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ABSTRACT

This paper presents the design of the VIAM-AUV2000 autonomous underwater vehicle (AUV) with
a built-in cylinder for floatation and counterbalance. The modular structure including mechani-
cal design, electronic system, and control algorithm ensures continuous operation for the vehicle
at a depth of 50 meters underwater. The main content will consist of two parts: the mechanical
implementation and the electrical system. The mechanical implementation part will focus on cal-
culating ship hull profile and material selection; computing and simulating stress and distortion
on ship hull and waterproof covering using finite element method with NX Nastran; analyzing and
planning cylinder and counterbalance arrangements. At the same time, the advantages of hybrid
AUV design inspired from the traditional one with thruster and fins as well as the underactuated
glider form using counterbalance and cylinder for diving and floating are discussed specifically in
the upcoming sections. The electrical system for the robot is also mentioned and clarified through
the selection of sensors, actuators and hardware design to ensure stable operation for diving robot
at a depth of 50m and operate continuously for long periods under water by using traditional AUV
mode and glider mode. Some experimental results of thruster and three-axis tilt estimators with
error of less than 19 are also presented in this paper.
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INTRODUCTION

Nowadays, along with the rapid revolution of hu-
mankind, science and technology become more mod-
ern day by day, we gradually explore and conquer
the mysteries of nature. However, the ocean is still
a mystery far away from our reach and understand-
ing. The research of ocean, decryption of the mys-
tery in the deep of the sea required modern technol-
ogy such as unmanned underwater vehicles, which
can swim in the deep that no human can reach. In
order to investigate the water environment, exam-
ine the ecosystem, probe the environmental fluctu-
ation, or use for the military purpose, national de-
fense, and observation... many prototypes of AUV
have been researched and developed. AUV Remus
100 of Woods Hole Oceanographic Institution' can
dive to 100 meters in more than 10 hours at the veloc-
ity of 2.3 m/s. Lightweight AUV ? developed by Porto
University in cooperation with OceanScan work at 20
meters depth in 8 hours at 1.5-2m/s. Autosub6000 of
Autonomous Underees Vehicle Applications Center
can dive to 6000 meters in 30 hours at 5km/h. Slocum
Glider without thruster can work in several months?.
Vietnam is a coastal country with more than 3.200
kilometers of coastline, and the sea area is about
1.000.000 square kilometers. Economic, scientific,

tourism activities and national defense that take place
on the sea are playing a very important role. Nowa-
days, many constructions are built on the sea such as
ports, oil platforms, oil and gas pipelines, etc. At the
same time, the arising of critical demand for survey-
ing the topography and environment deep down the
water surface as well as maintenance and equipment
inspection. In the military, the demand for observa-
tion and mine removal also experience great increas-
ing... That why the research and development of de-
vices working underwater is one of the most impor-
tant missions in order to take advantage of the sea and
marine resources.

This paper will focus on the design of AUV hull us-
ing Finite element analysis to determine the suitable
thickness of hull’s part; design the diving and floating
mechanism; and design the control system for AUV.

METHODOLOGY OF DESIGN

Design Ideas

Design specifications:

o Torpedo shape
o Maximum depth: 50 meters
» Maximum velocity: 2 meters per second

« Time of continuous working: 2 hours
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a) Lightweight AUV

_

b) AUV Remus

¢) Slocum glider

Figure 1: AUV with torpedo shape

« Maximum weight: 70 kilograms

The design idea for diving/floating mechanism has
been integrated into five design plans (1 - 5) which
shown in Figures 2, 3, 4, 5 and 6. Where*:

: VIAM-AUV2000’s head

: VIAM-AUV2000’s body

: VIAM-AUV2000’s tail

: Cylinder (Figure 4)

: CounterWeight (Figures 2 and 4)

: Control board (Figure 3)

: Battery (Figure 3)

: Cylinder (Figures 3 and 6)

: Stern wing (Figures 3 and 6)

10: Thruster (Figure 3)

Those design plans are considered by using the deci-

O 00 N1 QN U1 R W N~

sion matrix’, with plan 1 is chosen to be the standard
for comparison.

From the result of Table 1, our team decided to choose
plan 4: diving/floating mechanism using one cylinder
and counterweight (Figure 5).

Design Of Shape And AUV Hull

Almost torpedo shaped AUV based on Myring shape
(Figure 7) with the cylinder body, the head and stern
will be designed according to formula (1) and (2) 6,

SI58

Head’s shape:

—g\2] "
= 3. [1- (552)°]
Stern’s shape:

r(x) = %d — [23?412_12129] ()C — a — b)2 +
[g_mgf].(x—a—bf 2)
Where:

7(x): radius of section at position x.

d: the maximum of diameter at the cross-section.

a, b, c: length of head, body, and stern of AUV.

