVs. Each vessel executes
the thrust and steering commands 7;(rf) computed by the MPC con-
troller. Additionally, the current vessel velocities V,(¢) and states #,()
are continuously monitored and sent back to both the lower and upper
layers.

This section presents a hierarchical control architecture composed
of a top level formation supervisory controller and bottom level local
MPC controllers. This two layer design allows for global energy efficient
decision making while ensuring robust real time execution for each ves-
sel. As shown in Fig. 2, the top level controller receives as input a set of
desired formation configuration parameters, The supervisory controller
solves an optimization problem to compute the optimal spacing and tra-
jectories that minimize overall energy consumption while maintaining
formation geometry and tracking performance. These optimal reference
values are transmitted to each vessel’s local MPC controller.

At the lower level, each MPC controller computes thrust and steer-
ing commands that guide the vessel to its assigned position while
considering local dynamics, control constraints, and interaction ef-
fects. This separation of roles ensures global coordination and local
adaptability, supporting the formation’s energy efficiency and safety
goals.

3.1. Decision layer

3.1.1. Energy consumption model

The energy consumption model estimates the total energy expen-
diture of the formation for a given configuration. Its inputs are the
relative positions and velocities of all vessels, and it evaluates the
instantaneous total energy E;(r) according to (13).

At each time step, the value of E, () is passed to the supervisory
optimizer, which uses it with formation keeping terms to compute
the desired speed and spatial configuration that minimize total en-
ergy while maintaining the prescribed formation geometry and control
objectives.

3.1.2. Optimizer

To enable adaptive trade offs between energy efficiency and for-
mation accuracy, a multi objective optimization module is employed
to determine the optimal spatial configuration of the vessel formation.
The optimizer operates at each time step using a cost function that
jointly considers energy consumption and deviation from the desired
geometric layout.

To ensure numerical consistency between objectives, both terms
are normalized by reference values. In particular, the energy term is
normalized using a baseline energy E.., defined as the total propulsion
power required by all vessels operating independently without any ship
to ship interactions. This baseline serves as a physically meaningful
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Table 1
Summary of supervisory optimization problem.
Symbol Role Domain/value
d;; Inter-vessel spacing [d,.’;“", dfl‘?”]
(longitudinal/lateral)
E, Instantaneous energy of vessel i Ry
b'¢ [’ Reference position of vessel i R?
W, W, Weights for energy/formation [0,1], @, + @, =1
error
E, Baseline energy (solo sailing) Given constant
D¢ Reference position deviation Given constant
Dyeom Geometric and safety constraints Min. gap, layout

bounds

upper bound for evaluating formation induced energy savings. The
optimization problem is formulated as:

2

: Eildy) |-t

min Y [y(t) ——2 + wy(1) a2
C— Erer D a4

min max
st d <dy; < d™

dij € Dgeom’ V(i5j),

where d;; denotes the relative distance between ASV; and ASV;. X;(d;;)
and X? denote the actual and desired positions of ASV;. E.s =
Zfi | Rfree - V; is the total propulsion energy of all vessels in non
interacting navigation; D, is a reference distance scale, the maximum
allowable deviation from the desired position. w;, and w, are the
adaptive weights defined in the next subsection, whose values are
related to the current desired speed. Dy, collects simple geometric
constraints such as minimum separation. The output is a set of optimal
desired distances d,.*j, which are sent to each vessel’s MPC controller as
reference targets.

For clarity and reproducibility, Table 1 summarizes the main ele-
ments of the optimization problem (14).

In the current implementation, (14) is a small-scale nonlinear pro-
grammer in the spacing variables. It is solved at each decision step us-
ing a sequential quadratic programming method (MATLAB fmincon,
interior-point option), with gradients obtained by finite differences.
Because the optimization is static and low-dimensional for the three-
vessel case, convergence is typically achieved in a few iterations, and
the computational effort remains well below the MPC sampling time.
The structure of (14) also scales favorably with the number of vessels:
the number of decision variables grows with the number of spacings,
while the evaluation of E;(d; ) relies on pairwise interaction terms. For
larger formations, symmetry or parametric spacing patterns can be used
to keep the problem size manageable.

