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Abstract
In this paper, we present a study of an underwater glider with a cylindrical body, a conical end shape and a spherical nose 
with NACA0009 airfoil wings. In the experimental section, we investigate the hydrodynamic coefficients of drag and lift 
as well as the torque on the glider then analyze the launch velocity, launch angles, angular velocity, and displacement 
range as the main parameters for evaluating of motion dynamics. In the numerical section, we investigate the optimal 
performance of the glider using the meta-heuristic optimization method in order to find the path and range of motion 
of the moving mass and control of the sea glider, which is very important for navigation scope. To be specific, body and 
wings hydrodynamic coefficients are obtained in the velocity range of [0.2, 1] m∕s ; According to the results, the drag 
coefficient increases with increasing velocity, while the lift coefficient increases up to velocity of 0.8m∕s , then decreases 
at velocity of 1m∕s . Also, the wing drag coefficient decreases with increasing velocity, while the wing lift coefficient 
increases with increasing velocity. In the next step, in order to calculate an optimum ratio between obtained depth and 
horizontal distance, the designed algorithm investigate the glider launch angle and finally, the 10 degrees launch angle 
is chosen as the optimum angle. Subsequently, the analysis performed on mass center displacement range shows that 
the oscillation interval [−0.045, 0.085] m is an optimum displacement domain.

Keywords Underwater glider · Towing tank · Hydrodynamic coefficients · Motion dynamics modeling · Meta-heuristic 
algorithm

Abbreviations
Abody  Body cross section area  (m2)
Awing  Wing cross area in top view  (m2)
B  Buoyancy force (N)
Cd_hull  Hull drag coefficient (-)
Cd_wing  Wing drag coefficient (-)
Cl_hull  Hull lift coefficient (-)
Cl_wing  Wing lift coefficient (-)
Dwing  Wing drag force (N)
Dx  Hull drag force x direction (N)
Dz  Hull drag force z direction (N)
F  Force (N)
g(�)  Gravitational and buoyancy vector (N)

IB  Glider moment of inertia matrix (kg  m2)
Ixx  Glider moment of inertia about the x axis (kg 

 m2)
Iyy  Glider moment of inertia about the y axis (kg 

 m2)
Izz  Glider moment of inertia about the z axis (kg 

 m2)
Ixy  Cross product, moment of inertia (kg  m2)
Izx  Cross product, moment of inertia (kg  m2)
Iyz  Cross product, moment of inertia (kg  m2)
K   Torque about the glider x axis (Nm)
l   Glider length (m)
Lwing  Wing lift force (N)
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M  Torque about the glider y axis (Nm)
M  Mass matrix (kg)
MA  Added mass matrix (kg)
m  Glider mass (kg)
ML  Hull torque about the submarine x axis (Nm)
N  Torque about the glider z axis (Nm)
p  Angular velocity about glider x axis (rad/s)
q  Angular velocity about glider y axis (rad/s)
r  Angular velocity about glider z axis (rad/s)
u  Velocity glider x direction (m/s)
v  Velocity glider y direction (m/s)
v1  (u, v, w) (M/s)
v2  (p, q, r) (Rad/s)
w  Velocity glider z direction (m/s)
W   Gravity force (N)
X   Force component in glider x direction (N)
XB  Center of buoyancy (m)
XG  Center of gravity (m)
Xu̇  Added mass (kg)
Y   Force component in glider y direction (N)
Z  Force component in glider z direction (N)
�  Angle of attack (rad)
�  Hydroplane mechanical angle (rad)
�e  Effective rudder angle (rad)
�h  Water inflow angle (rad)
�  Glider pitch (rad)
�  Water density (kg/m3)
�  Torque (Nm)
�  Glider roll (rad)
�  Angular velocity (rad/s

1 Introduction

The exploitation of the oceans and seas is of great impor-
tance in today’s world in terms of transportation, trade, 
food and pharmaceutical resources, mineral resources 
and coastal security [1]. Underwater glider vehicles are 
widely used in the monitoring, exploring and studying 
oceans as well as the understanding of global oceano-
graphic phenomena. Underwater gliders are a type of 
unmanned vehicle that moves slowly in the water with 
its engines controlled by buoyancy and orientation [2]. 
The major advantage of gliders over other drones is 
their low cost and high durability [3]; they have there-
fore become a powerful and widely used tool in the seas 
and oceans. According to studies on the development 
of research activities in the field of underwater gliders, 
topics such as feasibility of designing and developing 
an underwater gliders for various missions in maritime 
units, design of exterior body, implementation of auto-
mated control systems, design of propulsion systems 
[8–10], as well as diving and heaving, extracting and 

recording sea-level data, identifying and monitoring 
the operations environment [11], performing rescue 
operations and tracking systems are always a concern 
[4–8]. Heretofore many researchers have investigated 
the parameters affecting the dynamics of glider motions, 
some of which are listed below [9–11]. Parsons et al. 
[12] are among the first to study the geometrical shape 
parameters of a body in 1974 and its effect on reduc-
ing drag force in an incompressible flow. The purpose of 
their study was to design the axisymmetric body shape 
with the least drag force. One of the most important 
results of their work was the definition of hydrodynamic 
characteristics for body design.

Hu et al. [13] optimized the configuration optimization 
of an Underwater Glider. By means of the union simula-
tion of CFX and Matlab they showed it has a practical 
significance for reducing the period and cost of model 
experiments. In 2009, Alvarez et al. [14] optimized the 
shape of the smart underwater glider body to move 
around the snorkel depth. By changing the shape of the 
nose and floating tail, they were able to reduce 25% of 
the total resistance, which was appropriate for moving 
near the surface. Hussain et al. [15] studied and modeled 
offshore gliders at different depths and investigated on 
the angle control. The information obtained from mod-
eling methods was used to design and control the glid-
ers. MATLAB commercial software was used to obtain a 
mathematical model of floating-balance system, depth-
balance and angle-of-motion balance. In 2012, Ghani and 
Abdullah [16] studied underwater glider body with depth 
control system. Their results showed that the optimized 
body was more suitable for depth control system perfor-
mance. Future developments are needed to specify the 
hydrostatic characteristics of underwater gliders such as 
displacement, center of gravity, center of buoyancy, lift, 
angle of rotation and launch angle.

Following previous studies, Ruiz et  al. [17] studied 
underwater gliders and their modeling in the ocean. 
Experiments were carried out at 15 °C in the Mediterra-
nean, at 100 m of shore and at an approximate depth of 
60 m. The results showed that underwater gliders are a 
valuable and practical tool for investigating air-sea interac-
tions in abrupt mixing event and can perform data collec-
tion with remote control. In 2012, Barker [18] analyzed an 
underwater glider architecture and evaluated its perfor-
mance for underwater applications. The scope of this study 
included gliders changing operating depth by pure buoy-
ancy as well as gliders changing depth through a combi-
nation of buoyancy change and propulsion tools. In 2014, 
Caiti et al. [19] investigated the control of an independent 
underwater glider with the help of wings angle changes. 
The glider consisted of a ballast tank and two hydrody-
namic wings that were used to change the direction.



