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Abstract: This work presents a new approach to the guidance and control of marine craft
via HEOL, i.e., a new way of combining flatness-based and model-free controllers. Its goal
is to develop a general regulator for Unmanned Surface Vehicles (USV). To do so, the well-
known USV maneuvering model is simplified into a nominal Hovercraft model which is flat.
A flatness-based controller is derived for the simplified USV model and the loop is closed via
an intelligent proportional-derivative (iPD) regulator. We thus associate the well-documented
natural robustness of flatness-based control and adaptivity of iPDs. The controller is applied in
simulation to two surface vessels, one meeting the simplifying hypotheses, the other one being
a generic USV of the literature. It is shown to stabilize both systems even in the presence of

unmodeled environmental disturbances.

Copyright © 2025 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. INTRODUCTION

With the increasing number of applications for both sur-
face and underwater autonomous vehicles, a great number
of control methods and guidance principles have been
developed in recent years, but the need for efficient and
robust trajectory-tracking controllers yet remains. In this
work, surface vessels are considered as a reduced case of
underwater vehicles constrained in the horizontal plane.
They are used as a first step towards the design of all-
purpose controllers for underwater craft.

Control of under-actuated surface vehicles has been ad-
dressed in different manners but mostly for path follow-
ing and path tracking applications. See (Pettersen and
Nijmeijer (1998); Breivik and Fossen (2005); Elmokadem
et al. (2016)) for some of the most common methods, and
(Degorre et al. (2023)) for a survey.

In the present work, control of the Unmanned Surface
Vehicle (USV) is addressed with the HEOL setting, a very
interesting candidate for control of marine craft because
of its robustness and adaptability. In order to use this
flatness-based method, a simplified, flat nominal model is
extracted from the USV conventional maneuvering model
and is used to establish the controller. This simple model is

similar to the Hovercraft model which is naturally flat (see
Sira-Ramirez and Agrawal (2004); Degorre (2023), and the
references therein for details).

The so-obtained guidance principle is then applied to
standard USVs and, because of the robustness of the
method, displays good performance in trajetcory tracking
tasks.

This work illustrates the efficiency of HEOL (Join et al.
(2024)), which combines in a new manner the well-known
Flatness-Based Control (Fliess et al. (1995, 1999)) with
Model-Free Control (MFC) (Fliess and Join (2013, 2022))
and the corresponding intelligent controllers. Note that
HEOL has already been illustrated by Delaleau et al.
(2025) and Join et al. (2025). One should however not
forget that

e many concrete case-studies have employed MFC since
almost twenty years: see, e.g., Gédouin et al. (2011)
and Artuedo et al. (2024) among a large list of
references;

e the connection between flatness and MFC has a long
history: see, e.g., Scherer et al. (2023) for a recent
reference.

2405-8963 Copyright © 2025 The Authors. This is an open access article under the CC BY-NC-ND license.
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In HEOL the wultra-local model (Fliess and Join (2013)) is
replaced by a homeostat, which allows the coefficients of
the control variables to be obtained immediately. Here an
intelligent proportional-derivative controller (iPD) (Fliess
and Join (2013, 2022)) is used. The data-driven term,
which helps compensating disturbances and mismatches,
is obtained via algebraic estimation techniques (Fliess and
Sira-Ramirez (2003)).

The paper is organized as follows. Sect. 2 recalls the models
of both the surface vessel and the hovercraft. Sect. 3
sketches the proof of flatness of the hovercraft model.
Sect. 4 develops the iPD. Sect. 6 draws some conclusions.

2. MODEL OF THE VEHICLE

This section introduces the model of the surface vessel
and describes the simplifying hypotheses leading to the
hovercraft model. The models are derived from the well-
known surface vessel maneuvering model described in
Fossen (2021).

In this work, the simplified USV, thereafter called “hov-
ercraft” for simplicity, is considered to be a surface vessel
with a circular hull-shape and homogeneous mass distri-
bution. The added mass and damping parameters are then
equal in surge and sway. This hypothesis does simplify the
surface vessel model, notably making the yaw dynamics of
the vehicle independent of the surge and sway dynamics.

