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ABSTRACT The wave glider is a new concept marine robot that can make use of wave energy to obtain
thrust. Differ from the traditional unmanned vehicle, the wave glider consists of the floating body, the
connecting tether, and the submerge glider. It can be regarded as a special catamaran structure. Therefore,
the conventional kinetic models of the unmanned vehicle are inapplicable to the wave glider. In this paper,
we propose a non-linear kinetic model of wave glider of six degrees of freedom based on three reference
coordinate frames. The calculating formula between the vertical liquid velocity and the system advance
speed is derived by using the kinetic model. A method to design a glider wing structure under fixed wave
speed in vertical direction was also presented. On the basis of the static stress analysis of the Glider wings,
we compare different factors influencing the advance speed and optimize them by comparing the simulation
results with the calculation results.

INDEX TERMS Wave glider, kinetic model, marine vehicles, catamaran structure.

NOMENCLATURE OF ALL STATE VARIABLES
Name Description
G0 Weight of the system
GF Weight of the floater
B0 Buoyancy of the system
BF Buoyancy of the floater
M Inertia matrix
C/c Matrix of centripetal force and Coriolis force
D/d Damping matrix
g Vector of gravitational forces and moments
τ Vector of control inputs
η Position and Euler angle states (Earth-fixed

frame)
ν Velocity and Euler angle rate states (body-fixed)
x0,F,G X-position of the center of system, floater, and

glider, the superscript represents the correspond-
ing moving component

y0,F,G Y-position of the center of system, floater, and
glider, the superscript represents the correspond-
ing moving component

z0,F,G Z-position of the center of system, floater, and
glider, the superscript represents the correspond-
ing moving component

80,F,G
= 8 Rotation over roll angle 8 about X of

system, floater, and glider
θ0,F,G = θ Rotation over pitch angle θ about Y of

system, floater, and glider
ψ0,F,G Rotation over heading angle ψ about Z of

system, floater, and glider
1ψ Difference between floater and glider

heading
δ Angle of the tether
u0,F,G Surge velocity of system, floater and glider

(along x-axis)
v0,F,G Sway velocity of system, floater and glider

(along y-axis)
ω0,F,G Heave velocity of system, floater and glider

(along z-axis)
p0,F,G Roll rate of system, floater and glider

(around the x-axis).
q0,F,G Pitch rate of system, floater and glider

(around the y-axis).
r0,F,G Yaw rate of system, floater and glider

(around the z-axis).
Exyz Earth-fixed coordinate system
Fxyz Body-fixed coordinate system of the floater
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Oxyz Body-fixed coordinate system of the system
XO,F,G
u̇ Added mass caused by advance and retreat

movement, the superscript represents the corre-
sponding moving component

YO,F,G
v̇ Added mass caused by traverse movement,

the superscript represents the corresponding
moving component

NO,F,G
ṙ Added inertia caused by trim movement,

the superscript represents the corresponding
moving component

m0,F,G Weight of each part, the superscript represents
the corresponding moving component

I0,F,Gzz Rotary inertia of each part around Z-axis,
the superscript represents the corresponding
moving component

|rF0| Distance from the floater’s center of gravity to
the center of gravity of the entire system

|rG0| Distance from the Glider wings’ center of gravity
to the center of gravity of the entire system

XG
T Thrust in X-direction generated by the wings

XG
uδ (δ) Thrust in X-direction generated by the rudder

angle
YG
T Thrust in Y-direction generated by the wings

YG
uδ (δ) Thrust in Y-direction generated by the rudder

angle
NG
uuδ Rotary inertia around Z-axis generated by the

Glider wings below
XF
u Damping force in X-axis direction on the center

of gravity of the system caused by the advance
and retreat movement of the floater

XF
v Damping force in X-axis direction on the center

of gravity of the system caused by the traverse
movement of the floater

XG
u Damping force in X-axis direction on the center

of gravity of the system caused by the advance
and retreat movement of Glider wings

XG
v Damping force in X-axis direction on the center

of gravity of the system caused by the traverse
movement of Glider wings

YF
u Damping force in y-axis direction on the center

of gravity of the system caused by the advance
and retreat movement of the floater

YF
v Damping force in y-axis direction on the center

of gravity of the system caused by the traverse
movement of the floater

YG
u Damping force in y-axis direction on the center

of gravity of the system caused by the advance
and retreat movement of Glider wings

YG
v Damping force in y-axis direction on the center

of gravity of the system caused by the traverse
movement of Glider wings

I. INTRODUCTION
Since 1993, the ASC (Autonomous Surface Craft) was devel-
oped. At the same time, the ARTEMIS was designed as
a precision survey platform at the MIT Sea Grant College

Program [1]. One of the main disadvantages of ARTEMIS
is its small size, which limits its applications and dura-
bility. In 1997, ARTEMIS was upgraded to ASC ACES
(Autonomous Coastal Exploration System) [2], a new water-
borne robot which was more durable, stable and easy to
deploy. The new waterborne robot had completed field
tests off Gloucester, MA during the summer of 1997.
Between September 1998 and June 2000, the mechanical
systems of the ASC were heavily modified. During the
extensive field-testing of ACES several potential improve-
ments in the basic platform design were identified as
desirable [2].