0: angle at the end of the stern.

n: parameter of the head’s shape.

Parameters for designed AUV shape included a, b, ¢,
n, 6 is shown in Table 27.

Base on AUV prototypes that have been built in the
world and the other underwater vehicles, especially
vehicles work in the sea environment, we decided
to use Aluminium Alloy T6 - 6061 with mechanical
properties shown in Table 37,

Using finite element method (FEM) with NX Nastran
apply for AUV hull, 4mm thickness, 800mm length,
250mm outside diameter, two end fixed by the flange,
the pressure at 50m depth is 0.5MPa. The result in
Figure 8 show that the maximum stress on AUV hull
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Figure 2: Diving/floating mechanism using a counterweight.

Figure 3: Diving/floating mechanism using two cylinderscontrolled by one motor

Table 1: Decision matrix for design plans

Plan 1 2 3 4 5
Standard
Easy for manufacturing 0 - = 5 -

Easy for assembly and maintenance 0 - = = =

Simple in control 0 0 - + -
Flexible 0 - + + +
Good arrangement 0 0 - + -
Balance 0 = 4 + +
Total Score 0 -4 -2 2 -2
Decision No No No Yes No
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Figure 4: Diving/floating mechanism using 2 cylinderscontrolled by one motor and counterweight
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Figure 5: Diving/floating mechanism using one cylinder andcounterweight

Table 2: Parameters of
AUV'’s shape

Parameters  Value

a 300 mm
b 1400 mm
c 330

d 250 mm
n 2

0 25¢
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Figure 6: Diving/floating mechanism using 2 independentcylinders
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Figure 7: Myring shape

Table 3: Aluminium Alloy T6-6061 mechanical properties

Ultimate tensile strength (MPa)

>310 > 270

Tensile yield strength (MPa)

Dragrace  Thermal conductivity (BTU hr.ft.°F)

10% 1160

is 14.94 MPa << [0.] = 275 Mpa and maximum dis-
placement is 0.0287mm.

Using FEM apply for AUV flange with 3, 4, 6 mm
thickness, the result is shown in Figure 9, and Table 4.
The flange with 6mm thickness is the most suitable
for AUV body. However, with the demand for set-
ting up other components, AUV flanges have to bear
lots of loads, such as the mass of components in-
side AUV,,... By optimizing the structure of the flange
and using FEM, we got the structure of the particular
flange shown in Figure 10. The Figure 10 also indi-

cates the maximum stress and displacement, which is
48,84Mpa and 0.0577mm respectively.

Design Of Diving/Floating Mechanism
Piston-cylinder pump

Figure 11 shows structure of Piston-cylinder 3D
model. Axial force acting on the cylinder is calcu-
lated with formula (3) include friction force between
O-ring and cylinder wall (4), water pressure acting on

the piston (5), pneumatic pressure while piston mov-

Slé1
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Figure 8: Finite element analysis for AUV hull.

Table 4: Value of maximum stress and displacement on AUV hull

Thickness (mm)  Maximum stress (MPa)  Maximum displacement(mm)
3 175.8 0.626
4 125.8 0.489
6 65.94 0.242
ing (6). Pneumatic pressure:
Fa:Fp_Fms_Fn (3) Fn:% (6)

The friction force between the O-ring cylinder wall:
Fus=F+F, 4)

Where:

F, = f..Lp is the friction force created by the com-
pression the O-ring:
fe: friction force acting on 1cm length [N/cm]

Lp: Length of O-ring

Fj, = fy-Ap is the friction force created by contact sur-
face of the O-ring and the cylinder wall:
fiy: friction force acting on lcm?area of the contact
surface.

Ap: area of the contact surface.

Axial load F, created by water pressure (Figure 12):
Fp = p-Apistan (5)

Where:

p: Water pressure.

« Apiston: area of the piston

Sl62

Let assume that the process is isothermal:
PVi =PV, & Py =00
The preliminary diameter of ballscrew is calculated

with formula (7)7.

4x1,3.F,
dl > ;[O'k] (7)

Where [0 ]: tensile yield strength of the material.

(mm)

Torque on ballscrew:

T = J4 (Nm)

Lead angle:
y=arctg [25] (%)
Where

(8)

o Pj: pitch (mm)
o 1M1: efficiency (%)

The overall parameters of the cylinder’s ballscrew are
shown in Table 5.

