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Abstract:
vehicle that can make use of wave energy to obtain thrust. The vehicle, composed of a surface float and a submerged

We propose a method to establish a dynamic model for a wave glider, a wave-propelled sea surface

glider in sea water, is regarded as a two-particle system. Kane’s equations are used to establish the dynamic model.
To verify the model, the design of a testing prototype is proposed and pool trials are conducted. The speeds of
the vehicle under different sea conditions can be computed using the model, which is verified by pool trials. The
optimal structure parameters useful for vehicle designs can also be obtained from the model. We illustrate how to
build an analytical dynamics model for the wave glider, which is a crucial basis for the vehicle’s motion control. The
dynamics model also provides foundations for an off-line simulation of vehicle performance and the optimization of

its mechanical designs.
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1 Introduction

Oceanographic research and marine environ-
ment monitoring missions are performed generally
by way of traditional platforms such as ships, buoys,
satellites, moorings, and autonomous underwater ve-
hicles (AUVs). These platforms usually depend on
traditional energy such as gas or electricity. Future
marine research demands an autonomous platform
that can withstand a persistent and long-distance
ocean exploration (Wiggins et al., 2010; Liu et al.,
2011; Carragher et al., 2013). Marine robots have
been modified to use environment resources for
propulsion instead of traditional propellers or motors
(Manley and Willcox, 2010). The wave-propelled
autonomous surface vehicle can harvest wave energy
for propulsion mechanically and persistently without
any traditional energy supplies. The wave-propelled
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autonomous surface vehicle, also called the ‘wave
glider’ (Hine et al., 2009; Manley and Hine, 2016),
consists of a submerged glider and a surface float.
The two parts are connected by a flexible cable. The
vehicle can obtain propulsion by converting vertical
ocean wave energy into forward moving energy. Its
motion can be divided into a rising process and a
sinking process (Fig. 1). During the rising process,
the submerged glider in deeper and calmer water is
pulled up by the rising float which moves upwards
consistently as the rising wave. During this process,
wings on the glider are forced to rotate downwards
as the water generates a positive angle of attack,
producing a forward propulsion and drags the sur-
face float to move forward. During the sinking pro-
cess, water forces the wings to rotate upward as the
glider sinks. In this case, drag force F, also has
a forward component, and forward propulsion can
be produced. The birth of the wave glider brings
an exciting future for long-distance ocean explo-
ration without fuel supply. However, there still exist
challenges in the application of such vehicles. To
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Fig. 1 Motion principle of the wave-propelled vehicle

control the motion of the wave glider, its forward
speed must either have a known value or can be pre-
dicted (Cameron, 1994; Lolla et al., 2012), because
current methods in motion control and path plan-
ning for mobile robots are all based on a known
speed. However, this foundation does not exist for
the wave glider (Ngo et al., 2013). The wave glider
obtains its speed in a passive manner depending on
the real-time up-down motion of ocean waves, which
is impossible to control. Therefore, it is important
to use a dynamics model to predict the speed of the
wave glider according to ocean wave conditions.

The forward speed of the wave-propelled ve-
hicle is determined mainly by both its mecha-
nisms and environmental factors, which are dom-
inated by wave height and period.
ally known that there are two methods for solving
such problems: the mechanism modeling method
(Caiti et al., 2011; Song et al., 2016) and the re-
gression analysis method based on experimental
data (Ngo et al,, 2013). Smith et al. (2011) pre-
sented the formulation of a linear regression model
with the least-squares solution to predict the vehi-
cle speed in the desired direction, given the wave

It is gener-

height, ocean currents, wind velocity, and direction.
They pointed out that the significant factors are
wave height and period. Later, Ngo et al. (2014)
turned to the Gaussian process model, which can
predict the speed at the desired location and time
by using forecasted environmental parameters af-
ter training with data on historical vehicle speeds
and environmental parameters. The precision of
prediction by regression analysis methods depends
greatly on large-scale training data and their rep-
It is difficult to collect the training
data that cover various time and locations, as the
ocean environment varies temporally and spatially.
The trained model may therefore be unsuitable for

resentations.
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application to another vehicle with different mechan-
ical parameters.

