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Abstract

The formation control of autonomous surface vessels presents significant challenges when operating in close proximity,
where ship-to-ship interaction becomes non-negligible. While conventional formation control methods often neglect these
interactions or simplify them excessively, this paper develops a centralized model predictive control (MPC) framework that
explicitly incorporates a three-degrees-of-freedom interaction model. This interaction model is constructed empirically based
on existing computational fluid dynamics results, offering an efficient and practical way to approximate proximity-induced
forces in real-time. The proposed control strategy enables accurate trajectory tracking and effective disturbance adaptation in
typical formation geometries, including platooning, parallel, and triangular formations. Simulation results demonstrate that
the MPC controller can outperform traditional PID controllers in both tracking precision and interaction robustness across
the configurations. Formation-specific performance differences are also analyzed in detail.

Keywords Multi-vessel systems - Model predictive control - Ship-to-ship interaction - Formation control

1 Introduction

Autonomous surface vessels (ASVs), as an emerging tech-
nology in the maritime domain, have attracted significant
academic and industrial interest in their potential to transform
waterborne transportation and operations. Their applications
span diverse fields, such as remote sensing, maritime surveil-
lance, oceanographic research, offshore energy exploration
[1-4]. Compared to conventional vessels, autonomous ships
provide greater operational efficiency, enhanced safety, and
potential for greener navigation [5]. Compared to a sin-
gle ASV, cooperation among multiple ASVs can improve
the safety, efficiency, and resource utilization of waterborne
transport, thus optimizing overall transport performance [6].
Nevertheless, as the fleet size grows, effective coordination
becomes increasingly difficult—especially under coopera-
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tive control approaches designed to meet multiple objectives
across multiple ASVs.

In cooperative control, formation control is frequently dis-
cussed with the goal of guiding a group of vessels to achieve
a specific geometric configuration while navigating along
a desired path. Three geometric configurations are typically
considered: platooning, parallel, and triangular formation [ 7—
9]. Numerous methods have been proposed to achieve these
arrangements, including the leader-follower method [10-12],
behavioral methods [13], and virtual structure methods [14].
These control strategies not only ensure the overall stability
and coherence of the formation but also provide a structural
foundation for addressing issues such as obstacle avoidance,
path planning, and task allocation during formation sailing.

Designing robust formation motion controllers is inher-
ently challenging due to the nonlinear of the ASV system
and underactuated characteristics, as well as physical con-
straints such as the actuator saturation and path adherence. To
address these challenges, a variety of control schemes have
been proposed, including sliding-mode control [15], adap-
tive and neural-network-based approaches [16], and virtual
trajectory-based predictive control [17]. Among these, model
predictive control (MPC) has received particular attention for
its ability to handle multi-input multi-output systems under
complex constraints while providing real-time optimization.
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Its predictive capability and flexibility make it especially suit-
able for ASVs formation control, where physical limitations,
safety margins, and trajectory tracking must be jointly man-
aged. As a result, MPC has become one of the most widely
adopted frameworks in recent ASV control research [18-22].

However, a critical factor often overlooked in the literature
is the ship-to-ship interaction, which arises when multiple
vessels operate in close proximity. In some practical for-
mation scenarios, the relative distances between vessels are
frequently smaller than twice the vessel length, making the
resulting hydrodynamic interaction forces non-negligible.
These interaction effects can induce significant surge, sway,
and yaw disturbances, potentially undermining the effective-
ness of conventional controllers that do not account for them
[23]. While several studies have reported the influence of
hydrodynamic interactions on vessel behavior through CFD
or experimental analysis, few have proposed dynamic models
that can be systematically applied within a real-time control
framework.

While previous studies—including our earlier work [24]
—have started to investigate these effects in basic two-ship
platooning setups, there remains a lack of generalized models
and formation-wide control strategies that incorporate multi-
axis ship-to-ship interaction.

This study aims to address this gap by developing a
centralized MPC framework that explicitly considers ship-
to-ship interaction. An empirical three-degree-of-freedom
interaction model is constructed using trends extracted from
existing CFD data, allowing efficient approximation of
nonlinear hydrodynamic effects without relying on first-
principles formulations. To improve control performance, the
proposed controller incorporates a coordinate transformation
that decouples yaw-induced sway dynamics, thereby enhanc-
ing lateral stability and tracking smoothness, particularly in
curved trajectories. The effectiveness and adaptability of the
framework are demonstrated through systematic validation
across three typical formation configurations—platooning,
parallel, and triangular—each exhibiting distinct interaction
characteristics. The results highlight the practicality of the
proposed approach in capturing key dynamic effects and
ensuring robust formation control under proximity-induced
disturbances.

In summary, the present paper extends the previous study
in four aspects: (i) we generalise to a three-vessel formation
and consider three representative geometries (platooning,
parallel and triangular) that exhibit distinct interaction pat-
terns; (ii)) we employ a reproducible 3-DOF ship-to-ship
interaction formulation with coefficient sets identified from
CFD-referenced data (Sect. 2.2 and Tables 5, 6 and 7); (iii)
we upgrade the control layer from PID to a constrained
MPC formulation that explicitly handles actuator limits and
penalises control increments; and (iv) we integrate a coordi-
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nate transformation to enable consistent tracking and spacing
regulation across straight and curved manoeuvres.

The vessel motion considered in this paper is described
by a standard nonlinear 3-DOF maneuvering model, which
already captures the internal hydrodynamic nonlinearities of
each ship. The ship-to-ship interaction terms introduced in
Sect. 2 enter the dynamics as additional, geometry-dependent
forces and moment that depend on the relative position and
speed of neighboring vessels. From a control viewpoint, these
interactions therefore act as structured, state-dependent dis-
turbances on top of the nominal nonlinear ship model, rather
than as a reparameterization of its internal dynamics. Var-
ious nonlinear control techniques—such as back-stepping,
sliding-mode and adaptive controllers—could in principle
be designed to cope with internal model uncertainties and
nonlinearities. A systematic benchmark between such con-
trollers and the proposed interaction-aware MPC, however,
would require a dedicated study, including careful tuning and
constraint handling for each method, and would go beyond
the scope of this paper. Here, the emphasis is on demon-
strating how a physically motivated interaction model and
the coordinate transformation introduced in Sect. 3 can be
embedded into a constrained MPC framework, and how this
combined design improves lateral stability and tracking per-
formance in different formation geometries.

