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A Study on the 6 D.O.F. Modeling and Simulation of An
Autonomous Underwater Vehicle through Fluid Drag Force

Calculation

Chang-Min Kim

Mechatronics Engineering, The Graduate School.

Pukyong National University

Abstract

An autonomous underwater vehicle is utilized in' variety field for
underwater circumstances. So we need to know the system of AUV to
use properly. The motion of AUV can be defined as a 6 Degree of
freedom dynamics = model. which is composed of the complex
components. The motion of AUV is nonlinear -because of uncertain
variables. Therefore “ we _have to define the dynamic system of
components of AUV for-the development-of AUV to the precise
attitude control.

In this thesis, the motion controller of AUV is designed by using
PD controller. And hydrodynamic coefficients would be calculated
based on theoretical method and CFD. For applying linear control
system, nonlinear components would be linearized. A 6 D.O.F would
be divided horizontal motion and vertical motion to approach simply.
The dynamics model of Autonomous underwater vehicle includes
hydrostatic force, hydro damping, fin force, added mass, thrustor force.

An AUV motion of horizontal is controlled by two rudder fin and



motion of vertical is controlled by two stern fin. The dynamic
simulation of AUV is based on Matlab program which can perform the
horizontal, vertical , way-point tracking motion including 3 dimension
points. Simulation results and experiment results were compared in this

thesis.

Keywords : AUV(Autonomous Underwater  Vehicle), Drag Force,
CFD(Computational Fluid Dynamics), PD Control, Way-Point Tracking
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2.1.2 AUVE U3
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2.1.3 AUV Fzx3]4
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2.2.2 T¥e 44

AUVEl et dA9 5 3 FEeEel sd 4
FAA Al olalH AAET. waEe Wae mE oy i
2

¢l NACA0012E A&3stown, X #dd 172 Fig. 273

i
e
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A 3F AUVY 9% 24

3.1 AUVY &&FFE7

64T =E THA = AEFARTA Y X9 AAE e ] #13)
A A9 2 EA(Global coordinate system)9} =A 14 23 Al(Body
fixed coordinate system)E 4 eatojof gk}, Hde HFA L AL
AT Aol- et s Ao g A HS VIEoE &t
g F9H= AUVY =9 waks X5, sl =219 ot

= wge 7%, 1@ gs WAL Agste] ou] Fa ¥ &

Surge :u, X
Yaw :p, K

Heave :w, Z
Yaw :r, N

Fig. 3.1 AUVS] %A



64 =S YWERW ] 913 W= Table. 313 2t

Table. 3.1 AUV 645 & HI10]

forces and Linear and Position and
DOF

moments angular velocity | Euler angles

Motion in the
1 o X u X
x-direction (surge)

Motion in the
2 o Y % y
y-direction (sway)

Motion in the

z-direction (heave)
Rotate about the x-axis

4 K
(roll) ; i
Rotate about the y-axis
5 ' M q 0
(pitch)
Rotate about the z-axis
6 N r (G
(yaw)

6AF = (EEolA THEE  Table. 3.13% 2Uh g =[x y 27,
m=lpoy]" B 27 A FxA digk A} AAE YE
v, =luvwl’, v,=pgr]"Z A g HFEAY s XS =(Linear
velocity) 9} 2t %= (Angular velocity)©ltF. 7, =[X Y 27, 7,=[K M N]"
© AA uA ZHxZA dE d¥ mdlEon. agja AA A
A} A9 #HAxANE v 22 AAVE AT[9]

77.1: J <772)Ul 3.1

1= Jy (1,0, (3.2)
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—sin# cosfsing cosfcosep
(3.3)
1 singtanf  cos¢tanf
Jy(ny) =10 cos¢ —sing
0 sing/cos®  cos¢/cosd
(3.4)
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3.2 AUVY 6#

127§ 2] e

A=

A~ =
T8

dutxow 679 AFEE M=

o}

b =

3|

FHAEANE [ 1, Lo H

T
-

21(3.5)¢F 2 (9]

Al ©
— =

ruze)