After that, the technology of waterborne unmanned
robot developed rapidly. With the requirement of long-time
and wide-range ocean data, the endurance of waterborne
unmanned robot became the research emphasis. People are
looking forward to innovating new driving system of the
waterborne unmanned robot. In 2005, Roger Hine designed
a new marine observation system—the prototype of wave
glider, which requires no expensive deep sea mooring but
has a strong durability [3]–[6]. In past several years, wave
glider has proven its durability and stability in ocean tests and
practical applications [7]–[9].

Simultaneous Interaction between Catamaran structures of
Wave Glider is similar to operating modes between ROV
(Remotely Operated Vehicle) and a ship. A kinetic equa-
tion of several degrees of freedom with moving reference
coordinate frames is necessary for motion simulation and
estimation. In the literature [11], Caiti et al. introduced a
control-oriented Lagrangian modeling approach for Wave
Glider within different reference coordinate frames, includ-
ing classic Denavit-Hartenberg (DH) convention [26] and
North-East-Down (NED) coordinates [21]. However, the lit-
erature [11], [12] didn’t introduce much detail about the static
stress analysis of the Glider wings and therefore hydrody-
namic optimization of the wing structure of Wave Glider is
poor improved in [11] and [12]. The load-carrying capabil-
ity of Wave Glider and details about the stress situations
of underwater glider wings would also not be introduced
in [10]. The kinetic equation of four degrees of freedom
also fails to accurately describe the movement of the glider.
The relationship between the vertical flow velocity and the
speed of the glider has not yet been formulized in the
literature [10]–[12].

Based on the special structural characteristics of the glider,
this paper describes a non-linear kinetic model of six degrees
of freedom (6-DOF) in three reference coordinate frames,
including two body-fixed coordinates for catamaran struc-
tures estimation, and an Earth-fixed coordinate for observa-
tion. In order to simplify the complexity of the coordinate
transformation, this model integrates special terms in hydro-
dynamics with speed of gravity center in advance, retreat and
traversing, rates of heeling angle, and advance of hull. In the
paper, the static stress situation of the glider wings is analyzed
and, the formula between the vertical flow velocity and the
speed of the glider is derived.
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FIGURE 1. Movement mechanism of the wave glider.

II. DYNAMIC MODELING OF WAVE GLIDER
The wave glider is composed of a submerge glider and a
floating body connected by a tether. The wave glider is
propelled by converting vertical wave motions into forward
thrust using the parallel wings array [13]–[15]. The vertical
motion of the wave acts on the parallel wings of the wave
glider and then is converted into forward thrust. The overall
system is a mechanical-propelled structure, which will not
require any external power and consequently is secure and
energy saving [16], [17]. The movement mechanism with
three operating modes is shown in Fig. 1 (a), (b) and (c).
The underwater glider will convert the wave motion into
the thrust when the floater moves up and down with the
waves. When the floating body encounters the wave crest,
the floating body pulls the submerge glider to tighten the
tether, as shown in Fig. 1 (b). The parallel wings array rotate
downward under the action of water flow from the vertical
direction. The water flows downward and acts on the upper
surface of the wings array. The horizontal component drag
force pushes the glider going forward. When the rotation
angle gets to the maximum value, the torsional force will
rotate the torsional spring to restore to its original condition.
When the floating body encounters the wave valley, the wings
of the underwater glider sink due to the gravity, as shown
in the Fig. 1 (a). The parallel wings in the submerge glider
rotate upward under the action of water flow from the vertical
direction. The water flows upward and acts on the lower
surface of the wings. When the rotation angle gets to the
maximum, the torsional force will rotate the torsional spring
to restore to its original condition. The horizontal component
force pushes the glider going forward. The overall system
moves without any external power [18], [19].

