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An Optimal Route Decision and LOS Guidance system

for Automatic Navigation of Ships

Byungkyul Lee

Department of Control & Instrumentation Engineering,
Graduate School, Korea Maritime University

ABSTRACT

Recently, satellite navigation systems with low cost are supplied as
the result of technological development related to computer and
communication. With the aid of such a navigation system and sensors
necessary to navigation, a lot of information about ship navigation can
be on-line collected and real-time processed on an electronic
navigational chart. While, as a large scale of ships are constructed and
the total number of operators is decreased in economical aspect, ship
navigation circumstance demands more severe requirements In
navigation system such as accurate path tracking and collision
avoidance. To supplement requirements related to automatic ship
navigation, a guidance and control system with a new concept must

be composed.

This thesis deals with three main algorithms required to comprise
an automatic guidance and control system for general ships equipped
with a main propeller as an actuator and a rudder as a yaw angle

controller. One of them is an algorithm to generate optimal way points



and/or an optimal route based on the ECDIS equipped with the
electronic navigational chart. The second algorithm is to automatically
generate line-of-sight guidance law for a ship to follow the
navigational route composed of way points. The last algorithm is an
autopilot control algorithm to accurately track the yaw angle command

generated from the guidance system.

At first, this thesis suggests an optimal route decision algorithm
based on the electronic navigational chart. The algorithm comprises
two steps which are to generate a variety of routes and to search an
optimal route to satisfy navigational costraints. In the first step, in
order to generate a variety of routes, the closing and thinning
technique to deal with the 1image information of the electronic
navigational chart are adopted. The closing technique makes rough
coastal line smooth, the thinning technique offers outline of cruisable
area and then a variety of routes are decided based on way points. In
the second step, a dividing technique of adjacent convex polygons is
discussed in order to transform an optimal route decision problem into
boadline decision problem. And then, a real-coded genetic algorithm is
applied to decide an optimal route or optimal way points by trading off
between navigational distance and propulsive energy loss. Through a
lot of simulation examples the effectiveness of the suggested algorithm

1s assured.
At second, a method to comprise a guidance system is suggested.

To do this, a guidance law for straight-line routes is derived as a

function of advanced ship speed and perpendicular position error. And
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also, a guidance law for generating turning routes between
straight-line routes i1s derived as a function of yawing angular
velocity. Therefore, it is possible to comprise a guidance system for an
optimal route composed of straight-line routes and turning routes for
automatic ship navigation. The parameters of the suggested guidance
system are regulated by the genetic algorithm. While they are
optimized under a position tracking error constraint in the coastal
navigation where exist unknown currents, they are optimized under a
propulsive energy loss constraint in the oceanic navigation. Many
simulations for a linear ship model assures the effectiveness of the
suggested guidance system realtive to the conventional guidance

system.

At last, a comprising method of autopilot system is discussed in
order to compensate the tracking error for the yaw angle command.
Most of the control algorithms for the conventional autopilot systems
are the types of proportional derivative control because they do not
posess nonlinearity compensation ability for the real nonlinear ships. In
this thesis, a fuzzy PID control algorithm is discussed which can
compensate ship nonlinear dynamics and eliminate the steady state
error of the yaw angle. A lot of simulations for nonlinear ship models
are executed in connection with the suggested guidance system using
various navigational routes. In the conclusion, the suggested algorithms
in this thesis are turned to be effective through various route tracking

simulation studies.
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Nomenclature

projected cross—sectional area

water plane area

distance between the center of gravity CG and the
center of buoyancy CB
center of gravity

center of buoyancy

matrix of Coriolis and centripetal terms
hydrodynamic Coriolis and centripetal matrix
drag—coefficient based on the representative area
rigid—-body Coriolis and centripetal matrix

linear damping matrix

damping matrix

non-linear damping matrix

radiation-induced potential damping due to forced
body oscillations

linear skin friction due to laminar boundary layers

and quadratic skin friction due to turbulent boundary

layers

wave drift damping

damping due to vortex shedding (Morison’s equation)
viscous damping force due to vortex shedding

external forces
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(1)

vector of gravitational forces and moments

vector used in trim for ballast control
transverse metacentric height

longitudinal metacentric height
moments of inertia about the 4,
moments of inertia about the y,
moments of inertia about the z,
object function

moment about the x—axis
turning coefficient

gain for perpendicular error

gain for forward speed

length of hull

moment about the y—axis

inertia matrix (including added mass)
moment of external forces about O

added inertia matrix

rigid-body inertia matrix

moment about the y-axis

the number of nonzero neighbor pixel for 2
anglular velocity about the x—axis
perpendicular position error

desired position
angular velocity about the y—axis

angular velocity about the z-axis
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7 center of gravity