Vol.:(0123456789)

SN Applied Sciences (2021) 3:201 | https://doi.org/10.1007/s42452-021-04241-z Research Article

In 2014, Yang et al. [20] investigated the thermal glider 
as new type of underwater glider which achieve a much 
longer duration and range compare to other types. In 
2015, Sun et al. [21] studied the parameters of the geo-
metric model and optimized the shape of an underwater 
glider body with wings. In 2016, Jeong [22] designed and 
investigated the control of an unmanned marine glider at 
high horizontal speed, and finally the engine with a hori-
zontal speed of 2.5 knots was designed for this glider. In 
2018, Chen et al. [23], hydro-dynamically analyzed a sub-
mersible glider for the role of the glider wing in a non-
uniform flow. After optimizing the wing shape, the desired 
angle of attack was expressed at 15 to 20 degrees. In 2019, 
Javaid et al. [24] experimentally studied hydrodynamic 
factors at velocities of 0.3 to 0.7 m/s at angles of attack 
of 0–18 degrees. Their results were useful for designing 
maneuverable gliders as well as controlling of underwater 
gliders with wing.

Yang et al. [25] introduced neutrally buoyant hull as 
an effective measure to reduce this buoyancy loss. They 
designed and investigated a multiple intersecting spheres 
(MIS) pressure hull to provide neutral buoyancy, they also 
combined the penalty function method and multiple 
population genetic algorithm to minimizing the buoyancy 
factor which is defined as the ratio of pressure hull mass 
to the undeformed displacement. They claimed that the 
MIS can increase the buoyancy compensation by 69.69% 
and increase battery capacity of the glider by 12.89%. In 
2020 Song, et al. [26] established an accurate energy con-
sumption and a gliding range model of gliders to study an 
optimized the most influencing parameters. Their model 
increases the optimal gliding range by 11.97% compared 
with the gliding range in the actual sea trial.

According to previous studies, one of the most impor-
tant issues for researchers is the control and navigation 
of gliders, which has been studied many times in recent 
years; but the first step in controlling a glider is to identify 
all the environmental and hydrodynamic forces affecting 
its motion. The effect of these forces on the underwater 
gliders is directly related to the body shape and gliders 
wings. After identifying these forces, gliders can be con-
trolled in different environments. In this paper, studies 
will be performed on a specimen glider with a spherical 
nose. For this purpose, a model of the proposed glider 
was designed and then tested in the towing tank to 
determine its hydrodynamic coefficients. Then, in order 
to complete the experimental study a meta-heuristic 
algorithm was developed by using the results of those 
tests for controlling the glider movement and especially 
the pitching angle. Because pitching angle is strongly 
affected by waves and water flow [27]. This algorithm is 
used for controlling the glider’s motion from launching 
into the water, to returning to the surface. The manuscript 

is organized as follows. Section 2 introduces the model of 
problem, elaborates on the geometry and dimensions of 
glider. Firstly, we present the equipment of towing tank 
in Sect. 3 via figures and diagrams, and then introduce 
the testing methods and data processing. Next, dynamic 
modeling of glider movement are discussed in Sect. 4. In 
particular, we detail the kinematics and dynamics govern-
ing equations of the Glider motion. Afterwards, we provide 
hydrodynamics forces caused by hull, noses, and wings of 
glider as well as gravity and buoyancy. Section 5. Provides 
the brief summary of meta-heuristic algorithm followed by 
its flowchart. The discussion based on the investigation of 
impact of major parameters on the hydrodynamics coef-
ficients of the underwater glider is given in Sect. 6. Finally, 
Sect. 7 concludes this work.

2  Model of problem

As mentioned, underwater gliders are used in deep seas. 
The geometry of the glider will greatly influence its opti-
mum performance. In the present study, a glider with a 
cylindrical body and a spherical nose was designed, which 
is the cone-shaped end type. According to previous stud-
ies in the world and also evaluating the operational condi-
tions of gliders in the sea, a 1:3 scaled model has been used 
in this study. Accordingly, the overall length of the glider 
is 88 cm. As can be seen in Fig. 1, the glider consists of a 
58cm long middle body and a 30cm long nose. In addi-
tion, to achieve the appropriate length-to-diameter ratio 
( l∕d = 9.76 ) [28], the glider diameter of the model is 9cm . 
The guiding wings of this glider are NACA0009 airfoils. This 
airfoil utilizes a symmetrical cross section which greatly 
stabilizes the glider’s motion. The exact dimensions of the 
designed glider are given in Table 1.

In the experimental study, the examined parameters 
include launch velocity, launch angle and the angle of 
attack of wings. In addition to the mentioned parameters, 
the distance and position of the center of mass relative 
to the buoyancy center are also considered as another 
important parameter in controlling the gliders motion. 
The range of variations in these parameters is presented 
in Table 2 (Fig. 2).

3  Experimental study

3.1  Equipment

The system used for the test is a towing tank with length 
of 38 m, 3 m width and depth of 1.5 m. In addition to the 
traction system, the towing tank also has data measure-
ment and reporting devices. Due to the velocity range of 
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the glider as well as the dimensions of the tank, the model 
is located at a distance from the wall that the effects of the 
wall are negligible.

To measure hydrodynamic coefficients, a six-compo-
nent dynamometer is used Fig. 3. This dynamometer is 
equipped with different load cells, which are:

• Single point load cell for measuring drag force and 
sway and yaw moments

• Tensile load cell for roll moment measurement
• Rotation potentiometer to measure pitch angle

Fig. 1  3D view and precise dimensions of the designed glider

Table 1  Geometric 
specifications of the glider

Iy (kg.m2) M
(kg)

V
(m3)

Glider Diameter (m) Glider length (m) Airfoil length (m) Airfoil type

0.3091 5.935 0.006068 0.09 0.88 0.395 NACA0009

Table 2  The range of variations of parameters

Parameter Dimension Step

Glider velocity [0.2,1]m∕s 0.2

Launch angle [10,80]degrees 10

Angle of attack [−20,+20]degrees 5

Wing angle 0 Constant
The distance between the center of 

mass and the center of buoyancy
[−10,+10]cm 0.02

Fig. 2  Model of the underwa-
ter glider in the towing tank
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The block diagram of the towing tank data collecting 
system is presented in Fig. 4. The system includes power 
panel, drivers, motors, wagon, PLCs, computer displays, 
dynamometers, sensors, load cells and strain gauges, data 
and battery boxes, wireless transmitters and electronics 
devices. In addition, the technical specifications of the 

measuring equipment along with their error ranges are 
shown in Table 3.

3.2  Test method and data processing

According to the operating conditions of the towing 
tank, to determine the degree of uncertainty and error 
of the whole measurement system, the test output data 
were evaluated for a zero-degree attack angle as well as a 
velocity of 0.2m∕s. After installation and testing, the values 
of the forces applied to the glider in the X-direction are 
measured by the sensors installed in the towing tank and 
finally converted to the force form with the help of the 
conversion functions defined in the monitoring software.