Both models are constrained to the horizontal plane and
both vehicles are considered to be actuated with two
parallel thrusters generating independent surge force 7,
and yaw moment 7,.. They are then ill-actuated with
respect to the positioning tasks at hand, and a guidance
principle is mandatory (Degorre (2023)).

2.1 Surface vessel model

To establish the model of a surface marine vessel, one
needs to consider two different frames: the earth-fixed
inertial frame Ro(Oo, o, Yo, Zo) and the body-fized frame
Rp(OB,xB,yB,2B) centered on the center of gravity
of the vehicle and rotated of an angle @ around =z,
w.r.t. Ro. The variables that appear in the model are:
x,y the coordinates of the vehicle in Rg, the translation
speed components u,v in Rp, the heading angle of the
hovercraft ¢, the rotation speed r of Rg w.r.t. Rg. The
controls are F),, the propulsion force, and I, the rotating
moment normalized in mass. The surface vessel model is:

& =wucosy —vsiny (1a)
Y =usiny +vcosy (1b)
p=r (1c)
= F, + avr — Byu (1d)
0 = bur — Byv (le)
7= I + cuv —r (1f)

the details about the coefficients a, b, ¢, 8., By, are given
in the Appendix.

2.2 Howvercraft model

The hovercraft dynamic model is established using the
surface vessel model (1) and considering a circular hull

Yo

Fig. 1. Schematic representation of the hovercraft.

shape. The mass ratios a, b and ¢ thus become: a = 1,
b= —1/a = —1, ¢ = 0. In the same way, the surge
and sway damping contributions 8, and (3, are equivalent.
Thus: 8, = By, = 8.

With these hypotheses, the kinematic part of the model,
(1a) to (1c), is not modified, and the surface vessel model
becomes:

& =wucosy) —vsiny (2a)
= usiny + vcosy (2b)
b= (2¢)
uw=F,+vr—Su (2d)
0= —ur— fv (2e)
r=1I.—r (2f)

Note that because of the shape hypothesis, the yaw dy-
namics described by Eq. (2f) are independent of the surge
and sway modes of the vehicle.This assumption is obvi-
ously not met in practice on generic surface vessels.

3. FLATNESS OF THE HOVERCRAFT MODEL
3.1 Preliminary remark

While the surface vessel model (1) is notoriously not flat ,
the hovercraft model is flat with the flat output z = [z,y] "
(Sira-Ramirez and Agrawal (2004)). The flatness proof is
briefly recalled here and the reader is referred to (Sira-
Ramirez (2002); Rigatos (2015); Degorre (2023)) for more
details.

3.2 Proof

Set

_ y+5y
1) = arctan (x n 535> (3)

Deriving 9 in Eq. (3) yields the yaw velocity r and the
normalized yaw moment [.:

7"27?.7 F7:w+7¢
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The heading angle expression (3) unlocks expressions of
the surge and sway velocities, as well as the surge force:

u = T cosy + ysiny (4)
v = —&siny + ycosy (5)
F, = (i + Bi) cosy + (§ + By) sinp (6)

The hovercraft (%) has been shown to be flat with flat
output z = [z, y]

3.3 Brunovsky representation

For simplicity, considering the hovercraft model (2), a
first change of input is performed. Because the yaw dy-
namics described by (2c¢) and (2f) are decoupled from
the position dynamics, one can proceed to considering
the yaw angle ¢ as an input of the system instead of
the yaw moment I'.. This change of input is equivalent
to assuming that an additional control stage with much
faster converging dynamics ensures that the heading angle
is almost instantaneously stabilized to the reference value
calculated by the flatness-based guidance principle. This is
a common assumption in marine robotics when developing
guidance principles (Mitchell et al. (2003); Breivik and
Fossen (2005)).

