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ABSTRACT

Autonomous Underwater Vehicle (AUV) has become the
main tool for exploring the oceans in the fields of science, the
military and the marine economy... However, the energy
problem for AUV has always been of interest to many
researchers. AUV’s missions are time-limited by constraints
of onboard vehicle power. Most missions are therefore short,
from 4 to 15 hours duration. Solar energy is an effective
renewable energy source and has increasingly been used in
many fields. We can see that if the Solar Autonomous
Underwater Vehicles (S-AUV) has the little surface area then
the efficiency of solar collector is low. Hence, we need to
optimize the structure of S-AUV. When designing a SAUV in
particular and an AUV in general, one of the first concerns is
structural shapes, energy and propulsion systems. However,
the problem for S-AUV shaped structure is extremely
important, requiring the designer to optimize between
increased size solar wing and collected solar energy. This
paper discusses the use of Computational Fluid Dynamics
(CFD) to determine the resistance of S-AUV when receiving
solar energy. Reducing the drag and increasing the ability
while collecting solar energy are the purpose of this research.
The authors developed a model of S-AUV with retractable
wings and evaluate the efficiency of solar energy collection.
The hydrodynamic equations with the predefined conditions
were modeled and solved.

Key words : Solar Autonomous Underwater Vehicles;
Computational Fluid Dynamics; CFD; S-AUV.

1. INTRODUCTION

In recent years the Autonomous Underwater Vehicle (AUV)
has become the main tool for exploring the oceans in the
fields of science, the military, and the marine economy.
However, the energy problem for AUV has always been of
interest to many researchers. AUV missions are time-limited
by constraints of on-board vehicle power. AUV is a very
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useful device in sea work, especially deep, offshore waters,
polluted water areas [1, 2]. This is a self-propelled diving
device, so the energy supply to the device is always a problem
to be solved. Since the power source determines the operating
range of AUV [3], the longer the operating time, the greater
the workability of the device, the more tasks it can perform.
Most missions are therefore short, of 4 to 12 hours duration.
AUV is a device that operates in a water environment, so the
energy wasted when operating is directly proportional to the
speed of the AUV and therefore the range of AUV will depend
on the speed of the device. According to research [6], this
range is given by the equation below:

R E 1
KV @)
Inside:
R: AUV operating range (m)
E: Available Energy (J)
Kg: Drag coefficient
v: Speed of AUV (m/s)
There are several ways to increase the range of self-propelled
diving equipment such as: developing high-capacity batteries
like fuel cells [4, 5], fuel cell hybrid electric [7],... Use natural
energy sources such as wind, flow, solar energy [8], or
combine wind and solar energy [9].
Worldwide, there have also been studies of integrating
additional energy systems for an AUV self-propelled diving
device. Asa solar supplement system [10]. Some calculations,
preliminary analysis of integrated solar battery system on
AUV have been studied since the 90s of the last century [11],
[12]. Some studies on the ability to move for a long time, to
serve the assessment and monitoring on the ocean. Using
solar panels and methanol fuel cells in combination with the
neural neural network architecture in controlling intelligent
orbits [13]. S-AUV are designed for monitoring, surveillance,
or storage facilities, where real-time two-way communication
is critical.
Vietnam has a large sea area. Furthermore, Vietnam is a
tropical equatorial country. Hours of sunshine per year are
over 2,000 hours.
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Table 1: Parameters of solar radiation intensity in Vietnam
(Data of National Meteorological Center - Vietnam)

Solar energy
No Area of density A‘(;? rsi%i:i%trs
Vietnam (kWh/m?/day (hour/year)
)
1 Northeast 3.3-41 1,500 - 1,800
North
2 West 41-49 1,890 - 2,102
3 North 46-5.2 1,700 — 2,000
Central region
South Central
4 and Central 49-57 2,000 - 2,600
Highlands
5 Southern 43-49 2,200 — 2,500
Region
Average of 4.6 2,000
Vietham

However, when integrating solar power, it will affect the
shape and size of the device. Therefore, the problem arises to
optimize the shape so that the drag is the smallest in the
process of moving. Therefore, the research team introduced a
new design with solar wings that could change during the
operation of S-AUV. From time to time, the energy wings will
be opened to receive solar energy, when the solar energy in
the end of the day, the energy wing will close. S-AUV will
operate when the wing closes, which reduces drag on the
device. CFD tools useful in analyzing test before prototype
[15]. Tool CFD to analyze the flow field around the hull and
perform successful computations of viscous drag have found
interesting applications in ship design [16, 17, 18].

