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ABSTRACT WAVE is a multi-propulsion vehicle developed by the Italian Navy which can work as an
AUV (Autonomous Underwater Vehicle), a glider and, when at surface, as a wave glider. In this latter
configuration, it behaves as a wave-powered autonomous surface vehicle that converts wave-induced motion
into forward thrust through appropriately designed submerged wings, either loosely or rigidly connected to
the floating body. When additionally equipped with solar panels, wave gliders can be designed for long-
endurance missions. This paper presents a six degrees of freedom (DoFs) mathematical model of such a
vehicle, featuring two independent wings rigidly connected to the rigid body. The numerical simulations
provide theoretical basis and reference for future improvements and parameters identification.

INDEX TERMS Oceanic engineering; marine surface vehicle; wave glider; energy harvesting; modeling

and simulation.

I. INTRODUCTION

Wave gliders are autonomous surface platforms character-
ized by the capability to harvest energy from the oceanic
waves. With a proper engineering design a wave glider may
exhibit low maintenance features which, together with the
long endurance one and proper sensor suite, make this kind
of vehicles a promising device for long duration missions.
Examples are oceanographic and climate observation, marine
mammal monitoring but also harbor security and surveillance
for illegal fishing. Among the first prototypes [1], a review
can be found, e.g., in [2], [3].

[4] describes modeling and control for a glider character-
ized by the presence of moving mass in charge of changing to
pitch in order to excite the vehicle lift and impose the advanc-
ing direction. Determination of hydrodynamic coefficients
for an AUV steered by control surfaces is presented in [5].
Lift and drag coefficients for different angles of attack are
computed with both computational fluid dynamics software
and experiment in a towing tank. [6] uses a probabilistic
regression model instead of classical mechanics to capture
the vehicle macroscopic behavior. [7] analyzes in detail the
wing’s forces and discusses optimal design of the wing profile
and mechanical limit. [8] presents the model of a wave glider
achieved by the Newton-Euler approach. Interesting model-
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ing considerations, similar to the case at hand, have been
done. The presence of the tether is also taken into account.
The lift coefficient is modelled with a linear+quadratic term
in the angle of attack. The dynamic characteristics of the
transit stage between the falling and rising phases of the
hydrofoils are not considered. [9], [10] devotes a PhD thesis
for the modeling and identification of the mathematical model
of a wave glider. The wave generated thrust is modeled as
a random force shaped according to a Gaussian probability
distribution function.

The wing optimal configuration in terms of maximum
range is analyzed in, e.g. [7] where a 6 DoFs mathematical
model is also presented for a wave glider composed by two
hulls loosely connected. The submerged hull carries a set of
connected wings.

This paper presents the 6 DoFs mathematical model for
WAVE, a vehicle developed by the Italian Navy as improve-
ment of the one previously developed and discussed in [11]-
[13]. WAVE is a multi-propulsion vehicle, it can act as an
AUV (Autonomous Underwater Vehicle), ad a glider and,
when at surface, as a wave glider. The latter configuration
is of interest in this paper. In the reference above, beyond
the different wings position and shape, the mathematical
model considers the vehicle dynamics restricted to the vertical
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plane derived via a non-standard Lagrangian approach. In the
following, instead, the inverse dynamics model is obtained
by resorting to a Newton-Euler approach that is eventually
verified through numerical simulations.

This work is organized as follows. Section II shows both
the kinematic and dynamic model of the WAVE system and
presents the ocean wave modeling focusing on the interaction
of the latter with the vehicle, i.e., forces acting on wings (lift
and drag) and system buoyancy. Section III reports the ve-
hicle characteristics in terms of dynamic parameters. Finally
section IV shows the results obtained through the numerical
simulations performed in different operative conditions.

Itis worth noticing that, since the proposed model is mainly
defined through literature well known physical concepts and
it does not result from an identification process of WAVE
system dynamic parameters as well as of the lift and drag
coefficients, which determine the forces acting on vehicle
wings, the obtained numerical results should be considered
qualitatively and not quantitatively.

Il. MODELING

In the following both the kinematic and dynamic modeling are
presented for the WAVE robot vehicle and the ocean wave.