3.1.3. Weight adaptive adjuster

To enable context aware optimization under varying operational
conditions, this module dynamically adjusts the control weights w,
and w, in the multi objective cost function. The primary basis for
adjustment is the desired sailing speed V,, which reflects strategic
navigation goals such as cruising, maneuvering, or port operations.

The rationale for this design stems from the strong correlation
between vessel speed and hydrodynamic behavior in formation sailing.
At higher speeds, wave making resistance becomes the dominant com-
ponent of total drag. In such regimes, inter vessel wake interactions
offer significant energy saving potential by allowing following vessels
to benefit from reduced resistance. To capitalize on this effect, the
controller prioritizes energy minimization by assigning a higher weight
to the energy term w,, while reducing emphasis on trajectory accuracy.

Conversely, at lower speeds — such as during docking, channel
navigation, or obstacle avoidance - the influence of wave making
resistance is significantly diminished. Under these conditions, main-
taining accurate geometric alignment and safe maneuverability is more
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Algorithm 1 Higher Layer Supervisory Control

Algorithm 2 Low Layer Local Control

Require: Current formation configuration V,(r) and 7.(t), desired
formation shape X I.d, desired speed v,.

Ensure: Optimal inter vessel spacing d7;(1), Reference positions 7, (1),
Reference velocities Vdi o).

1: Step 1: Energy Estimation Compute total energy consumption
E;(1) under current formation configuration using the energy model
according to (13).

2: Step 2: Weight Adjustment Compute the adaptive weights
(), w,(t) using either speed based or Froude number based
strategy ((15) or (16)).

3: Step 3: Multi objective Optimization Solve the optimization prob-
lem according to the cost function (14), subject to hydrodynamic
constraints and geometric limits.

4: Step 4: Reference Propagation Send the optimal reference po-
sition 4/ (t) and velocity V(1) for each vessel i to the local MPC
controller.

critical. Therefore, the weight w, associated with formation tracking is
increased accordingly.

The Froude number is commonly used to determine the hydro-
dynamic regime corresponding to a vessel’s speed. When F, < 0.2,
the vessel is considered to be in a low speed regime; when 0.2 <
F, < 04, it is in a medium speed regime; and when F, > 04, it is
regarded as operating at high speed. To adapt the control weights to
the vessel’s hydrodynamic regime, the weighting function is formulated
as a sigmoid function of the Froude number F,. This allows the system
to prioritize tracking accuracy at low speeds and energy efficiency at
higher speeds. The weighting function is defined as:

(0= - !

IPITROSTISY s

() =1-w,(), ae)

where F,(1) = V"—(’L), F, is the critical Froude number (typically 0.2), and
A controls the transition steepness. This formulation ensures smooth
and responsive weighting adjustment aligned with hydrodynamic en-
ergy saving characteristics.

In summary, the algorithm flow in the higher layer control is
summarized in Algorithm 1.

3.2. Control layer

The local controller for each vessel is implemented within a Model
Predictive Control (MPC) framework, which enables real time trajec-
tory tracking, inter vessel coordination, and constraint handling. At
every control step, each vessel receives its reference position né(t)
and reference velocity u;(t) from the decision layer. Based on these
references, the MPC computes the optimal control input 7;(r) that
minimizes control effort while ensuring accurate trajectory tracking
and compliance with operational constraints.

In addition to conventional vessel dynamics and input constraints,
the local controller also considers hydrodynamic interaction forces that
arise due to the proximity of neighboring vessels. These interaction
forces — primarily induced by wake effects and flow interference — can
alter the effective resistance experienced by each vessel.

