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Abstract: Wave Glider is an autonomous surface vehicle that directly uses wave energy to generate
forward power and has been widely used in marine survey and observation. Wave Glider is composed
of surface vessel, submersible propeller and the connection structure between them. Connection
types are thought to be related to the performance of Wave Glider closely. In this paper, the effects
of the connection structure between the surface vessel and the submersible propeller on the motion
performance of the Wave Glider are studied. Several connection types such as rigid rod, cable,
multi-link chain and elastic rod are applied to connect the surface vessel and the submersible
propeller. The models of connection structures are developed respectively. Among them, cable model
is established with a finite number of small cylinders, which connected by spring and damping
elements; multi-link chain can be seen as hinged by multiple rigid rods; elastic rod model can
be looked on as several segments linked with elastic components. Considering the connection
characteristics, the integrated dynamic models are established by applying multi-body dynamics
software ADAMS (Automatic Dynamic Analysis of Mechanical Systems) with consideration of the
hydrodynamic forces on different components of Wave Glider. The propulsion performance of the
Wave Glider is calculated by using numerical method, and the simulation results showed that the
difference of propulsion performance with different connection types of the Wave Glider is slightly.
But serious impacts can occur on the connections of rigid rod and multi-link chain. They can lead
to serious extra load on the structure of Wave Glider. From the engineering practice of Wave Glider
application, the cable connection is more convenient to transport, deploy, recover and store. It is also
the generous connection type for wave glider.

Keywords: Wave Glider; connection structure; dynamic performance; wave energy utilization

1. Introduction

As an ocean mobile observation platform, Wave Glider has been widely used in marine resources
development, maritime exploration and military fields [1–3].

Many researchers studied the equipment from different aspects. On design and optimization of
Wave Glider, Li et al. [4,5] conducted a preliminary study of whole performance of the Wave Glider,
provided the design basis for the length and width of the glider and the length of the connecting cable,
and realize the modeling and analyzing of Wave Glider by using the co-simulation of ADAMS and
MATLAB software; Wang et al. [6] proposed an optimization method based on the Latin Hypercube
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Sampling (LHS) method and Computational Fluid Dynamics (CFD) method for the submersible
propeller which is Blended Wing Body (BWB) layout, and obtained an optimization model for the
BWB Water Glider; Tian et al. [7] introduced the flexible webbed wings based on the researches of
traditional Wave Glider, conducted an intensive study on the propulsion principle of the Wave Glider
with webbed wings (WGWW), established a driving force calculation model of the flexible webbed
wing and realized the glide function of the WGWW; J. Rice et al. [8] designed and analyzed a recovery
system to improve Wave Glider, the proposed solution was demonstrated to be feasible and met all
design requirements, with an emphasis on simplicity.

In order to study the kinematic performance of the Wave Glider, Alaaeldeen M. E. Ahmed et al. [9],
using computational fluid dynamics (CFD) to predict calm water resistance and seakeeping for the
floating hull of Wave Glider, and concluded that the NPL hull is the optimum hull compared to the
other hulls; Ryan N. Smith et al. [10] determined the kinematics model for the Wave Glider platform
developed by Liquid Robotics and estimated the speed and environmental parameters for a desired
heading; Phillip Ngo et al. [11] applied Gaussian process models to existing wave model data to
predict the performance, and carried out an effective method for forecasting WG velocity; Liu [12]
analyzed the motion of a Wave Glider and studied its forward speed at different sea states based on
CFD numerical simulation technology.

For determining the effect of the connection cable on the performance of Wave Glider,
Zhou et al. [13] established a dynamic model of the Wave Glider by using the Kane method,
and analyzed the effect of sea states and cable lengths on the propulsion performance. Zhang et al. [14]
discretized the cable that connected the surface vessel and the submersible propeller into several
small segments for analysis, and obtained the motion equations between the surface vessel and the
submersible propeller, and found that the speed of the Wave Glider is easy to adjust as the wave
changes due to the effect of the flexible cable, in addition, the short cable is in favor of motion
transmission. Liquid Robotics proposed two kinds of design, one is a rigid hinged rod consisting
of two hinged rigid rods, which can improve operability for deployment and recycling of the Wave
Glider, another has two independent rigid rods, which is applied to reduce the possibility of cable
twisting [15].