2. DESIGN MODEL OF S-AUV

There are also a number of studies about S-AUV, initially for
the significant results such as increased range and duration.
When designing a S-AUV in particular and an AUV in
general, one of the first concerns is structural shapes, energy
and propulsion systems. However, the problem for S-AUV
shaped structure is extremely important, requiring the
designer to optimize between size increase solar wing and
solar energy collected. Therefore, the author proposed to build
a S-AUV integrated power wing capable of transforming
when receiving solar energy and when moving. To reduce the
drag and to increase the ability to collect solar energy. The
S-AUV 3D model is designed using SolidWorks software as
Figuge (1, 2) and Table 2. The solar wing can be opened and
closed.
Table 2: Size of S-AUV model

Parameters Value
Length 1,450mm
Diameter max 300 mm
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Fixed solar wing
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Figure 1: S-AUV in closed solar wing case

Retractable solar

Figure 2: S-AUV in opened solar wing case

3. MOTION EQUATION FOR S-AUV

The dynamic model of the S-AUV is built on the basis of
mechanical theory, the principles of kinetics and statics.
Hydrodynamic models of the S-AUV are used to design
control systems for the S-AUV that meet specific objectives
such as motion trajectory control, dive depth control,
direction control, ... In general, the movement of S-AUV can
be represented by equations of motion with six degrees of
freedom [19]. Parameters such as the direction of motion,
force and torque, speed and position for the S-AUV are shown
in Table 3 and Figure 3.
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Figure 3: The dynamic coordinate system and fixed coordinate

system
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Table 3: Parameter symbols are represented in dynamic
and fixed coordinate systems

Position

angles
1 Surge X u X
2 Sway Y v y
3 Heave 4 w z
4 Roll K p ¢
5 Pitch M q 0
6 Yaw N r \

The S-AUV was considered as a solid object. So the motion
equation of S-AUV is represented by a set of vectors [19]:

MRBV + CRB V= T 2

Inside:

L .
v=[uVv,w, p,q,r] is linear and angular velocity
vector in the O — xyz coordinates

Tog = [X,Y.ZKMN]' is force and moments vector in
the O — xyz coordinates

M. is inertial matrix in S-AUV system
C,q (v) is Coriolis and centripetal force matrix in
S-AUV system

Inertial matrix in S-AUV

(1) Static force vector 7, (gravity and buoyancy of S-AUV)
(2) Hydrodynamics vector of S-AUV (include forcer , by
added mass and damping force 7, )

(3) Control vector (include pushing force 7, and steering

prop
wheel forcer; )

Static force 7 reflect the effects of weight and buoyancy of
S-AUV. Specifically, weight of S-AUV is W = mg and
buoyancy is B = p.Vg ; with pis specific gravity of the liquid
in surround, V is sum of moving volume of S-AUV, g is the
acceleration of gravity, M is mass of S-AUV.

Therefore, 7 is given by the below equation:

Xg | T ~(W-B)s(6)
Yy (W-B)c(6)s(¢)
A (W-B)c(6)c(9) -
97| kg || OV YBBIO )~ (2g W25 B) O)Sle)
Mg f(zgwf 2gB)s(0) - (ngf xgB) c(6) c(¢)
Ny | L CgWorgB)0)se)-(ygW-ygB)sO) |
sin=s; cos=cC

When the S-AUV moves, the whole liquid will be pressed
with different liquid particle amplitudes, synchronized with
the forced harmonic movement of the S-AUV. The
incremental mass is known as the force and pressure induced
moment that is generated by the forced harmonic movement
of the S-AUV and scale with the acceleration of the S-AUV.

