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Motion Simulations and Experiments of An Autonomous

Underwater Vehicle for Shallow-water Operations
Myoung-Wook Kim

Mechatronics Engineering, The Graduate School.

Pukyong National University

Abstract

Since AUVs operated in-shallow water can be subjected to strong currents, tides,
and winds, it is essential to use an accurate mathematical model and a robust
controller against external disturbances. Especially, AUV activities for mine search,
reconnaissance, and surveillance in shallow water at low speeds would be very
sensitive to even small disturbances.

In this thesis, dynamic simulations of the AUV were performed using the equations
of motion and motion controllers. The equations of motion of the AUV involves many
nonlinear terms, not only in their. motion variables, but also .in their right-hand side
force terms. The mnonlinear. force terms contains hydrostatic-and hydrodynamic damping
forces, lift and drag forces,-and added masses.

The motion controllers-of the AUV were designed based.-on PD and Sliding mode
control algorithms. The controllers can change the angles of the two rudder fins and
two stern fins. The dynamic simulations of the AUV were performed for the
horizontal motion, vertical motion, and way-point tracking motions using Matlab. Then
the simulation results were analyzed to compare the performance of the two
controllers. Also, the motion performance of the AUV was tested in water tank and
near sea.

Finally, the simulation results and experiment results were analyzed to verify the

motion performance of the AUV.

Keywords @ AUV(Autonomous Underwater Vehicle), PD controll, Sliding mode

controll, Motion Performance
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Table. 2 Twelve state variables of an AUV with 6 degrees of freedom

Linear and angul | Position and E
DOF .
ar velocity uler angles
Motion in the x-direction
1 u X
(surge)
Motion in the y-direction
2 v vy
(sway)
Motion in the z-direction
3 W Z
(heave)
Rotate about the x-axis
4 P ¢
(roll)
Rotate about = the y-axis
5 } a 0
(pitch)
Rotate about the _z-axis
6 r (0
(yaw)
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3) Hydrodynamic Damping
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D)= Dp(v) + DS(’U) —f—DW(U) + DM(U)

Radiation-induced potential damping due to forced body oscillations

Dp(v)

Linear skin friction due to laminar boundary layers and quadratic sk

Dg(v)

in friction due to turbulent boundary layers.

Dy{v)

D

Wave drift damping

Damping due to vortex shedding

w(v)
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Table.3 Six state variables of an AUV with X-Y plane

Linear and | Position and
DOF :
angular velocity | Euler angles

Motion in the x-direction

1 u X
(surge)
Motion in the y-direction

2 v Vv
(sway)
Motion in the z-direction

3 W Z
(heave)
Rotate about the x-axis

4 D ®
(roll)
Rotate about the y-axis

5 i q e
(pitch)
Rotate . about the .z-axis

6 T 114
(yaw)
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+N,,ur+N,, wp+N,pg+ N, uv+N, u5

ur wp uv uud,
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th 28R (320)9 Zol.FHWE s Eas A vEE Ut 4
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Table. 4 Six state variables of an AUV with X-Z plane

Linear and | Position and
DOF :
angular velocity | Euler angles

Motion in the x-direction

1 u X
(surge)
Motion in the y-direction

2 v vy
(sway)
Motion in the z-direction

3 W Z
(heave)
Rotate about the x-axis

4 D ®
(roll)
Rotate about the y-axis

5 i q C)
(pitch)
Rotate = about the .z-axis

6 T v
(yaw)
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e

v=p=r=0 (3.26)
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L/?/£1+ m[zG(iL+ wq)] = ZM (3.27)
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21(3.28)3% &}

I?/?/(.]—i_ (I.’L’.’L’ - Izz )m+m[2q (’LL— vrt+w Q) = Lg (w— Uq+’0p)] = (3.28)
MHS+M1»IU»|U7|U’|+]Wq|q|q|q|+M“w+qu

+M, ug+ M op+M rp+ M, uw+ M )

uq uw Uuo S

s :

AR FAH FEodAE FEHI T Aold ok Ao FE 2
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4.1.1 PDA <]

ek AlojE 91d PD Aol E AA S v El-AE-m]i Aol 7](PID
ol 7)== AHA SE&TEoklA 7HE ol AFEEE tEAS] P Ao
Holt}, PID Alo]7)= 7|EA o2 3= (feedback) A 0] 7] 2] FHE 7
3 o Alojstaral sk kel E9 F(output)s SA k] olE W
3FaLAF sh . gh(reference value) 52 AA Fh(setpoint)¥} H] a3}
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Arbetes 722 ol Ak Fl el A &ste] Hy WIEE 99
o= Fa e E9-Fhe FRAETAEY 2 1% [t yo R g
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8, =R, (Wb — VN (4.