Then, in order to retrieve the Brunovsky-like formulation
(Delaleau and Rudolph (1998); Hagenmeyer and Delaleau
(2003a)) of the system composed of two independent
integrator chains, a second change of input is performed.
The system to control thus becomes:

T =uv, (7a)
Uy = Wy (7b)
Y=y (7c)
Uy = wy (7d)
with the two new inputs w, and w, defined as:
w, = F, cosy — Bu, (8a)
wy = Fysiny — Buy (8b)

The original inputs of the system can be obtained with:

1) = arctan <m> (9a)
Fy = (1w, + fu,) costh + (wy + Bu,) sy (9b)

Remark 1. The singularity introduced in (9) because of
the change of input can be overcome using the well
known arctan2 function and additional usual strategies.
Reference trajectories of the task can also be chosen to
avoid any singularities. See Degorre et al. (2023) for a
precise recall of the arctan2 function.

Remark 2. An additional control stage is necessary to
ensure that the heading angle of the vehicle does converge
towards the reference value calculated with the guidance
principle introduced in the following. As it is often the case
with the conventional Guidance-Control structure used
with autonomous vehicles, the HEOL approach presented
in this work leads to a cascade system. A standard PID or
Sliding Mode controller would be suited to ensure stability
of the lower level, provided it is faster than the outer loop.
The cascade system is depicted on Fig. 2. Note also that
many autonomous vehicles, especially commercial USVs,
feature an embedded autopilot ensuring stability of the
lower level of the cascade.

Yy
—_—>

HEOL usv,

I
Autopilot ————>
v

Fig. 2. Cascade structure
4. DESIGN OF THE CONTROLLER

In this section, the controller combining flatness and
model-free control is designed. It associates the natural
robustness of flatness-based control and exact feedforward
linearization Hagenmeyer and Delaleau (2003b) with the
adaptivity of Model-Free Control Fliess and Join (2013).
The controller is based on the very simple hovercraft model
in the inertial frame (7) and is meant to be applied to the
more complex surface vessel.

The controller is composed of a nominal control calculated
in a feedforward linearizing fashion Hagenmeyer and De-
laleau (2003a) and of an Intelligent Proportional Deriva-
tive regulator used to close the loop. The contributions of
the nominal controls and the iPDs regulators are linearly
summed in the controller. In this case, the robustness and
adaptivity of the iPDs allow compensating the manda-
tory model approximations required for the design of the
flatness-based guidance principle.

4.1 Nominal Controls

In an exact feedforward linearizing fashion, nominal val-
ues of the controls are computed using the equations of
the Brunovsky form obtained with flatness. Recalling 7b

and 7d, one gets the nominal controls:

wh =

ek
- =T
*
Y

i (10a)
=0, =g (10b)
where x*, y* and their derivatives denote desired values
issued from the trajectory.

w.

4.2 Closed-loop control design

Set
Wy = w), — Aw,
wy =w, — Aw,
It yields
by = Awy, ey =w) — Wy
€y = Awy, ey =w, —wy
and, according to Join et al. (2024), the homeostat
:e:a; = F, + Aw, (11)
éy = Fy + Aw,
where F¢, ¢ = z,y, accounts for the mismatches and

disturbances. Following Fliess and Join (2022), an estimate
F¢ of F¢ reads

/T {((Tf‘TQ)74(T*U)U+02)eg(a+t,T)
0

1
+ E(T - U)QUQAwC(a +t— T)} do

~ 60
Fe(t) ==
ST (12)
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The corresponding intelligent proportional-derivative con-
troller (iPD) reads

AU}C = — (Kp€< + KdéC =+ ﬁc)

where K,,Kq; € R are constant gains, such that the
polynomial s + Kys + K, is Hurwitz.

(13)

Riachy’s trick (Fliess and Join (2022)) permits to avoid
the calculation of the derivative é.. Rewrite (11) as é: +
Kqée = F(t) + Kaéc + Awg. Set

t
Yc(t):ec(t)+Kd/ cc(o)do, 0<c<t

It yields Yz = é¢ + Kqéc. Set F¢ = Fr + Kaéc. Eqn. (11)
becomes Y; = F¢ + Awe. Eqn. (13) reads now
Awe = —(F¢ + Kpeg) (14)

where the derivative of e; disappears. The estimate F in
Eqn. (14) may be computed via Formula (12) by replacing
ec by Ye.