Therein, M , is the systemic inertial matrix of the incremental

mass, C,(Vv) is the Coriolis and the hydrodynamic radial

m 0 0 0 Mg Mg force matrix. M , is represented as below:
0 m 0 -mz 0 mx
g g
0 0 m my —mx 0
M, - . ®
0 —mzg  myg Iy 'xy lyz
mzg 0 —mxg 'yx Iy 'yz
| —Myg MXg 0 Iy | zy I, |
Coriolis and centripetal force matrix in S-AUV:
[ 0 —mr mq m(y,q+2,r) —mx,q —mx,r i
mr 0 —mp —my_p m(z,r +X,p) —my,r
c - —mq mp 0 —mz, p —mzq m(x,p+Y,9) |(4)
Re -m(y,q+2,r) my, p mz, p 0 Lp+l,g+0r —1 p-lg—I,r
mx,u —m(z,r +x,p) mz,q —l,p-1,9-1r 0 Lp+l,a+1,r
mx, r my,r -m(x,p+y,a) l,p+lag+l,r —Lp-1qg-1,r 0

General vector of force and external torque 7, in the

equation (4) is external force acting on
S-AUV which includes:
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Xg 0 Xy 0 X O
0 Y, 0 Yy Y,
Zg 0 Zy 0 Zg O
Mi=7l o k. 0 K. 0 K ©)
v D ¢
My O My 0 Mg 0
0Ny 0 Ny 0 N

Since M, is independent of the wave frequency (with low

XLI|LI||U|’YV|V||V|’Z |W|’}<p|p||p|’|\/|q|q||q|Va

wiw|
N | r| are the quadratic damping factors.

Zylulva M, |ul is the effect which causes by the
asymmetry on the O — xy plane.

7 vector represents force and pushing moment as below:
(11)
Since the team built the S-AUV model in the laboratory
according to the ideal model, so the static force vector T, was

T =Tpg+7,+7, — T,

frequency) so it can be assumed that M, >0 is a positive ignored. So:
constant to apply in controlling. T =Tpg Ty — Ty (12)
Coriolis and the hydrodynamic radial force matrix C,(v): To replace (2), (10) and (9) in the equation (12):
0 0 0 0 a -a|] MV +C(V)V+D(V)V =1 (13)
0 0 0 -a O a, Therein:
cw=| & 0 0 & & 0 @ M =Mgg +M,
V)=
A 0 a -a 0 b, -hb C(v) =Cgrg(V) +C,(v)
-a, 0 a -b, 0 Db D(v) = D(v)
a, -a 0 b, -b 0 The motion_ eq_uation of S-AUV consists of 6 degrees of
herein: - - freedom which is expressed through the forces and moments
T erem._x U+ Xow+ X.q as follows:
o ’ " ‘ m[ufvr+wqfxg(q2+r2)+yg(qur)+zg(pr+q)]:X
a, =YV+Y p+Y,r
. 2 2
a, =ZuU+ZWW+qu m[vpr+urfyg(r +p )+zg(pr7 p)+xg(qp+r)] =Y
b, = K+ Ky p+K,r m[ W —ug +vp— 2 (0 + *) + xg (0~ ) + g (ra + p) | = Z
b, =Myu+M,W-+Myg Iy P+ (157 — Iyy)qurm[yg (W —ug +vp) - 24 (vpr+ur)] =K
by=Nyv+N,p+N,r
| +(lyy —15,)rp+m| 24 (U—vr+wq)— Xy (W—ug+vp) |=M
Therefore 7 , is given by the below equation: yyd* (o = 1z2)® [ g 4) = xg (W-ud p)]
7, =—(MV+C,(V)V) (8) IZZr'+(IyyfIXX)qp+m[xg(\'/qu+ur)fyg(ufvr+wq)]:N
In addition to radiation induced potential attenuation, other (14)
attenuations such as surface friction, deterioration of wave
drift and current attenuation should be considered:
7, =D(V)v ©)
Damping matrix D(v) is given by:
X, + Xy 1] 0 0 0 0 0 |
0 YV +YV|V| | \' | 0 0 0 0
Zylul 0 ZW+ZW|W||W| 0 0 0
D) = 0 0 0 Ky +K (] p 0 0 (10)
P "plpl
Mq |u| 0 0 0 Mg +M 4 q] 0
Therein: 0 q al
i 0 0 0 0 0 Nr +Nr|r| |r|_
X, Y. Z,,

K, M vaN, are the linear damping factors.
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4. SIMULATION RESULTS
Fx -v

4.1 CFD analysis results

The CFD analysis module provided with ANSYS-CFX is easy to
use and allows solutions to analyze the velocity and pressure around
the S-AUV body in the case of opening and closing the wings. Test P
conditions as Table 4.