A. REFERENCE FRAMES

Fig. 1 reports the inertial frame X, defined according to
the North-East-Down (NED) convention [14], the body-fixed
frame X and the wings-fixed frames together with their
respective positive verse of rotation. In particular, X' is fixed
in the geometrical center of the WAVE vehicle, while the
wings frames are set on their axis of rotation to comply
with the Denavit-Hartenberg convention [15] and facilitate
the dynamic modeling part.

FIGURE 1. Vehicle and its body-fixed principal frames.

B. KINEMATICS

Positioning of a rigid-body with respect to a reference frame
X1, O —xyz that it is supposed to be earth-fixed and inertial is

2

achieved by using 3 coordinates grouped in a vector, i.e., by
defining 17; € R3:

X
m=1y
z

Let define 3, € R? as
o
ne= |0
P

the vector of body Euler-angle coordinates in an earth-fixed
reference frame. In the (aero)nautical field those are com-
monly named roll, pitch and yaw angles and corresponds to
the elementary rotation around x, y and z in fixed frame [14].

The two wings are considered as two one-link manipulator
and labeled according to the Denavit-Hartenberg convention.
Their joint positions, denoted with ¢; and g5, follows accord-
ingly. Fig. 1 reports the zero for both joints together with
their positive sense of rotation. The system configuration is
denoted as

T
g=[n n @ @] R e
The velocity is defined as
. . . 4T
¢C=Mn «' @ §] €R® 2

where w € R? denotes the vehicle angular velocity expressed
in the inertial frame, and not the time derivative of the vehicle
orientation expressed in Roll-Pitch-Yaw (RPY) angles.

C. OCEAN WAVE
According to [16] the wave’s height is defined as

h=h(x,y,t) = —Acos(kx —w,t) m 3)

where A > 0 is the wave amplitude, k is the wave number
expressed in rad/m and w,, the frequency expressed in rad/s.
When k£ > 0 the wave moves to positive x. The wavelength
is defined as A\ = % and the wave period as 7 = 2. The
assumption

Alk] << 1

will be made, i.e., the wave is linear and exhibits a small
slope.

By assuming also deep water waves, i.e., wave amplitude
much smaller than the water depth, the wave frequency is
related to the wave number by

w2

k= “
gl
where g € R? is the gravity.
The wave’s velocity is described by the following
cos(kx — wyt)
v, = Awye 0 m/s 5)

—sin(kx — wyt)

where it can be noted that the wave exhibits null y component
and it vanishes with the depth.
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D. DYNAMICS
Equations of motion of the system can be written in matrix
form as [17]:

M(q)¢+C(q,¢)¢ +D(g,¢)¢ +g(g.RE) =7 (6)

where M € R3*8 is the inertia matrix including added mass
terms, C(q, ¢)¢ € R¥isthe vector of Coriolis and centripetal
terms, D(q,¢)¢ € R3 is the vector of dissipating effects,
g(q, Rg) € RR8 is the vector of gravity and buoyancy effects.
In (6) the relative velocity ¢, is used to take into account the
interaction with the water. The right hand side of the equation
is null in our case due to the absence of thrusters, i.e., 7 = 0. It
is worth noticing that several wave-gliders are designed with
a small propeller to provide a small linear force along x, [18].

Equation (6), i.e., the model inverse dynamics, can be
obtained in symbolic form via, e.g., a Lagrangian formula-
tion as done in [11]. However, in order to be more flexible
with the choice of the parameters and to adapt easily with
respect to eventual changes in the wings design it has been
preferred to implement the inverse dynamic by resorting to a
Newton-Euler approach [17], [19]. Shortly, the overall system
wrenches are obtained by properly propagating numerically
velocities, accelerations and forces at each sampling time
without computing in symbolic the matrices involved in (6)
as detailed in Section I'V.

E. WING FORCES
In addition to the inertial forces, the added mass and the
gravity-buoyancy contribution, the wings are subject to the
drag and lift forces.