The remainder of this paper is organized as follows.
Section 2 presents the modeling framework, including the
empirical ship-to-ship interaction model and the kinematic
and dynamic formulations of the multi-vessel system. Sec-
tion 3 details the design of the proposed model predictive
control scheme. Section 4 conducts numerical simulations
across three representative formation configurations to eval-
uate the control strategy under realistic interaction effects.
Finally, Sect. 5 summarizes the main findings and outlines
potential directions for future research.

2 Formation system modeling

To investigate the impact of ship-to-ship interaction in for-
mation control, we consider a three-vessel formation system,
which serves as the minimal configuration to simultaneously
capture both pairwise hydrodynamic couplings and geomet-
ric complexity beyond simple leader—follower structures.
Compared to two-ship setups, which typically focus only on
surge-direction effects in platooning formations [24, 25], a
three-vessel arrangement enables the study of interaction-
induced disturbances in surge, sway, and yaw directions
across multiple formation geometries (e.g., parallel and tri-
angular).

Moreover, this setup facilitates generalization to larger
fleets by preserving interaction structure and control topol-
ogy, as additional vessels can be incorporated in a modular
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Fig.1 The geometric
configuration of formation

ASV,
b The parallel formation

manner. Similar modeling approaches have been used in
cooperative ASV control and hydrodynamic simulation stud-
ies [26, 27], where three-vessel configurations provide a
balanced trade-off between complexity and interpretability.
Thus, the proposed model and control design are scalable and
can be extended to multi-vessel systems beyond three ships.
As depicted in Fig. 1, each formation configuration—
platooning, parallel, and triangular—plays a role in shaping
ship-to-ship interaction. In all three configurations, the green
vessel serves as the leader, while the blue vessels act as fol-
lowers. The origin of the body-fixed coordinate system is
in the center of the ship, with the X, Y, and Z axes point-
ing to the forward, starboard, and downward, respectively. In
platooning formation (as shown in Fig. 1a), the longitudinal
distance between the two ships is indicated by Sy, without
transverse offset. In parallel formation (as shown in Fig. 1b),
the bows of the hull are aligned and the transverse separa-
tions are S, without any longitudinal offset. The layout of
the triangular formation is shown in Fig. 1c, where L and B
represent the length and width of the ship, respectively.

2.1 Ship dynamics

The formation system consists of a group of three ASVs,
with each vessel modeled in both an earth-fixed inertial ref-
erence frame and a body-fixed reference frame. Each vessel
is assumed to have a plane of symmetry and the heave, pitch,
and roll motions are ignored. The kinematics and dynamics
model [28] of the ASV; are described as follows:

ni = Ri(Yi)v;
M;v; = —C;(vi)v; — D;i(vi)v; — gi(vi, ;) (D
+ s (vi, mi) + T,

ASV4 Leader
X1
“““““““““““““ 1 :
1 1
Sy . R A
: —  'h
a The platooning formation
ASV, .
X,
""""""""" 1sp | Leader
Y,

Y

¢ The triangular formation

where n; = [xi yi I/Ii]T is the vector denoting the ship
position (x;, y;) and heading v/; 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;; gi(ni, vi) € R3 denotes the
unmodeled hydrodynamics. The control input vector is 7; =
[‘L’,’u Tiv r,',]T € R3. The terms M; € R3*3, C; € R3*3, and
D; € R3*3 are the mass (inertia), Coriolis-centripetal, and
damping matrix, respectively. tjs = [Tisus Tisv, 7] € R3
is the ship-to-ship interaction forces and moments. R; (1;) €
R3*3 denotes a rotation matrix. These matrices are given
below:

nmii; 0 0
M;=| 0 ma; ma3|,
0 mp3; m33;
dii(ui) 0 0
D;(v;) = — 0 dypi(i,r) dozi(vi, 1) |,
0 d3i(vi, 1) ds3zi(vi, 1)
B 0 0 —miV; — M23iF;
Ci(v;) = 0 0 myiu; )
| M2V + mo3ir; —myiu; 0
[cos(¥;) —sin(y;) 0
Ri(Y;) = | sin(y;) cos(y;) O] . (2)
0 0 1

2.2 Model of ship-to-ship interaction

Hydrodynamic interactions between ships in formation are
influenced by factors such as ship geometry, navigation
speed, inter-ship distance, water depth, and environmental
conditions. In this paper, the ships are homogeneous ASVs,
with the focus mainly on speed and inter-ship distance. When
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the longitudinal distance between two ships exceeds twice the
length of the vessel, the hydrodynamic effects nearly vanish
[29]. Consequently, this study addresses ship-to-ship inter-
action primarily at shorter distances—specifically, when the
longitudinal gap is under twice the vessel’s length and the
lateral gap is under twice its width.

Ship-to-ship interaction generally arise when vessels oper-
ate in close proximity, causing hydrodynamic forces that can
lead to attraction or repulsion. Many studies have investigated
these interactions across various scenarios, such as head-on
encounters and overtaking [25, 30, 31], parallel movements
during replenishment or lightering operations [32-34], and
when ships in formation move in different configurations
[26, 27]. These findings highlight how hydrodynamic effects
can significantly alter a vessel’s motion during ship-to-ship
interaction, underscoring the importance of factoring in these
forces during formation control. However, most of these
studies focus on empirical observation or CFD analysis of
individual cases, and few provide a unified or dynamic inter-
action force model that can be directly integrated into control
system design for real-time applications.

In previous work [24], ship-to-ship interaction forces
were approximated using simplified expressions that only
considered surge dynamics in a two-vessel platooning config-
uration. However, practical formations involve interactions
in all three motion axes—surge, sway, and yaw—which can
affect vessel stability and tracking. Accurately modeling
these effects remains challenging due to the nonlinear and
geometry-dependent nature of hydrodynamic coupling.