The connection structure is an important component for the safety and reliability of the Wave
Glider. It is essential to study the effects of the connection types on the performance of the Wave Glider.
In this paper, the relationship between connection structure and the performance of the Wave Glider is
studied. Several connection types such as rigid rod, cable, multi-link and elastic rod are considered to
connect the surface vessel and the submersible propeller. Considering the connection characteristics,
the integrated dynamic models are established by applying multi-body dynamics software ADAMS
with consideration of the hydrodynamic forces on different components of Wave Glider, and the
horizontal displacement and velocity of the surface vessel and the tension forces on the connection
structure with different types have been compared.

2. Materials and Methods

2.1. Types and Models of Connection Components

The Wave Glider consists of surface vessel, connection structure and submersible propeller. With
the excitation of wave, the surface vessel moves in a heave direction. Then the wings rotate under the
action of hydrodynamic force induced heave and the thrust generates and pushes the vessel forward.

To study the effects of cable connection method on motion performance of Wave Glider, a dynamic
model is established. In order to simplify the calculation, the two-dimensional small-amplitude wave is
taken as the basis for dynamic simulation of Wave Glider, and the following assumptions are proposed:

1. The Wave Glider does not change the forward direction during the movement and moves only in
the two-dimensional plane;

2. The shape of the surface vessel has no effects on the motion performance of the Wave Glider;
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3. Only heave motion is considered of surface vessel and the heave motion is defined as follows:

η = A cos(kx−ωt);

where η is the motion equation of the surface vessel in vertical direction; A is the wave amplitude;
kx is the phase; ω is the angular frequency

4. The hydrodynamic force of the surface vessel and the wings are given based on the
Morison equation:

fD =
1
2

CDρAux|ux|

where CD is the drag coefficient, ρ is the density of the fluid, A is the projected area of a unit
length of the surface vessel perpendicular to the flow direction, and ux is the horizontal velocity.

Four types of connection models of rigid rod, cable, multi-link and elastic rod are considered to
analyze the propulsion performance of the Wave Glider, which are shown as Table 1.

Table 1. Model of four connection types.
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(a). rigid rod model (b). cable model (c). multi-link model (d). elastic rod model

The rigid rod can be seen as a link connected the floating body and propeller; the cable is
established with a finite number of small cylinders, which connected by spring and damping forces;
the multi-link can be regarded as links connected by hinges; for the connection elastic rod, it can be
looked on as several segments linked with massless elastic components.

2.2. Multibody Dynamics Modeling of Wave Glider with Different kind of Connection

For the ADAMS dynamic modeling and simulation of Wave Glider, the propulsion performance
of the Wave Glider under different conditions was obtained by numerically solving the dynamic
equation considering the fluid-structure interaction and rigid-flexible coupling. The model used in
this study was firstly established in 3D software SolidWorks and then imported into ADAMS. The
model is shown in Figure 1.
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Figure 1. The 3D model of the Wave Glider.

The parameters of the Wave Glider are provided in Table 2.

Table 2. The parameters of the Wave Gliders.

Parameters Value

Length of surface vessel/m 1.4
Width of surface vessel/m 0.52
Height of surface vessel/m 0.15

Number of wings/pair 4
Area of single wing/m2 0.06

Length of cable/m 3

After the model is imported into ADAMS, the cable is re-modeled and the four models of rigid
rod, cable, multi-link and elastic rod are respectively built.

In the re-modeling process, the attributes, constraints, forces, and movements of the model need
to be defined and added. The connection structure and the surface vessel and the submersible propeller
are connected with revolute joints; the revolute joints are added at the rotating shaft of the wings of
the submersible propeller, and the contact force is added between the wings and the position limiting
device; the surface vessel and the wings are subjected to the hydrodynamic force during movement,
and according to the Morrison equation, the corresponding wave force is added; the surface vessel is
added with a simple harmonic motion to simulate the heaving motion of the waves.