Drag can be modeled according to [14] as:

1
fo = 50CoS bllv ™

where p is the density of the water, S is the projected wing’s
area on the flow direction, v € R? is the flow velocity
and Cp is the drag coefficient. It is worth noticing that the
latter is a function of several variables, such as the Reynold’s
number, the wing’s shape and the angle of attack, i.e., the
angle between the flow direction and the wing’s chord being
coincident with its axis of symmetry for the case at hand (see
Fig. 2).

lift

flow direction

FIGURE 2. Planar rendering of the lift and drag forces (in blue) and the
relative velocity (in red) which are further inserted in the Newton-Euler
computation of the inverse dynamics.
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Typical values of Cp range from nearly zero to about 1 — 2.
In particular, Fig. 3 reports an approximation of the exper-
imental identification computed in [20] for the symmetric
NACA airfoil section 0015 at different Reynold’s number
around 10°.

Drag Coefficient

0 30 60 90 120 150 180
Angle of Attack [deg]

FIGURE 3. Drag coefficient as function of the angle of attack as reported
in [20].

Similarly, also a lift force needs to be considered as [21]

1
fu=35pCS v v ()

where the direction should be chosen normal to the flow in
the direction of the low-pressure side as shown in Fig. 2.
The lift and drag coefficient are function, among the others,
of the angle of attack and the wing’s shape, a NACA 0021
in this case [22]. The L/D ratio, i.e., the ratio of the module
between those two forces is of order of magnitude 10 for light
air crafts. It is worth noticing that the sinusoidal shape of
the wave and the wing’s movement excite angles much larger
than the interval usually computed for the aeronautical field.
Fig. 4 reports the approximation of an experimental iden-
tification computed in [20] for the symmetric NACA airfoil
section 0012H at Reynold’s number around 10°.
Another possibility is to model the lift coefficient as a
constant term plus a term linear in the angle of attack as in [4].
It is worth noticing that, due the complexity of the phe-
nomenon, a probabilistic force generation is also proposed to
model wave gliders propulsion [10] which is mainly given by
the lift.

F. BUOYANCY

When a rigid body is submerged in a fluid under the effect
of the gravity two more forces have to be considered: the
gravitational force and the buoyancy. The latter is the only
hydrostatic effect, i.e., it is not function of a relative move-
ment between body and fluid.
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FIGURE 4. Lift coefficient as function of the angle of attack as reported
in [20].

Let us define as

9.81

the acceleration of gravity, V the volume of the body and m its
mass. The submerged weight of the body is defined as W =
m||g'|| while its buoyancy B = pV ||g’ .

The gravity force, acting in the center of mass % is repre-
sented in body-fixed frame by:

0
fo(Rp) =R | 0|,
w

while the buoyancy force, acting in the center of buoyancy r5
is represented in body-fixed frame by:

0
f5(Ry) = —R; |0
B

The (6 x 1) vector of force/moment due to gravity and
buoyancy in body-fixed frame, included in the left hand-side
of the equations of motion, is represented by:

_ f(Rp) +f p(Rp)
ré x f(Rp) + 1 % f (Rp)

In this study, buoyancy is computed assuming a finite-
element approach and exploiting the assumptions of wave
small slope (see sect. II-C). The vehicle hull is modeled as an
ellipsoid and its submerged volume computed by discretizing
the hull. The latter computation is done by intersecting the
wave assumed locally constant with the hull. Based on the
submerged volume knowledge, both the buoyancy and the
new center of buoyancy can be computed and used for the
inverse dynamics.

8rB (Rfs) =

4

The approximation embedded in this computation is based
on several factors: the effective volume shape, the small
slope wave and the vehicle length. Fig. 5 shows a planar
rendering of a typical computation with the wave height
h = —0.1m, the vehicle position and orientation 1 =
[3 3 015 0 20 —SO}T [m, deg], the dry and the wet
center of buoyancy for the current configuration are shown,
in this configuration the submerged volume is 88 % of the dry
volume.

06 F

04 |

0 0.5 1
x [ml

FIGURE 5. Planar rendering of the buoyancy computation for a sample
configuration, the dry and the wet center of buoyancy for the such
configuration are shown in yellow and red, respectively.