=0

A

o

ml(u—vr+we)—zo(Hr) +yalpg—r)+z.pr+q)]

X

m(o—wp+ur)—yo(?+p?) +26(qr—p) +a(gp+7)]

v

m[(—uq+pv)—2(p* + @) +ao(rp—@) +yo(rq+p)l

Y.z

Ixx].)+ (I, — Iyy)qr +m [yG(iu—i-pv —qu)— zG(1}+ru —pw)] = ZK

Iyy.q-f— (Im —Izz)rp+m[zG(iL+ wq—vr) —xG(iu-f—pv —uq)]

MM

IZZH— (Iyy —Im)pq—f—m[xG(z')—wq—i—ur) —yG(iL— vrtwg)| = ZN

(3.5)
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A 47 AUVE A3
4.1 Hydrostatic Force

gAAAH e AUVel A Heo oalN wAlsE ¥
m =

RHEES o FA W=mg, § =pVg= YEI 1AM, m

= A A, g= F
SF-aojty. o], FA¢ =2 Body-fixed coordinate, #JF-9 3

Lo

ol

HEE, pu TR FARE, Ve AA 9

Global coordinateo] ™2 Z}3 ¥ 3} dJd 21(33)S o|&slo] 2(4.1)F
22 FHE Ued o 9luh[11]
0 0
Felny) =7 0} flm) =710 (4.1)
W] B

FARG s An Bt 4 @pEtdaded & gl

Fus=fe— 1[5
Mys=rexXfe—rpXfg
4.2)
A7, Fygis FASH FEel Aol o3 wAsE P& £,
Myge AAY FATAI FEFAY Aold &) TAst= Bl



Fig. 4.1 FAISA 2}
Fig. 4.1} /o) FAZA% 230 Fol= ols) WAs: &

REst Aol s o) Zel wlalN FARGeH FAH B

oh, AEvsad (33)9 9Wsts A@dnol ydsd @3y 2
o},

Xy =— (W—DB)sing

Yys = (W— B)cosflsing

Zys = (W= B)cosfcose

Ky =—(y,W—y,B)cosbicos¢ — (z,W— z,B)cosfsin¢

Mg =—(z,W— 2,B)sin6 — (x,W—x;B)cosfcos¢ (4.3)

Nyg=— (xg W—z,B)cosfsing — (yg W—y,B)sind



4.2 Hydrodynamic Damping

A A WA SEHAY 52 FA el B 4A
e W A JAN SBol WAHE AL B o] F Fo
g deh fAol dF BAY FUSERA 55 vt 27
ol #EAIL B BAS £E) wigFoz Felo] 4§yt
%2 & hydrodynamic damping® 2 Lbebd %7} gli=v] ofgfs} e

[AR o] Fo|Zt[11]
D(v) = Dp(v) —f—DS(v) —f—DW(v) —f—DM(v) 4.4)

Dp(v) = Radiation-induced potential damping due to forced body
oscillations

Dy(v) = Linear skin friction due to laminar boundary layers and
quadratic skin friction due to turbulent boundary+layers.

Dy{v) = Wave drift damping

D,,(v) = Damping due to vortex shedding

geel 27 pi= A 99 g S8 vy, G0 WES
p(Kg/m?), BAS GAAE A(mH)Ea & o, FEe 2459 2o

T

F,=—C,Apv* (4.5)
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4.2.1 Axial flow drag

Axial dragt= AUV ] Zlaiukeke] disiA Aol <] wAst= A
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Run Fluid Flow 001
User Points
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4o X% dolWgor FAE RS W wARE A3 gL o
Er ol Atk fARSE WHOE 1.0m/s, 1.2m/s, 1.4m/s, 1.6m/sol A <

NS Sl A st FEA FHAST @GS T

Table. 42 A& A4 A ] Axial flow &8 2 & A S

Velocity Reynolds | Axial Drag Force | Axial Drag Coefficient
(m/s) No. (N)
0.8 (m/s) 1.876E+06 5.2095 (N) 0.363
1.0 (m/s) 2.345E+06 8.0945 (N) 0.361
1.2 (m/s) 2.814E+06 11.348 (N) 0.351
1.4 (m/s) 3.283E+06 15.272 (N) 0.347
1.6 (m/s) 3.752E+06 19.649 (N) 0.342
Average 0.353
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4.2.2 Crossflow drag
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A HFH o2 04m/s, 0.6m/s, 0.8m/soll A o] XS EafA A
of WAst= gHI FHEAF kS ST olet dHE W&