3. Results and Discussion

After the modeling of the Wave Glider with different connection types, the movement simulation
and analysis are performed and the simulation results are as follows.

3.1. Displacement Analysis of the Surface Vessel

Through the comparison of the displacements of the surface vessel in the four connection types
as shown in Figure 2, it can be seen that the displacement of the cable is larger, and the displacement
curves of the surface vessel of the other three connection methods are almost coincident, as a result,
the displacement characteristics of the Wave Glider using the cable connection method are better.
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Figure 2. Displacements of surface vessel in four connection types. (a) Displacement response.
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3.2. Velocity Analysis of the Surface Vessel

Due to the regular harmonic motion of the surface vessel along with the waves, the velocity of the
surface vessel also fluctuates regularly as shown in Figure 3. It can be seen from the comparison of
the surface vessel velocity in the four connection types that the fluctuation of the forward speed of
four connection methods is consistent, and they have little difference in the effect on the velocity of
the surface vessel, the time when the velocity reaches a stable level is approximately the same. The
multi-link and the elastic rod have the highest maximum horizontal velocity, which is about 1.6 m/s,
the maximum horizontal velocity of the cable and the rigid rod are about 1.58 m/s. From the mean
velocity as shown in Figure 4, it can be seen that the mean velocity of the four connection methods
is not much differently, the mean velocity of the cable is slightly larger. However, on the whole, the
maximum velocity of the four types of connection is not significantly different, and the surface vessel
with cable has smaller velocity fluctuation and better performance.
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response curves.
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3.3. Force Analysis of the Hinged Point between the Connection Structure and the Surface Vessel

The propulsion of the wave glider is mainly generated by the submersible propeller. The surface
vessel of the water moves up and down with the undulating motion of the waves, and the motion of the
surface vessel is transmitted to the submersible propeller through the connection structure, therefore,
the submersible propeller performs the heave motion, and the wings of the submersible propeller are
deflected by the force of the water, generating forward propulsion. Propulsion is concentrated at the
hinge point, which is the pull force relative to the surface vessel. It can be seen from the horizontal pull
force curves of the hinged point of four connection types that the four pull force curves almost coincide
with each other, which shows that the connection types have little effect on the pull force of the hinged
point, but due to the momentary contact and collision between the wings and the position limiting
device, the pull force of the hinged point is affected and suddenly serious impacts occurs, as shown in
Figure 5. It can be seen from all the pull force curves of different connection types that the pull force of
the hinged point of the rigid rod and the multi-link all have serious impacts, and due to the elastic rod
and the cable have a certain damping effect, the sudden impacts on the pull force of the hinged point
is small. Overall, the cable has the smallest sudden impacts and the best dynamic performance.
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Figure 5. Comparison of horizontal pull force of the hinged point of four connection types.
(a) Horizontal pull force of the hinged point with rigid rod; (b) Horizontal pull force of the hinged
point with cable; (c) Horizontal pull force of the hinged point with multi-link; (d) Horizontal pull force
of the hinged point with elastic rod.

4. Conclusions

In this paper, the dynamics modeling and simulation of the Wave Glider with different connection
types were studied. The effect of the different connection types on the dynamic performance of
the Wave Glider were analyzed by using the multi-body dynamics software ADAMS. According to
dynamic response, the following conclusions were drawn:

1. When the Wave Glider respectively connected by rigid rod, multi-link and elastic rod, the
displacement responses are similar and the difference is not obvious among different connection
types. The motion of vessel with the cable is slight fast.

2. The velocity responses of the four types of connection structures are also similar; the mean velocity
of the Wave Glider with cable connection is faster than rigid rod, elastic rod and multi-link. And
the vessel with cable also has smaller fluctuation speed.

3. The connection types have little effect on the horizontal pull force of the hinged point between the
connection structure and the surface vessel. Serious impacts can suddenly occur with connection
of rigid rod and multi-link, which will lead to serious extra load on the structure of Wave Glider.
Due to the elastic rod and the connection cable have a certain damping effect, the sudden impacts
on the pull force of the hinged point is small. Overall, the cable connection has the smallest
suddenly impacts of the pull force and the best performance.
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