G. HULL DRAG
Damping is computed by considering the ocean current, i.e.,
the wave velocity, rotated in body-fixed frame such that the
relative velocity is used in the computation of the linear and
quadratic damping. The wave velocity value at the vehicle
position is assumed thus approximating its effect within the
vehicle hull. The wrench applied is then proportional to the
effective submerged body. The term in (6) is then computed
by considering a diagonal damping matrix and the individual
effect is

a (dyiCri +dg,i |Gl Gr.i) )

where d; ; and d,; ; are the linear and quadratic damping coeffi-
cients, respectively, the index i denotes the degree of freedom
and « € [0, 1] the ratio of the submerged body.

IIl. VEHICLE CHARACTERISTICS
The dry weight of the vehicle under study, without wings, is
30 kg, each wing weights 3 kg. The overall design is such that
the positive buoyancy is ~ 0.3kg. The center of gravity is
located in

re=[0 0 005" m (10)

The vehicle damping coefficients have been simulated as:
D;=diag[2.5 15 15 5 10 10]
for the linear and
D, =diag[25 325 325 10 40 40]
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for the quadratic damping.

The vehicle is modeled as an ellipsoid characterized by
dimensions 1.1 m along body-fixed x and 8 cm along the other
directions. The 6 x 6 mass matrix, including the added mass,
follow consequently as reported in [17]:

30 0 0 0 15 0
0 3 0 —-15 0 0

Moo | 0 0 30 0 0 0
BB=10 —-15 0 008 0 0

15 0 0 0 73 0

0 0O 0 0 0 7.3

and

065 0 0 0 0 0

0 2876 0 0 O 0

0 0 2876 0 O 0

Ma=1 0 0 0 0 0

0 0 0 0 642 0
0 0 0 0 0 642

The wings dimension is 20 x 45 X 3cm and they are
designed to be neutrally buoyant with center of gravity co-
incident with the center of buoyancy.

The joint’s friction coefficient is 0.1 Ns/rad. Drag and lift
have been modeled as reported in Fig. 3 and 4. This assump-
tion has been motivated by similar qualitative behaviour of
Cp and Cy. In fact, without an experimental identification
and being the angle of attack larger than the range usually
considered for the aeronautical field, it has not been possible
to exactly model these coefficients.

The mechanical joint limit for the wing can be fixed in a
range typically smaller than £70 deg.

IV. NUMERICAL SIMULATION
The numerical simulation of the WAVE’s dynamics has
been obtained by adapting SIMURY, the simulator developed
in [17]. The main modification consists in adding two inter-
action points on the vehicle hull, representing the two wings,
which are modeled as two 1-link unactuated robots. One
advantage of adapting SIMURYV is the ability to easily modify
any simulator parameter without recompiling or rewriting the
equations.

Assuming that the inverse dynamics in (6) can be computed
using a recursive Newton-Euler approach, the direct dynam-
ics is obtained as

C=M(g) ' (t—m), (11)

without resorting to the symbolic matrix M € R8*8[23], [24]
(see Algorithm 1).

The vehicle at hand has been designed such that the pitch
is null in steady state in absence of external disturbances
with a light positive buoyancy. The wings and the fixed link
supporting them have been designed to be neutrally buoyant.
Concerning the buoyancy computation in sect. II-F, for the
numerical case under study an error of the order of the cen-
timeter in the computation of the buoyancy can be assumed.

VOLUME xx, 2026

Algorithm 1 Direct Dynamics resorting only to Inverse Dy-
namics
acc <0
T, < InverseDynamics
g+ 0
fori=1to8do
vel <0
acc < 0
accli] + 1
M (:,i) < InverseDynamics
end for
g+ 9.81
acc— M (r—1,)

The changes of the wave velocity along the hull are estimated
in mm/s and have been assumed to be constant along the hull
itself.

Then, a simulative campaign has been performed focusing
on the following case studies:

o Nominal case;

o Change-Wing-Joint-Limits case;
o Change-Wing-Area case;

o Change-Wave-Frequency case;
o Change-Wave-Amplitude case.

The glider initial state is equal for each considered sce-
nario, i.e., with position

m=1[0 0 005" m
and orientation

m=[0 0 180]" deg.

A. NOMINAL CASE
It represents a case where a significant forward velocity coun-
tercurrent is obtained. The operative conditions are:

o wing joint limit: 20 deg;

« wing area: 0.20 x 0.45m;

« wave frequency w,,: 2.5 rad/s;

o wave number £k = 0.6 rad/m (A ~ 10 m);

o wave amplitude A: 0.25 m.