Overall efficiency:
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Figure 9: Displacement (left) and stress (right) ondifferent thickness AUV flange

Table 5: Parameters of cylinder’s ballscrew

p(mm) dy(mm) N(@pm) Fa(N) T(Nm) PW)
10 10 60 2187 3.55 22.31
Nen = anZOr-rlgearbox-nbelt'nzbearing'nczv = 0,8x Counterweight

0,7 x 0,95 x 0,992 x 0,952 ~ 0,47 (10)

The required motor capacity:
Py =22.31/0.47 ~ 47.5W

For the cylinder system, use MAXON motor EC-I
52¢52mm, brushless, 180W (Part number 574741),
4720 rpm, and
planetary gear box GP 52 C ¢52, with transmission

maximum torque T),;,;x=12.2Nm, N =

ratio 81:1.

Counterweight includes 8 round battery with

is 310g/battery (Figure 13), linear bearing,

Peounterweight = 3kg

After considering (7), (8), (9) and standard specifi-
cation selection, the parameters of counterweight’s
ballscrew is shown in Table 6. The axial load F,, is cal-
culated while AUV swimming in the glider’s journey
(Figure 14). Letassume that F; > Peounrerweigh = 30N.
For the counterweight, Faulhaber 2444 motor 51W
would be use for counterweitght with some specifica-
tion such as aximum torque 18mNm, 45000rpm, and
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Figure 10: FEA of designed AUV flange

Figure 11: Piston-cylinder 3D model

Table 6: Parameters of counterweight’s ballscrew

p d; N Fa T P
(mm) (mm) (rpm) (N) (mNm) (W)

4 10 150 30 20 0,3
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Phase 1: Empty Cylinder

P, V, ek

Phase 2: Cylinder filled with

water

Figure 12: Cylinder status

Counterweight

Figure 13: Counterweight 3D model

planetary gearbox 23/1 with transmission ratio 43:1,
maximum torque 0,7Nm.

Figure 15 shows the overall structure of the AUV and
layout of the sensors.

Design and manufacture thruster

The thruster was designed using a magnetic couplin-
gas shown in Figure 16 with specifications Table 7%

Figure 17 (above) depicts the relationship between
speed and current of the thruster. Considering the
motor speed of 1000 rpm, the circuit still withstands
10A currents because of its good heat dissipation. Fig-
ure 17 (below) show that the thruster is stable and less
noise. At 1000 rpm, the thrust of the engine was able

to reach more than 6 kgf corresponding to 55% of the
motor’s power output.

METHIDOLOGY AND RESULTS OF
THE ELECTRICAL SYSTEM

The robot is connected to the control center located on
the surface (on the shore, on the mothership,...), data
will be transmitted to the central station for manage-
ment and command control via RF wireless system,
GSM/GPRS, and Sonar.

The electrical system structure of the AUV is shown in
Figure 18. The high-performance central processing
unit allows the AUV to process received data at high
speed, creating a premise for the AUV applies the ad-
vanced algorithms of guidance and control to serve

Sle5
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Figure 14: Glider

Counter Weight OVL GPS

Sonar

Thruster

Figure 16: Thruster of AUV-VIAM2000
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Figure 17: BLDC Motor Current/Speed andThrust/Speed Curves

Table 7: Specifications of thruster

Type Brushless DC

Size (mm) L360mm x D86mm
Power (W) 600

Speed (rpm) 1850

Depth rate (m) 100

Max. thrust (kgf) 8

Number of wings of the propeller 6

Power supply (Vdc)

Communication

48

CANBUS

each specific operating requirement. Data acquisi-
tion systems from sensors and actuator controllers
are designed using high-speed ARM core microcon-
trollers (STM32Fx), which are interconnected via the
CAN communication standard with a transfer rate
of up to 1Mbit. The robot is equipped with a vari-
ety of sensors to collect information of the operating
state of the robot and the surrounding environment,

thereby assisting the robot to make precise control de-

cisions. The sensor system includes: GPS sensor (er-
ror < 1m horizontal), DVL velocity sensor (error 1%
+ 1 mm/s), altimeter sensor and depth sensor (pres-
sure sensor). In addition, tri-axis rotation angles esti-
mator as shown in Figure 19 with high accuracy (error
< 2 degrees) integrated into the AUV.