A. ESTABLISHMENT OF COORDINATE SYSTEM
This wave glider consists of two rigid parts: the surface floater
and the underwater glider, which are connected by a tether.
To describe the movement of the wave glider, we establish
three reference frames (Fig. 2): two body-fixed and one
Earth-fixed coordinate system. They are defined as follows:

(1) Earth-fixed coordinate system (inertial coordinate sys-
tem), which is represented by Ex-Ey-Ez;

FIGURE 2. Definition of the system coordinate system.

(2) Floater-fixed coordinate system: Body-centered coor-
dinate system of the floater, the origin is set at the center of
gravity of the floater, which is represented by Fx-Fy-Fz;

(3) System-fixed coordinate system: Body-centered coor-
dinate system of the whole system, the origin is set at the
center of gravity of the wave glider, which is represented by
Ox-Oy-Oz.

The position and angle states of the wave glider are rep-
resented by Euler angles using the SNAME notation [23].
η1 =

[
x0,F , y0,F , z0,F

]T
denotes the position vector of

the system and the floater in the earth-fixed coordinate
system(the superscript represents the corresponding part).
η2 =

[
80,F , θ0,F , ψ0,F

]T
denotes the orientation vector

of the system and the floater in the Earth-fixed coordi-
nate system (the superscript represents the corresponding
part). V1 =

[
u0,F , v0,F , ω0,F

]T
denotes the linear speed

of the system and the floater in the body-fixed coordi-
nate system (the superscript represents the corresponding
part).V2 =

[
p0,F , q0,F , r0,F

]T
denotes the attitude angular

speed of the system and the floater in the body-fixed coor-
dinate system (the superscript represents the corresponding
part). External force of the whole system is expressed as
τ1 = [X ,Y,Z]T , external torque of the system is expressed
as τ2 = [K ,M,N]T .

B. TRANSFORMATION OF COORDINATES
In order to obtain the equations of motion in the wave glider
system, coordinate transformation between the vectors was
executed or carried out. To simplify the coordinate transfor-
mations, sin () and cos () are abbreviated as s () and c (),
tan () is abbreviated as t (), the super script represents the
corresponding moving coordinate system. The linear speed
conversion matrix is as follows [20], [21] (1), as shown at the
top of the next page:

The angular speed conversion matrix is as follows (exclud-
ing the situation when θ=90◦):

J2 (η2) =

 1 s
(
80,F

)
t
(
θ0,F

)
c
(
80,F

)
t
(
θ0,F

)
0 c

(
80,F

)
−s
(
80,F

)
0 s

(
80,F

)
/c
(
θ0,F

)
c(80,F )/c

(
θ0,F

)

(2)
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J1(η2) =

c(ψO,F )c(θO,F ) −s(ψO,F )c(φO,F )+ c(ψO,F )s(θO,F )s(φO,F ) s(ψO,F )s(φO,F )+ c(ψO,F )c(φO,F )s(θO,F )
s(ψO,F )c(θO,F ) c(ψO,F )c(φO,F )+ c(φO,F )c(θO,F )s(ψO,F ) −c(ψO,F )s(φO,F )+ s(θO,F )s(ψO,F )c(φO,F )
−s(θO,F ) c(θO,F )s(φO,F ) c(θO,F )s(φO,F )


(1)

The relationship between the linear speed in the inertial
coordinate system and the linear speed in the moving coordi-
nate system is η̇1 = J1(η2)V1; the relationship between the
angular speed in the inertial coordinate system and the angu-
lar speed in the moving coordinate system is η̇2 = J2(η2)V2,
the overall relationship is as follows:

·

η1
·

η2

 = [ J1(η2) 0
0 J2(η2)

] [
V1
V2

]
(3)

Namely η̇ = J (η) V
Assumptions in this model: the entire tether is assumed to

be stretched straight (this assumption is invalid in extreme
weather), the weight of the tether is negligible; the floater
has always been floating on the sea surface, and the glider
is assumed to always pull the floater so the tether is always
in tension. The displacement of the whole glider in Z-axis
direction is very small, accordingly disregarded in this study.
The center of gravity of the entire wave glider is on the
cable, the movement at the center of gravity is approximately
the same with that of the fins of the glider. Each coordinate
system origin is located at the C.G. of its corresponding body.
In particular, the yaw of the wave glider system is equal to the
yaw of the glider [22]

Each of the two body-fixed coordinate systems estab-
lished in this paper has 6 state variables, so there are a total
of 12 state variables, among which are not all considered.
They respectively are surge speed of the wave glider system
u0, sway speed of the wave glider system v0, yaw speed of
the wave glider system r0, surge speed of the floater uF , sway
speed of the floater vF , yaw speed of the floater rF , namely
η =

[
x0, y0, ψ0, xF , yF , ψF

]T
(yaw angle of the wave glider

system ψ0 is assumed to be approximately the same with the
yaw angle of the blades ψG), V=

[
u0, v0, r0, uF , vF , rF

]T
.