To incorporate the hydrodynamic interaction force F,; derived from
Section 2 into the control inputs of the local MPC, it is necessary to
transform this scalar force — defined along the line of action between
vessels — into the three degrees of freedom (DOF) generalized force
vector in the vessel’s body fixed coordinate frame.

The transformation is achieved using a directional mapping ma-
trix J(w;;), which projects the interaction force into surge, sway, and

Require: Predicted hydrodynamic interaction 7,,(r), reference trajec-
tory nfj(t), Vdf () from the supervisor controller, current vessel state
x; (). '
Ensure: Optimal control input 7/(¢) for each vessel at current time step
according to (17)—(18).
1: Step 1: Construct the augmented system state to the x/(k).
2: Step 2: Compute thruster forces and moments z;(¢) according to the
cost function, system dynamics and constrains (19).
3: Step 3: Repeat from Step 1 at next time with updated states.

yaw components based on the relative bearing angle y;; between the
interacting ASV; and ASV;:

Tisx(t)
Tis(t) = Tisy(t) = J(Wij) : FIv i(l), (17)
Tixr(t )
where J(y;;) is the rotation matrix that transforms coordinated based
on the direction angle y;; of the neighboring vessel. The matrix is given
below:

cos(y;;)
Sin(‘l’,‘j) 18)
1; sin(y;;)

J(ll/ij) =

where /; being the transverse distance from the center of gravity to
the point of action. This formulation ensures that the scalar hydrody-
namic interaction force F; is correctly incorporated into the multi DOF
dynamics of each vessel.

U’i(k)
v'(k)
the MPC controller solves the following optimization problem over a
prediction horizon N, and control horizon N.:

Define a new system state x'(k) = [ . At each sampling instant,

Np

min Z Hxi(k) - x;(k)H; + % ||Ari(k)||f{i
i k=0

arih) =
st x'(k+ 1) = f(x'(k), 7' (k)),
T'(k) = T'(k — 1) + AT’ (k), 19
Unnin < V' (K) < U
< Tk) < T

< Ati(k) < At

Tmin
Armin max*
where 7 (k) denotes the predicted state of vessel i at time step k, and
1, (k) represents the desired reference trajectory assigned to vessel .
vi(k) denotes the predicted velocity of vessel i at time step k, and
vi{(k) represents the desired velocity assigned to vessel i. The term
Ati(k) denotes the control increment, which penalizes rapid changes
in thrust or rudder input to ensure smooth actuation. Q; and R; are
the weighting matrices that balance the importance between trajectory
tracking accuracy and control effort, respectively.

The main process steps of the local control are summarized in

Algorithm 2.
4. Simulation and experiments

To evaluate the effectiveness of the proposed control framework, a
series of experiments are conducted, followed by a detailed discussion
and analysis of the results. The test cases focus on three representa-
tive formation configurations — platooning, triangular, and echelon —
allowing a comparative assessment of energy efficiency and control
performance under typical spatial layouts.

The experiments employ the “TitoNeri” model developed by the
Researchlab Autonomous Shipping (RAS) at Delft University of Tech-
nology. The hydrodynamic parameters of the model are documented
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in Haseltalab and Negenborn (2019). To capture high speed operational
behavior, the thrust input limits are scaled to enable a maximum
vessel speed of approximately 1.5 m/s. This setup ensures a repre-
sentative evaluation of the proposed control strategy under dynamic
maneuvering conditions.

Two operational regimes are considered. At low speeds, the control
objective emphasizes maintaining high formation keeping accuracy and
precise trajectory tracking, which are essential for navigational safety
and structural cohesion within the fleet. In this regime, hydrodynamic
interactions are relatively weak, and the control system prioritizes sta-
bility and robustness. At higher speeds, hydrodynamic effects — such as
wake interactions and lateral suction — become more pronounced and
significantly affect energy consumption. Under these conditions, the
control focus shifts toward minimizing total fleet energy usage by ex-
ploiting these interactions through optimized formation configurations.