To capture these effects without resorting to computation-
ally intensive CFD simulations, we adopt a data-informed,
black-box interaction model. The model is empirically
derived based on relative position and velocity terms and
structured to reflect dominant nonlinear trends observed in
prior CFD studies on ship-to-ship interaction [27, 29, 30].
These studies indicate that surge interaction forces typically
grow approximately cubically with speed, while sway forces
exhibit predominantly quadratic dependence on the lateral
velocity, with yaw moments coupling both surge and sway
motions. Although the proposed model does not provide a
first-principles physical derivation, it serves as an effective
model for estimating proximity-induced forces in real time.

In this study, environmental disturbances such as wind,
waves and current are deliberately excluded from the mod-
elling framework. From a mathematical viewpoint, the
interaction forces in (1) enter the dynamics as external
disturbances and could in principle be superimposed with
environmental loads. However, environmental effects are
typically unstructured, stochastic and slowly varying at the
time scales considered here, whereas ship-to-ship interac-
tion are strongly geometry-dependent and change rapidly
with the relative motion of neighboring vessels. Including
both effects simultaneously would make it difficult to dis-
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entangle their respective impact on the formation behavior
and to assess the specific contribution of the interaction
model. Therefore, in this first study we focus on the struc-
tured, geometry-dependent disturbance component due to
ship-to-ship hydrodynamics, and leave the combination with
stochastic environmental disturbances to future work.

Specifically, for the ASV; when next to the ASV;,
the ship-to-ship interaction forces and moments t7;; =
[Tisu, Tisv, Tisr]. are modeled as:

Tisu = apu’ + (ar2(x; —xj) + 130y — yj))u2 + €1
Tisy = oo1u° + (22(x; — x;) + ax3(vi — ¥))) v* + €

Tisr = @317 + (032 (x; — x;) + @33 — ¥))) V21 + €3,

3)

where the coefficient matrix « = [omn] € R col-
lects scalar hydrodynamic coefficients «,,,, € R identified
from CFD-referenced interaction-force datasets over the
relative-position and relative-velocity ranges considered in
this paper [27]; the resulting coefficient sets for the three
scenarios are reported in Tables 5, 6 and 7. For multi-vessel
formations, the net interaction load on vessel i is computed
by pairwise superposition, T;s; = Zj#i T;«j. No sym-
metry is enforced a priori, i.e., T;«; # —Tj,; in general,
since the upstream flow environment is direction-dependent
in close-spacing operations. The modelling-error term & is
treated as a bounded disturbance satisfying |e|| < &, where
€ is chosen based on the worst-case identification residual.

3 Controller design

The formation control of multi-vessel systems presents sig-
nificant challenges due to the presence of multiple control
inputs, nonlinear dynamics, physical constraints, and some
external disturbances [35]. The complexity is further exacer-
bated by ship-to-ship interaction, which introduce nonlinear
and coupled hydrodynamic forces when vessels operate in
close proximity.

Model predictive control (MPC) has emerged as a pow-
erful framework for addressing such challenges, owing to
its capability to handle multi-input multi-output systems
with constraints while optimizing control performance in
real time. MPC also exhibits strong robustness to dynamic
variations and bounded uncertainties, making it particularly
well-suited for autonomous surface vessel (ASV) formation
scenarios involving interaction effects.

The overall control architecture is illustrated in Fig. 2. The
upper layer generates the desired trajectory and reference
speed for each ASV based on high-level formation objec-
tives. These references are then provided to a lower-level
MPC controller, which computes the optimal control inputs
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Fig.2 Formation control
scheme
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by considering both the vessel’s real-time state and the esti-
mated ship-to-ship interaction forces.

To enhance control performance and facilitate the design
of the model predictive controller, the ASV motion dynamics
are reformulated into a more structured form by separating
kinematics and dynamics. The original system dynamics con-
tain coupling terms such as the yaw moment t;, directly
affecting sway motion due to the off-diagonal inertia term
m23;. These couplings make direct controller design chal-
lenging.

To address this, we introduce a coordinate transformation
that eliminates the direct coupling between yaw and sway by
shifting the sway velocity state to a transformed state variable
[36]:

where §; = % 4)

ma2;

vi = Vi +6iri,

In addition, we define a new auxiliary vector ¢; =
[buis uvis Ori 1T, which captures the residual dynamics exclud-
ing the direct control input:

¢ = Mfl (=Cipvi — Diwpvi — g, m) + 7)., (5

where 7 represents the ship-to-ship interaction forces. These
terms can be viewed as a generalized “drift” vector summa-
rizing the passive system response due to damping, Coriolis
forces, and interaction.

After transformation, the full state-space dynamics of the
ASYV; can be rewritten as:

Xi = uj cos y; — v; siny;,

yi = u; siny; + v; cos ¥,

Vi =i,
i = Gui + !
u; = Qyi _Tiua 6
mii; ©)
- 1 ma3;
Vi =Qyi + ——Tiy + ——Pri,
myo; mop;

~-

1
2
i = ¢ri + ~ i where A; = masim33;i — mas;.

1

7 (6)

AOIN O] e (¢
) 0) w® 2@
(H0) 7s(®)  Follower . Ts.n (_,t) Follower
ASV, ASV,

This transformation decouples certain dynamic terms, par-
ticularly in the sway—yaw interaction, and simplifies the
formulation of predictive control. It ensures smoother lateral
behavior under hydrodynamic disturbances and stabilizes lat-
eral error evolution in formation tasks.

Define X; = [)Ei Yi ¥i u; v; r,-]T as the new system state
variable and U; = [7iy Tiv ri,]T as the control input. The
state space model for i —th ASV is given by:

. R (Yi)vi
X = f(X;,Up) = , yi=PX; 7
f( ) b+ MU, b @)

where the function f(R® x R* — R®) represents the non-
linear equations of the ASV motion model, P is defined as:

b [1 0000 o] and ¢; is as follow:

010000
mao; mp3; o diyi(u;) Tisu
Gui = viri + rP = ui + )
miy; mit; miy; mili
mii; dpi (vi, ri) dp3; (vi, ri) Tisv
bvi = — uiri = Vi — ri + ;
moo; mo; moo; mo;

2
. mpim22j — mys; my1;jmo3; — mp3;my;
bri = i 23i u;vp + 11iM23i 23iMM22j u;r; ®)
A; A;

mao;
- A,l (d33i (vi, r)ri + d32i (vj, i) v;)
I
A; Tisr
+ (da3i (vi, ri)ri + dooi (v, ri)vy) + ——.
mo3; m33;

Assumption The ¢; is invariant over a short period of time
[k, k + nT] [37]. This assumption is reasonable since only
the first element of the optimal control input series computed
is used, and the future control input series is recomputed at
the next sampling time.