Based on analysis of the mechanism, the dy-
namic model can determine the forward speed of the
vehicle theoretically by incorporating environmental
parameters, and be employed to optimize the mech-
anism parameters of the vehicle and to aid in navi-
gation. Kraus and Bingham (2011) developed a 2D
simplified dynamic model in the vertical plane using
Newton’s law for control and estimation. However,
there is no analysis of the dynamics of the model un-
der different sea states, and it is not suitable for real-
time prediction. The wave-propelled vehicle is such
a new class of two-body surface vehicle that there
is limited research on it, especially on the model-
ing that is different from the traditional single-body
autonomous surface vehicles (ASVs) or gliders.

A dynamic model that incorporates vehicle
speed and sea conditions is of great value for mo-
tion control. By using such a model, one can pre-
dict the vehicle speed according to ocean forecast
data to provide a foundation for path planning and
navigation. With the aim of predicting the speed of
the vehicle and optimizing its mechanism parameters
for further applications, we will establish a dynamic
model of the vehicle, with which we can provide a
method for incorporating environmental parameters
into the model, and determine the forward speed
of the vehicle consequently. The vehicle can move
in two ways: one way is by obtaining thrust from
the wave up-down motion, which is the focus of this
study; the other is the vehicle drifting motion as sea
water flows. The latter is irrelevant to the dynamic
model discussed in this study. Our dynamic model
is based upon significant wave height and period, re-
gardless of the impact of ocean flow, as carried out
by Ngo et al. (2014).

2 Dynamic model

To predict the forward speed under different sea
states and to optimize the mechanism parameters of
the vehicle, a dynamic model related to sea state is
established. To simplify analysis, the heave motion
of wave is assumed to be modeled as a sinusoidal
function using the airy wave theory first. We can use
the following equation to describe the heave motion
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of wave approximately (Cong et al., 2009):
H
yla,t) = B} sin(kz — wt + ¢), (1)

where H is the wave height, w is the wave frequency,
k = 27/ is the sequence number of wave, A is the
wave length, and ¢ is the initial phase.

At a certain point where a surface vehicle runs,
Eq. (1) becomes a vibration equation. The vehi-
cle can be regarded as a particle moving with the
Kane’s method is adopted to build the dy-
namic model as it is an elegant and effective means
to develop the dynamic equations for multi-body sys-
tems (Ma et al., 1988; Tarn et al., 1996). With the

motion principle described in Section 1, we can infer

wave.

that the ocean state has a direct effect on the motion
of the wave-propelled vehicle, apart from its mech-
anism parameters. The wave height and period are
the dominant environmental factors for the forward
speed of the vehicle.

The general brief procedure for Kane’s method
is: First, select generalized coordinates and speeds
based on the degrees of freedom (DOFs) of the sys-
tem; Second, generate the expressions for velocity,
angular velocity, and acceleration of each body based
on kinematic analysis; Third, calculate the system’s
generalized inertial force and generalized active force
contributed by each body; Finally, obtain the system
dynamic model using Kane’s equation.

Before establishing the model, further anal-
ysis on the motion of the system and sev-
eral simplification assumptions have to be made
(Daugherty and Franzini, 1997):

1. When the only concern is the forward speed of
the vehicle, its motion can be limited approximately
to a 2D vertical plane. It is difficult to hold the glider
and the surface float in a vertical plane. It can be
realized only when the glider performs steering or
there are turbulent flows in the sea water. In most
cases, the vehicle performs straight movements. The
glider and the float are all equipped with rudders
to maintain their movement direction. These two
rudders can effectively prevent the rotation around
the y axis (yaw motion). Additionally, the cable
tension ensures that the two rigid bodies are kept
in the same vertical plane. Therefore, in terms of
predicting the forward speed, the assumption can
be held. The vehicle can be simplified to a 2-DOF
system.
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2. The weight of the glider is much larger than
its buoyancy. It guarantees that the cable connecting
the float and the glider is tightened. Therefore, the
glider can always pull the float.

3. Two ends of the cable are tied at the center
of gravity on the float and the glider. This hard-
ware, together with the wing mechanism, ensures
that there is no pitch motion when the glider swings
with the motion of wave.

