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A Study on Autonomous Navigation System

for Hovering type AUV

Hong, Seung Min

Department of Material Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Unmanned Underwater Vehicles(UUVs) are applying to a variety of
purposes such as underwater exploration, extraction of minerals and
military purpose. Also recently, as offshore industry has been expanding,
UUVs will be expected to very useful instead of workers in underwater

environments.

UUVs, sometimes known as underwater drones, are special vehicles that
are able to operate underwater without a human occupant. These vehicles
may be divided into two categorise, remotely operated underwater

vehicles(ROVs), and autonomous underwater vehicles(AUVSs).

We have been interested in development of AUV and how to control the

AUV at the sea. It is reason why we start our research. The goal of this

- Xii —



study is technology accumulation of design and manufacturing, employ of
AUV.

So, This paper addresses the development process of the Hovering type
AUV as a test-bed. which has open-frame structure. This structure was
designed to take a test conveniently. It has 4 thrusters and they can
control 4-DOF motions such as surge, heave, pitch, and yaw. Various
navigation sensors were installed for this vehicle. DVL & GPS are used in
order to measure the position of the AUV. In addition, pressure sensor &
magnetic compass are used for measuring the depth and heading angle of
the AUV.

This thesis describes mathematical modeling of the AUV to confirm the
dynamic motion and controller performance before the field test. In this
step, we set the coordinate systems and derived the 6-DOF equation of
motion. Mathematical modeling of the AUV was consist of 6-DOF equation
of motion and hydrodynamic coefficients. To control the AUV, PID
controller and Fuzzy PID controller were designed. In addition, We suggest
the thruster allocation method for allocating thruster force at each
thruster. To analyze the vehicle motion and designed controller to track
the desired value, we developed the dynamic simulator using Matlab &
Simulink software. Experimental test was performed such as depth control,
heading control by PID controller. And autonomous navigation control like
way-point control by PID controller and LOS(Line Of Sight) method at

yacht harbor in Korea Maritime and Ocean University.
KEY WORDS : Hovering AUV &H& F<I%24; Mathematical Modeling

Z8+x mdd; PID controller PID A o7]; Fuzzy PID controller 2] PID |

o]7]; Field test A3y A&
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Fig. 2 Coordinate System

Table 1 Notation of each axis

Force &
Classification Axis Motion | Displacement | Velocity
Moment
X-axis Surge x u X
Translational
y-axis Sway y v Y
Motion
Z-axis Heave 2 w Z
X-axis Roll ) P K
Rotational
y-axis Pitch 9 q M
Motion
Z-axis Yaw P r N
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el AR 52 WA S(Translation motion)d] HAIFZF 2
(Surge), #F$%5L2(Sway), 43slE 2 (Heave)9t 3]4-&F(Rotation motion)e! 3%

S Rol), F&48Pitch), d+-sLYawm=z &7F & F St

off

off

Mv+ Cwv+DWw)v+ gn) =7 ®)

M = inertia matrix (including added mass)
C(v)v = matrix of coriolis and centripetal terms (including added mass)
D(v)v = damping matrix
g(n) = vector of gravitational forces and moments
T = vector of control inputs
v = linear & angular velocity vector with coordinates in the
body-fixed frame
= [wv,wp,q.r)
n = position & orientation vector with coordinates in the earth-fixed
frame
= (2,9, 2 ¢,0,9]
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=K +K,e (18)

7= Ke +K, / edt + Kye, (19)

A7NA, i = {1,2} = {Yaw, Velocity} , e, = {%_lb o] T},

2.4.3 Fuzzy PID A|o)7] AA
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(Fuzzy Inference) @ W]

3 %] 3H(Fuzzification)= L ¥HA ¢l
o o] HAAA 2 JFY dAE
(Membership Function)g} gtt}. & AFollA = Ao tj’del
2 4==2] Membership Functiong Fig. 5 ~ Fig. 123} o] AA3}3 o).