AR Aol gho]l Al 757 (actuator)Z} &8 F UE FHo) AN
ot AAN 5718 3 (saturation)’t RASHA = A4S, 2xke] AR
ghol & o m FALA HojA|, AR == Fho] AA Frel AA
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H Yogger?}t Slotine: 19851 Aol 4 ROVE £+ A
e Aor|He A8 v o Cristi (1990) 52 FAd549 434
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x=Ax+bu+ f(x,t) 4.2)

A7 A f(xt)e s mdesx e Fodst 55 uyd Admd

ZHEH AolE yehE uAE ol xv A WHEE UERY,
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oz P50 & Ak

u=—k'x+u, (4.3)

HEojtl 2(4.3)F (4.2)°] wtHdst

x=H(A —bk® )xbu, +1 (x,t)
Al=ASE® 4.4)

o] 714 AQl ki= pole—placementE %
zle] ujAyg FE sgstE u S ARkl 95ke] 4 (44)9F 2 outp
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o(x)=h'x (4.5)
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o(x) =h"Ax-+h"bu, +h"f(x,t)—h'x, (4.6)

o(x) =h"Ax—nsgn(o(x)+h' Af(x,t) (4.8)

foot)=f(xt)— T t)elth (162 A WA Fe thowt

h'Ax=x"A'h=Ax"h (4.9)
hE A'2] Right cigen veetor® 9
(Al)h=Ah (4.10)

o} 7] A A=AAL )= hell &5 eigen valueo|t}. whe}A]

Ax'h=0 if h is a right eigenvector of A for A=0 4.12)



£ 99 2o AuFomn oo B FAAL A (1133} o] T

o(x) =—nsan(o(x)) +hTAf(x,t) (4.13)
1¥8]3l Lyapunov $FH+E U9 JH=E wod

Vo) = %(72 (4.14)

V(x,t) =00 (4.15)
==negsgn(o) +ohTAf(x,t)
==l [+ohTAf(x;t)

ngE Hoaff o] FNO

n=1hl - Il Af(xt) |l (4.16)

V<0 (4.17)

uEkA nE 4 (416) 9k o] mEE A ke o3 Af(xt)E
| Frol=thH Barbilat's lemmaol 23 o=

= Ae 1Y 5 Advk 9 =27 AA
I s Abololl A AEEHE F-EolBE AAE Fotsx Bavt v =2
ol == Aojr)e] AAHow FHI= FHAA A EH = (chattering) ©]
WA R sgn(o)E thedh o] diAFo=N AASA AAT F 9

_[sen(o) if|o/p]>1
sat(o) —{ o/ otherwise (4.18)



od7|e| A AA MFl o= Egtold el FAS 77 (boundary layer
o) tanh(o/¢)Z A
= EEloly R H=
W Aol daeglFe nE 74 WS (tunable parameter)® AT E M
ZHEES A A T = d B3 Ao dHS kHAFdow FAHT £V}

42 3 WF Aoyl A

4.2.1 PDA| 9]

3313004 7N&3 +9@ 25 29 APS S AR AHE S5
S A YERE A (419 T A (42009 2

(L, SV )r= N,r + N;6, (4.19)

p=r (4.20)

PD Aloj71& AASH] 8 = @tk =8 ghol g ddstes
| AEg+25H-PD Gain 32 =3 Vector Form
2H8 2] (State-space form) ©& UERW 2] (4.23)3 )

I _ON ﬂ m: []\1[ 8} [ZL] + [ﬂa (421)
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H+ L.—N, |9, (4.23)

FAE Farste] tidEtw 4 (4.24)9F 2

H: [—0.81247 8] m +[—o.g383] 5 (424
Folxl Al 2=H] o] 7}11101*6]%]%] gelgtth. Aloj7] & AAste] Fojzl A
2HE Aojd F Q= AE Hotstr] s = WA 7hAolAd B H(Cont
rollability matrlx)?i AAre] Hhof it}