Table 4: CFD analysis conditions

=== Close the wings ==®==Q0pen wings

2.5

Force (N)
1.5

Parameters Value -
Size of the test tank 2mx1.8mx1.2m in
(=
Turbulent flow model | k-& model
[=
Reynolds Number 8.73x10°- 6.11x10° 0 0.5 1 15
Angle of attack 0° Velodity {m]s)
Velocity 0.5 m/s; 1.0 m/s, 1.5 m/s Figure 7: Chart relationship Fx — v
Fy-v
60
50 =@—_Close the wings =®-=—0pen wings
g 40
g 30
2 20
10
0
0 0.5 1 15
Velocity (m/s)
Figure 8: Chart relationship Fy — v
Fz-v
160
140 ==@==Close the wings ==@==0pen wings
120
= 100
Figure 5: Dynamic pressure case wings close g 80
2 60
40
20
0 & . aem o
0 0.5 1 1.5
Velocity (m/s)

Figure 9: Chart relationship Fz — v

Results obtained after analysis using ANSYS-CFD tool. The drag in
the case of wing open is always greater than the wing close. We find
that the drag and lift components in both the open and closed cases
increase with increasing inlet velocity. However, in the case of open
wings, the drag and lift increase more. The higher the velocity, the
greater the difference in drag and lift Figuge (4-9). After analysis,
the parameters of the S-AUV model have been determined as in the
following Table 5.

Figure 6: Velocity field case wings close
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Table 5: Modeling parameter S-AUV

m | 185 | Y | w0z | Xu | B0
XY, | 015 | Y, | 085 | N, | 032

Z, o | ™| o062 | N, | -215

X, | 653 |z, | 457 | 1 157

5
Z,, | -058 | Z, | 032 N, | 0-5x10

>

6.83x10°

-0.32x10°
6

Y 0.08 | N -12.32

N

4.2 Testing the ability to collect solar energy

The S-AUV has been tested to collect solar energy at some
localities such as Hai Phong City, Quang Ninh Province and
Hanoi City, Vietnam as Figure 10.

Figure 10: Testing in Quang Ninh Province, Vietnam

—8— When solar wings closed

—&— When solar wings opened

8 &8 8

/

g

Energy collection capacity P (Wp)
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0.4 0.6
Diving depth of S-AUV (m)
Figure 11: Solar energy collection chart when solar wing

closes and opens at Hai Phong City, Vietnam (2020 Aug)
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Figure 12: Solar energy collection chart when solar wing

closes and opens at Quang Ninh City, Vietnam (2020 Aug)
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Figure 13: Solar energy collection chart when solar wing
closes and opens at Ha Noi City, Vietnam (2020 Aug)

Figures (11, 12, 13) show that when S-AUV increases the
depth of diving, the solar collecting capacity of S-AUV in
both fields when opening and closing the energy wing
decreases linearly. Opening the retractable energy wing, the
solar collector capacity increases, the largest increase is 2.7
times.

5. CONCLUSION

The design of the solar wing is able to open and close
reduce the drag, lift and moment when S-AUV operation. The
solar wing will be opened when collecting solar energy and
closed when moving. In the future, the author will study,
design and manufacture a S-AUV with the presented design
to evaluate the energy efficiency in some areas of Vietnam.
The paper presents an Autonomous Underwater Vehicles
with solar energy supplemented. Applying the analysis and
experimental results, when collecting solar energy, the
S-AUV floats as close to the water surface as possible.
Especially, when integrating retractable solar wing increases
the solar collector capacity when the S-AUV's energy wing is
opened to about 2.7 times compared to the closed solar wing.
With the dynamic parameters of the S-AUV model, have been
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determined. Upcoming, the author group will build an
intelligent controllers to control the designed S-AUV model.
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