o2 TAIQl A 2 (Fuzzy Rule Base): Ao di’dH-o i
THEE0] BoHol A HAA Ao S A7) AT Hde A2 B
I A Aol ZAR W, 22| Ao e S —%—%‘3}% WH, Z
ol o3k W, AA FgETe S Hosts B Sl Ao
T =] 9lth Table 2 ~ Table 11& ?iﬂr ALEAQ s
A Aol AR Uy HA 282 o7 7HA A4 HER F
HORHE shte] AES o]EO e F
Mamdani7} A|9FsF Minimum $4HS o] &gk F2Wo] o] &5

o] WHE AHgHAT

Fl

H] 3 2] sh(Defuzzyfication)> AA 2 A F& A7} A2"HS Aojst=d
ALEE7] Yl e GHbZ el B Fo 2 WHElFEojof st o] HAL H|TH A
steba g

Fuzzy
Rule Base
A
v L 2 v
Input Qutput
p_) Fuzzification > Fuzzy > Defuzzification | —>
Inference

Fig. 4 Fuzzy Logic Diagram
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Fig. 5 Input Fuzzification for Depth ¢, e
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Fig. 6 Input Fuzzification for Pitch ¢, ¢
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Input Membership Functions
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Fig. 7 Input Fuzzification for Heading e, e

Input Members hip Functions
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Fig. 8 Input Fuzzification for Velocity e, e

HAHE error’, ’errordot’:= Fig. 5 ~ Fig. 8o uYehd A3 o]
NB(Negative Big), NS(Negative Small), PS(Positive Small), PB(Positive Big),
N(Negative), S(Small), P(Positive), Z(Zero)e] MemberE 2zral )t}

=90o] H= PID Al #koll thet &< = Fig. 9 ~ Fig. 120 Yey3Ao
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Qwutput Membership Functions
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Fig. 9 Output Fuzzification for Depth control gain
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Output Members hip Functions
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Fig. 11 Output Fuzzification for Heading control gain
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Fig. 12 Output Fuzzification for Velocity control gain
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HA AolFH L (f - then -) FAo7 TIAHH B Ao ALLEHE=E
A A2 g 71<«stH T Table 2 ~ Table 113 Zt}.

Table 2 Fuzzy control rules for Depth, K,

€ NB NS PS PB

e
NB B M M B
NS B S S B
PS B S S B
PB B M M B

Table 3 Fuzzy control rules for Depth, K,

€ NB NS PS PB

e
NB B B B B
NS M S S M
PS B S S M
PB B B B B
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Table 4 Fuzzy control rules for Pitch, K,

e

Z p
e
N M M
Z S S
p S S

Table 5 Fuzzy control rules for Pitch, K,

e

Z p
e
N M B
Z S S
p M M

e

NB NS PS PB

(&
NB B M M B
NS B M M B
PS B B M B
PB B M M B
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Table 7 Fuzzy control rules for Heading, K;

€ NB NS PS PB

e
NB M M M S
NS M M M S
PS M B M M
PB S B B B

Table 8 Fuzzy control rules for Heading, K,

€ NB NS PS PB
e
NB B B B B
NS M B B B
PS M B B M
PB B M M M

Table 9 Fuzzy control rules for Velocity, K,

- N S p
e
N M S B
S B M B
p B M B
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Table 10 Fuzzy control rules for Velocity, K,

- N S p
e
N M B M
S B M M
p M B M

Table 11 Fuzzy control rules for Velocity, K

¢ N S p
e
N B B B
S B B M
p B B B

2] Table 2 ~ Table 113 Zo] AAE Ao]1&xL& Mamdani*Hid S &3l A
222 7 Aok MNAS PPoRE FAPFUS ASshAnh weby v
AstE 282 2 207 Zo] AHojdAr).

i /’Lo'utp'ut (w )>< w,
W=7 (20)
;ZO/’L()'utput (w )

o714, ne FHAA] FH F, wi WA A g LD g, w)E
Pel 2&YEE Yehach
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2 g9 g B Garus(2012)F Fxste] ARSI T E3F AlEdolAd
132 Matlab&Simulink2 433} ™ Fig. 139} 2t}