4. The surface float is designed to have enough
surface area such that its heave motion is assumed
to be consistent with the wave motion.

Because the cable connecting the float and the
glider is kept tightened, the up-down motion of the
whole system depends entirely on the sinusoidal wave
motion. The rising and sinking motions are sym-
metrical. As a result, the dynamic models of the
rising and sinking processes are similar. The differ-
ence between them lies in the fact that the wings
downswing during the rising and sinking processes.
It also results in different directional hydrodynamic
forces on the wings. During the transient process be-
tween the two processes, the wings are in the state of
angle adjustment, making no contribution to propul-
sion. The model for the rising process is developed as
follows:

Step 1: The generalized speed is chosen if Kane’s
equations are applied. Since the forward speed of the
surface float vy, is a key variable of interest, it can be
selected as a generalized speed ;. The speed of the
glider 1 seen from the surface float frame is taken as
another generalized speed 7rs.

Step 2: Kinematic analysis is conducted and
partial speeds are calculated. All notations used are
shown in Fig. 2. We can construct the velocities of
the float vf and the glider v, in the Earth reference
frame as follows:

Vf = Vg -4+ Uiy - (=),
Vg = Vr+ U = Uy L+ gy - (—J)
+lfcosf -1+ 10sinb - (—j),

(2)
where ¢ and 7 are the unit vectors along the z-axis
and y-axis, respectively. The accelerations of the
float and the glider in the Earth reference frame can
be derived from Eq. (2). The partial speeds of the
float and the glider with respect to the generalized
speeds 71 and 79 are
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Fig. 2 Force analysis diagram

;L .

Up o = Qv /071 = 1,
, .

Ug ., = Ovg /07 = 0,

u:%ﬂ'n = Ovg /07y = 1, (3)
Uy ., = Ovg /0Ty = cos O - i +sinb - (—3).

Step 3: The generalized active force and gen-
eralized inertial force are calculated. Force analysis
should be implemented for both bodies before cal-
culation. The active force on the glider consists of
net gravity (Gg) and the hydrodynamic force on the
wings (Fgz). The active force on the float includes
wave force Fy, in the vertical direction and profile
drag Ft, along the direction of movement. They
can be expressed as follows:

Gy = (mgg — pgVe)J, (4)

where V, and m, are the volume and mass of the
glider, respectively. F, can be expressed as

F, = Fi + Fpj, (5)

where F1, and Fp are force components in horizontal
and vertical directions, respectively (Fig. 2). The
mold of F, can be expressed as

1
|Fy| = §pcS(vgyy CoS @ — Vg, Sin @), (6)

-1
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where ¢ is a drag coefficient, S is the total area of
all wings, vg . and vg, are the velocity components
of the glider in horizontal and vertical directions,
respectively, and « is the angle of attack fixed by
the mechanical hardware of the glider. The wings
can rotate with the move of the glider. There are
physical stoppers that limit the rotation range of the
wings. The active force on the float is

1 .
Fr = 5pcSnt,(—0), (7)

where St is the projection of the area of the float in
the direction of motion. The wave force is

Fry = —FpJg + mgVry + Mgy y, (8)

where my is the mass of the float. Generalized active
force with respect to the generalized speeds m; and
7o can be expressed as

8,71

Fiy = (Fra + FfW)ui',frl + (Gg + Fy)u,
Fr, = (Fto + Fiw)ug ., + (Gg + Fg)ug, -,

9)
whose generalized inertial forces can be expressed as

— / /
= —(mfafufﬂ-r1 + mgagugm),

*
Fﬂ_1
* i i
Fr, = _(mfafuf,frz + mgagug,ﬁ2>'

(10)
Step 4: According to Kane’s equation:

F, + F: =0, (11)

where F, and F7 are the generalized active force and
inertial force with respect to the generalized speed,
respectively. The dynamic model for the system can
be derived by assembling Eq. (12) at the bottom of
this page, where v, is the forward speed of the sur-
face float and also seen as the forward speed of the
vehicle. During the sinking process, nothing has to
be modified but the direction of Fp. During the
transient process, the wings adjust the angle of at-
tack and make no contribution to propulsion; thus,
it can be concluded that Fy = 0.