Table. 4.3 A&

A=A 2] Cross flow &E

2 g5

Velocity Reynolds Cross flow Drag Cross flow Drag
(m/s) No. Force (N) Coefficient
2 (m/s) 4.070E+05 6.492 (N) 0.949
4 (m/s) 9.379E+05 24.862 (N) 0.909
6 (m/s) 1.407E+06 54.815 (N) 0.891
8 (m/s) 1.876E+06 96.218 (N) 0.879
Average 0.907
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Table. 4.4%} Table. 4.5= 7217} Axial flow, Cross flowol] W3] =A
=5y dEATE YERAT

Table. 4.4 Axial flow &2 2 A ¢ =AHF

Velocity Axial Drag Force Axial Drag
(m/s) (N) Coefficient
0.8 (m/s) 5.150 (N) 0.389
1.0 (m/s) 7.299 (N) 0.353
1.2 (m/s) 12.880 (N) 0.432
14 (m/s) 16.834 (N) 0.415
1.6 (m/s) 22.337 (N) 0.421
Average 0.402

Table. 4.5 Cross flow 3= 2 &A= =A%

Velocity Cross flow Drag Cross flow Drag
(m/s) Force (N) Coefficient
2 (m/s) 4.395 (N) 0.67
4 (m/s) 24486 (N) 0.90
6 (m/s) 54.897 (N) 0.89
8 (m/s) 96.176 (N) 0.72
Average 0.80
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4.3 Added Mass

AAZE FA &AM a7l fsids A FontEY fFA&
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(4.12)¢} #+o] Added mass & = e 4 Q9]

X0 0 00 0
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X, = Xﬁﬁ—f— Z:wq+ Zélq2 —Y.or— Yﬂ"g

Y, = va-f— Yrr—f— X.ur—Z wp— Zépq

Zy= Zﬁ]iu—f— Zd'q— X,ug+ Y.op+ Y.rp
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(4.13)



4.3.1 Axial Added Mass

Axial *3F2] added masst= 2)(4.14)9} 7t}

__ ABprm d s
X, = 3 (2 ) (4.14)
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2dll /47 872 A 0.22619] ke 7 TER[12]

4.3.2 Cross flow Added Mass
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T Ty o

(4.15)
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uUu wq
Y=Yyt V00 + Vo + 0wk Yir+ ¥, ur+ ¥ p
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a) Hull parameter

Coefficients AUV Ver.1
rho (Wter Density, kg/m3) 9.97E+02
A f (Hull Frontal Area, m2) 4.50E-02
A p (Hull Projected Area, m2)

3.43E-01
XZ-Plane
S w (Hull Wetted Surface Area, m2) 1.26E+00
Vol (Estimated Hull Volume, m3) 4.30E-02
W(Measured Vehicle Weight, N) 4,32E+02
B (Measured Vehicle Weight Horizontal, N) 4.32E+02
x_cb (Estimated Long. Center of Buoyancy, m) 5.54E-03
C _d (Axial Drag Coeff., n/a) 3.53E-01
C dc (Cylinder- Cross-flow Drag Coeff., n/a) 9.07E-01

b) Center of Buoyancy w. r. t. Origin(CB)

Coefficients AUV Ver.1
xB (Center of Buoyancy: X-dir, m) 0.00E+00
yB (Center of Buoyancy: Y-dir, m) 0.00E+00
zB (Center of Buoyancy: Z-dir, m) 0.00E+00




c) Center of Gravity w. r. t. Origin at CB

Coefficients AUV Ver.1
xG (Center of Gravity: X-dir, m) 0.00E+00
yG (Center of Gravity: Y-dir, m) 0.00E+00
zG (Center of Gravity: Z-dir, m) 2.00E-02
d) Moments of Inertia w. r. t. Origin at CB
Coefficients AUV Ver.1
Ixx (Moment of Inertia, kg-m?2) 2.48E-02
Iyy (Moment of Inertia, kg-m?2) 6.53E+00
Izz (Moment of Inertia, kg-m2) 6.51E+00