Set
° KZ:K;{:K

P

o K2 =KY=K,

and only two parameters remain to tune, namely K, and
K. At last, the inputs of the Brunovsky equivalent system
are:

Wy = &* + Kby + Kpey — F, (15a)
wy = ij* + Kqéy + Kpe, — F, (15b)

For added robustness, the original inputs of the simpli-
fied hovercraft system are reconstructed in a feedforward
linearizing fashion (Hagenmeyer and Delaleau (2003b)):

_ wy + Bi*
1) = arctan (wm ¥ ﬁy*) (16a)
F, = (w, + Bd*) cost) + (w, + B7)sindy  (16b)

The additional control stage used for tracking of the 1)
reference calculated by the controller can either be a very
simple PID or SMC or a commercial autopilot system.

Overall, the flatness of the simplified hovercraft system
allows designing a flatness-based guidance principle, cal-
culating a surge control force and a yaw angle reference
out of the position measurements. Then, iPDs are used to
close the loop in an adaptive manner, compensating the
model approximations of the hovercraft and any unmod-
eled disturbance.

5. SIMULATION RESULTS

The controller associating flatness and model-free control
is tested in simulation in two different scenarios. First, it is
tested on a hovercraft in the presence of a constant disturb-
ing force similar to the force of wind. In this case, the al-
gebraic estimators associated to the iPDs compensate the
disturbing effect of the wind. Then, the controller is eval-
uated on a surface vessel similar to the Otter USV (Mar-
itime Robotics, see : https://www.maritimerobotics.
com/otter). This vehicle does not meet the hovercraft sim-
plifying hypothesis. It is evaluated on a circular trajectory
in the with the same disturbing external force.

5.1 Control of the hovercraft

In this first example, the controller is tested on the
hovercraft with an external disturbing wind force. The
vehicle has a circular hull and thus ¢« = 1, b = —1
the normalized damping parameter is chosen as 5 = 10.
The wind is simulated as a constant normalized force in
the inertial frame. It is aligned with the yo-axis with a
normalized magnitude equal to —50.

The hovercraft is tested on a simple straight segment
defined as z*(t) = 2t, y*(¢) = 0. It is initiated with a
10m initial error on the y, axis.

10
—— Reference
= —— Position
E
w3
=
Li*]
3 0
0 5 10 15 20 25 30 35 40

Xg axis [m]

Fig. 3. Trajectory of the hovercraft in the (zo,yo) plane,
in presence of a wind force aligned with the y, axis.
Black: Reference trajectory - Blue: Actual trajectory
of the vehicle

T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
t[s]

Fig. 4. Tracking errors of the hovercraft over time. Blue:
Error on the x4 axis - Orange: Error on the y, axis

Figs. 3 and 4 display the behavior of the vehicle and of the
tracking errors on this task. Even with the considerable
initial error, both errors converge to zero rapidly.

Fig. 5 shows that the y,-axis estimator F, does converge
towards the disturbing force while F, stays around zero.
This figure confirms that without model approximations,
the estimators of the iPDs behave like the integral terms
of conventional PIDs and compensate the unmodeled
disturbance.

This first example shows that, on the very simple task of
tracking line with a hovercraft, the controller behaves as
expected. The estimators compensate all disturbing effects
and the allow tracking without steady state error.

5.2 Control of a standard USV

In this second example, the controller is applied to a USV
similar to the Otter USV (the parameters are derived from
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=== Wind
F)t
Fy

40 +

204

Fy, Fy

—20 4

—40

—60

T T
0.0 2.5 5.0 1.5 10.0 12.5 15.0 17.5 20.0

t[s]

Fig. 5. Estimated values of F, and Fy over time for the
hovercraft. Dashed Black: Wind force - Blue: F, -

Orange:F),

Fossen and Perez (2004)). On this vehicle the parameters
are:

a=058, b=-172, B=p,=10, B,=158

The vehicle does not meet the hypothesis of a circular hull
shape. Because the surge and sway damping parameters
are different, one of them must be chosen for the controller
calculations. In this case, the smaller one £, is chosen.

The controller is evaluated on a circular trajectory with
the same y,-axis disturbing force as before. The circular
trajectory has been chosen to showcase the behavior
of the vehicle for all orientations and demonstrate that
the singularity due to the arctangent function is of no
consequence. The vehicle’s position is initialized with a
15m error on the x, axis.