For evaluation of the uncertainty, two types of uncer-
tainty have been evaluated; in this regard, in order to 
assess the uncertainty of Type A (statistical), the experi-
ments were repeated 5 times. In addition to consider the 
effects of various possible measurement errors (measuring 

instruments and methods, operator, environmental condi-
tions), the uncertainty of Type B (non-statistical) has also 
been evaluated. The results are presented in Table 4. As 
can be seen, the overall uncertainty for the towing tank 
measurement system is evaluated to be 4%.

Fig. 3  Dynamometer of the towing tank

Fig. 4  Block diagram of the towing tank data collecting system
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After evaluating the uncertainty and ensuring the per-
formance of the measurement system, based on the range 
of variations of each parameter, experimental tests are per-
formed on the model glider; then, by processing the output 
data, the hydrodynamic forces on the glider are obtained. 
According to the determination of hydrodynamic forces and 
also using Eq. (1) and (2) and (3) and with respect to the wing 
angle and different angles of attack, the values of drag, lift 
and torque coefficients at various velocities are calculated 
for the glider nose.

in above euqations, D , L and M , are drag coefficient, lift 
coefficient and torque coefficient, respectively and H is the 
area of the wing surface and � is the angle between the 
glider body and the wing.

(1)CD =
2D

�u2AD

(2)CL =
2L

ρHδu2

(3)CM =
2ML

�u2A

4  Dynamic modeling of glider movement

4.1  Hydrostatic equilibrium

For underwater vessels, it is difficult to separate the 
static and dynamic aspects, as most of the two effects 
are always alongside. Static stability in underwater glid-
ers, both transversely and longitudinally (rotation of 
longitudinal and transverse axes), requires the center of 
gravity to lie beneath the buoyancy center. The motion 
of objects within a fluid includes motion in the direction 
of three axes longitudinally, transversely, and vertically, 
which are called surge, sway, and heave, respectively, 
and also rotational motion around these three axes, 
which are called roll, pitch, or yaw, respectively (Fig. 5). 
Since the present model is only studied on the XZ plane, 
only the equilibrium in this respect has been examined. 
Accordingly, the center of mass and center of buoyancy 
are on the X-axis, and only the center of mass on this axis 
will be displaced to investigate its effect on the glider 
motion.

Table 3  Main equipment of towing tank with error evaluation

Equipment Model Capacity Total error

load cell C3G 10kg ≤ ±0.015

load cell C3D 1kg ≤ ±0.030

load cell C4 25kg ≤ ±0.018

Rotation potentiometer BOURNS 2kΩ ≤ ±0.010

Heave motion sensor LVDT 500mm ≤ ±0.010

Table 4  Uncertainty calculated for the towing tank measurement system

Test Data Standard devia-
tion

Total standard 
uncertainty

Uncertainty type A Uncertainty type B

Average standard 
deviation

Uncertainty Per-
centage Type A

Uncertainty of 
sensor

Uncertainty 
percentage 
type B

Test1  − 34.6866 6.65075183 4.117164502 2.974306642 0.026743066 2.846848 0.041171645
Test2  − 30.0948
Test3  − 37.0353
Test4  − 30.5271
Test5  − 46.4686
Average  − 35.7625

Fig. 5  Definition of reference frameworks, along with all degrees of 
freedom
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4.2  Kinematics and dynamics modeling 
of the glider

A variety of complex and nonlinear forces, such as hydro-
dynamic drag, damping, lift forces, Coriolis, and centrifu-
gal forces, gravity and buoyancy, along with propulsion 
and environmental disturbances affect the movement of 
an underwater glider which ultimately makes it difficult to 
control its movement. Therefore, Kinematic and dynamic 
modeling of gliders has a great impact on the control of 
underwater motion.

4.2.1  Six degrees of freedom equations of gliders

To derive the 6 degrees of freedom equations, two reference 
coordinates are provided for the glider; one is the global 
fixed reference framework ( W ) and the other is the fixed ref-
erence framework ( B ) on body. The direction of the axes in 
both W and B frames are shown in Fig. 5. Euler relations are 
used to transfer each coordinate to the other 0 [29].

To obtain the 6  degrees of freedom equations, it is 
assumed that the coordinate system B is located on the 
center of the glider buoyancy, so that in this case the inertia 
tensor will be in diagonal form (Eq. 4).

Now according to the Newton and Euler equations, the 
six degrees of freedom equation of the glider are obtained 
as Eq. (5) [29]:

4.2.2  Dynamic modeling of glider motion

Dynamic modeling is necessary to develop the algorithms 
for controlling and simulating of gliders motions. Consider-
ing the Newton–Euler equation with respect to the motion 
of a rigid object in fluids, the dynamic model of the glider 
motion can be considered as follows 0 [29]:

(4)I
B
=

⎡⎢⎢⎣

Ixx 0 0

0 Iyy 0

0 0 Izz

⎤⎥⎥⎦

(5)

m
[
u̇ − vr + wq − xG

(
q2 + r2

)
+yG(pq − ṙ) + zG(pr + q̇)

]
=
∑

Xi

m
[
v̇ − wp + ur − yG

(
r2 + p2

)
+zG(qr − ṗ) + xG(qp + ṙ)

]
=
∑

Yi

m
[
ẇ − uq + vp − zG

(
p2 + q2

)
+xG(rq − q̇) + yG(rq + ṗ)

]
=
∑

Zi

Ix ṗ +
(
Iz − Iy

)
qr +m

[
yg(ẇ − uq + vp) −zg(v̇ − wp + ur)

]
=
∑

Ki

Iy q̇ +
(
Ix − Iz

)
rp +m

[
zg(u̇ − vr + wq) −xg(ẇ − uq + vp)

]
=
∑

Mi

Iz ṙ +
(
Iy − Ix

)
pq +m

[
xg(v̇ − wp + ur) −yg(u̇ − vr + wq)

]
=
∑

Ni

(6)Mv̇ + C(v)v + D(v)v + g(𝜂) = 𝜏

where M is the inertial matrix of the rigid body and the 
added mass, C(v) is the Coriolis matrix and the centrifuge 
of the rigid body and the added mass, D(v) is Damping 
matrix (second order and linear), g(�) is Gravity and buoy-
ancy matrix, and � is the force/torque vector; However, � 
is considered zero in the glider. It is worth noting that in 
Eq. 7, surrounding impacts such as water flows and waves 
are not taken into account.

The applied Hydrodynamic forces and torques applied 
to an underwater glider can be divided into added-mass 
and hydrodynamic damping.

4.2.3  Mass and inertia matrices

The matrix of mass and inertia includes rigid body mass 
and added mass 0 [29].

According to Eq. (9), the body mass term is written as 
follows:

In this equation, rG is the position of the center of grav-
ity of the glider in the coordinate system on the body.