Fig. 13 ¢} o] 4% Simulator= IA 4FE o2 UE F
3 O& AlEHolded 2a3 denHE At AEH oA
ol E IYZE UeEe EFojth. @2 279
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H Ao7E Ul A4 Hess e o}
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Octagon Simulator to verify Fuzzy PID controller performance

Double Click Here!!

with Ocean Current Set Parameter
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‘Output Data Plot
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<
Force & Moment

Fig. 13 Simulator using Matlab & Simulink
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(X©.Y¢) = Current Position
WY = Target Heading Angle
¢ = Desired Heading Angle

W¢ = Current Heading Angle

If FE23380) > Add), F23& AR 2 AL 8.

If FERE@ < ALWD), B FEFo= HA.

]ga]]o]/do]]k] TR @oz AgE ZFE Fossen(199)E =314
+ Fig. 159} Zo] 23kl Wt £55 7= HE=Z A5t old

27 FF2 20° ol £=+= 0.1m/sE AT

Fig15o14 XY ATTAREA, X, v,= NADAREA, ve =5,

ulvge ATAAFFA N X, YF 2REE, w05 AARLAFEA

Aol 7t ol te 2REE, p= =R WF, ¢ R PFS Ueh

u, =V, + cos(B—1) (21
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Fig. 15 Current model
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Fig. 16 Thrust Curve
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Fr=0.002 X VoI’ + 0.03 X Vol* + 0.356 X< Vol* +0.47 X Vol* + 0.782 X Vol

A7NA, Fpe F2719 & olH, Vol AFAUGEV ~ +5V)E YERATH

2.5.2 NEH A A

Fig. 17 ~ Fig. 24= Al &#olAd 23 =& Yepa 3l

=

(22)

Fig. 172 X-Y®®H | FFAe olsd=2E yehdth. 271914 0, 0) A

oJx 579 A#He Ay B0, 100)e =2st= Ae

Bt 7 Aol sane 2R TS o

% )
ATk = 5AA BuALelN =2F F

A~

T

gzol A Bl &
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XY Trajectory
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G0

Heaxis[m]

Fig. 17 X-Y trajectory

3D trajectory

X[m]

" [m]

Fig. 18 3D trajectory
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Pitch Angle

Pitch Angle [deg]

P I S SN SN NN AN N S S
0 20 40 60 80 100 120 140 160 180 200
Time [sec]

Fig. 20 Result of Pitch angle control
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Fig. 23 Thrust force through controller
Haorizontal Thruster Voltage 1
T .
=
&
£
=
=
=
g = T T T
0t
= I ! ; I i i |
o 50 100 150 200 250 300 350 400
Horizontal Thruster Vokiage 2
5 : T
0 Pe~ :
% £ 100 150 200 =0 200 250 200

Time [sed]

Fig. 24 Input Voltage for thrust control
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Fig. 25 Concept of Hovering AUV
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Table 12 AA®E 254 ALe Yeha.

Table 12 Parameters and Specifications of Hovering AUV

Parameter Specification
A3 Open-frame
A 736 x 736 x 600 [L x W x H] [mm]
A= 50kg
2k =4 10m
%171 350watt x 470 (#2120, =H270)
Ao me 4-DOF 54|
Al RS-232, wifi
Aoy HE On-board PC, DAQ board
H| & 2] 25.7V-6.6Ah 2&FE¢l™ x 6EA
el Al A Pressure sensor, DVL, TCM5

st 10m= A4 k3t
dge agste g2

rot
N
™
N
o r
o
i
2
0
H
L
9
o
J f
ot
el
22
X
(o3
B
R
2\
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3.2 Hovering type AUV AtA| AA

Fig. 26 3D Model of Outer Frame

Fig. 269 Yehd 9]z g QS Stainless steel A &S A&t on, £4T%
& FHolth =3 9¥ e 843 Feoln Zy ol HAE WygErle =)t