Let X,- r = f(Xigr, Uir) be the reference trajectory of
i — th ASV. Perform a first-order Taylor expansion of the
function at the current reference point (X;g, U;g), and then
an approximate discretization method, the Euler method, is
used to discretize the motion state equation, with the sam-

@ Springer



Journal of Marine Science and Technology

pling period denoted as 7', as shown below:

{ Xi(k+T) = AyX;(k) + Bi Ui (k) ©)

i (k) = PX;(k),

where Ajy = I + T - A;, Bk = T - B, A;
% ,and B; = g—{; . Xi
Xi=Xir. Ui=Uir X;=X;r, Ui=U;g

Xi — Xig, Ui =U; — Ujg.

The sampling time is set to 7 = 1 s, which is sufficiently
small relative to the dominant manoeuvring time constants
of the model, so that the one-step linearisation and Euler dis-
cretisation in (9) provide an adequate local approximation.
In all simulation runs, the resulting QP was solved at every
sampling instant using quadprog, and a feasible optimal
solution was obtained without infeasibility or early termina-
tion.

In the actual process, there are actuator increment limita-
tions, actuator saturation, and velocity constraints present in
the system. Therefore, the state variables and control inputs
of the system need to satisfy certain constraints, which are
generally as follows:

AUjmin < AUk + j) < AUj max»
Uimin < Uik + j) < Ui max»
Yimin < Yi(k+J) < Yi max.

j=0,1,..., Ne—1

(10)

where N, is the prediction horizon, N, is the control hori-
zon, AU min and AUj max are the input increment constraints,
Ui min and U; max are the input constraints, y; min and ¥; max
are the output constraints, and the condition AU;(k + j) =
Ui(k + j) — Ui(k + j — 1) must be satisfied. It should be
notedthat N, > Ne,and U;(k+j) = U;(k+N.—1), J =
Ne, ..., Np—1.Tosimultaneously handle the constraint con-
ditions, the new state variable of the system &; (k) is defined
as:

£ (k+ 1) = Aj& (k) + Bix AU; (k)

- 11
5i(k) = Cure (k). an

Xi(k) } Ay — [A,-k Bl-k} By —
’ L - ’ l -

where &; = | ~
Elk |:U,(k - 1) 0m><n Im

B; ~ . . .
|:I’k:|,and Cik = [P 02 . Here, m is the dimension of the
m

system control variables, and n is the dimension of the sys-
tem state variables. For this ASV motion model, m = 3 and
n = 6. For computational simplicity, within the prediction
horizon N, it is assumed that:
Bix+i = Bik,

Aik+j=Aikv j=1725""Np (12)
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According to Egs. 11 and 12, the predicted output of the
system at time step k can be expressed as follows:

Yi (k) = Wi + 0, AU; (k), (13)

where ; (k) represents the predicted output within the predic-
tion horizon N, AU; (k) denotes the predicted input within
the control horizon N., and W;; and ®;; are system matrices.
They are specifically defined as follows:

F i) [ CitAig |
Vitk +2) CikAjy
Y= - Y=~ =~ |,
i®) Yi(k + Ne) k CikAl'k
Lyi (k+ Np) _C‘ikgfzp_
AU; (k)
_ AU; (k+ 1)
AU; (k) = ) ,
AU (k + N — 1)
CikBix 0 0 ]
CikAikBik CikBir -+ 0
o Nl A pNe2p A
O = CikAikN Bij CikA],\cl lBk Ci Bk
CikA;f Bix  CixAS™ Bix -+ CixAigBix
W Np—ls A ANp=2x A <Np—Nes
_CikA,'kp Bik CikAik] Big -+ CikA,'kp Bix |

To enable the ASV to track the desired trajectory quickly
and smoothly, the objective function is constructed based on
deviations in the state variables of the system, control inputs,
and control input increments. When designing the objective
function, both the tracking accuracy and the energy efficiency
of the system inputs should be considered. The objective
function of i — th is defined as follows:

Np Ne—1
L) =Y 15k + DG, + Y [ATik+ Hy (4
j=1 j=0

where Q; and R; are weight matrices, which can be adjusted
according to different control requirements. Based on the
above derivations, the optimization problem for i — th ASV
can be further reformulated as a quadratic programming form
as follows:

- 1 - - -
min J(AU; (k) = S AU; ()" Hyy AU; (k) + Wi AU; (k).
AU; (k) 2
(15)
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where

Hix =2 (0f0i0u + Ri). Wi =20/0 [Wasi k)],

(16)
Q-0 R; 0
Qi=|: " . Ri=| o
0 -0 NpxN, 0. R N,x N
(17)

Given the desired trajectory provided by the top layer, the
centralized MPC-based trajectory tracking for the i-th ASV
can be formulated as the following optimization problem:

argmin J (AU; (k))

AU; (k)

s.t.

Yi(k) = W §; (k) + Oi AU; (k), (18)
AUjmin < AUi(k + ]) < AUj max,

Ui min < Ui(k+j) < Ui max,

Yimin < Yitk + 7) < ¥imax-

Overall, the MPC-based centralized control scheme for
a multi-ASV system considering ship-to-ship interaction to
perform trajectory tracking is summarized in the following
Algorithm 1.

Remark on prediction model vs. simulation plant. The MPC
optimisation relies on the linearised and Euler-discretised
prediction model in (9)—(18) to formulate a convex QP at
each sampling instant, whereas the closed loop results in
Sect. 4 are obtained by integrating the original nonlinear 3-
DOF dynamics. Therefore, the evaluation already involves a
model mismatch between the internal MPC prediction model
and the nonlinear plant, rather than a fully “same-model”
design—test setup.