Aol AE S=[B AB A’B, A’B,..,;A" 'Bld W rank(S)=>n¢|
W Ale] 7hgelat rank(S) < nolW Alo] EBIlgolth ojw n & Al A&H
o] A5 YedlE A, B Ee o) ojtt o] A=H] G -goll= n=
2 oln2 §=[B, AB]7} . MatlabS Ab&3s] AatslE® Rank(S)=2
oln® 7Hlo] AHdSE & F A Aej7|E AAE Ad + A
N AeZRE AFE AY s FelE™E A (4259 2T

Cw(s) | Lem NP o —0.7383
=56 N %sls +0.8247) (4.25)

PD Aloj7]¢} A Ade] B2 Fig. 189 7}
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ol Wl ¢(A)E ¢(s)E Y3z SO o]Foj EA WA olgta & o
s WAl AE Ugld #tolth ¢(A)E F37] Aol WA A= Foz o
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Table .5 OSd] W& 7ZH4]H]

%0S |5 10 15 20 25 30
¢ 0.690 | 0.591 |0.517 | 0.456 | 0.404 |0.358
4
v ¢ = 0690019 Settling time t, zwzsoly_i AFHESF w,

= 115047F €k webd g wg AEEE 54 gl T2
gb(s):sQ—i-QCwnS-i-wioﬂ s H E4 w2 ¢(s)=s"+1.6s+1.34420]
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>» Phi=[1, 1.6, 1.3442];
=» roots(Phi)
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rlo
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K=10,1][B, AB] '¢(A) =10, 1][S] '¢(4) 4:30)

> K=[0,1]+inv(B)+1h
K =

-1.0801  -1.8207

ayBEE K, = -1.0001, K, = -1.8207°| vk
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2HE Aojd F Q= AE Hotsty] fsia = WA 7HAolAd B H(Cont
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Table. 6 PD Controller # Sliding mode Controller H| 1l

PD Controller Sliding mode -Controller

Settling time 8.7 (s) ||Settling time 8.9 (s)
Overshoot 0(%)- Overshoot 11.6 (%)
Rising Time 5.1 (s) | Rising Time 5.3 (s)
Final value 30 (degree)| Final value 30(degree)
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.7 PD Controller ¥ Sliding mode Controller H]xl

PD Controller

Sliding mode Controller

Settling time 12.4 (s) | Settling time 11.3 ()
Overshoot 0 (%) | Overshoot 5 (%)
Rising Time 7.8 (s)+Rising Time 74 (s)
Final value 60 (degree) | Final value 60 ( degree)
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Table. 8 PD Controller ¥ Sliding mode Controller H|xl

PD Controller Sliding mode Controller

Settling time 12 (s) | Settling time 14.3 (s)
Overshoot 0 (%) |'Overshoot 4.4 (%)
Rising Time 7:5(s) | Rising Time 9.1 (s)
Final value 90-(degree) |-Final value 90 (degree)
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a)Hull parameter

rho = 1.03E+03;
Af = 2.85E-02;
Ap = 2.26E-01;

S_w = 7.09E-01;
Vol = 3.15E-02;
\ = 2.99E+02;
B = 2.99E+02;
B_est = 3.17E+02;
x_ch = 5.54E-03;
C_d = 3.00E-01;
C_dc = 1.10E+00;
c_yd = 1.20E+00;
X_cp = -3.21E-01;
alpha = 3.59E-02;

iz
Bl

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

xB = 0.00E+00;
vB = 0.00E+00;
zB = 0.00E+00;

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

xG = 0.00E+00;
vG = 0.00E+00;
z(Gx = 1.96E-02;

% Seawater Density [kg/m"3]
% Hull Frontal Area [m"™2]
9% Hull Projected Area (XZ-plane) [m™2]
% Hull Wetted Surface Area [m"™2]
% Estimated Hull Voliume [m"3]
9% Measured Vehicle Weight [N]
9% Measured Vehicle Weight (horizontal) [N]
9% Estimated Hull Buoyancy [N]
% Estimated Long. Center of Buoyancy [m]
9% REMUS Axial Drag Coeff. [n/al
9% Cylinder Cross—flow Drag Coeff. [n/al
% Hoerner Body Lift Coeff. [n/al
% Center of Pressure [n/al
% Ellipsoid Added Mass CoefT. [n/al
9% Center of Buoyancy: X-dir [m]
9% Center of Buoyancy: Y-dir [m]
9% Center of Buoyancy: Z-dir [m]
9% Center of Gravity: X-dir [m]
9% Center of Gravity: Y-dir [m]
9% Center of Gravity: Z-dir [m]



d) Moments

Ixx

lyy
1zz

of Inertia w.r.t. Origin at CB

1.77E-01;
3.45E+00;