Hence, the rates in pitch, roll and heave of the floater and the
system are not considered in this model.

C. KINETIC MODELING OF WAVE GLIDER
In order to describe the dynamic characteristics of the
entire wave glider system, we use T. I. fossen’s nonlinear
model [21]. The 6-DOF set of non-linear equations of motion
for the wave glider can be expressed as follows:

MV̇+ C(V)V+ D(V)+ g(η) = τ (4)

In the model above, M= MRB + MA, C(V)= CRB(V) +
CA(V), MRB is the inertia matrix, MA is the additional mass
and inertia matrix, CRB(V) is the Coriolis and centripetal
matrix, CA(V) is the hydrodynamic Coriolis and centripetal

matrix, D(V) is the damping matrix, g(η) is the restoring
forces and moments vector, τ is the control input vector.
The MA is estimated using the strip theory [6]. For added

mass of glider wings, the interactions between the wings
and the impact from the floater are not considered. Due
to the computational complexity of their values, the off-
diagonal cross terms of the inertia matrix are not considered.
The floater structure is approximately symmetric on X-axis
and Y-axis, and the off-diagonal terms of the inertia matrix
are approximated to zero. Inertia matrix M is simplified as
follows (5), as shown at the top of the next page:

The above formula,m0, mG and mF represent the mass of
overall wave glider system, the mass of glide wings and the
mass of the floater respectively; we have m0

= mG
+mF.

The I0zz and IFzz represent the yaw moments of inertia of
the entire system and the floater around Z-axis respec-
tively; XG

u̇ ,X
F
u̇,Y

G
v̇ ,Y

F
v̇ ,Y

G
ṙ andY

F
ṙ represent additional mass

forces from different directions of the glider and the floater
wings respectively; N 0

v̇ ,N
0
ṙ ,N

F
v̇ , andN

F
ṙ represent the added

moments of inertia of the system and the floater around
Z-axis. According to the strip theory, the calculation of the
added mass force and added moment inertia is derived based
on the empirical formula [23] as in (6) to approximate the
surface of the floater to a cylinder.

Xu̇ = −
4αρπ
3

(
L
2
)(
d
2
)
2

(6)

Where α is the empirical coefficient calculated through the
length-diameter ratio, ρ is the fluid density, L represents
the length in X direction, d is radius of the approximate
cylinder. Because of the special structure of the underwater
Glider wings, the formula cannot be directly used, the added
mass coefficient of a single wing shall be calculated first,
the added mass coefficient of the entire glider is derived
through the addition of every XGu̇ . The remaining parameters
are calculated as follows:

Yv̇ = −
∫ L/2

−L/2
πρR(x)2dx (7)

Nv̇ = Yṙ = −
∫ L/2

−L/2
πρxR(x)2dx (8)

Nṙ = −
∫ L/2

−L/2
πρx2R(x)2dx (9)

Where R(x) is the function of radius and position x, when
the floater is approximated as a cylinder.

The maximum design forward speed of the entire system is
1.5 knot (0.77m/s), the total mass is 75 kg (calculated based
on the prototype) in north latitude 30◦ as the experimental
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M = diag
{
m0

11,m
0
22,m

0
33,m

F
44,m

F
55,m

F
66

}
m0

11 = m0
+ XGu̇ + X

F
u̇

m0
22 = m0

+ YGv̇ + Y
F
v̇

m0
33 = I0zz + N

0
ṙ

mF
44 = mF

+ XFu̇
mF

55 = mF
+ Y Fv̇

mF
66 = IFzz + N

F
ṙ

MRB =



m0 0 0 0 0 0
0 m0 0 0 0 0
0 0 I0zz 0 0 0
0 0 0 mF 0 0
0 0 0 0 mF 0
0 0 0 0 0 IFzz



MA =



−XGu̇ − X
F
u̇ 0 0 0 0 0

0 −YGv̇ − Y
F
v̇ −YGṙ − Y

F
ṙ 0 0 0

0 −N 0
v̇ −N 0

ṙ 0 0 0
0 0 0 −XFu̇ 0 0
0 0 0 0 −Y Fv̇ −Y Fṙ
0 0 0 0 −NF

v̇ −NF
ṙ

 (5)