To test the behavior under varying speed conditions, a piecewise
constant reference speed profile was designed to simulate gradual
acceleration and deceleration. The profile spans a total of Nps = 360
discrete time steps, divided into uniform step intervals of 4n = 30 steps
each.

The reference speeds were defined to increase linearly from a min-
imum value U;, = 0.1 m/s to a maximum value U, = 1.5m/s, and
then decrease back to U,,,. The resulting stair shaped speed levels are

stored in the vector Uleyers = (U}, Uy, ..., Uy, ], where:

N, steps
Mintervals = an |

For any normalized simulation time ¢t € [0, 1], the corresponding
reference speed is defined by:

(20)

1-N, steps
Uref(t) = Ulevels(k)’ where k= [A—n]

4.1. Experiment I: Platooning formation

To evaluate the performance of energy efficient platooning for-
mations under variable speed navigation, we conducted a simulation
experiment where three ASVs were arranged in a linear formation. The
initial configuration was set with a longitudinal separation of 1 meter
and zero lateral offset between adjacent vessels.

The core objective of this simulation is to investigate the impact
of speed adaptive formation control based on a multi objective opti-
mization framework. Specifically, the formation is expected to maintain
trajectory tracking accuracy at low speeds while minimizing total en-
ergy consumption at higher speeds by adjusting the inter ship distances
dynamically.

Additionally, to ensure that the vessels maintain a platooning for-
mation throughout the simulation, an additional spatial constraint is
imposed on the lateral spacing between ships. Specifically, the lateral
distances S,; and S,, between the leading vessel and each follower are
restricted as:

Sy1. S, <0.1m (21)

Fig. 3 shows the trajectories of the leader and two followers during
the platooning simulation under the variable-speed reference profile.
The leader follows a straight trajectory along the X-axis, while the
two followers adjust their positions according to the decisions of the
upper layer. As speed increases, the longitudinal distances gradually
grow, reflecting the controller’s tendency to enlarge spacing at higher
speeds in order to exploit favorable wake regions and reduce resis-
tance. When the reference velocity decreases, the inter-ship distances
smoothly return toward their initial configuration, indicating that for-
mation cohesion and tracking accuracy are again prioritized at low
speeds.

Fig. 4 illustrates the time evolution of surge velocity u, sway velocity
v, and yaw rate r for the three vessels in platooning formation. It can
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Fig. 3. The trajectories of three ASVs under platooning formation.

be observed that all three vessels maintain consistent velocity profiles,
reflecting the effectiveness of the control scheme in ensuring dynamic
synchronization and coordination within the formation.

Fig. 5 illustrates the tracking performance of both longitudinal and
lateral distances between the leader and each follower during the
platooning formation maneuver. The black lines represent the desired
reference distances, while the blue and green lines correspond to the
actual longitudinal and lateral distances, respectively.

It can be observed that as the reference speed increases, the longi-
tudinal distances between vessels gradually expand in accordance with
the optimized spacing strategy. This behavior reflects the top layer con-
troller’s ability to adaptively adjust inter ship separation to minimize
overall energy consumption at higher speeds. The lateral deviations
remain minimal throughout most of the trajectory, confirming that the
followers are able to maintain alignment behind the leader in a nearly
ideal platooning configuration.

Once the speed begins to decrease, both the longitudinal and lateral
distances return smoothly to their nominal values. This demonstrates
the effectiveness of the formation control scheme in balancing energy
saving objectives and formation accuracy across varying speed regimes.

To quantitatively evaluate the effectiveness of energy saving in the
platooning formation, we compare the total energy consumption in the
formation scenario with a non cooperative (solo navigation) baseline.
The total energy consumption E; in the formation is computed by
summing the propulsion power of each ASV, including the effects of
hydrodynamic interactions as Eq. (13).