The algorithm in the tri-axis rotation angles estimator
consists of two layers, each with an extended Kalman
filter. Table 8 shows the error of the system in the
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Figure 18: The electrical system of AUV-VIAM2000

Figure 19: Tri-axis rotation angles estimator (left) andits algorithm (right)

Table 8: Results of the experimental error of the system

B

amea_f‘k ﬁﬁ; )
L

B EKF-1

wmeasr.-l_
EpT
. K2 ELIT
- —

mmeas.k

Experiment RMS error (deg)
o 6 v

STATIC 0,4055 0,0989 0,2977
TURN_X 0,2640 0,2892 0,3077
TURN_Y 0,4324 0,3495 0,3278
TURN_Z 0,6066 0,6297 0,5540
TURN_XYZ 0,5103 0,5013 0,7047
STATIC_MAG_EXT 0,3729 0,3529 0,7769
TURN_Z_MAG_EXT 0,4903 0,5509 2,7880
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static state, rotating around the x, y, z-axes, in the
static state influenced by the external magnetic, and
rotating around the z-axes influenced by the external
magnetic.

DISCUSSION

The study has presented many designed options and
selected the most optimal designed solution for the
AUV-VIAM2000, which is from selecting the Myring
shape to using a combination of counterbalance and
cylinder structure to support floating/diving. Thus,
this help the diving robot can operate flexibly in two
modes: AUV and glider that will help save energy. We
also used finite element method to compute, simulate
stress and distortion on ship hull which is 5mm thick-
ness, and waterproof covering. In addition, tri-axis
rotation angles estimator implementation has been
tested with error <2 degrees in many cases and inte-
grated into the AUV-VIAM2000. The 600W thruster
device that we designed to ensure movableness of
AUV-VIAM2000.

CONCLUSIONS

This paper has analyzed and selected the complete de-
sign options for the AUV-VIAM2000, capable of div-
ing/floating at a depth of 50m by a combination of
cylinder and counterbalance. Through stress simu-
lation, finite element analysis has been used to select
materials and suitable shell thickness, ensuring that
the robot can operate at a stable design depth. Last
but not least, the research has achieved some goals in
building electrical system comprising sensors and ac-
tuators selection, hardware design, thruster manufac-
ture and control as well as tri-axis rotation angles es-
timator implementation.
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ABBREVIATIONS

AUV: Autonomous Underwater Vehicle

FEM: Finite Element Method

DVL: Doppler Velocity Log

GPS: Global Positioning System

GSM: Global System for Mobile Communications
GPRS: General Packet Radio Service

CAN: Controller Area Network
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Phan tich va thiét ké robot lan khéng ngudi lai VIAM- AUV2000
Tran Ngoc Huy", Chau Thanh Hai

TOM TAT

Bai béo gidi thiéu vé thiét bi lan khong ngudi 1ai (AUV) st dung ¢ cdu lan ndi tich hap xylanh va
déi trong, dugc xay dung theo timg module riéng tir thiét ké co khi, hé théng dién cho dén xay
dung gidi thuat diéu khién cho thiét bi d€ dam béo thiét bi hoat dong lién tuc mot thai gian dai &
d6 sau 20 mét nudc. N6i dung chinh sé trinh bay tinh todn bién dang vo tau; Iua chon vat liéu vo;
tinh todn va moé phong ting sudt, bién dang trén vo tau va cac nap day chéng tham bang phuong
phap phan tich phan ti hru han véi module tich hgp trong phan mém Solidworks; phan tich va
lua chon phuong an bé tri xy lanh - d6i trong. Béng thai, bai bdo nay sé chi ra nhimg uu diém
ndi troi trong thiét ké lai tao gilra dang AUV truyén thong st dung thiét bj ddy va banh & dé xoay
chuyén va dang glider s& dung co ché doi trong va xylanh hat nha nudc dé 1an néi. Ngoai ra, viéc
thiét ké hé thdng diéu khién cho robot cling dugc dé cap va lam ré théng qua lua chon thiét bi
cam bién, ca cdu chap hanh va thiét ké phan cing dé ddm bao kha nang hoat déng 6n dinh cho
robot lan & d6 sau 50m va van hanh lién tuc dudi nudc trong thai gian dai & hai ché dd AUV truyén
théng va glider. Mot s8 két qua thuc nghiém thiét b ddy va bd udc lugng gée nghiéng ba truc véi
sai s6 dudi 1° cling dugc trinh bay trong bai bao nay.

Tur khoa: Thiét b lan khéng ngudi 14, phuong phap phéan t hitu han, co cdu 1&dn néi, thiét bj day,
bd udc lugng goc nghiéng ba truc
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