27719 =718 meskel £ 270mm, %ol= 310mmo= A stk

Fig. 27+ 4 =Z8dS HHoA 2 Tdojt}. =g de] MA Eol= 506mm
oW, DVL& E3s3tal FAslr] st e Wz d ol & fXst=
Tl

t

WA 53 RAgAE stk

®

506mm

7 |
DVL Bracket

196mm

Fig. 27 3D Model of Outer Frame
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oJztmagol ) > DVL

Fig. 20 479 #4549 2YSw olth, shrol DVLe| A2 1, F3bolt
27 9 WG E71 AAAT B 95 2ERES ol gl SRl
A5 e AYskr] GolES oo Rl N HAstsin.

Fig. 30 Top view of Hovering AUV

Fig. 30 AAl & A4 floA £ ddeoln. Il Ad 294
T 9FelA PC 8l A9l BEd] HkE A7Fskr] 9@ On/Off 294 o]t}
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33 k47 B Az = 9e) veta) A

AAE WekErls WHEeY, AAM 3 JAZFE Bostes 9 o

oA gt FUe Aokt ZaAol . webA FeAe] Fx &8
R 10m°ﬂ/‘1 AAE W71l TS oty #s) AR AdEelA
<Y BEXE F84L A AT A2 ANSYS ver. 13.0 Z2IH-S ARE
st s £ =wodAs WdEr] 3 A= el dd sy =
FHzsl e FASAT. AT U871 A FA=ol i3 s FaysA
BT I ol FHEL WdErIe Aolrt el X nis) F W <
ofus dde Tkt & ATolA AAE HekErle JdHe ATt o
Hot =27] W2l #HEAH e 3L Zort flva ddsith

331 Ut8er) a8 9 BA=zA

NS st AdAE WgeriE Fg 319 Zo ugErie 974
400mm, W74 380mm, %Ho] 260mm o]t} Fig. 32& uit&~71e A =g
I AR, AAERAE A& S UEpdth Yg8r]e] % We 3l
3ol et A =S TESHH, R 27 sbgo] i =4 10bar (IMpa)7} 2
83t} Table 132 AUy AZl &FrlF e 6061-T60] =4x& YEhd
t}. (ASME, 2013)

o rlo

S

0.0 400mm

Fig. 31 3D Modeling
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@ e LB - L@ - A

Fig. 32 (a) Geometry, (b) FE modeling, (c) boundary condition of
pressure container

Table 13 Material property of aluminum alloy 6061-T6

PropeI‘Q:. SE E Z/QA Value

Material Aluminum alloy 6061-T6
Density 2.70g/cc
Modulus of Elasticity 69GPa
Poisson’s Ratio 0.33
Element Type Shell 181 (4 node)

_43_



3.3.2 k87] &9 sy A3

AR HHA9 von Mises stressE 3t kA S HIFSFH T von
Mises stress= &EA ZF A A A &8 AEE T vIEH YA a7E
Uetll= #to=z 71 A&t =49 g3 s d5sts 7IEem dEA 3
ot Fig. 33& Welo] gk siAdzely AA SA47F A¥E 2 F4e debdoh
A A3 Ho W= 0.000273mm=E AL WErt itk BHE 5 QTh

0047784
1 kin

0.00 0000 {mmy M/I\

150,00

Fig. 33 Distribution of deformation

Fig. 34% von Mises stressoll thet s AAolw HA Wy F4S vebdth
dZuF FF 6061-T62 31838 S+ 121MPac]lil 2247} Shell &4:0]7] uj
o] 88 @dAXE P, +P,<15xS7F Fth. wEkd S8 A=
1.5+ 121MPa = 181.5MPa ¥t} ulgtg7]e] Zgst= Ao 28 22.174MPa
OID4 ol &8 FAXNEG e e yepdth uetA A" W&
< sttt AdE ¢ Qo
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Fig. 34 Distribution of von Mises stress

333 9= BA=A

Wkl ek hRvkA = gzt el g Wal e SRkt SUS304
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% Aoz wesla b 71w Zaole] fake sl4e ST Fig 35
o Mg st AAE ddzude ey ol 270mm, £ 20mm, %
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Fig. 36 ©o ZaQle d4 mudst A4, 4
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< 12 ¥EE S