Although a rigorous Lyapunov-based proof is beyond the
scope of this paper, the proposed MPC formulation follows
the standard structure of stabilizing tracking MPC schemes
for nonlinear systems. The continuous-time ship dynamics
are linearized around the time-varying reference trajectory
and discretised with a sufficiently small sampling period,
leading to a linear time-varying error system with bounded
perturbations due to ship-to-ship interaction and unmodeled
hydrodynamics. The quadratic cost penalizes tracking errors
and control increments, while actuator and state constraints
are explicitly enforced through the quadratic programmer
in (14)- (17). With a positive semi-definite state weighting
matrix @; > 0 and a positive definite control weighting
matrix R; > 0, this programmer is strictly convex and admits
a unique minimizer at each sampling instant. In combina-
tion with the receding-horizon strategy, this yields practical

closed-loop stability in the sense that the tracking error
remains bounded and converges to a small neighborhood of
the reference trajectory, whose size depends on the magni-
tude of the interaction forces and other disturbances. This
behavior is consistent with the simulation results in Sect. 4,
where position and velocity errors remain small for all three
formation configurations.

4 Simulation experiments

In formation control, the initial task is to generate the for-
mation. There are three common formation configurations,
illustrated in Fig. 1. This section conducts formation con-
trol simulations for these three configurations using the same
desired trajectory to verify the effectiveness of the proposed
control strategy. The simulation results will be analyzed and
discussed.

The three ASVs are modeled based on the TitoNeri, the
ASV has length L = 0.97m and beam B = 0.3m (see
[38] and the RAS documentation). The longitudinal and
lateral formation spacings are therefore reported also in
nondimensional form as S; = S; /L, S‘p = Sp/B. In the
considered scenarios, S; € [0.3,2.5] and S‘,, e [0.5,4],
which correspond to close-spacing regimes where ship-to-
ship interaction are expected to be relatively large. The other
parameters of the hydrodynamic model of TitoNeri are shown
in Table 1. The model of TitoNeri replaces the whole damp-
ing part D(vt )v(t) to the drag forces vector Tqpg(¢) shown as
follow:

Tdrag/u (1)) - u(r)
Tdrag/v(‘p(t)) () |, (19)
Tdrag/r (r(1)

Tdrag ) =

where Tdrag/u» Tdrag/v» and Tyrag/r Tepresent the drag forces
and moment in the x, y, and z directions, respectively. Poly-
nomial functions in the x and y directions are determined
by the velocity in the corresponding direction and heading
angles. The polynomial function in the z direction is calcu-
lated by the yaw velocity. The specific formula for vector
Tdrag (1) can be found in the previous work.

In the simulations, the generalized control inputs t; com-
puted by the MPC are applied directly to the TitoNeri
model as body-fixed forces and moment. This corresponds to
assuming that the azimuth thrusters can realize the requested
surge, sway and yaw forces without significant allocation
dynamics or saturation. Such an assumption is common in
high-level motion control studies for small, fully actuated
ASVs, where the thrust allocation module is treated as a
separate low-level layer that distributes the desired gener-
alized force vector to individual actuators [39—41]. In the
present work, we therefore focus on the supervisory for-
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Algorithm 1 Proposed centralized model predictive control algorithm

Require: Desired trajectory y;(t) and yaw ;,(t); Current position y;.(t), velocity
vis(t), yaw angle 1;.(t); Ship-to-ship interaction force 7;5(t)
Ensure: Thruster input 7;(k); ASV state X;(k)

1: for n =1 to ngtep do

2: Discretize the desired trajectory from the top-level planner:

yir(k) =

and pass it to the MPC controller

f(Xir,Uir)

3: Solve the optimization problem (see Eq. (18)) using current state and y;r (k)

to obtain U; (k)

4: Propagate the nonlinear 3-DOF plant model in simulation (e.g., using ode45)

to obtain X;(k + 1).
if target is reached then
Break the loop
end if
end for

o e x

Table 1 Parameters of the Tito-Neri

Parameters Value Parameters Value
m 16.9 Yy —49.2
I, 0.51L Y, 0.0

Xg 0.0 N; 0.0
Xu —1.2 N, —1.8

mation controller and do not explicitly model the thrust
allocation algorithm or detailed thruster dynamics.

4.1 Platooning formation scenario
4.1.1 Setup

The objective is to cooperatively control three ASVs to
navigate along their respective desired trajectories while
maintaining the shape of the platooning formation under
the influence of ship-to-ship interaction. In comparison with
previous work, the desired trajectory consists of a straight
segment followed by a circular trajectory. The parameters of
this simulation are as shown in Table 5.

Where n represents the number of reference points, set as
n = 360 and T represents the size of the simulation step per
unit, setas 7 = 1. The system constraints for ASV motion
control are defined as follows:

) 2 ) 2
2 l<u<|2|, | 2 |<au<|2|.co
-0.5 0.5 -0.5 0.5
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Fig.3 The trajectories of three ASVs under platooning formation

4.1.2 Results and discussion

The results of platooning formation trajectory tracking are
shown in Fig. 3. From + = Os to t+ = 100s, the forma-
tion moves along a straight line along the X-axis. Starting
from ¢+ = 100s, the control objective changes to tracking
a circle with a radius of 4 meters. Based on the inter-ship
distances shown in Fig. 6, the leader ASV and the two
follower ASVs are able to effectively track the desired trajec-
tory while maintaining a platooning formation configuration.
Moreover, when ¢ < 100, the average error and maximum
error during straight-line trajectory tracking are significantly
smaller compared to those during circular trajectory tracking.
This occurs because, during straight-line tracking, the lateral
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thrust and yaw moment are nearly zero, resulting in mini-
mal disturbance to the ASV’s motion. Consequently, only
longitudinal forces from ship-to-ship interaction cause dis-
turbances.