For comparison, the baseline energy consumption E?ase assumes
each vessel sails independently without interaction forces:

3

E?ase — Z (RC,i . Vi) (22)
i=1

The overall energy consumption percentage index %EC is then
defined as:

ET _ E?ase
%EC = ————— x 100 (23)

El;ase

A negative value of % EC indicates net energy savings due to forma-
tion effects, while a positive value reflects increased energy usage due
to unfavorable interactions or poor coordination.

Fig. 6 presents the temporal evolution of the total energy consump-
tion index %EC alongside the longitudinal and lateral tracking errors
of both followers in the platooning formation.

As can be observed, the energy consumption index exhibits dynamic
fluctuations as the formation transitions through different speed levels.
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Fig. 5. Tracking performance of inter-ship distances in the platooning for-
mation. Black: reference distance, Blue: actual longitudinal distance, Green:
actual lateral distance.

During the mid to high speed phase (approximately r = 120s to t =
240), the %EC index drops below zero, indicating a net energy saving
effect. This is attributed to the increased inter ship spacing, which
allows the follower vessels to enter hydrodynamically favorable regions
in the leader’s wake and Kelvin wave field, effectively reducing wave
resistance.

Meanwhile, the lateral and longitudinal errors of Follower 1 and
Follower 2 remain within acceptable ranges. A slight increase in lateral
deviation is observed during the energy saving phase, suggesting a
trade off between maximizing energy efficiency and maintaining tight
formation geometry.

Outside the energy saving region, especially at low speeds near the
start and end of the simulation, the %EC index returns to near zero
or positive values. This implies that the benefits from hydrodynamic
interaction are limited or even negative under closely spaced, low speed
conditions. In these cases, the controller prioritizes formation accuracy
by reducing spacing, even at the cost of higher energy usage.

Overall, Experiment I confirms that the energy-aware formation
controller can reduce propulsion energy in a platooning layout while
keeping formation deviations and safety margins within acceptable
limits.

4.2. Experiment II: Triangular formation

The triangular formation, similar with the platooning structure,
is designed to exploit hydrodynamic interaction effects such as wake
utilization and Kelvin wave overlap. Unlike the linear alignment of pla-
tooning formations, the triangular layout provides symmetric spacing
of the follower vessels relative to the leader, enabling both enhanced
flow exposure and formation stability.

In this scenario, the initial state of the formation is configured with a
longitudinal spacing of 1.0 m and a lateral displacement of 0.5 m for the
two follower vessels, symmetrically placed on either side of the leader.
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Fig. 6. Energy Consumption Index and Formation Tracking Errors Over Time.
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Fig. 7. The trajectories of three ASVs under triangular formation.

To maintain symmetry and safety, a constraint is enforced such that the
sum of the lateral distances satisfies:

S, + S,l <0.1m 24)

Fig. 7 shows the trajectories of the leader and followers. The leader
sails steadily along the X-axis, while the followers adapt their positions
according to the variable-speed reference. At higher speeds, the longitu-
dinal distances increase to mitigate yaw disturbances and exploit wake
effects; when the speed decreases, the formation gradually returns to
the initial compact triangular structure.

The surge, sway, and yaw velocity curves show good tracking
accuracy, and lateral/yaw fluctuations remain within safe bounds,
validating the stability and control performance as shown in Fig. 8.
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And we observe that the yaw rate in the triangular case remains lower
and more stable than in the platooning configuration. This is because
the symmetric triangular layout inherently reduces asymmetrical wake
interference that might otherwise induce turning moments.

Fig. 9 shows the longitudinal and lateral distances between the
leader and the followers. Similar to the platooning case, longitudinal
distances expand in the medium-to-high-speed range and contract when
speed decreases, but the lateral offsets remain symmetric.

In Fig. 10, both formations demonstrate energy savings (negative
%EC) at medium to high speeds. However, the triangular formation
shows smoother transitions and slightly lower peak savings compared
to platooning, due to its lateral constraints limiting optimal spacing
flexibility.