M
RB

 in Eq. (11) is expressed as follows:

The glider is symmetric on the XZ and XY  planes, and 
with good approximation one can assume that it has sym-
metry on the YZ plane as well. This will dramatically reduce 
the computation. The mass of the rigid body is obtained 
as follows:

Hydrodynamic added mass is defined as follows:

(7)D(v) = D
q
(v) + D

l
(v)

(8)M = M
RB

+M
A

(9)M
RB
v̇ =

[
m�̇�B +m�̇�B × rG
IB�̇�B +mrG × �̇�B

]

(10)rG =
[
xG yG zG

]T

(11)M
RB

=

⎡
⎢⎢⎢⎢⎢⎢⎣

m 0 0 0 mzG −myG
0 m 0 −mzG 0 mxG
0 0 m myG −mxG 0

0 −mzG myG Ixx −Ixy −Ixz
mzG 0 −mxG −Iyx Iyy −Iyz
−myG mxG 0 −Izx −Izy Izz

⎤⎥⎥⎥⎥⎥⎥⎦

(12)M
RB

=

⎡
⎢⎢⎢⎢⎢⎢⎣

m 0 0 0 mzG −myG
0 m 0 −mzG 0 mxG
0 0 m myG −mxG 0

0 −mzG myG Ixx 0 0

mzG 0 −mxG 0 Iyy 0

−myG mxG 0 0 0 Izz

⎤⎥⎥⎥⎥⎥⎥⎦
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According to the SNAME1 convention, the indices of the 
added mass matrix is calculated using Eq. (14):

This article ignores the equations and relationships 
associated with the added mass.

4.2.4  Hydrodynamic damping matrix

Underwater hydrodynamic damping involves drag and lift 
forces.

4.2.5  Forces caused by wings

In order to calculate the lift and drag force applied on the 
guiding wings of an underwater glider, this issue is first 
explained in two dimensions and then in three dimen-
sions. Due to the fact that the coefficients of lift and drag 
on the wings have been obtained by using the results of 
glider experiments in the towing tank; by using these coef-
ficients, the lift and drag force on the wings are calculated 
as follows [30]:

Awing is the surface area of the wing in view from above, �e 
is the angle of attack of the wing with respect to the direc-
tion of velocity, which is calculated in the local coordinates 
as follows:

� is the angle between the body of the glider and the wing 
in XZ plane, and �h is the angle between the body and the 
direction of the water velocity Fig. 6 that can be obtained 
from the following relation:

(13)M
A
=

⎡
⎢⎢⎢⎢⎢⎢⎣

Xu̇ Xv̇ Xẇ Xṗ Xq̇ Xṙ
Yu̇ Yv̇ Yẇ Yṗ Yq̇ Yṙ
Zu̇ Zv̇ Zẇ Zṗ Zq̇ Zṙ
Ku̇ Kv̇ Kẇ Kṗ Kq̇ Kṙ
Mu̇ Mv̇ Mẇ Mṗ Mq̇ Mṙ

Nu̇ Nv̇ Nẇ Nṗ Nq̇ Nṙ

⎤
⎥⎥⎥⎥⎥⎥⎦

(14)Xu̇ =
𝜕X

𝜕u̇

(15)Lwing =
1

2
⋅ � ⋅ Awing ⋅ Cl_wing ⋅ cos �e ⋅ sin �e

(16)Dwing =
1

2
⋅ � ⋅ Awing ⋅ Cd_wing ⋅ sin

2
�e

(17)�e = � − �h

(18)�h = arctan

(
vy

vx

)

These components are transformed into longitudinal 
and lateral forces and momentum in the Yaw direction:

To study the forces applied to the wings in three-dimen-
sions, it is necessary to calculate �h Fig. 7.

The velocity vector of water at the wing Xr position is 
calculated by Eq. (22):

This velocity vector is in line with the glider hull and is 
perpendicular to the normal vector of wing plane.

where �h is the angle between vre and 
[
−1 0 0

]T
 , which 

is the angle between the direction of the glider and the 
direction of the flow.�e is the angle between flow direction 
and the angle of attack.

4.2.6  Force caused by the hull of glider

Since the purpose is to study the glider movement on 
the XZ  plane. Therefore, the equations of drag and lift 
forces, as well as torque, are found only on this plane. 

(19)Fx = −Dwing. cos �h − Lwing. sin �h

(20)Fy = Lwing. cos �h − Dwing. sin �h

(21)� = x × (Fx, Fy, 0)

(22)vr = −
(
v1, v2 × xr

)

(23)v1 = (u, v,w) v2 = (p, q, r)

(24)vre =

(
1 −

NNT

NTN

)
V5

r

Fig. 6  Lift and drag forces of wing in two dimensions

1 Society of Naval Architects and Marine Engineers, 1950.
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The drag force caused by the hull on the XZ  plane is cal-
culated as Eq. (25) [31]:

The lift force is applied to the center of the glider pres-
sure by moving the hull perpendicular to the water flow. 
Placing this force in the center of the buoyancy creates 
a torsional torque around the center of the buoyancy. 
The lift and torque force of the hull on the XZ  plane is 
calculated as Eq. (26) [31]:

The values of drag coefficients, lift and torque related to 
the desired glider were obtained using experimental tests.

4.3  Gravity and buoyancy matrix

The gravitational and buoyancy vector is calculated as 
follows [30]0:

Thus, the forces affecting the motion of the underwa-
ter glider are calculated.

(25)

Dx = −
�

2
Af Cd_hull(u

2 + w2) cos � ≃ −
�

2
Af Cd_hull(u

2 + w2)(1 −
�2

2
)

Dz = −
�

2
Af Cd_hull(u

2 + w2) sin � ≃ −
�

2
Af Cd_hull(u

2 + �2)�

(26)
ZL = −

�

2
Af Cl_hull(u

2 + w2)� cos �

ML = −
�

2
Af CM�

(u2 + w2)�

(27)g(�) =

⎡⎢⎢⎢⎢⎢⎢⎣

−(W − B) sin (�)

(W − B) cos (�) sin (�)

(W − B) cos (�)cos(�)

ygW cos (�)cos(�) − zgW cos (�) sin (�)

−zgW sin (�) − xgW cos (�) cos (�)

xgW cos (�) sin (�) + ygW sin (�)

⎤⎥⎥⎥⎥⎥⎥⎦

4.4  Summarizing dynamic equations

All the above equations are for six degrees of freedom 
motions. While the purpose of this article is to investigate 
an underwater glider on the XZ plane, this would mean 
reducing degrees of freedom to three. Accordingly, simpli-
fications are made to the equations that are presented in 
the following linear motion model on the XZ plane.

The equations used to describe gliders motion are cou-
pled and nonlinear. Assuming that the glider does not 
have roll motion, the Eq. (5) can be divided into two sets 
of equations. Since the purpose of the present study is to 
study the motion of the glider on the longitudinal plane. 
These equations are solved by the following assumptions:

1. There is no force along the y-axis ( Yext = 0 ) and there-
fore no displacement in this direction.

2. There is no torque around the x-axis ( Kext = 0 ) and 
therefore no rotation.

3. There is no torque around the z axis (Next = 0) and 
therefore no rotation.

4. The position of the center of gravity of the glider in the 
( B ) coordinate system is obtained as follows:

  This value is measured relative to the buoyancy 
center, which is the center of the coordinate system.