In such scenario the vehicle forward velocity is ~ 10 cm/s.
In fact, as noticeable in Fig. 6a) the system reaches about
3m in 30s keeping, as expected, its roll ¢ = Odeg and
yaw 1 = 180deg, while the pitch swings due to the ocean
wave. Fig. 6b) shows the wings positions, g1, g2, where the
oscillatory behaviors between the mechanical joint limits is
remarkable. This actually represents the desired condition
since in this situation the lift force given by the interaction
of the wave with wings is appropriate in the countercurrent
direction. Fig. 6¢) reports the vehicle linear velocity and
the wing angular velocity, respectively, while in Fig 6d) the
ocean wave velocity and height are shown. The lift forces
applying on wings are finally presented in Fig 6e), 6f) with
the corresponding angles of attack.
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FIGURE 6. Nominal Case simulation results: a) vehicle position and orientation; b) wings positions, i.e., joints positions; c) vehicle linear velocity and
wings angular velocity, i.e., joints velocity; d) wave velocity and height; e) lift force and corresponding angle of attack with respect to wing 1 and 2,
respectively, expressed in wing frame.

6 VOLUME xx, 2026

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2026.3702412

IEEE Access

Di Vito et al.: Mathematical model for WAVE, an energy harvesting marine surface vehicle

B. CHANGE-WING-JOINT-LIMITS CASE

In this scenario, using the same operative conditions of the
Nominal case, the joint mechanical limit is changed to ob-
serve the different system response. In detail, the following
values are used:

« wing joint limit: [20 30 45 60] deg;
o wing area: 0.20 x 0.45m;

« wave frequency w,,: 2.5 rad/s;

e wave number k = 0.6 rad/m (A =~ 10 m);
« wave amplitude A: 0.25m.

The simulation results are reported in Fig. 7. In particular,
from the left figure it is noticeable that the increase of the
joint limit beyond 30 deg drastically reduces and even deletes
the velocity countercurrent. This behavior is evident in the
right figure where the vehicle forward velocity is reported.
For 20,30 deg the latter is countercurrent (negative value)
whereas for 45, 60 deg it is directed along the ocean current
flow (positive value), i.e., the glider is not advancing as
desired. Moreover in the same figure the lift norm average
is reported, showing qualitatively how the lift performs with
different mechanical joints.

It should be noticed that the behavior is due to the cou-
pling of several effects, the wings may not oscillate between
the limits due to the joint friction, the wave amplitude and
frequency.

Another effect to be taken into account is the vehicle’s
pitch movement. This is mainly caused by the buoyancy and,
when the pitch movement is too high, it may interfere with
a proper wing movement contributing to the shown effect. It
should be remembered that the buoyancy dynamics is also
affected by a certain approximation and matching with the
real vehicle with parameters tuning may eventually lead to
different quantitative results.

C. CHANGE-WING-AREA CASE

Similarly to the previous case study, the Nominal case values
are used except the wing area, increased to analyse the effect
on the lift force which is function, among the others, of the
wing surface S (see egs. (7) and (8)). The conditions are listed
below:

« wing joint limit: 20 deg;

o wing area: 0.20 x 0.45m [x1
« wave frequency w,,: 2.5 rad/s;
o wave number £k = 0.6 rad/m (A ~ 10 m);
« wave amplitude A: 0.25 m.

x2 x4l

Fig. 8 reports the numerical results for the x component
of 11 and the wing 1 position (left plots). In detail, it is
noticeable that increasing the wing surface the glider is able
to move faster as well, as shown in the right plots in Fig. 8.
However, the forward velocity saturates after the increasing
factor x 3, even if the lift force is getting larger. This implies
that the drag force is increasing as well, compensating for the
lift one. It must be remarked that the overall behavior is based
on assumptions made on the lift and drag forces, their shape

VOLUME xx, 2026

and maximum values influence significantly the simulation
output.

Regarding the wing movements, they are quite similar to
the nominal case since, due to the assumptions made, their
dynamics is not affected by the area.