6= {mg cosO(Fr, — Fi, + mg192 sin @) — (ms + my)

mgl(mg + mg sin’ 0)

- [F1, cos 0 — (mgg — pgVy + Fp) sin @ — myy, sin 6]},

1

Vfp = ————5—
me + Mg sin? 0

[F1, sin? 0 + (mgg — pgVi + Fb) sin 6 cos 6 + mg (0 sin 6 cos § + 162 sin §) — Fr ,].

(12)
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3 Simulation test of the dynamic model

Simulations have been conducted based on wave
model (1) and dynamic model (12). The glider can
obtain propulsion only when the ocean wave has suf-
ficient heights, which are quantified by sea state lev-
els. In practical applications, the wave glider usu-
ally runs under sea state levels 3-5. The parameters
for the wave model, i.e., the data at different sea
Parameters for
model (12) are given in Table 2. These parameters
are obtained from a lab testing prototype whose de-
sign will be presented in the next section. Here, we
adopt its mechanical parameters for simulation. We
are going to analyze the motion characteristic of the
vehicle at various sea states through simulations. In

state levels, are given in Table 1.

the meantime, the feasibility of the model can be
verified by simulation. Afterwards, the parameters
of mechanism are optimized to improve the speed of
the vehicle according to simulation results.

Table 1 Parameters of the wave at different sea state
levels

Sea state level H (m) T (s) w (rad/s)
3 1.25 3.2 1.9635
4 2.50 4.0 1.5708
5 4.00 4.8 1.3090

Table 2 Parameters of the dynamic model
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To analyze the motion characteristics, several simu-
lations are carried out at sea state levels 3, 4, and
5, respectively (Fig. 4). The average speeds are ap-
proximately 0.52, 0.81, and 1.06 m/s, respectively.
For a given surface vehicle, the higher the sea level
is, the faster the vehicle moves.

16
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Time (s)
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Fig. 3 Forward speed (a) and cable angle (b) of the
vehicle at sea state level 4

1.8

T

-----Sea State 5

Parameter Value ‘ ‘ Parameter Value
mg 5 kg c 0.8
me 2.2 kg S 0.3 m2
a /4 Sg 0.01 m?

pgVg 3.2 N l 2m

The heave motion of the float is assumed to be
consistent with the wave motion as mentioned in Sec-
tion 2. Taking sea state level 4 as an example, where
the wave height is about 2.5 m and the wave period is
about 4 s, the motion response curves can be derived
from dynamic model (12) with suitable parameters
using a numerical solution such as the Rugge-Kutta
methods (Fig. 3). It can be seen that the speeds show
a periodical pattern, which conforms to the motion
of the ocean wave. The glider swings beneath the
float. The positive angle values imply that the glider
always pulls the float forward. The average forward
speed (i.e., the traveling distance of the vehicle over
one wave cycle) is about 0.81 m/s at sea state level 4.
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Fig. 4 Forward speeds at sea state levels 3, 4, and 5

The forward speed of the wave-propelled ve-
hicle is determined mainly by both its mechanism
parameters and environmental factors. In this
part we discuss the influence of the key mechanism
parameters on its speed. All the simulations are im-
plemented at common sea state levels 3 and 4. The
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forward speed curves under different lengths of cable
are shown in Fig. 5. According to the speed curves,
the optimal length is about 6 to 7 m, at which the
speed becomes maximum. Fig. 6 shows that the
maximum speed occurs when the angle of attack is
about 20°-30°. The quality ratio of the submerged
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glider to the float has a positive correlation with
the forward speed (Fig. 7), which can also be con-
cluded naturally by the momentum conservation law.
All these optimal key mechanism parameters are
useful for the design of the vehicle (Zhou and Low,
2014).
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Fig. 5 Forward speed vs. length of cable under sea state levels 3 (a) and 4 (b)
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Fig. 6 Forward speed vs. angle of attack under sea state levels 3 (a) and 4 (b)
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Fig. 7 Forward speed vs. quality ratio under sea state levels 3 (a) and 4 (b)
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4 Pool trial exploration

It is inconvenient to conduct a test in real ocean
conditions because of the complexity of the environ-
ment and the difficulties presented for data measure-
ment. Instead, a test bed working in a pool is de-
signed to verify the accuracy of the dynamic model
and to further explore the motion principle of the
wave-propelled vehicle. In this section, a brief intro-
duction of the platform and its experimental proce-
dure is given first. Then we discuss the experimental
results by a qualitative comparison with the simula-
tion results.