5. The glider is assumed to be symmetric across the plane 
passing through the ( B ) coordinate system.

5  Flowchart of the developed algorithm

As discussed earlier, the control of underwater gliders 
has already attracted much research interest [32–35]. 
In the present article, using the equations described in 
the preceding sections, a code is provided in MATLAB 
software that simulates and controls the motion of the 
glider from the beginning point at the water surface at 
a certain angle into the water until it returns back to the 
surface Fig. 8. The present algorithm first calculates the 
pitch angle and the angle of motion of the glider at each 
instant. In the next step, considering these two angles, it 
calculates all the forces and torques affecting the glider, 
including the forces and torques caused by the lift and 
hull drag, the wing and the mass of the glider; Then their 
effects on the glider’s acceleration is determined and 
finally an acceptable prediction of the glider’s velocity 
and direction changes can be obtained. So, one loop is 
completed and the next loop starts to do the calcula-
tions for the next time step.

(28)rG =
[
xG 0 zG

]T

Fig. 7  Angle of the wing in three dimensions
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Due to the fact that there is no propulsive force, this 
algorithm uses a variable mass transfer inside the glider 
to control the glider’s movement from the time it is 
launched into the water until it returns back to the sur-
face. In this way, it is possible to change the position of 
the center of gravity relative to the buoyancy center (the 
origin of the local coordinates). It is important to change 
the position of the center of gravity so that the glider is 
always in line with the launch path.

Figure 9 illustrates the flowchart of the implemented 
program algorithm briefly. One of the most important 
parts of this algorithm is to calculate the accelerations 
of the resulting forces and torques on the buoyancy 
center of the glider. During the movement at each time 
step, the resultant of forces and torques applied to the 
glider at different positions of the center of mass are 
calculated. Then the accelerations of these forces and 
moments are calculated, using these accelerations, the 
velocities and locations of each of the mass centers are 
calculated. It should be noted that velocities include lin-
ear velocities along horizontal and vertical axis as well 
as angular velocities; and the positions also include the 
position along the X , Y  axis, and the angular position of 
the glider (trim); and so the inner loop is completed. In 
the following, different paths of the inner loop are com-
pared to reach the next location and each is selected 
closer to the conditions stated above. The glider param-
eters at the selected point are used as the initial value 
for starting the next loop. It is worth noting that among 
the various velocities in the applied tests, the velocity of 
1m∕s has been selected for use in the algorithm.

6  Results and discussion

In this section, first, based on the data obtained from 
the tests, the hydrodynamic coefficients are calculated; 
then the results related to the dynamic modeling of the 
glider movement and also the results of optimization 
will be presented.

6.1  Results of experimental tests

Figure 10 shows the variations of the drag coefficient of 
the hull obtained for the glider velocity of 0.2 to 1m∕s 
at different angles of attack. As can be seen, the values 
are symmetrically distributed with respect to the zero 
angle of attack. As the angle of attack and glider velocity 
increase, the drag coefficient also increases.

Figure 11 shows the variations in the drag coefficient 
of the hull in terms of glider velocities. According to the 
symmetry shown in the figure above, at non-zero and 
symmetric attack angles, the amount of drag applied to 
the whole vessel is equivalent.

According to Fig. 12, the drag coefficient of the wings 
increases with increasing angle of attack, and as the 
drag coefficient increases, more propulsive force will 
be required to move the glider. The range of flow veloc-
ity variations was also considered to be 0.2 to 1.0m∕s . 
Increasing the angle of attack is useful for diving or heav-
ing the glider, which requires more propulsion because 
of the increased drag coefficient.

Figure 13 shows the variations of the wings drag coef-
ficient in terms of flow velocity. Compared to Fig. 10, 
although the total drag increases with increasing glider 
velocity, increasing the velocity reduces the drag of the 
wings. These drag variations are more tangible at larger 
angles of attack.

Figure 14 shows the variations in the hull lift coeffi-
cient for the velocities of 0.2 to 1.0m∕s obtained at vari-
ous angles of attack. Because of the geometric symmetry 
of the glider, the distribution of the total lift coefficient is 
symmetric at the origin. In this figure, the lift coefficient 
is increased linearly (in positive and negative direction) 
by varying the angle of attack to the extent that stall pre-
vents it from increasing. This point is approximately close 
to the − 15 degrees angle of attack which a sudden drop 
in the size of the lift force occurs due to the separation 
of the fluid at the wings’ suction surface (deceleration) 
and the reduction of pressure difference.

Figure 15 shows the variations in hull lift force at vari-
ous angles of attack in terms of flow velocity. As it can 
be seen, the average of these variations is not significant 
for the tested velocities.

Fig. 8  Schematic of the glider diving and returning back to the sur-
face [36]
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Fig. 9  An overview of the algorithm
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Figure 16 shows the wings lift coefficient variations 
at the tested angles of attack at flow velocities of 0.2 to 
1 m/s. As can be seen, a large portion of the total lift is 
generated by the wings, which play a significant role in 
the glider’s motion. From the comparison of Figs. 14 and 
16, it can be concluded that the slight difference of Stall 
point indicates the effects of the glider hull.

Figure 17 shows the lift coefficients of the wings in 
terms of different flow velocities. It is seen that this 
graph is neutral to the velocity variations. This is due to 
the low Reynolds number ( 1.2 × 105 maximum Reynolds) 
and the closeness of velocities.

6.2  Hydrodynamic coefficients

To apply the results of the experimental tests to the code 
algorithm, one needs to obtain the closest regression 
graph to it.

6.2.1  Drag and lift coefficients of the wing

The regression graph equation corresponding to the 
experimental drag coefficient test of the glider at the 
velocity of 1m∕s is a polynomial of degree of 4:

(29)
Cd_wing = 0.2579�4 − 0.0013�3 − 0.0018�2 − 0.00003� + 0.0001
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Fig. 10  Effects of angle of attack on the drag coefficient of the hull 
for different glider velocities
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The drag coefficient of the experimental tests for the 
glider wings is given in Fig. 18. It is found that the regres-
sion diagram corresponding to it is in good agreement 
with it.

The regression graph equation corresponding to the 
experimental lift coefficient test of the glider at the veloc-
ity of 1m∕s is a polynomial of degree of 4:

(30)
Cl_wing = −5.537�4 − 27.38�3 + 0.4025�2 + 1.9758� − 0.0016

The lift coefficient of the experimental tests for the 
glider wing is shown in Fig. 19. As with the drag coefficient, 
here also regression graph is in good agreement.

6.2.2  Coefficients of drag, lift and hull torque

The regression graph equation corresponding to the 
experimental drag coefficient test of the glider at the 
velocity of 1m∕s is a polynomial of degree of 4:

(31)
Cd_body =

|||3.7935�
4 + 6.4306�3 − 0.2972�2 − 1.2574� + 0.0045
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Fig. 14  Effect of angle of attack on hull lift coefficient with wings 
for different glider velocities
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The drag coefficient of the experimental tests for the 
glider hull is shown in Fig. 20. The considered regression 
function approximates the most important points of the 
experimental results well.