CRB(V ) =



0 0 −m0v0 0 0 0
0 0 m0u0 0 0 0

m0v0 −N 0
v̇ 0 0 0 0

0 0 0 0 0 −mFvF

0 0 0 0 0 mFuF

0 0 0 mFvF −mFuF 0

 (10)

CA(V ) =



0 0 YOv̇ v
O
+ YOṙ r

O 0 0 0
0 0 m0u0 0 0 0

−YOv̇ v
O
− YOṙ r

O XOu̇ u
O 0 0 0 0

0 0 0 0 0 Y Fv̇ v
F
+ Y Fṙ r

F

0 0 0 0 0 −XFu̇ u
F

0 0 0 −Y Fv̇ v
F
− Y Fṙ r

F XFu̇ u
F 0

 (11)

estimation conditions, the calculatedmaximumCoriolis force
is 0.01 N, therefore, in CRB(V), the influence of Coriolis force
on the entire system can be ignored. CRB(V) is simplified to
(10) and (11), as shown at the top of this page:

Damping matrix is nonlinear with linear speed and angular
speed, which can be expressed as follows:

D(V) =
[
X0Y 0N 0XFY FNF

]T
X0
= XFu + X

G
u

Y 0
= Y Fv + Y

G
v

N 0
= NF

r + N
G
r

XF = XFu + X
F
v

Y F = Y Fu + Y
F
v

NF
= NF

r (12)

In the above formula, XF,Gu , Y F,Gv

XF,Gu = −(
1
2
ρcdAuf )u |u| (13)

Y F,Gv = −(
1
2
ρcdAvf )v |v| (14)

Where ρ represents the liquid density, Auf andAvf represent
the effective cross-sectional areas in the speed direction in
surge and sway respectively, cd represents the damping coef-
ficient in surge, which is derived according to the empirical
formula as [23]:

cd =
cssπ ld
Af

[
1+ 60

(
d
l

)3

+0.0025
(
d
l

)]
(15)
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The vector of restoring force and moments g(η) are derived
from transforming the weight and buoyancy force to the
body-fixed coordinate system. Assume that the entire wave
glider system and the floater keep neutral buoyancy, i.e., the
gravity equal to the buoyancy of entire systems, Go = Bo,
and GF = BF of the floater. The center of system buoyancy

is expressed as roB =
[
roBx , r

o
By, r

o
Bz

]T
; the center of gravity

of the entire system is expressed as roG =
[
roGx , r

o
Gy, r

o
Gz

]T
;

the center of buoyancy of the floater is expressed as rFB =[
rFBx , r

F
By, r

F
Bz

]T
and the center of gravity of the floater is

expressed as rFG =
[
rFGx , r

F
Gy, r

F
Gz

]T
. The weight and buoy-

ancy force vectors in the body-fixed coordinate system are as
follows:

f oG = J−11

 0
0
Go

, f oB = J−11

 0
0
Bo

,
f FG = J−11

 0
0
GF

, f FB = J−11

 0
0
BF


The torque Mo

= roG × f oG − roB × f oB ,
MF
= rFG × f

F
G − r

F
B × f

F
B . The restoring force and moment

vector in the body-fixed coordinate system is as follows:

g(η) =



0
0

−rWx GoCθ
0Sφ0 − rWy GoSθ

0

0
0

−rBx GFCθ
FSφF − rBy GFSθ

F

 (16)

The part above the sea level is smaller compare to the total
system. Disturbance forces like wind forces and wave forces
are neglected in this paper. Thus, the inputs include the thrust
generated by the glider wings at the bottom and the force
due to the rudder angle δ. The control input vector τ can be
expressed as follows:

τ =


XGT + X

G
uδ (δ)

YGT + Y
G
uδ (δ)

NG
uuδ
0
0
0

 (17)

The calculation method of the coefficients in the above for-
mula will be described in section 3.

The full 6-DOF set of nonlinear model is obtained by
substituting (5), (10)-(12) and (16)-(17) into equation (4), as
(18), as shown at the bottom of the next page:

III. STRUCTURE EVALUATION OF WAVE GLIDER
A wave glider structure was designed for the boat with the
size of 230 cm ∗ 80 cm∗ 20 cm. The requirements for the
designed glider structure are shown in Table 1.

TABLE 1. Requirement for glider wing.