Figures 4 and 5 present the control inputs and velocity
responses of the three ASVs across surge, sway, and yaw
directions. As shown in Fig. 4, during the initial straight-line
phase (r < 100s), only surge thrust (z,) is applied, while
lateral thrust and yaw moment remain close to zero. This
indicates coordinated forward motion with minimal direc-
tional corrections. As the vessels transition into the circular
trajectory, both lateral thrust (7)) and yaw moment (7, ) start
to fluctuate, reflecting the increased control effort required
for turning and curvature adaptation. These inputs stabilize
once each ASV settles into steady circular motion. Despite
the transient fluctuations, all inputs remain within actuator
limits and exhibit convergence behavior, demonstrating the
controller’s stability and constraint handling.

Figure 5 illustrates the evolution of the ASVs’ velocities
in all three degrees of freedom. The actual velocities closely
track the reference commands throughout the maneuver.

Velocity curves are smooth and well-damped, with partic-
ularly consistent yaw rates and lateral velocities during the
circular path. Notably, the two follower vessels initiate lat-
eral motion and yaw rotation slightly earlier than the leader
to preserve formation geometry during the transition, which
is evident in their earlier rise in v and r.

For better analysis and comparison, the following metric
is used for evaluation: average surge velocity error rate e;,, =
% > ,]1\;1 W The results of the PID controller are taken
from the work of [24], where the distance between ships is
1L and the speed is 0.1 m/s. The results are presented in
Table 2.

The results demonstrate that the MPC controller surpasses
the PID controller in both straight-line and circular trajec-
tory tracking. In the platooning configuration, the leader
ASV experiences the lowest overall error among the three
vessels, aligning with the anticipated effects of ship-to-ship
interaction. As illustrated in Fig. 7, the leader sustains the
smallest longitudinal interaction force, which diminishes
with decreasing speed. By contrast, the second follower
exhibits the largest circular tracking error, mainly due to

--7-Leader —7-Follower 1 - - ™-Follower 2
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Fig.5 Velocity of three ASVs under platooning formation
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Table 2 Comparison of control
performance between PID and
MPC

Control method

e, of PID

e;, of MPC

Leader ASV Follower ASV fFollower ASV,

Straight-line trajectory

Circular trajectory

6.45%

3.31% (n < 100) 3.52% (n < 100) 3.32% (n < 100)

0.5% (n > 100) 2.1% (n > 100) 3.9% (n > 100)

%1073

——Leader
—Follower 1
3 ——Follower 2|

0 100 200 300 400
t(s)

Fig.7 Ship-to-ship interaction forces of three ASVs

its early anticipation upon entering the circular path. This
is evident in Fig. 5, where, after 100s, its sway velocity v
undergoes the most pronounced fluctuation. Nevertheless,
the overall errors remain within acceptable bounds.

The simulation results for the platooning formation
demonstrate that the centralized MPC controller achieves
superior trajectory tracking accuracy across all vessels. Dur-
ing curved maneuvers, the leader ASV is minimally affected
by ship-to-ship interaction due to its frontmost position,

@ Springer

while the trailing follower experiences the most pronounced
disturbances. This spatial variation highlights the asymmet-
ric propagation of hydrodynamic effects along the formation
and underscores the controller’s effectiveness in compensat-
ing for such interaction-induced deviations.

It should be noted that the PID benchmark in Table 2 corre-
sponds only to the straight-line segment of the maneuver (r <
100 s). In our earlier study [24], even for a simpler two-vessel
platooning scenario with straight-line motion, a conventional
position-based PID controller already exhibited relatively
large steady-state surge-velocity errors and oscillatory tran-
sients in the presence of ship-to-ship interaction. When the
trajectory is extended with a circular segment and the sce-
nario is generalized to the present three-vessel configuration,
preliminary simulations show that the PID-controlled forma-
tion frequently develops large lateral and yaw excursions and,
in some cases, fails to converge to the desired curved path.
Reporting such non-convergent responses would not provide
a meaningful quantitative benchmark and would be unfairly
unfavorable to PID. Therefore, the comparison in Table 2
is deliberately restricted to the straight-line part of the pla-
tooning case, which represents the most benign operating
condition for the PID controller and already highlights the
performance improvement achieved by the proposed MPC
scheme.
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Fig.8 The trajectories of three ASVs under parallel formation

Although the interaction forces are smaller than the com-
manded surge thrust in terms of absolute magnitude, their
impact should be assessed through the induced state devia-
tions over the mission time scale. Around an operating point,
the linearised surge error dynamics can be expressed as

mu’j = —dyi + Tis,us 21
which yields a steady-state speed bias iiooc = Tis.u/dy
and an accumulated position drift Ax(t) = fé u(o)do.

In close-spacing formations, t;s, acts as a persistent,
geometry-dependent disturbance and may therefore lead to
non-negligible spacing errors if not explicitly accounted for
in the prediction model. For formation keeping, the rele-
vant drift is the relative along-track error. Let S;; denote
the longitudinal spacing error between vessels i and j. Then

Sij = u; — uj, so even small differential biases in surge

speed can accumulate into noticeable spacing errors over the
mission horizon.

4.2 Parallel formation scenario
4.2.1 Setup

The objective of this simulation is to cooperatively control
three ASVs to navigate along their respective desired trajec-
tories while maintaining the shape of the parallel formation
under the influence of ship-to-ship interaction. The parame-
ters of this simulation are shown in Table 6.

4.2.2 Results and discussion

The simulation results for the parallel formation indicate
that the centralized MPC controller maintains good track-
ing performance, comparable to that of the platooning case.
However, the characteristics of the ship-to-ship interaction
differ significantly. In platooning formations, the interactions
predominantly occur along the longitudinal axis, whereas in
parallel formations, the dominant effects appear in the lateral
direction and yaw moment due to the side-by-side configu-
ration.