The regression diagram equation corresponding to 
the experimental lift coefficient test of the glider at the 
velocity of 1m∕s is a polynomial of degree of 4:

The lift coefficient of the experimental tests for the 
glider hull is shown in Fig. 21. As with the drag coeffi-
cient, here also regression graph is in good agreement.

Also, the total glider torque coefficient is about 0.0974.

(32)
Cl_body = −0.2388�4 − 1.7958�3 + 0.0188�2 + 0.3772� + 0.0005

Fig. 18  Regression graph of the drag coefficient of the wing

Fig. 19  Regression graph of lift coefficient

Fig. 20  Regression graph of the hull drag coefficient

Fig. 21  Regression diagram of the hull lift coefficient
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6.3  Dynamic modeling of glider movement

6.3.1  Meta‑heuristic optimization

Optimization methods are divided into two categories: 
precision algorithms and approximate algorithms. Precise 
algorithms are able to find the optimal solution accurately, 
but they are not efficient enough for complex optimiza-
tion problems, and their execution time increases expo-
nentially according to the dimensions of the problems. 
Approximate algorithms are able to find approximate 
(near-optimized) solutions in less time for difficult opti-
mization problems. The approximate algorithms are also 
divided into three categories: heuristic, meta-heuristic and 
hybrid meta-heuristic algorithms. Meta-heuristic algo-
rithms are one of the types of approximate optimization 
algorithms that can be used in a wide range of issues.

The process of designing and implementing meta-
algorithmic algorithms has three consecutive sections, 
each of which has different steps. The first step is prepara-
tion, in which accurate knowledge of the problem must 
be obtained, and the objectives of the meta-algorithm 
design algorithm must be clearly defined according to 
the available solutions for this problem. The next step is 
called construction. The most important goals of this step 
are to select the solution strategy, define the selection 
procedure and designing the algorithm for the solution 
strategy. The last step is the implementation, in which the 
implementation of the algorithm designed in the previous 
step includes setting the parameters, analyzing the per-
formance, and finally compiling and reporting the results 
0 [22].

6.3.2  Input parameters selection

In any optimization problem, determining the objec-
tive functions is of great importance. In the movement 
of gliders, what matters is access to the required depth. 
Of course, along with the proper depth, the amount of 
horizontal movement is also very important. This section 
outlines the important parameters that affect glider move-
ment, and some parameters are examined using a meta- 
heuristic optimization algorithm.

6.3.3  Initial launch velocity of glider

The initial velocity of glider launch is one of the most 
important movement parameters in gliders. In the experi-
ments of this article, the values of 0.2, 0.4, 0.6, 0.8 and 1 m/s 
were examined and the hydrodynamic coefficients of each 
were obtained. Obviously, as the launch velocity increases, 

so does the accessibility. Therefore, in the simulation work 
of glider launch, the maximum velocity, i.e.1m∕s , was 
selected.

6.3.4  Launching angle of glider

Due to the importance of the glider launch angle which 
is trim angle at the zero moment before launch in its 
movement path and to select an optimum ratio between 
displacement in both horizontal and vertical directions, 
8 different launch modes were selected with angles of 
10, 20, 30, 40, 40, 50, 60, 70 and 80 degrees Fig. 22. For each 
of these angles, location and velocity charts will be dis-
played in detail.

6.3.5  The glider’s center of mass displacement

Due to the limited placement of various electrical and 
mechanical equipment inside the glider and the impor-
tance of the range of motion of the center of mass, after 
selecting an optimal angle for launch, the range of move-
ment of the center of mass will be optimized as the only 
control parameter Fig. 23. Therefore, it is crucial to find the 
minimum motion of the moving mass in a way that does 
not adversely affect the performance of the device.

6.4  Effects of the mentioned parameters 
in the glider movement path

Since in this algorithm, the angle of the glider wing is 
always constant and equal to zero, and also due to the 

Fig. 22  Schematic of glider Trim angle

Fig. 23  Schematic of the displacement range of the glider’s center 
of mass relative to the origin of the coordinates connected to the 
buoyancy center
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fact that the amount of glider buoyancy is more than its 
weight, the most important factors that increase the depth 
of the glider are the glider launch angle and displacement 
of the center of mass. Using these two parameters, the 
meta-heuristic algorithm first selects an optimal launch 
angle and then obtains an optimal range of motion for 
the glider’s center of gravity to obtain the best glider 
trajectory.

6.5  Investigating the effect of glider launch angle

6.5.1  Position analysis at different launch angles

According to Fig.  24, the maximum depth (1.26m) is 
obtained at launch angle of 10 degrees. The maximum 
horizontal distance obtained (3.07m) was at launch angle 
of 70 degrees. It should be noted that by increasing the 
launch angle to more than 70 degrees, there is no increase 
in the horizontal distance, only causing the glider to return 
faster to the surface. But the function of the target is 
depth, so with these conditions, a 10 degrees angle can 
be selected as the appropriate launch angle.

6.5.2  Trim chart analysis at different launch angles

To avoid sudden and infinite accelerations, conditions 
have been created in the algorithm so that the glider’s 
motion is always uniform. Therefore, the angle of the glider 
trim should be changed slowly and with a slight slope rela-
tive to the time. The present algorithm has achieved this 
goal. In addition, to make the glider ready for the start of 
the next cycle, the glider will have a similar angle to the 
initial launch angle as it exits the water. According to the 
definition, the angle of the glider in the water, which is 
considered relative to the hypothetical line perpendicular 
to the water surface, is called the trim angle.

As can be seen in Fig. 25, most of the trim angle varia-
tions were related to the low angle launches and the least 
variations were occurred for the higher launch angle, 
which indicates that the algorithm was accountable.

6.5.3  Analysis of velocity at different launch angles

Figure 26 shows the velocity variations during movement 
for launch angles of 10 to 80 degrees. As can be seen in the 
figure, the velocity decreases with increasing depth due 
to the existing loss as well as the glider buoyancy. At the 
lowest point, only the component along the X axis has a 
nonzero value.

Another point to be seen in the graph is that for most 
of the times, the glider’s velocity for the same depth is 
slightly slower when returning, but this difference is not 
significant. Also, the maximum velocity variations are for 
the launch angle of 10 and the lowest velocity fluctuation 
is for the launch angle of 80 degrees.

6.5.4  Angular velocity analysis at different launch angles

As the glider moves, the center of mass continuously 
changes to keep the glider in the desired direction, the 
angular velocity will also change several times. As can be 
seen in Fig. 27, at low-angle launches, the increase in angu-
lar velocity and its permanent variation in deep water are 
large enough to keep the glider in motion, in fact it can 
be said that the launch angle is inversely related to the 
angular velocity size and the amount of its fluctuation. As 
the launch angle increases, the intensity of the oscillations 

Fig. 24  Variations of glider path on the XZ plane for different glider 
launch angles

Fig. 25  Trim angle variations on the XZ plane in terms of variation 
of the glider launch angle
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decreases until at large launch angles, the oscillations and 
variations in angular velocity are greatly reduced, and the 
magnitude of these oscillations reaches their lowest values 
from mid-depth to maximum depth.