B. X8 A<

a) Non-linear Force Coefficients

Coefficients AUV Ver.1
Xuu (Cross-flow Drag, kg/m) -7.57E+00
Xudot (Added Mass, kg) -9.44E-01
Xwq (Added Mass Cross-term, kg/rad) -6.57E+01
Xqq (Added Mass Cross-term, kg-m/rad) -5.54E+01
Xvr (Added Mass Cross-term; kg/rad) 6.57E+01
Xrr (Added Mass Cross-term, kg-m/rad) -5.54E+01
Xprop (Propeller Thrust, N) 1.50E+01
Yvv (Cross-flow Drag, kg/m) -1.89E+01
Yrr (Cross-flow Drag, kg-.m/rad2) 6.22E+00
Yuv (Body Lift Force and Fin Lift, kg/m) -4.80E+01
Yvdot (Added Mass, kg) -6.57E+01
Yrdot (Added Mass, kg-m/rad) 5.54E+01
Yur (Added Mass Cross Term and Fin Lift, kg/rad) 1.13E+01
Ywp (Added Mass Cross-term, kg/rad) 6.57E+01
Ypq (Added Mass Cross-term, kg-m/rad) 5.54E+01
YuudeltaR (Fin Lift Force, kg/(m-rad)) 2.04E+01
Zww (Cross-flow Drag, kg/m) -1.89E+01
7qq (Crow-flow Drag; kg:m/rad2) -6.22E+00
Zuw (Body Lift Force and Fin Lift, kg/m) -4.80E+01
Zwdot (Added Mass, kg) -6.57E+01
Zqdot (Added Mass, kg-m/rad) -5.54E+01
Zuq (Added Mass Cross-term and Fin Lift, kg/rad) -1.13E+01
Zvp (Added Mass Cross-term, kg/rad) -6.57E+01
Zrp (Added Mass Cross-term, kg/rad) 5.54E+01
ZuudeltaS (Fin Lift Force, kg/(m-rad)) -2.04E+01




b) Non-linear Moment Coefficients

Coefficients AUV Ver.1

Kpp (Rolling Resistance, kg-m?2/rad2) -1.30E-01
Kpdot (Added Mass, kg-m2/rad) -7.04E-02
Kprop (Propeller Torque, N-m) -8.04E-02
Mww (Cross-flow Drag, kg) 1.50E+01
Mqq (Cross-flow Drag, kg-m2/rad2) -1.88E+02
Muw (Body and Fin Lift and Munk Moment,

1.80E+01
kg)
Mwdot (Added Mass, kg-m) -5.54E+01
Mqdot (Added Mass, kg-m2/rad) -5.40E+01
Muq (Added Mass Cross Term and Fin Lift,

-5.43E+00
kg - m/rad)
Mvp (Added Mass Cross  Term, kg-m/rad) -5.54E+01
Mrp (Added Mass Cross Term, kg-m2/rad2) 5.39E+01
MuudeltaS (Fin Lift Moment, kg/rad) -1.23E+01
Nvv (Cross-flow Drag, kg) -1.50E+01
Nrr (Cross-flow Drag, kg-m2/rad2) -1.88E+02
Nuv (Body and Fin Lift and Munk Moment,

-3.12E+01
kg)
Nvdot (Added Mass, kg-m) 1.93E+00
Nrdot (Added Mass, kg-m2/rad) -5.40E+01
Nur (Added Mass Cross term-and Fin Lift, kg-

-5.43E+00
m/rad)
Nwp (Added Mass Cross Term, kg-m/rad -5.54E+01
Npq (Added Mass Cross Term, kg-m2/rad2) -4.81E+00
NuudeltaR (Fin Lift Moment, kg/rad) -1.23E+01
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