As shown in Fig. 8, all three ASVs successfully follow
the desired trajectory while preserving the parallel align-
ment. During the curved segment, the lateral thrust and yaw
moment fluctuate more significantly than in the platooning
case, as seenin Fig. 9. These oscillations are directly linked to
the stronger sway and yaw disturbances, which in turn impact
trajectory tracking. Although the lateral velocity v and yaw
rate r are smaller in magnitude than the surge velocity u, their
influence is more pronounced, especially in curved motion.
This is evidenced by the dynamic spacing variations between
vessels observed in Fig. 11.
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Velocity tracking results in Fig. 10 reveal that, during
straight-line motion, the surge velocity errors in parallel for-
mation are nearly identical across all vessels, similar to the
platooning case. However, in circular trajectories, a distinct
reversal pattern is observed: the leader experiences greater
surge velocity deviation than the followers. This contrasts
with the platooning formation, where the leader typically
exhibits the least deviation. The difference can be attributed
to the fact that in parallel formation, the leader is more
directly exposed to the compounded lateral flow field effects
from the two follower ASVs, and its larger inertia makes it
more sensitive to lateral-yaw coupling.

For better comparison with platooning formation, the tra-
jectory is divided into straight-line and circular segments,
using the following indicators: (1) Average surge velocity

error rate e, = % qu\':l %; (2) Average sway veloc-

ity error e;, = % 2111\;1 |vir — virl; 3) Average yaw error

@ Springer

rate e;, = % Zr’:’:] W, 4) Average distance error rate
. — LN |Di=Dig| ;
€D = § Xn=i bl - The results can be seen in Table

3.

According to the results in Table 3, during straight-line
tracking, the parallel formation—despite being less influ-
enced by longitudinal hydrodynamic interactions—achieves
a surge velocity error (e;, ) comparable to that of the platoon-
ing formation. All three ASVs in the parallel case exhibit
nearly identical surge errors (approximately 3.08%), simi-
lar to the tightly grouped errors seen in the platooning case
(3.31--3.52%). However, in the circular trajectory, a clear
reversal trend emerges. In the parallel formation, the leader
exhibits the largest surge velocity error (e;, = 3.27%),
while the two followers achieve notably lower values (e;;, =
3.04%, 3.08%). This contrasts with the platooning forma-
tion, where the leader’s error is the smallest (0.5%) and
the followers experience slightly higher deviations. From
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Table 3 Comparison of control performance across different configurations

Formation configuration ASV Straight-line trajectory Circular trajectory
eiu (%) eiv eir eip eiu (%) ey eir (%) eip (%)
Platooning Leader 3.31 - - - 0.5 0.001 0.5 -
Follower; 3.52 - - 0.08 2.1 0.019 0.8 1.04
Follower, 3.32 - - 0.02 39 0.038 0.9 1.08
Parallel Leader 3.08 8.2e—5 5.9e—4 - 3.27 8.4e—4 3.45 -
Follower 3.07 5.8e—5 2.8¢e—4 0.02 0.31 8.5e—4 3.58 0.05
Follower, 3.08 5.3e—5 2.4e—4 0.01 0.32 8.3e—4 3.34 0.02
-4 -4
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Fig. 12 Ship-to-ship interaction forces and moments under parallel formation

a control perspective, this distinction stems from the spa-
tial interaction structure. In parallel formation, the leader is
directly exposed to the lateral flow disturbances generated
by the followers, and its higher mass inertia makes it more
sensitive to perturbations in sway velocity and yaw rate. As
a result, even small variations in v and r can propagate into
larger surge deviations, especially under curved path condi-
tions.

The corresponding interaction-force profiles in Fig. 12
further clarify this mechanism. In the parallel configura-
tion the vessels sailing abreast experience markedly larger
sway forces and yaw moments than in the platooning case,
with opposite signs for the leader and the followers. These
geometry-induced disturbances correlate directly with the
spacing variations in Fig. 11 and the surge-velocity reversals
observed in Fig. 10, confirming that the lateral and yaw com-
ponents of the interaction model are essential for explaining
the different formation behaviors.

4.3 Triangular formation scenario

4.3.1 Setup

The objective of this simulation is to cooperatively control
three ASVs to navigate along their respective desired trajec-
tories while maintaining the shape of the triangular formation
under the influence of ship-to-ship interaction. The param-
eters of this simulation are shown in Table 7. In the table,
01 =2/3m,6, =—-2/3m.

4.3.2 Results and discussion

The triangular formation exhibits tracking behavior com-
parable to the platooning and parallel configurations, but
introduces more balanced ship-to-ship interaction across all
three degrees of freedom. As shown in Fig. 13, the proposed
control strategy successfully maintains formation geometry
and tracks the reference trajectory, even under combined
surge, sway, and yaw disturbances.

@ Springer



Journal of Marine Science and Technology

Leader Actual Trajectory
14 == == Follower | Actual Trajectory | T
== == Follower 2 Actual Trajectory
12 V¥  Leader Marker

¥  Follower 1 Marker

10 ¥  Follower 2 Marker

- —

6

y(m)

Fig. 13 The trajectories of three ASVs under triangular formation

Compared to the other formations, the triangular setup
experiences moderate oscillations in all control channels

(Fig. 14), with no single DOF dominating the interaction
forces. This is further reflected in the velocity profiles
(Fig. 15), where all three vessels exhibit smooth, well-
damped responses. Notably, lateral and yaw fluctuations are
smaller than those in parallel formation, while surge control
remains as stable as in the platooning case.

Inter-ship spacing remains consistent throughout the
maneuver (Fig. 16), highlighting the controller’s ability to
maintain formation cohesion. Although interaction forces are
present in all DOFs (Fig. 17), their magnitudes are relatively
smaller than in the other two configurations, reducing their
impact on control effort and contributing to improved per-
formance.

According to Tables 3 and 4, during straight-line tracking,
the triangular formation achieves surge velocity errors (e;;,)
between 3.11% and 3.14%, which are slightly lower than
those observed in the platooning formation (3.31--3.52%)
and similar to the parallel case. This suggests that, despite
multi-axis interactions, the triangular formation maintains a
stable surge response. Since lateral velocity v and yaw rate
r are near zero during this phase, control effort is focused
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Fig. 14 Control input of three ASVs under triangular formation
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Fig. 17 Ship-to-ship interaction forces and moments under triangular formation

primarily on surge direction, although residual sway or yaw
effects may still propagate into surge error.