30
—— Reference
—— Position
204
10 1
E
w
=
1] 0 .
=
_10 .
_20 4
T T T T T
=20 -10 0 10 20 30

Xg axis [m]

Fig. 6. Trajectory of the surface vessel in the (zo,¥yo)
plane, in presence of a wind force aligned with the
Yo axis. Black: Reference trajectory - Blue: Actual
trajectory of the vehicle

15 4

10 4

ex, €y [m]

04 \//\_-fi—»-\_fi!-\_fi;—\_,_

0 10 20 30 40 50
t[s]

Fig. 7. Tracking errors of the surface vessel over time. Blue:
Error on the o, axis - Orange: Error on the y, axis

Figs. 6 and 7 show that even with the consequent model
approximation due to the shape of the surface vessel used
in this example, the controller ensures convergence of the
position of the vehicle towards the desired trajectory. Both
errors are maintained very close to zero during all the
application.

20 4

—20

Fx. Fy

—40 4

—60
=== Wind
Fx
Fy

—380

t[s]

Fig. 8. Estimated values of F, and Fj over time for the
surface vessel. Dashed Black: Wind force - Blue: F, -
Orange:F),

Fig. 8 depicts the behavior of the two estimators on the
surface vessel example. Both oscillate around the expected
values: F, stays around zero and Fj converges towards
the wind value and oscillates around it. The oscillations
observed on Fig. 8 are expected and demonstrate that
the estimators of the iPDs also counteract the model
approximations. In facts, one can observe two phase-
shifted sinusoidal signals on the estimators curves. They
correspond to the disturbances relative to the speed of
the vehicle due to the error on the damping coefficient
and the acceleration due to the approximation of the mass
parameters.

Overall, our HEOL control setting, which associates a
flatness-based guidance principle and a model-free regula-
tor, shows very good performances on the circle trajectory
when applied to this surface vessel even though it was
calculated using the model of a hovercraft (compare with
Sira-Ramirez (2002) and Rigatos (2015))

6. CONCLUSION

This work presents a novel approach to guidance and con-
trol of autonomous marine craft, via HEOL, which com-
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bines flatness-based and model-free controls. Considering
the hovercraft vehicle as a drastic simplification of the well-
known surface vessel maneuvering model, a flatness-based
guidance principle is established. The flatness of the hover-
craft model gives equations of the surge force generated by
the two parallel thrusters and of the heading angle of the
vehicle that can be used as a guidance principle. Then, two
decoupled model-free controllers relying on Intelligent PDs
are used to close the loop. They add an additional layer
of robustness to the controller, ensuring compensation of
all external disturbing effects as well as compensating
the model approximations due to usage of the hovercraft
model. The controller has then been applied in simulation
to a hovercraft and to a surface vessel with generic hull-
shape and shows very good trajectory tracking results in
both cases even in the presence of external disturbances.
This work hints towards an all-purpose controller for ma-
rine craft based on the new promising HEOL standpoint.
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Appendix A

The elements of this Section follows Fossen (2021). The pa-
rameters m, I, X, Yy and N; are respectively the mass,
the moment of inertia, the surge, sway, and yaw added
masses. Only linear decoupled damping is considered, d,,
d, and d, are the surge, sway, and yaw damping coefficients
respectively. Finally, reduced parameters a, b, ¢, 8., 3, and
~ are introduced for ease of explanation. Moreover, 7, is
the surge force generated by the thrusters, 7,. is the yaw
moment and F, and I, act as normalized inputs of the
surface vessel model. The expressions of the parameters of
model (1) are:

m—Y; b 1 Xy - Y,
aqQ = —m— [ —p— C= ——
’m,—)(a7 a’ IZ—N,;
du d'u o d?"
b= x, "oy, VTILoN
Tu, Ty
Fy=—""_ =T
“ m—Xa IZ—N,,:

The hovercraft has a circular hull shape, consequently, the
added mass parameters of the hovercraft are then equal in
surge and sway: X; = Y.