In summary, the triangular formation strikes a balance between
hydrodynamic energy saving benefits and spatial symmetry constraints.
Compared to the platooning setup, it achieves comparable energy
efficiency under high speed conditions while offering improved direc-
tional stability due to its symmetric wake alignment. These characteris-
tics make triangular formations particularly attractive for coordinated
operations requiring both efficiency and structural coherence.

4.3. Experiment III: Echelon formation

Compared with the previous two configurations, the echelon for-
mation arranges both follower vessels on the same side of the leader
in a diagonal alignment, enabling them to enter the leader’s wake and
Kelvin wave field at an oblique angle. This allows the followers to avoid
the turbulent core while benefiting from favorable hydrodynamic in-
teractions for drag reduction. This experiment evaluates the combined
energy-tracking performance of the echelon structure under variable
speed sailing.

The initial longitudinal spacings are set to (S;,.S;3;) =
(0.5m,1.0m), and the lateral offsets to (Sp,,Sp3) = (0.5m,1.0m),
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Fig. 11. The trajectories of three ASVs under echelon formation.

with all vessels placed on the same side to avoid track crossing.
To maintain the echelon hierarchy and ensure safety, the following
geometric constraints are imposed:

Sp3>Spr+e, Sp3>Sp,+e =001 (25)

Other weights and the speed profile were identical to Experiment I,
with the top layer adaptively adjusting the energy or tracking weight
according to the Froude number.

Fig. 11 shows three representative time instants. During the medium
high speed phase, the formation spontaneously stretches into a stable
echelon structure: the followers align along a diagonal “stair step”
pattern relative to the leader, maintaining a clear longitudinal offset.
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Fig. 12. Velocity response of the leader and followers in echelon formation. Black: reference trajectory, Orange: leader, Blue: follower 1, Green: follower 2.

The black arrows highlight the persistent relative positions within the
leader’s favorable wake sector. The enlarged circles further illustrate
the smooth geometric transitions through acceleration, cruising, and
deceleration phases, with the formation gradually contracting at low
speeds while retaining the echelon layout.

Fig. 12 presents the u, v, r responses of all vessels. The longitudinal
speed u closely follows the reference for all vessels. The lateral velocity
v remains minimal, with only negligible perturbations at accelera-
tion/deceleration transitions. The yaw rate r exhibits near zero mean
oscillations with lower amplitudes than in the parallel case, indicat-
ing that the echelon arrangement effectively suppresses yaw moments
induced by asymmetric pressure distributions, thus maintaining good
directional stability.

Fig. 13 shows the longitudinal and lateral distances from the leader
to each follower, with references (black dashed) and actual values.
As speed increases, the top layer optimizer extends the longitudinal
offsets: S, , peaks at about 1.5m and S, ; approaches 2.8 m. Lateral
offsets remain moderate (~ 0.6m and 1.2m) to align with Kelvin wave
crests/troughs and avoid the strong suction effects observed in parallel
formations. In the deceleration phase, both longitudinal and lateral
distances return smoothly to their initial values without noticeable
overshoot.

Fig. 14 shows the total energy consumption percentage index %EC
alongside the longitudinal and lateral tracking errors of both followers.
In the medium high speed interval (x~ 120-240 s), %EC drops below
zero, reaching a minimum of about —6%, indicating a net energy
saving effect. During this phase, the lateral errors increase slightly but
remain within acceptable bounds. At low speeds, % EC returns to near
zero or slightly positive values, as the top layer priorities compact
structure and tracking accuracy over energy optimization. Overall, the
echelon achieves greater energy savings than the triangular formation
in medium high speed conditions, with peak savings comparable to
or slightly better than the platooning case, while maintaining superior
yaw stability compared to the latter.