During circular motion, the triangular formation achieves
the best overall performance, with surge velocity errors
reduced to around 0.5% for all vessels. In contrast, both pla-
tooning and parallel configurations exhibit surge errors above
3%. Moreover, the triangular formation maintains balanced

tracking in lateral and yaw dynamics—outperforming pla-
tooning (which neglects lateral/yaw interactions) and closely
matching the stability achieved in the parallel configura-
tion. These results demonstrate the triangular formation’s
robustness and control effectiveness under full-axis interac-
tion conditions.

Table 4 Comparison of control performance across different configurations

Formation configuration ASV Straight-line trajectory Circular trajectory
eiu (%) eiy eir eip (%) e (%) e eir (%) eip (%)
Platooning Leader 3.31 - - - 0.5 0.001 0.5 -
Follower 3.52 - - 0.08 2.1 0.019 0.8 1.04
Follower; 332 - - 0.02 39 0.038 0.9 1.08
triangular Leader 3.12 7.2e—05 5.4e—04 - 0.496 8.4e—04 2.96 -
Follower 3.11 3.74e—05 2.2e—04 0.024 0.494 8.7e—04 391 0.047
Follower, 3.14 3.0e—05 2.3e—04 0.022 0.547 8.5e—04 4.34 0.061
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5 Conclusions and future research

This study proposed a centralized MPC framework for
multi-vessel formation control that explicitly accounts for
ship-to-ship interaction effects using a data-informed, three-
degree-of-freedom empirical model. Unlike conventional
approaches that ignore hydrodynamic coupling or rely on
oversimplified formulations, the interaction model in this
work is constructed and calibrated from existing CFD
datasets, enabling efficient estimation of proximity-induced
forces without resorting to first-principles derivation. To
improve lateral stability and tracking smoothness, particu-
larly in curved trajectories, a coordinate transformation was
introduced in the controller design to decouple yaw-induced
sway motion. The overall framework thus integrates trajec-
tory tracking and disturbance adaptation in a unified setting
and is validated through simulations across three representa-
tive formation patterns: platooning, parallel, and triangular.

Simulation results confirm that the empirical interaction
model, though compact, effectively approximates the surge,
sway, and yaw disturbances caused by neighboring vessels
in close-range operations. The proposed MPC controller
outperforms a conventional PID benchmark in terms of for-

Table 5 Parameters of the platooning formation control simulation

mation stability and tracking accuracy in the straight-line
platooning scenario, where PID remains marginally func-
tional, and maintains bounded, well-damped responses on
curved trajectories and for all three formation geometries.
Formation-specific behaviors are observed: the platooning
formation exhibits superior stability in curved paths, the par-
allel formation is more prone to lateral deviation due to asym-
metric interactions, and the triangular formation provides
relatively balanced performance across all vessels. These
findings highlight the practicality of the proposed approach
in capturing key dynamic effects and ensuring robust forma-
tion control under proximity-induced disturbances.

This work focuses on interaction-aware formation MPC
under a 3-DOF manoeuvring model and neglects environ-
mental disturbances. Future work will (i) incorporate wind,
current and wave loads and actuator allocation where rele-
vant, and (ii) extend validation to higher-fidelity models (e.g.,
6-DOF) and experimental platforms.

Appendix A: Additional simulation parame-
ters

See Tables 5, 6 and 7.

Physical Leader ASV Follower ASV Follower ASV,
xg =0.1n, n < 100 Xp, =xg —1, n <100 Xpy =Xgr — 2, n <100
pi xg = 10 + 4sin(0.02(n — 100)) XR, = xg — c0s(0.02(n — 100)) XR; = xg — 2¢0s(0.02(n — 100))
yr =0, n <100 YR, = YR, n < 100 YRy = YR, n < 100
yr = 4(1 — cos(0.02(n — 100))) YR, = YR — sin(0.02(n — 100)) YRy = YR — 25in(0.02(n — 100))
Xi(0) (0, 0,0.04, 0,0, 0) (-1,0,0,0,0,0) (-2,0,0,0,0,0)
Np, N. 10, 8 10,8 10, 8
[10 0 0} {l 0 O}
Qi, Ri 010010 Same as left Same as left
0010][001
a 0 0 0 0 0 0

0.99 -0.013 0
0 0 0

1.51 —0.014 0
0
0

1.34-0.017 0
0 0 0

0 0}
0 0
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Table 6 Parameters of the

. Physical Leader ASV Follower ASV Follower ASV,
Parallel formation control
simulation xg = 0.1n, n < 100
bi xg = 10 + 45in(0.02(1 — 100)) YR = *R YRy = AR
yg =0, n < 100 0.5 1
yr = 4(1 = cos(0.02(n — 100))) YR = YR =L YR = YR
X; (0) (0,0,0.04,0,0,0) 0, -0.5,0,0,0,0) 0,-1,0,0,0,0)
Np, Ne 10, 8 10, 8 10, 8
10 07100
0Qi, R; 010 0 [.[010 Same as left Same as left
00 10/]/001
00 O 00 O 0o 0 O
a 0.43 0 —7.46 0.49 0 —8.75 0.390 —7.28
2250 =3.1 1940 -2.2 1750 -2.8

Table 7 Parameters of the triangular formation control simulation

Physical Leader ASV Follower ASV Follower ASV,»
. xg =0.1n, n < 100 _ _
pi(x) xg = 10 + 45in(0.02(n — 100)) Ty = X+ cos(1) Xy = Xp + c0s(62)
_ yr =0, n < 100 _ . - .
Pi (y) YR = 4(1 — cos(0.02(n — 100))) YR, = YR + sin(6y) YR3; = YR + sin(6>)
X;(0) (0,0,0.04,0,0,0) (—0.5,0.87,0,0,0,0) (—0.5, -0.87,0, 0,0, 0)
N,, N¢ 10,8 10, 8 10, 8
100 0 100 100 0 1000 100 100
0;, R; [0100},[010] [0100],[010] [0100],[010]
0 0 10 001 0 0 10 001 00 10 001
|:0.81 —0.033 0.008 ] [091 —0.037 70005] [0494 —0.037 —0.011 ]
o 028 1.1 —12.1 035 —24 -725 04 —0.62 —2.21
173 —0.84 —2.1 19.1 —055 -22 179 —1.1 -28
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