1) SIMPLIFIED EQUATIONS OF MOTION
The kinetic model of the wave glider is shown as equation
(18) in Section 2. The horizontal drag force and the rudder
angle are the only inputs of the model. When estimating
the advance speed of the glider, we assume that the entire
system moves in a line with rudder angle θ =0◦, which
means there is no deflection rudder angle for the rudder and
the direction of the whole system will not be affected. The
vertical displacement shall not be considered. The formula at
X-axis is as follows:

(m0
− XGu̇ − X

F
u̇ )u̇

0
+ (−m0v0 + Y 0

v̇ v
0
+ Y 0

ṙ r
O)r0

+ (XFu + X
G
u ) = XGT + X

G
uδ (δ) (19)

Formula (19) can be simplified to:

(m0
− XGu̇ − X

F
u̇ )u̇0 + (XFu + X

G
u ) = XGT (20)

XGu̇ , X
F
u̇ are added mass coefficient calculated by empirical

formula:

XGF
u̇ =

mGF

100
[0.398+ 11.98Cb(1+ 3.73

d
B
)− (2.89Cb

L
B
)

× (1+ 1.13
d
B
)+ 0.175Cb(

L
B
)2(1+ 0.541

d
B
)− 1.107

L
B
d
B
]

(21)

where B is the width of the boat, L is the length of the boat,
d is the mean draught, Cb is the block coefficient of the boat,
XGT is the total horizontal thrust. There are eight wings for the
Glider. The interaction between the surface floater and the
Glider wings below is neglected. The total horizontal force
of the Glider is XGT = 8L; horizontal drag force of a single
blade is calculated by the mean value of the simulated results
and the calculated results of different angles in this section.∫ t

0
u̇0dt =

∫ t

0
(
XGT − (XFu + X

G
u )

(m0 − XGu̇ − X
F
u̇ )

)dt (22)

Where t is estimated 5 seconds and u0t =0.2559 m/s,
u00 =0 m/s. Total mass m0 includes the weight of the floater,
the glider wings, the dry box and the tether. The floater
material is polypropylene with the density of 0.91 g/cm3, the
weight of the sensor of 5 kg, and the total mass of 80.3 kg.
The other parameters are shown in Table 2.

XGT = 8L = 226.7N, L =
1
8
XGT = 28.35N
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TABLE 2. Estimated coefficient values.

2) DESIGNING OF GLIDER BLADE STRUCTURE
In order to design the required glider wing area, we analyses
the static situation of a single glider wing. The glider wings

FIGURE 3. Schematic of load-carrying capability of glider blades.

convert vertical wave-induced flow to horizontal thrust. The
force situation of the glider wings to derive the speed was
analyzed. Hydrofoils, rudders, propeller blades are devise
examples of lifting surfaces. Generally these are thin stream-
lined bodies, intended to develop a hydrodynamic lift force L.
A single glider wing is approximated as a piece of hydrofoil.
The performance of hydrofoil in water is analogous to that of
airplane wing, and the principal distinction between these is
the density of the fluid medium. Hydrofoil also experiences
a drag force D. In a reference body-fixed with the hydrofoil,
the drag component is in the same direction as the free stream,
as shown in Fig. 3.

The load-carrying capability of underwater glider’s wings
is derived using the equivalent lift force equation. Assume
that the vertical wave-induced flow is in a constant speed
and fixed angle of attack in an unbounded fluid, and that the
ambient pressure is sufficiently high to preclude cavitation,
similar with the force situation in the air, the force situation
of the wings under water is simplified to horizontal force L
and vertical force D [25], [26], as shown in Fig. 3.
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F
ṙ 0 0 0

0 −N 0
v̇ I0zz − N

0
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F
−mFuF + XFu̇ u

F 0



×



u0

v0

r0

uF

vF

rF

−


XFu + X
G
u

Y Fv + Y
G
v

NF
r + N

G
r

XFu + X
F
v

Y Fu + Y
F
v

NF
v + N

F
r

+


0
0

−rWx GoCθ
0Sφ0 − rWy GoSθ

0

0
0

−rBx GFCθ
FSφF − rBy GFSθ

F

 =

XGT + X

G
uδ (δ)

YGT + Y
G
uδ (δ)

NG
uuδ
0
0
0

 (18)

VOLUME 6, 2018 71561



J. Chen et al.: Dynamics Modeling of a Wave Glider With Optimal Wing Structure

FIGURE 4. Wing stress analysis.

FIGURE 5. Drag coefficients and lift coefficients for the NACA
63-412 section [25].