D. CHANGE-WAVE-FREQUENCY CASE
In this case study, starting from the nominal one, the wave
frequency w,, is changed to inspect the system reaction to
different ocean wave conditions. In particular, the following
values are used:

o wing joint limit: 20 deg;

o wing area: 0.20 x 0.45m;

o wave frequency w,: [1.5 2.0 25 3.0} rad/s;

o wave number £k = 0.6 rad/m (A ~ 10 m);

« wave amplitude A: 0.25m.

Fig. 9 shows the numerical results for the current case study.
It is clear from the plots that both low and high frequency
are not optimal for the generation of lift force and, thus, for
the glider passive propulsion. In fact, on the one hand, the
lowest tested frequency, i.e., w,, = 1.5rad/s, results in a wave
period of 7 = 4.19 s with a consequent oscillation too slow
for properly exciting the interaction with glider wings. On the
other hand, the highest tested frequency, i.e., w,, = 3.0rad/s,
results in a wave period of T = 2.09 s which, given the wave
height, could be reasonably too fast to allow a full interaction
between wings and the same wave.

E. CHANGE-WAVE-AMPLITUDE CASE
For the last case study, as done previously, the ocean wave
amplitude is changed keeping other parameters constant and
equal to the nominal case:

o wing joint limit: 20 deg;

o wing area: 0.20 x 0.45m;

« wave frequency w: 2.5rad/s;

e wave number k = 0.6rad/m (A = 10 m);
o wave amplitude A: [0.15 0.20 0.25 0.30] m.

The simulations results are reported in Fig. 10. Even in this
case it is possible to observe a pattern similar to the one
seen in the previous scenario changing the wave frequency.
In fact, a lower amplitude, i.e., A = 0.15m, seems to be
not sufficient for generating propulsive lift forces on the two
wings as well as a higher amplitude causes combined with
the glider buoyancy causes the wing stall around the joint
mechanical limit. In the latter condition, even if the lift force
looks larger, there are other factors, e.g., damping and drag
effects, that reduce the overall passive propulsion.

V. FUTURE WORK

Future work will include a dedicated experimental campaign
at the “Centro di Supporto alla Sperimentazione Navale”
(CSSN) of the Italian Navy, located in La Spezia, Italy, where
the vehicle and the wave generator shown in Fig. 11 are
already available. In particular, the right picture in Fig. 11
shows the WAVE robot with the two wings subsystem; the
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left one illustrates the wave generator together with the origin
of a suitably defined reference frame located on the dock,
with the x-axis oriented normal to the shoreline. Despite
the availability of the experimental infrastructure, the current
setup does not allow to collect all the data required for model
validation. Therefore, a specifically designed and properly
instrumented experimental campaign will be the subject of
future work, with the objective of enabling quantitative as-
sessment of the proposed dynamic model and identification
of its key parameters, especially those related to the lift force.
The experimental results will also provide a basis for refining
the model and improving its predictive capability.

VI. CONCLUSIONS
This paper presented a 6 DoFs mathematical model of the
WAVE vehicle in wave glider configuration, developed within

8

a Newton—Euler framework to describe the coupled effects
of rigid-body dynamics, buoyancy variation, and lift/drag
forces generated by the two rigidly connected wings. The
proposed model provides a useful representation of passive
wave-energy harvesting propulsion for this class of marine
surface vehicles.

The numerical results showed that vehicle behavior is
strongly influenced by both design and environmental param-
eters, including wing joint limits, wing area, wave frequency,
and wave amplitude. In particular, the analysis highlighted the
existence of operating conditions that favor effective propul-
sion and others that degrade performance because of insuffi-
cient excitation, increased drag, or unfavorable vehicle—wing
coupling.

Although the present formulation is mainly intended for
qualitative analysis, due to the lack of experimental identifi-
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FIGURE 11. The WAVE glider (on the left) and the ocean wave generator (on the right) with the inertial frame X; used for the experiments at the CSSN of

the Italian Navy, located in La Spezia, Italy.
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cation of key hydrodynamic parameters and lift/drag coeffi-
cients, it already offers a valuable tool for design support and
simulator-based investigation. Future experimental validation
will allow parameter identification, quantitative assessment,
and further refinement of the model predictive capabilities.
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