4.1 Setup of experiment

A pool testing prototype is developed to sim-
ulate the motion of the vehicle motivated by ocean
waves. As depicted in Fig. 8, the surface float is
simulated by a stage on linear guides. The glider is
hung with a soft rope beneath the stage and works
in water. A brushless servo motor (DC 24 V, 200 W)
is used to generate the wave motion by pulling and
releasing the glider periodically. Controlled by NI
MyRIO™ embedded hardware, the motor can pro-
duce motion profiles defined by Eq. (1). It pulls the
glider upward to provide forward drag force for the
stage. The rope is released when the glider drops
down due to gravity and provides a down stroke for-
ward force. In this manner, the stage can move under
the drag from the submerged glider. A speed sensor
(grating ruler) is adopted to monitor the real-time
speed of the stage motion. The glider is equipped
with four pairs of wings made from 1 mm thick stain-
less steel plates. All electronic devices are put on an

Simulated surface float Servomotor _ Motor drive

\ / /

Linear guide Controller
\ /

\
\

/ \
Force sensor Rope

(a)

Glider

1301

aluminum plate that can slide freely on two parallel
linear guides.

The whole test bed runs on an aluminum frame
submerged in a lab water tank, as shown in Fig. 9.
The motion process of the vehicle motivated by the
up-and-down wave is simulated by the platform in
which a motor is commanded to drag the glider up
and down. Similarly, the simulated float is dragged
forward by the glider. The forward speed of the float
is acquired by the grating ruler attached to the frame.
The dragged speed of the glider by the motor can be
calculated by the rotation of the motor and the mean
diameter of the lead screw. By this method, different
sea state levels can be simulated by controlling the
rotation speed of the motor. The impact of the angle
of attack on the speed can be studied by adjusting
the angle.

Surface float Linear guide

T~
Pool Glider  Supporting frame

Fig. 9 Pool trial platform

4.2 Experiment results

In the experiments, the servo motor drives the
lead screw. Rotation of the screw winds up the soft
cable to pull up the glider. Once the glider reaches its
highest position, the motor rotates inversely and the

(b)

Fig. 8 Simulated vehicle testbed (a) (Simulated surface float moves on linear guides and the submerged glider
moves under the control of a servo motor through a rope connection) and geometries of the glider (b)



1302

glider drops due to its gravity. The glider pulls the
surface float forward during this rhythmic pull-and-
release. In this way, we can set different parameters
to simulate the periodical ocean waves in the pool
test by using Eq. (1). Because the sizes of the test-
ing pool and the prototype are both limited, experi-
ments have to be conducted in sea conditions lower
than level 3. According to physical limitations, two
types of wave are chosen as test samples in the exper-
iments shown in Fig. 9. Fig. 10 shows the segments
of the forward speeds in the simulation and the pool
trial under wave height 0.21 m, period 2.2 s and wave
height 0.24 m, period 2.0 s. The timer starts count-
The first
several periods of pull-release motion are discarded

ing immediately once the glider moves.

because the system’s movement is not very stable at
this stage. Thus, the time does not start at zero in
Fig. 10. From the comparison, it can be concluded
that the motion principle of the dynamic model is
consistent largely with that of the platform. The
average speed computed from the dynamic model is
very similar to that of the platform. The relative
error is within the range of 2%-10%. The nonlinear
friction of the guide rail below the float and the inac-
curacy of the drag coefficient in the simulation model
may account for fluctuations of the speed curve in
Fig. 10.