L 270mm

waomm $Eq
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Fig. 35 Design model of outer frame
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Fig. 36 (a) Geometry, (b) FE modeling, (c) boundary
condition of outer frame

Fig. 37 ~ Fig. 38= #&st= 83 doldste] g sf4 2345 vekin.
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Fig. 38 Distribution of deformation

A G Ze o] Zgsh= Hol Y2 75.818MPa o|w, ojw] Xy
2 dojupx WHL 00053215mm ¢ AeE FAHUh wekd HEH
129.448MPa Wt} zte o] Aggtow chsitta g & & gla, ol

MIE o) Qe AE F9l & 5 ok
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St re e e WHer1s thEA dolst Fewel A% v auz 42
= "ot 48 RE A5E 1074 S4sigon, s14 Ane Table

Table 14 Buckling Pressure

Mode Number Buckling Pressure
1 41.387 MPa
41.387 MPa
346.92 MPa
346.92 MPa
502.04 MPa
502.04 MPa
508.92 MPa
508.92 MPa
520.11 MPa
520.11 MPa

O | 0| N | O | O &~ W DN

—
()

A Azl o] A o] WAShE e 41.387 MPa o]t} whehA
AA T4 10melA ZH Yo #83t= g2 1 MPaz F=o Ui A=
JhXt T S & 4= 9t} Fig 39 ~ Fig. 425 #2 2% 25 1 ~ 4744 v
zEdel o] dols we EEs YERdATH
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L —

Fig. 39 1st Buckling Pressure  Fig. 40 2nd Buckling Pressure

Fig. 41 3rd Buckling Pressure  Fig. 42 4th Buckling Pressure

% HolA HAAR WE&S ngez A AFE FARFEAHe] FA

Fig. 43 ~ Fig. 469 JeR}Q)T)
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Fig. 43 Outer Frame
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Fig. 45 Hardware configuration

Fig. 45 W87 el 748 AZES Jepdth dd&FEmE=s PC
1 Z4F Ao LS A7bshrIf g Ao, DC-DC Convertor=2 745 ]
A7 obell= WEEZE f1X|SHAl |k
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Fig. 46 Switch housing
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Fig. 465 9% 3l9¢4S Jehdth 29X Push-button 5 7§} Do)
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Fig. 47 Top view of Hovering AUV

Fig. 48 Side view of Hovering type AUV
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Table 15 Specification of Model 300

Parameter

Specification

Bollard Output

Forward - 7.7kgf

Reverse - 3.2kgf

Input Voltage

24V~150V - Main power
12V - Instrument Power

-5V ~ +5V - Analog Speed Control

Weight

1~ 14 kg -In air

0.8 ~ 1.3kg - In water

Depth Rating

850m

Fig. 50 Tecnadyne Model 280 Thruster
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Table 16 Specification of Model 300

Parameter Specification
Forward - 6.1kgf
Bollard Output
Reverse - 6.1kgf
24V~150V - Main power

Input Voltage 12V - Instrument Power

-5V ~ +5V - Analog Speed Control
0.9 ~ 1.3 kg -In air

Weight
0.8 ~ 1.3kg - In water
850m

Depth Rating
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Fig. 51+ 4E€4AAE YepdT
AE M A += Sensor system AF2] PSCE00.5BCIG =d-& A3}t o] AlA=
0.5bar(5Gm) WML 7kA FA o] 7hsstH F4lol wek 1V ~ 5Ve] &£9& Jehd

=

Fig. 51 Pressure Sensor
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Fig. 53 GPS sensor
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Vertical Thruster Input Voltage
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Fig. 61 Thrust Input Voltage for Depth control
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Fig. 63 Thrust Voltage for Heading control
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3-D Trajectory
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Fig. 65 3-D Trajectory of Hovering AUV
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Fig. 66 Result of Depth control
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Fig. 70 Thrust control input voltage
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