= 3.45E+00;

9% Moment of Inertia
9% Moment of Inertia

% Moment of Inertia

a) Non-linear Force Coefficients

Xuu
Xudot
Xwq
Xag
Xvr
Xir
Xprop
Yvv
Yrr
Yuv
Yvdot
Yrdot

Yur
[kg/radl

Ywp

Ypa
YuudeltaR
Zww

Zqq

Zuw
Zwdot

= =3.90E+00;
= -9.30E-01;
= —3.50E+0L;
= -1.93E+00;
= 3.95E+01;
= =1.93E+00;
=" 9.20E+00;
= -1.31E+03;
= 6.32E-01,
= -2.86E+01;
= -3.05E+01;
= 1.93E+00;
= b5.22E+00;

= 3.55E+0L;
= 1.93E+00;
= 9.64E+00;

= -1.31E+02;

= -6.32E-01;
= -2.86E+01;
= -3.0bE+01,

% Cross—flow. Drag

% Added Mass

% Added Mass Cross-term
% Added Mass Cross-term
% Added Mass Cross—term
%6 Added Mass Cross-term
9% Propeller Thrust

% Cross—flow Drag
% Cross—flow Drag

% Body Lift Force-and Fin Lift
% Added Mass
% Added Mass

[kg-m™2]
[kg-m"™2]
[kg-m™2]

[kg/m]
kgl
[kg/radl
[kg-m/radl
[kg/radl
[kg-m/radl
[N]
[kg/m]
[kg-m/rad™2]
[kg/m]
kgl
[kg-m/radl

% Added Mass Cross Term and Fin Lift

% Added Mass Cross-term
% Added Mass Cross-term
% Fin Lift Force

% Cross—flow Drag
% Cross—flow Drag

% Body Lift Force and Fin Lift

% Added Mass

[kg/radl
[kg-m/radl
[kg/(m-rad)]
[kg/ml]

[kg-m/rad™2]
[kg/m]

kel



Zadot = -1.93E+00; 9% Added Mass [kg-m/rad]
Zuq = —5.22E+00; % Added Mass Cross-term and Fin Lift
[kg/radl

Zvp = -3.55E+01; 9% Added Mass Cross—term [kg/radl
Zrp = 1.93E+00; 9% Added Mass Cross—term [kg/radl
ZuudeltaS = -9.64E+00; % Fin Lift Force [kg/(m-rad)]

b) Non-linear Moment Coefficients

Kpp = -1.30E-01; % Rolling Resistance [kg-m2/rad™2]
Kpdot = -7.04E-02; 9% Added Mass [kg-m2/rad]
Kprop = -543E-01; 9. Propeller-Torque [N-m]
Mww = 3.18E+00; % Cross—flow Drag kgl
Mag = -1.88E+02; 96 Cross—flow Drag [kg m"2/rad™2]
Muw =" 2.40E+01; % Bodyand Fin Lift and Munk -Moment [kgl
Mwdot = —1.93E+00; % Added Mass [kg-ml]
Mgdot = —4.88E+00; 9% Added Mass [kg-m2/rad]
Muqg = =2.00E+00; % Added Mass Cross Term and Fin Lift
[kg-m/radl

Mvp = -1.93E+00; 9% Added Mass Cross Term [kg-m/rad]
Mrp = 4.86E+00; 96 Added Mass Cross Term [kg m"2/rad"2]
MuudeltaS  ="-6.15E+00; 9% Fin Lift Moment [kg/radl
Nvv = -3.18E+00; 9% Cross+flow Drag kel
Nrr = -9.40E+01; % Cross—flow Drag [kg-m"2/rad"2]
Nuv = -2.40E+01, % Bodyand Fin Lift and Munk Moment [kgl
Nvdot = 1.93E+00; 9% Added Mass [kg-ml]
Nrdot = —4.88E+00; 9% Added Mass [kg-m™2/rad]
Nur = -2.00E+00; % Added Mass Cross Term and Fin Lift
[kg-m/radl

Nwp = -1.93E+00; 9% Added Mass Cross Term kg -m/rad]
Npg = -4.86E+00; 9% Added Mass Cross Term [kg m"2/rad™2]
NuudeltaR = -6.15E+00; 9% Fin Lift Moment [kg/radl
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