When the wing is rising (descending), the stress analysis
are shown in the left (right), as show in Fig 4. The horizontal
component force is calculated as:

Fx= L sin (α + β)− Dcos(α + β) (23)

The angle of attack δe is generally defined foil deformation
with respect to the ‘‘nose-tail line’’, i.e., the center of the
minimum radius of curvature of the leading edge and the
sharp trailing edge. The total force F is divided into horizontal
component Fx and vertical componentFy, which are defined
respectively to be perpendicular and parallel to the X-axis.
Following [24] and [25], L and D are calculated as:

Lifting force:

L =
1
2
ρcL(δe)Sfinv2fluid (24)

Drag force:

D =
1
2
ρcD(δe)Sfinv2fluid (25)

Substitute eq. (24) and (25) into (23), Fx and Fy are calcu-
lated as:

Fx =
1
2
ρSfinv2fluid [cL sin (α + β)− cDcos(α + β)] (26)

Fy =
1
2
ρSfinv2fluid [cL sin (α + β)+ cDcos(α + β)] (27)

Where ρ represents the liquid density, cL and cD respec-
tively represent the lift coefficient and the drag coefficient
respectively, δe represents the angle of attack. The adopted
NACA 63-412 foil section empirical curve for lift and drag

TABLE 3. Calculation parameters.

coefficient estimation is shown in Fig. 5 and the blade nose-
tail line with the specific parameter values shown in Table 2.
Consequently the derived formulas are as follows:

Sfin =
2L

ρcL (δe) v2fluid
(28)

S0 =
Sfin
cosδ

=
1
5

∑δ6

δ1

Sfin(δ)
cosδ

(29)

vfluid = 1m/s, consequently S0 =0.21m2

In this example, Reynolds number Re = ρvL/µ, ρ is the
liquid density, v is the flow speed, and L is the fin length.
When the flow goes vertically downward to the wings, the
locking mechanism locks the wings after reaching the lim-
iting constrained angle. After that the wings will be rotated
back to the original position by the torsional spring. The lift
forces of the wings were calculated with angles of attack
deflected at 5◦, 10◦, 20◦, 30◦, 45◦, 60◦, respectively as well
as the flow rates at 0.5 m/s, 1m/s, 2m/s. The section of the
glider wing as a NACA 63-412 section was evaluated get cL ,
cD from Fig. 5. Other parameters are in Table 3.

3) SIMULATION OF HYDROFOIL ROTATION ANGLE
In order to estimate the range of rotation angle, the force
situation of a single wing in fixed angle. The simulation
is made at different angles when the flow rate is 0.5 m/s,
1 m/s, 2 m/s to compare the horizontal forces. The determined
wing area in simulation is 0.21 m2. The calculation results
were carried out by using formula in the Section 3.2. The
simulation curve and calculation were fitted to compare the
force situation.

The comparison of the simulation results and the calcu-
lated value of the horizontal drag force are shown in Fig.6.
Simulation results are shown in left, and the calculated value
is shown in right. X-axis denotes the wing angle from 0◦

to 60◦, Y-axis denotes the flow rate of 0.5 m/s, 1 m/s,
2 m/s respectively. It can be seen from the data that both
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FIGURE 6. Drag force result contrastive analysis diagram.

TABLE 4. Horizontal drag force (V = 1 m/s).

FIGURE 7. Fitting curve for degree to horizontal drag force.

the simulation horizontal component force and the calcula-
tion horizontal component force gradually increase as the
angle of attack increases under the same flow rate. Both the
simulation horizontal component force and the calculation
horizontal component force gradually increase as the flow
rate increases under the same angle of attack. The horizontal
component force reaches the maximum value when the angle
of attack reaches 45◦. After that the horizontal component
force decreasing as the angle of attack increases. The growth
trend of the simulation is consistent with that of the calcula-
tion.

Horizontal drag force at V = 1 m/s obtained from calcula-
tion and simulation, as shown in table 4.

When V = 1 m/s, the parabolic method was adopted to
fit curve for degree, as show in Fig. 7. By replacing the
actual curve in the sector with parabola approximately, the fit-
ting precision is highly improved compared with the linear
interpolation. The fitted equation for simulation curve is as

FIGURE 8. Lift force results contrastive analysis diagram.

TABLE 5. Vertical lift force (V = 1 m/s).

follows:

FS1 = −0.88998+ 0.53821δ − 0.00577δ2 (30)

Where Fs reaches the maximum value at δ = 46.64◦.
The fitted equation for calculation curve is as follows:

Fc1 = 0.12279+ 0.44286δ − 0.0042δ2 (31)

Where Fc reaches the maximum value at δ = 52.72◦.
The comparison of the simulation results and the calculated

value of the vertical lift force are shown in Fig. 8. The
simulation result is shown in left, and the calculation value
is shown in right. X-axis denotes the wing angle from 0◦ to
60◦, Y-axis denotes the flow rate of 0.5 m/s, 1 m/s, 2 m/s
respectively. It can be seen from the data in the above figure
that both the simulation vertical component force and the
calculation vertical component force gradually decrease as
the angle of attack increases under the same flow rate. Both
the simulation vertical component force and the calculation
vertical component force gradually increase as the flow rate
increases under the same angle of attack. The vertical com-
ponent force reaches the minimum value when the angle of
attack reaches 45◦. After that the vertical component force
increases as the angle of attack increases. The growth trend
of simulation is corresponding to that calculated.

