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Fig 1. Illustration of Semi—-Submersible AUV
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Fig 2 Coordinate systems of vehicles
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Table 1 Vehicle parameters for computation

Item Value Unit
Density of Cable 1300 kg/m®
Length of Cable 200 m
Young’s Modulus of 7x10° N/ m?
Cable
Diameter of Cable 0.041
Length of Towing 8.2 m
Vehicle
Mass of Towing Vehicle 6950 kg
Moment of Inertia of [397.04, 3969.8, 3069.1] kg-m*
Towing Vehicle
Center of Mass of [0,0,0.2] m
Towing Vehicle
Length of Towfish 3.3 m
Mass of Towfish 416 kg
Moment of Inertia of [28.64, 286.35, 301.47] kg-m*
Towfish
Center of Mass of [1,0,0.12] m
Towfish
2.3. AolE 24
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Fig 3 Cable element representation

2.3.1 Absolute Nodal Coordinate Formulation
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é=Ae+B(v, —A) (4.8)
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Table 2 Control gain and adaptation gain: mother ship

Depth & Pitch Sway & Yaw
k, 0.01 0.015
K, 0.005 0.02
; 0.0002 0.00002
Ky 50 4
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Fig 23 Illustration of Line Of Sight (LOS)
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Table 3 Control gain and adaptation gain: towfish

Depth & Pitch Sway & Yaw
K, 0.02 -
Ky 0.002 -
K, 0.00002 -
Ko 4 4
K, 2.8 2.8
Activation potential [12481632] [12481632]
A 0.7 0.7
T, 20 20
r, 20 20
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Linear velocity profile
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Comparison on etc Vs et of Tow-Fish
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Interaction Force to Mother Ship X-direction
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Fig 29 Interaction force to mother ship: W/NN
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Adaptation Signal for Sway & Yaw of Mother Ship
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Interaction Force to Tow Fish X-direction
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Adaptation Signal for Sway & Yaw of Tow-Fish
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Depth variation of Mother Ship During Operation
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Trajectory of Mother ship and Tow-fish
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Angular velocity profile
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Interaction Force to Mother Ship X-direction

Force(N)
£

0 20 40 60 80 100 120
time(sec)

Interaction Force to Mother Ship Y-direction
1000

- 140
o PPN T ey M, " l H

-2000

Force(N)
1
g
]

-3000
0 20 40 60 80 100 120
time(sec)

Interaction Force to Mother Ship Z-direction

Force(N)

0 20 40 60 80 100 120 140
time(sec)

Fig 38 Interaction force to mother ship: W/O NN

73



Force(N)

Force(N)

Force(N)

Interaction Force to Tow Fish X-direction

Af\ fea MM
vy v I v“

[ 20 40 60 80 100 120 140
time(sec)
- Interaction Force to Tow Fish Y-direction
T
W
| i
0 20 40 60 80 100 120 140
time(sec)
1o Interaction Force to Tow Flsh Z-direction
—
1
l
[ 20 40 60 80 100 120 140

time(sec)

Fig 39 Intraction force to towfish: W/O NN

Euler Angle

X 104
2
g ]
s 0
=
-2
0 20 40 60 80 tow-fish )
time(sec) — towing vehicle
100
@ 0 //h \ RN (—/ln
ke
-100
0 20 40 60 80 100 120 140
time(sec)
500
§ . I Auﬂ% "'“/I\fﬂl\j
k) 0
>
-500
0 20 40 60 80 100 120 140
time(sec)

Fig 40 Euler angle: W/O NN

74



Depth variation of Mother Ship During Operation
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Depth variation of tow-fish during turning

120

M

130

140

[

150

160

N[

Depth(m)

170

W

180

Depth of Towfish
Depth Command

Towfish ||

190

200

210

0

20

40

60 80
Time(sec)

Fig 42 Depth variation of towfish: W/O NN

76

100 120 140



4 &

-

g o

a3 Ao

a

[e]
AR A

ANCF 7]¥ke] Ao &

Aol &2

Eis

A .2

—
o
=0

&+

—
o
=0

&+

A& o]

YA

R

(e}

Ao 7]

Eix

el

E$94=

o1
R

A1 7] Al

ojiy
Plo

0

A

o 5

i

o Aol

T
oo

;0._

»AO
)l

Ak
Al

}

Aol SFE|A

—_
o

A ol A

tel Aloj71E AASA . Alo17]

AHES

A7 &

]
A

s =l

g} 914 2

:rL

=
=

Inner loop 2} Outer loop

Line of Sight 9

3l

_c‘:q

Aol &

21

stelon], E9349

77



78

;H "‘._’T 1_'_” 'aj}

TU



FuEF

[1] Berzeri, M & Shabana, AA 2000, Development of simple models for the elastic
forces in the absolute nodal co-ordinate formulation, Journal of Sound and Vibration,

235(4), pp. 539-565.

[2] Buckham, B, Nahon, M, Seto, M, Zhao, X, & Lambert, C 2003, Dynamics and
control of a towed underwater vehicle system, part I: model development, Ocean

Engineering, 30(4), pp. 453-470.

[3] Choc, YI & Casarella, MJ 1971, Hydrodynamic resistance of towed cables,

Journal of Hydronautics, 5(4), pp. 126-131.

[4] Curado Teixeira, F, Pedro Aguiar, A, & Pascoal, A 2010, Nonlinear adaptive

control of an underwater towed vehicle, Ocean Engineering, 37(13), pp. 1193-1220.