4.4. Experiment IV: Free formation

The final experiment investigates the optimal multi-vessel behavior
under varying speeds when no explicit formation-geometry constraints
are imposed. Unlike the previous experiments, which examine prede-
fined configurations and their energy-tracking trade-offs, this study fo-
cuses on how the decision layer optimization allocates relative positions
based solely on the control objective.

The control objective here is not to minimize energy consumption
alone, but to achieve an optimal balance between vessel tracking
performance, hydrodynamic interaction effects, and control effort. The
top layer cost function retains the weighted energy and tracking terms,
but no fixed reference formation offsets or relative position constraints
are enforced, except for a minimal safety separation:

D > Dy =0.3m, Vi#j,

(26)
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Fig. 13. Tracking performance of inter ship distances in the echelon for-
mation. Black: reference distance, Blue: actual longitudinal distance, Green:
actual lateral distance.
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Fig. 14. Energy consumption index and formation tracking errors over time.

to prevent vessel overlap. The speed profile is identical to the previous
experiments, allowing for direct comparison of optimization behavior
across different Froude number regimes.

As shown in Fig. 15, the formation evolves dynamically under the
unconstrained scenario, adapting to different velocity regimes. During
the medium to high speed intervals, the formation naturally transitions
into an asymmetric echelon structure, where the two follower vessels
are positioned on either side of the leader with slight longitudinal off-
sets. This echelon layout effectively avoids high resistance zones such
as the turbulent wake core and destructive Kelvin wave interference
regions, thus achieving optimal energy savings during this period.

At lower speeds, the system tends to adopt a more compact, nearly
triangular configuration in which the vessels maintain relatively bal-
anced positions. This layout offers enhanced tracking stability with
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acceptable energy consumption, consistent with the findings of Exper-
iments II and III.

The corresponding surge, sway, and yaw responses are shown in
Fig. 16. The longitudinal speeds of all three vessels closely follow the
reference profile, while lateral velocities remain small and yaw rates ex-
hibit only moderate oscillations. This confirms that the free-formation
controller maintains dynamically synchronized motion and acceptable
stability, even as the layout adapts to changing speed regimes.

Fig. 17 shows that even though the optimizer is free to reshape
the formation, the inter-ship distances remain within the prescribed
safety bounds and vary smoothly across acceleration, cruising, and
deceleration phases. This indicates that the decision layer can adjust
spacing for energy benefits without sacrificing basic cohesion and
collision avoidance.

As illustrated in Fig. 18, the energy consumption index (%EC) ex-
hibits significant dynamic variation throughout the simulation period.
In the early stages (0-60 s), when the reference speed is relatively
low, the optimizer sacrifices some consistency in relative positioning
to achieve smoother velocity responses and reduced control effort.
The energy index fluctuates around zero, occasionally becoming neg-
ative during high speed phases, indicating incidental energy savings
driven by advantageous positioning rather than a targeted energy
minimization strategy.

Between 90s and 270s, the reference speed increases to its peak.
During this phase, the formation adaptively reshapes into an echelon
structure, as shown in the trajectory and distance plots. Correspond-
ingly, the energy saving index drops below zero, reaching as low as
—5%. This negative %EC clearly reflects a net energy saving effect,
primarily due to wake alignment, reduced wave making resistance,
and constructive Kelvin wave interference. This result confirms the
controller’s ability to exploit hydrodynamic interaction for efficiency
in high speed regimes.

In the deceleration phase (270-360s), as the speed decreases, the
system gradually transitions back toward a more symmetric structure.
The energy index trends upward again toward 0, indicating the dimin-
ishing benefit of wave based interference exploitation. Importantly, the
lateral and longitudinal formation errors remain low, suggesting that
the system maintains high tracking fidelity without sacrificing control
precision for energy efficiency.