One large difference between this lab experiment
setup and the true ocean environment is that the
float in the lab testing cannot move vertically due to
the constraints of the two linear guide rails and the
fact that the length of the soft cable varies to simu-
late the wave motion, while on a real sea surface the
float moves up and down with the ocean waves and
the length of the soft cable remains unchanged. For-
tunately, these two processes can be assumed equiv-
alent because in the two cases the movements of the
submerged glider are the same. The forward speed of
the float comes from the motion of the glider. There-
fore, in terms of forward movement, the two systems
are equivalent. This explains why the speed peaks
obtained in the experiments are much different from
the theoretical ones in Fig. 10. However, the av-
eraged forward speeds are approximately the same.
This result could prove that the dynamic model is
a useful tool for predicting the speed of the wave
glider.

The forward speed is also influenced by the an-
gle of attack of the glider wings. The propulsion of
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Fig. 10 Forward speeds in the simulation and pool

trial under wave height 0.21 m (a) and 0.24 m (b)

the vehicle comes from the horizontal components of
wing’s drag force. A smaller angle of attack results in
a smaller horizontal force; however, if the angel is too
large, the total drag force will also be reduced. There
is an optimal angle of attack yielding the largest for-
ward propulsion force, as predicted by the dynamic
model. In pool trials, several angles of attack are
tested by manually tuning positions of wing stop-
pers. The forward speed curves under different an-
gles are shown in Fig. 11, where two full wave periods
of data are taken. It can be seen that there are ob-
vious discrepancies in forward speeds with different
angle settings. The average speeds are about 0.177,
0.263, 0.297, 0.351, and 0.323 m/s under 70°, 50°,

0.8
0.7}
0.6}
0.5}
0.4}
0.3
0.2}
0.1}

- —70°

Speed (m/s)

=

0 L L I I \\ L I —
10.0 10.5 11.0 11.5 12.0 12,5 13.0 13.5 14.0 14.5 15.0
Time (s)

Fig. 11
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40°, 20°, and 10°, respectively, which conforms to
the optimal 20°-30° angle of attack deduced from
the simulation. The influence of cable length on the
forward speed is not investigated in the pool trial
because of the limited depth of the pool.

5 Conclusions and future work

In this study, a dynamic model for the wave-
propelled ASV, which can be incorporated with sea
states to predict the forward speed of the wave-
propelled vehicle, was established based on Kane’s
method. The validity of the model was demonstrated
by simulation and pool trial to some extent. Key
mechanism parameters of the vehicle were optimized
with simulations of the dynamic model.

The actual ocean environment is very complex.
Therefore, current research has to use experiment-
based methods to predict the forward speed of the
wave glider instead of an analytical model. The fun-
damental principle of a wave glider is that it converts
up-down wave energy into forward moving energy.
Although the ocean wave certainly contains many
complex motions, we think that this up-down wave
motion providing thrust for the wave glider is simple
and can be modeled by math tools. Our study stands
on this basis. The model is not dedicated to explain-
ing all body-wave interaction processes, but focuses
only on the relationship between forward speed and
wave strength. In terms of speed prediction, the ef-
fectiveness of the model has been proven by lab pool
The first benefit from this model is that it
gives us a tool for improving the mechanical design

trials.

of the vehicle to enhance its performance. Another
obvious benefit is that it provides us with a prior
knowledge of the vehicle speed under different sea
states. One can use the ocean forecast data to ob-
tain the speed of the vehicle and thus make it possible
to do path planning (Zhang et al., 2016). Currently,
the speed of the vehicle is difficult to predict. The
experiment-based approaches may obtain a more ac-
curate forward speed. The above benefits can hardly
be obtained from them.

The accuracy of the model can be improved
further.
like gyroscopes will be added to the float to mea-

In the planning of future work, sensors

sure real-time wave oscillations in field tests. By
using actual wave data and on-board speed sensors
on the float, the discrepancy between the predicted

speed and the actual speed can be obtained, which is
useful for improving the dynamic model. Incorpo-
rating numerical or experimental data to perform
system identification is also a promising method for
improving the model. If using such a method, a
model structure should be obtained first. The dy-
namic model obtained in this study can play this
role. The rest of the study would focus on how to
regulate the parameters in the model. This is also
an interesting topic worth investigating in our future
study. The model will be expanded to a 3D model for
control and path planning. We will also investigate
the path planning problem for the wave-propelled
vehicle considering dynamic ocean currents.
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