[5] Gerstmayr, J & Shabana, AA 2006, Analysis of thin beams and cables using the

absolute nodal co-ordinate formulation. Nonlinear Dynamics, 45(1-2), pp. 109-130.

[6] Gerstmayr, J, Sugiyama, H, & Mikkola, A 2013, Review on the absolute nodal
coordinate formulation for large deformation analysis of multi-body systems.

Journal of Computational and Nonlinear Dynamics, 8(3),

[7] Grosenbaugh, MA 2007, Transient behavior of towed cable systems during ship

turning maneuvers, Ocean engineering, 34(11), pp. 1532-1542.

[8] Huang, S 1994, Dynamic analysis of three-dimensional marine cables, Ocean

79



Engineering, 21(6), pp. 587-605.

[9] Jun, B.H, ParkJ.Y. LeeFy., Lee, PM., Lee,C.M.,, & Oh, JH 2009,
Development of the AUV ‘ISiMI” and a free running test in an Ocean Engineering

Basin. Ocean engineering, 36(1), pp.2-14.

[10] Kamman, JW & Nguyen, TC 1990, Modeling towed cable system dynamics (No.

NCSC-TM-492-88), Naval Coastal Systems Center, Panama City, FL.

[11] Kamman, JW & Huston, RL 2001, Multi-body dynamics modeling of variable

length cable systems, Multi-body System Dynamics, 5(3), pp. 211-221.

[12] Kim, DH, Kim, NW, Suk, JW, Kim, BS, 2013, Neural network based adaptive
control for a fliying-wing type UAV with wing damage, Journal of the Korean

society for aeronautical and space science, 41(5), pp. 342-349 (In Korean)

[13] Kim, KW, Lee, JW, & Yoo, WS 2012, The motion and deformation rate of a
flexible hose connected to a mother ship. Journal of mechanical science and

technology, 26(3), pp. 703-710.

[14] Park, HI, Jung, DH, & Koterayama, W 2003, A numerical and experimental
study on dynamics of a towed low tension cable, Applied Ocean Research, 25(5), pp.

289-299.

[15] Shabana, AA & Yakoub, RY 2001, Three-dimensional absolute nodal
coordinate formulation for beam elements: theory, Journal of Mechanical Design,

123(4), pp. 606-613.

[16] Shabana, AA, Hussien, HA, & Escalona, JL 1998, Application of the absolute
80

p

M 21l



nodal coordinate formulation to large rotation and large deformation problems,

Journal of Mechanical Design, 120(2), pp. 188-195.

[17] Suh, D.C. (2009) A study on the underwater glider design method based on
stability analysis and motion behavior, A Thesis Submitted in partial fulfilment of
the Requirements of Seoul National University for the Degree of Doctor of

Philosiphy. Seoul: Seoul National University

[18] Takehara, S, Terumichi, Y, & Sogabe, K 2011, Motion of a submerged tether
subject to large deformations and displacements, Journal of System Design and

Dynamics, 5(2), pp. 296-305.

[19] Vaz, MA & Patel, MH 1995, Transient behaviour of towed marine cables in two

dimensions, Applied Ocean Research, 17(3), pp. 143-153.

[20] Wu, J & Chwang, AT 2001, Investigation on a two-part underwater

manoeuvrable towed system, Ocean Engineering, 28(8), pp. 1079-1096.

[21] Yakoub, RY & Shabana, AA 1999, Use of Cholesky coordinates and the
absolute nodal coordinate formulation in the computer simulation of flexible multi-

body systems, Nonlinear Dynamics, 20(3), pp. 267-282.

[22] Yakoub, RY & Shabana, AA 2001, Three dimensional absolute nodal coordinate
formulation for beam elements: implementation and applications, Journal of

Mechanical Design, 123(4), pp. 614-621.

[23] Yuan, Z, Jin, L, Chi, W, & Tian, H 2013, Finite difference method for solving

the nonlinear dynamic equation of underwater towed system. International Journal

81

i
S— |



of Computational Methods.

82



Abstract

Multibody Dynamics Modelling and Control of
Semi—Submersible Autonomous Underwater Vehicle

Jinmo Park
Naval Architecture and Ocean Engineering
The Grudate School

Seoul National University

In this paper, we employ a dynamics modeling method for
investigating a multi—body dynamics system of semi—
submersible autonomous underwater vehicles consisting of a
towing vehicle operated near the water surface, a tow cable,
and a towfish. The towfish, which is towed by a marine cable
for the purposes of exploration or mine hunting, is modeled
with a six—degree—of—freedom (6—DOF) equation of motion
that reflects its hydrodynamics characteristics. The towing
cable, which «can experience large displacements and
deformations, is modeled using an absolute nodal coordinate
formulation. To reflect the hydrodynamic characteristics of the
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cable during motion, the hydrodynamic force due to added

mass and the drag force are imposed. To verify the

completeness of the modeling, a few simple numerical

simulations were conducted, and the results confirm the

physical plausibility of the model. Based on open loop

simulation result, neural network based adaptive controller is

designed. In order to show performance designed controller,

U—turn motion simulation is conducted. Also, to give

appropriate command to towfish, line of sight(LOS) guidance

law 1is applied. The result shows good performance of

controller compared classical PD controller’s performance.

Keyword @ Absolute Nodal Coordinate Formulation(ANCF),
Semi Submersible Autonomous Underwater Vehicle (Semi
submersible AUV), Multibody Dynamics, Flexible body
Dynamics, Neural Network based Adaptive Control
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