Taken together, the four experiments show that the proposed hi-
erarchical, hydrodynamics-aware control framework can (i) recover
meaningful energy savings in close-spaced formations, especially at
medium-to-high speeds; (ii) preserve safe inter-vessel distances and
acceptable formation accuracy; and (iii) adapt the layout to operating
conditions, favoring echelon-like structures at higher Froude num-
bers and more symmetric triangular layouts at lower speeds. These
trend-level insights complement the qualitative discussion in previous
sections and support the use of simple, Kelvin-wave inspired interaction
models inside an MPC-based decision and control architecture.

5. Conclusion and future work

This paper has presented a hierarchical MPC framework for energy
efficient formation control of multi-vessel systems, explicitly incorpo-
rating ship to ship hydrodynamic interactions. By embedding a three
degree of freedom interaction model into the cost function, the super-
visory controller adaptively optimizes inter ship spacing and formation
geometry across different speed regimes, while the lower level MPC
ensures robust trajectory tracking and stability.

Four simulation studies were conducted to assess the proposed
approach. For prescribed formations, the platooning case served as a
reference to illustrate how the controller enlarges longitudinal spac-
ings at higher speeds while preserving tight lateral alignment. The
triangular formation provided a balanced trade-off between energy
efficiency and tracking accuracy, with smoother yaw behavior due to its
symmetric layout. The echelon formation achieved the largest energy
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Fig. 15. The trajectories of three ASVs under triangular formation.

reductions in the medium-to-high-speed regime, with net savings of up
to about 5%—6% relative to a solo-sailing baseline, while maintaining
acceptable tracking errors and safety margins. In the free-formation
scenario, where no layout was imposed, the optimizer autonomously
steered the fleet toward an echelon-like structure at higher Froude
numbers and a more symmetric, triangular-like arrangement at lower
speeds. Together, these results demonstrate that simple, physically
motivated interaction models can be used inside a model-based con-
troller to recover meaningful energy savings in close-spaced formations
without sacrificing basic stability or safety.

The main strengths of the proposed framework are threefold. First, it
bridges hydrodynamic interaction modeling and real-time cooperative
control by feeding an interaction-aware energy estimate directly into
the formation decision layer, rather than treating ship-to-ship interac-
tion solely as disturbances or offline corrections. Second, the hierar-
chical architecture separates slow configuration decisions from fast tra-
jectory tracking, keeping the supervisory optimization low-dimensional
while preserving the constraint-handling capabilities of MPC at the
vessel level. Third, the Froude-dependent weighting mechanism allows
the controller to shift emphasis between formation keeping and energy
saving as operating conditions change, leading to speed-adaptive spac-
ing and layout choices that are consistent with known hydrodynamic
trends.

At the same time, several limitations must be acknowledged. The
interaction model is reduced-order and tuned to reproduce qualitative
resistance trends, not to predict exact loads for a specific hull; the
reported energy savings should therefore be interpreted at trend level.
All results are obtained from three-vessel simulations in calm water,
without explicit modeling of wind, current, waves, communication
delays or sensor noise, and without other traffic participants. The
control architecture is centralized, and scalability to larger fleets is
assessed only at the level of computational complexity, not by di-
rect multi-dozen-vessel simulations. Finally, safety has been addressed
through minimum-distance constraints and formation envelopes, but
full compliance with traffic regulations has not yet been enforced.

These limitations motivate several directions for future work. First,
extending the framework to distributed or decentralized MPC archi-
tectures would improve scalability and robustness in larger fleets and
reduce reliance on a single coordinator. Second, coupling the pro-
posed strategy with higher-fidelity CFD data and, ultimately, model-
scale or full-scale experiments would allow quantitative validation of
the interaction model and of the achievable energy savings under
realistic hydrodynamic conditions. Third, integrating environmental
disturbances, weather routing, and heterogeneous propulsion systems
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into the optimization could support more comprehensive energy-aware
voyage planning. Finally, explicit encoding of COLREGs and traffic-
safety constraints, as well as interaction with conventional vessels in
mixed traffic, will be essential steps toward deploying hydrodynamics-
aware, energy-conscious formation control in real inland and coastal
waterways.
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