Vertical lift force at V = 1 m/s obtained from calculation
and simulation, as shown in table 5.

When V = 1 m/s, the parabolic method was adopted to fit
curve for degree, as show in Fig 9. By replacing the actual
curve in the sector with parabola approximately, the fitting
precision is highly improved compared with the linear inter-
polation. The empirical expression for simulation curve is as
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FIGURE 9. Fitting curve for degree to vertical lift force.

FIGURE 10. Wing array dimension chart.

follows:

Fs2 = 37.62783− 1.43141δ + 0.01575δ2 (32)

Where Fs reaching the minimum value at δ = 45.44◦.
The calculation value is as follows:

Fc2 = 42.99271− 1.70702δ + 0.01933δ2 (33)

Where Fc reaching the minimum value at δ = 44.15◦.
Themain function of thewing is to convert thewave energy

to tow the whole system. But on the other hand the wing
should not pull the boat too deep to affect the solar panel
system. The horizontal drag force increases as the wing angle
increases from 0◦ to 45◦. After that the horizontal drag force
decreases and the vertical lift force increases. We choose 45◦

as maximum angle taking the simulation curve equation and
calculation curve equation into consideration. When the wing
angle is reaching 45◦, the locking device will stop the rotate
axis.

4) DIMENSION ANALYSIS OF HYDROFOIL BLADE
Glider wings array are arranged in parallel. There is a space
between two wings, which will affect the flow field around.
To compare the horizontal drag force with different number
of wings at the same effective cross-sectional area, fins of 8-
wing structure, 6-wing structure, and 4-wing structure were
adopted to simulate respectively. The total force is shown
in Fig.11. The other parameters of the blades are shown
in Table 6. The simulation values and the theoretical calcu-
lated values are shown in Fig. 11.

Fig. 11 (a) shows the horizontal drag force at the same
effective cross-sectional area Sfin with different hydrofoil

FIGURE 11. Hydrofoil dimension comparison.

TABLE 6. Wing parameters.

widths at 20 cm, 30 cm, and 40 cm respectively. The same
effective cross-sectional area Sfin is 160 cm ×100 cm.

Fig. 11 (b) is the ratio of the simulated horizontal drag
force to the calculated value. The Fig. 10 shows that when
the effective area is the same, the ratio of the simulation
values to the calculated values is smaller and smaller as the
hydrofoil width increases. When the width is 20 cm, the loss
caused by the gap is the smallest, and the error between the
simulated values and the calculated values is the minimum.
Hence, 20 cm was adopted as the width of the wing.

IV. CONCLUTION REMARKS AND FUTURE WORK
In this paper we present a nonlinear 6-DOF kinetic model of
the wave glider with a two-body structure. Kinetic model of
other waterborne unmanned vehicle with monomer structure
cannot accurately describe the motion parameters of the wave
glider. The movement in waves of the glider with catamaran
structure can be more accurately described by establishing a
kinetic model with a two-body structure, which improves the
shortcomings of the existing models.

In this paper, some influence factors on the horizontal
drag force were estimated by comparing simulation and
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calculation results. An equation of vertical flow speed and
advance speed are derived by simplifying the kinetic model.
Through the static analysis of glider wing, the deduced opti-
mized wing area is determined and constrained by the sim-
plified equations of motion to meet the speed requirement.
By fitting the curve between degree and force, different
rotation angles are compared to optimize the wing structure.

Some parameters have been simplified during the mod-
eling process. The model is only suitable for those bodies
with symmetric structure in vertical plane. The model needs
to be modified if the structure of the wave glider changes.
As themodel does not consider thewave and thewind or other
environment disturbances, it cannot accurately describe the
movement in a more complex environment. The future work
includes a sea test of the wave glider to optimize the structure
to improve its stability. The lift and drag coefficients in field
experiments will be carried out to compare with calculation
and simulation results, as well as the interaction between
the floater and the glider by measuring the azimuth angle.
Sophisticated real-time motion simulation of wave glider in
different sea state will be studied for best performance and
applications.
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