6.5.5  Analysis of range of mass center displacement

To investigate the displacement of the center of mass, 
the range of its variations relative to the buoyancy center 
(origin of the coordinate system) is divided into nega-
tive values and positive values. Since the developed 
numerical algorithm is a passive algorithm and the dis-
placement of the center of mass is considered as the only 
control parameter, the output results show that chang-
ing of the center of mass displacement domain in the 

negative section has a significant effect on the operat-
ing depth and glider movement. Accordingly, to find the 
lower bound of the optimal range, studies for several 
intervals of changes include, [−0.045, 0.1] , [−0.05, 0.1] , 
[−0.055, 0.1] ,  [−0.06, 0.1], [−0.08, 0.1] and [−0.1, 0.1] 
have been performed. As shown in Fig. 28, the depth of 
the glider changes for each interval. These changes are 
such that the operating depth increases to the range 
[− 0.045. 0.1], then decreases slightly with the selection 
of the range [−0.045, 0.1 ], so the range [−0.045, 0.1] is the 
optimal range and (−0.045) is selected as the lower bound.

In the next step, the glider’s performance has been 
re-evaluated in order to achieve the upper bound of the 
performance range by examining the changes in the posi-
tive part of the displacement domain. For this part, the 
intervals [−0.045, 0.080] , [−0.045, 0.085] , [−0.045, 0.090] . 
[−0.045, 0.095] and [−0.045, 0.1] are considered. According 
to Fig. 29, changes in the range of motion of the center of 
mass in the positive part have very little effect on chang-
ing the functional depth of the glider, so it can be ignored. 
But the change in horizontal distance is noticeable and 
upper bound of 0.085 m and 0.095 m in the center of mass 
displacement domain, get the most horizontal distance 
traveled. Since the reduction of the space occupied inside 
the gliders hull is very important the upper bound of 0.085 
is the acceptable value. Therefore, the [ −0.045, 0.085 ] can 
be selected as the optimal domain. It is noteworthy that 
glider is not well controlled at values below 0.0 4 m. The 
variations in the position of the center of mass have been 
applied in the numerical code with 0.01 m step.

Finally, it can be stated that the maximum depth and 
horizontal distance are obtained at a launching angle of 10 
degrees and a displacement interval of [−0.045, 0.085]m . 

Fig. 26  Linear velocity variations on the xz plane in terms of the 
glider launch angle variation

Fig. 27  Angular velocity variations on the XZ plane with respect to 
glider launch angle

Fig. 28  Variations of glider path in terms of variations in the center 
of mass displacement in its negative part
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The maximum depth reached by the glider is 2.22m and 
the maximum distance moved along the X  axis is 2.47m.

7  Conclusion

In this experimental and numerical paper, which is a start-
ing point for a further studies, an underwater glider with 
a spherical nose has been modeled. In the experimental 
section of the paper, the tests on the glider movement 
within the towing tank were studied to investigate the 
effective hydrodynamic coefficients on an experimental 
model. In the following, a meta-heuristic algorithm was 
used to control an underwater glider. In the coding sec-
tion, the algorithm was designed to maintain the trim 
angle of the glider in a proper direction. Experimental 
results showed that with increasing glider velocity, the 
drag coefficient of whole body of glider increases and the 
maximum value occurs at velocity of 1m∕s , the lift coef-
ficient also increases up to the velocity of 0.8 m/s and then 
decreases. The maximum value of lift coefficient belongs 
to AOA of 20 degree. In order to obtain the optimal ratio 
between the heaving depth and the horizontal distance, 
a program was developed with the optimal algorithm by 
checking the glider launch angle. Finally, the 10◦ launch 
angle was chosen as the optimum angle. Analyzes were 
also performed to determine the center of mass displace-
ment range and the interval [−0.045, 0.085] was selected 
as the optimal displacement range. It is worth mention-
ing that due to the dimensional limitation of the towing 
tank and also the carriage capacity, it is recommended 
that the tests be performed in a towing tank with larger 

dimensions and sea-like environment in order to achieve 
a more realistic simulation of glider performance. It is also 
possible to use noses with different geometries, such as 
conical and elliptical, and compare the displacement of 
different noses with each other and find the optimum 
geometry for underwater gliders.

Funding This research received no external funding.

Data availability Not applicable.

Code availability Not applicable.

Compliance with ethical standards 

Conflicts of interest The authors declare that they have no conflict 
of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as 
long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

 1. Divsalar K, Shafaghat R, Farhadi M, Alamian R (2020) Numerical 
simulation of hydrodynamic properties of alex type gliders. Int 
J Eng 33(7):1387–1396

 2. Wang Y, Yang S (2018) Glider. In: Cui W, Fu S, Hu Z (eds) Encyclo-
pedia of Ocean Engineering. Springer, Singapore, pp 1–12. https 
://doi.org/10.1007/978-981-10-6963-5_48-1

 3. Bender A, Steinberg DM, Friedman AL, Williams SB (2008) Analy-
sis of an autonomous underwater glider. In: proceedings of the 
Australasian conference on robotics and automation. pp 1–10

 4. Li S, Zhang F, Wang S, Wang Y, Yang S (2020) Constructing the 
three-dimensional structure of an anticyclonic eddy with the 
optimal configuration of an underwater glider network. Appl 
Ocean Res 95:101893

 5. Liu Y, Shen Q, Ma D, Yuan X (2016) Theoretical and experimental 
study of anti-helical motion for underwater glider. Appl Ocean 
Res 60:121–140

 6. Wang P, Zhang X, Wang D, Guo X, Lu W, Tian X (2020) A restricted 
circle based position keeping strategy for the wave glider. Appl 
Ocean Res 97:102081

 7. Zhang B, Song B, Mao Z, Li B (2018) Layout optimization of land-
ing gears for an underwater glider based on particle swarm 
algorithm. Appl Ocean Res 70:22–31

 8. Zhou H, Wei Z, Zeng Z, Yu C, Yao B, Lian L (2020) Adaptive robust 
sliding mode control of autonomous underwater glider with 

Fig. 29  Variations of glider path in terms of variation of the center 
of mass displacement in its positive part

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-981-10-6963-5_48-1
https://doi.org/10.1007/978-981-10-6963-5_48-1


Vol.:(0123456789)

SN Applied Sciences (2021) 3:201 | https://doi.org/10.1007/s42452-021-04241-z Research Article

input constraints for persistent virtual mooring. Appl Ocean Res 
95:102027

 9. Dobricic S, Pinardi N, Testor P, Send U (2010) Impact of data 
assimilation of glider observations in the Ionian Sea (Eastern 
Mediterranean). Dyn Atmos Oceans 50(1):78–92

 10. Melet A, Verron J, Brankart J-M (2012) Potential outcomes of 
glider data assimilation in the Solomon Sea: control of the 
water mass properties and parameter estimation. J Mar Syst 
94:232–246

 11. Wagawa T, Kawaguchi Y, Igeta Y, Honda N, Okunishi T, Yabe I 
(2020) Observations of oceanic fronts and water-mass proper-
ties in the central Japan Sea: repeated surveys from an under-
water glider. J Mar Syst 201:103242

 12. Parsons JS, Goodson RE, Goldschmied FR (1974) Shaping of 
axisymmetric bodies for minimum drag in incompressible flow. 
J Hydronaut 8(3):100–107

 13. Hu K, Yu J, Zhang Q (2005) Design and optimization of under-
water glider shape. Robot 27(2):108–117

 14. Alvarez A, Bertram V, Gualdesi L (2009) Hull hydrodynamic 
optimization of autonomous underwater vehicles operating at 
snorkeling depth. Ocean Eng 36(1):105–112

 15. Hussain NAA, Arshad MR, Mohd-Mokhtar R (2011) Underwater 
glider modelling and analysis for net buoyancy, depth and pitch 
angle control. Ocean Eng 38(16):1782–1791

 16. Ghani MF, Abdullah SS (2014) Design of a body with depth con-
trol system for an underwater glider. Authors Pages 3:15

 17. Ruiz S, Renault L, Garau B, Tintoré J (2012) Underwater glider 
observations and modeling of an abrupt mixing event in the 
upper ocean. Geophys Res Let 39(1)

 18. Barker WP (2012) An analysis of undersea glider architectures 
and an assessment of undersea glider integration into undersea 
applications, naval postgraduate school monterey, California. 
Thesis, September

 19. Caiti A, Calabro V, Grammatico S, Munafò A, Geluardi S (2012) 
Switching control of an underwater glider with independently 
controllable wings. IFAC Proc Vol 45(27):194–199

 20. Yang Y, Wang Y, Wu Z, Liu Y, Zhang H, Wang S (2014) Heat 
exchanger layout for a thermal underwater glider. In: 2014 
Oceans-St. John’s. IEEE. pp 1–4

 21. Sun C, Song B, Wang P (2015) Parametric geometric model and 
shape optimization of an underwater glider with blended-wing-
body. Int J Nav Archit Ocean Eng 7(6):995–1006

 22. Jeong S-K, Choi H-S, Bae J-H, You S-S, Kang HS, Lee S-J, Kim 
J-Y, Kim D-H, Lee Y-K (2016) Design and control of high speed 
unmanned underwater glider. Int J Precis Eng Manufacturing-
Green Technol 3(3):273–279

 23. Chen C-W, Feng Z, Liang X (2018) Hydrodynamic analysis of 
underwater glider with diamond wing in unsteady and nonu-
niform flow field. J Mar Sci Technol 26(6):787–802

 24. Javaid MY, Ovinis M, Javaid M, Ullah B (2019) Experimental study 
on hydrodynamic characteristics of underwater glider

 25. Yang M, Yang S, Wang Y, Liang Y, Wang S, Zhang L (2020) Optimi-
zation design of neutrally buoyant hull for underwater gliders. 
Ocean Eng 209:107512

 26. Song Y, Wang Y, Yang S, Wang S, Yang M (2020) Sensitivity anal-
ysis and parameter optimization of energy consumption for 
underwater gliders. Energy 191:116506

 27. Song DL, Yao LL, Wang ZY, Han L (2015) pitching angle control 
method of underwater glider based on motion compensation. 
In: 2015 International conference on computational intelligence 
and communication networks (CICN). IEEE. pp 1548–1551

 28. Singh Y, Bhattacharyya S, Idichandy V (2017) CFD approach to 
modelling, hydrodynamic analysis and motion characteristics 
of a laboratory underwater glider with experimental results. J 
Ocean Eng Sci 2(2):90–119

 29. Vervoort J (2009) Modeling and control of an unmanned under-
water vehicle. Master Traineesh Rep 5–15

 30. Lind E, Meijer M (2014) Simulation and control of submarines. 
Lund University, Sweden

 31. Ridley P, Fontan J, Corke P (2003) Submarine dynamic modelling. 
In: proceedings of the 2003 Australasian conference on robotics 
& automation. Australian Robotics & Automation Association

 32. Graver JG, Leonard NE (2001) Underwater glider dynamics and 
control. In: 12th International symposium on unmanned unteth-
ered submersible technology, Citeseer. pp 1742–1710

 33. Wang P, Tian X, Lu W, Hu Z, Luo Y (2019) Dynamic modeling and 
simulations of the wave glider. Appl Math Model 66:77–96

 34. Wang Y, Zhang H, Wang S (2009) Trajectory control strategies 
for the underwater glider. In: 2009 International conference on 
measuring technology and mechatronics automation. IEEE. pp 
918–921

 35. Yaghini M, Akhavan R (2010) DIMMA: a design and implementa-
tion methodology for metaheuristic algorithms-a perspective 
from software development. Int J Appl Metaheuristic Comput 
(IJAMC) 1(4):57–74

 36. Yang M, Wang Y, Wang S, Yang S, Song Y, Zhang L (2019) Motion 
parameter optimization for gliding strategy analysis of under-
water gliders. Ocean Eng 191:106502

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Experimental analysis on hydrodynamic coefficients of an underwater glider with spherical nose for dynamic modeling and motion simulation
	Abstract
	1 Introduction
	2 Model of problem
	3 Experimental study
	3.1 Equipment
	3.2 Test method and data processing

	4 Dynamic modeling of glider movement
	4.1 Hydrostatic equilibrium
	4.2 Kinematics and dynamics modeling of the glider
	4.2.1 Six degrees of freedom equations of gliders
	4.2.2 Dynamic modeling of glider motion
	4.2.3 Mass and inertia matrices
	4.2.4 Hydrodynamic damping matrix
	4.2.5 Forces caused by wings
	4.2.6 Force caused by the hull of glider

	4.3 Gravity and buoyancy matrix
	4.4 Summarizing dynamic equations

	5 Flowchart of the developed algorithm
	6 Results and discussion
	6.1 Results of experimental tests
	6.2 Hydrodynamic coefficients
	6.2.1 Drag and lift coefficients of the wing
	6.2.2 Coefficients of drag, lift and hull torque

	6.3 Dynamic modeling of glider movement
	6.3.1 Meta-heuristic optimization
	6.3.2 Input parameters selection
	6.3.3 Initial launch velocity of glider
	6.3.4 Launching angle of glider
	6.3.5 The glider’s center of mass displacement

	6.4 Effects of the mentioned parameters in the glider movement path
	6.5 Investigating the effect of glider launch angle
	6.5.1 Position analysis at different launch angles
	6.5.2 Trim chart analysis at different launch angles
	6.5.3 Analysis of velocity at different launch angles
	6.5.4 Angular velocity analysis at different launch angles
	6.5.5 Analysis of range of mass center displacement


	7 Conclusion
	References