R ship’s turning radius

2, Reynolds number

S(A) the number of transition of 2, 2, -, A, 7,
7 time delay of rudder

u linear velocity about the x—axis

U velocity of the vehicle

v linear velocity about the y—axis

Ve mean current velocity

w linear velocity about the z—axis

w disturbance vector

X4V 42 4 body fixed coordinate

X, longitudinal axis (directed from aft to fore)
X position about the x-axis

X force in the x-direction

v, transverse axis (directed to starboard)

Vv position about the y—axis

Vg force in the y—direction

¥, partial derivative of Y with respect to
24 normal axis (directed from top to bottom)
z position about the z-axis

Z force in the z-direction

)& current direction

5 rudder angle

5, control rudder angle
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KB

max angular velocity of rudder

position and Euler angle

Euler angle about the y—axis

body—fixed linear and angular velocity vector

linear velocity of 4,y ,z,

angular velocity of r,p .z,

fluid density

vector of control inputs

forward control force

hydrodynamic forces and moments with respect to hull

hydrodynamic forces and moments

hydrodynamic forces and moments with respect to
propeller

hydrodynamic forces and moments with respect to
rudder

radiation-induced forces and moments

generalized vector of external forces and moments

Euler angle about the x—axis
Euler angle about the z-axis

desired yaw angle

vaw angle of LOS vector

vaw angle from WPI1 to WP2

turning angle among WP1, WP2 and WP3

displaced volume of water
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Table 2.2 The parameters of Nomoto’s models for cargo ship and oil

tanker
cargo ship (mariner class) oil tanker (full loaded)

L(m) 161 350

u(m/s) 7.7 8.1

V(dwt) 16,622 389,100
A (1/s) 0.185 -0.019

T: (s) 118.0 -124.1

T2 (s) 7.8 16.4

T3 (s) 185 46.0
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435to] FdrE AASNE dugES ey fd g EFE o] &35

dot oz AAHE Y SEE FALA FF AIES dAZ A
7] uwEo] A E7] F(International Hydrographic Organization,
IHO)S A% 7IFedl o) Azt fqAER A3 s A=
(Electronic Navigational Chart, ENC)g} &}, o] ZHA}sl= =gk = A 4
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2 Alzsly) 9% FAFR/|F) EE FA9 S-57 Edition 3¢ E 3.1
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¥ 3.1 S-57 Edition 39 +%
Table 3.1 The structure of S-57 edition 3

Part 1 | introduction including reference and definition

Part 2 | theoretical data model

data structure or data format for realization of basic law

of data model encoding data
Part 3 ) .
appendix A : object catalogue

appendix B : production specifications
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Table 3.2 Types and meaning of the feature object

Feature Object Meaning of feature object

Feature object including information of other

Meta object .
cta objec objects

Feature object including information about

Cartographic )
representation on map

Feature object describing specific for real world

Geo object .
! object

Feature object describing relation among other

Collection object .
objects
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(b) A resultant dilation image
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Fig. 3.7 An original image and a resultant dilation image
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(b) A resultant erosion image
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Fig. 3.10 An original image and a resultant erosion image
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Fig. 4.1 A blockdiagram of an INS system
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Fig. 4.2 Definition of a LOS vector for a straight line
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(13— 1) (r— 1) + (13— 1) (y— 1) (4.2)
(35— 2)° + (35— 1)°
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durel @Al AN AN AAA Abelel AAFme] WEahE AAl
& A Ao Ar)e @) g

|2, —\ (- x) + (v—,)* (4.3)

WA 204 38m0] B T2 (44)9 2t

Y s = a2y — vy, 13— 13) (4.4)
AN, abm(yy— vy, 15— 1) :=tan*1<f:—jl)i o4 dedE @4
3T
o] t}.
Aarel A HAAH 3029 3| F7H2 (4.5)¢ 2,
U = aan(y3— ¥, 05— 1) (4.5)
Aukel @ Ao A LOSHO R 3F2& (46)3 2t}
Y os= alam2(Vyos— ¥y Xros— ¥) (4.6a)
Xros= Xyt L+ cosY pyps (4.6b)
YVios= Vot L+ sin¥ ppys (4.6¢)
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Fig. 4.3 LOS guidance for a straight line
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Fig. 4.4. Definition of turning variables
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Fig. 45 Turning circle for a constant rudder angle

_69_



=R 0
o] gt}
(4.21) &
s
£="g
ezﬂ
R
o] t}.

rx
ok
r]I
o,
:L_I‘
o
ok
N
b
H
rr

(4.21)

(4.22)

(4.23)

A3 gz A LOS 7ol Al =glo] AL el= LOSHH = 14 4.6%
2ol A3 LOSHOZNH HAMHE Ao}

X, (North)
A

POUI(XOUU yout)

PLOS(XLOS’ yLOS)
o

I:}in(xin’ yin)

P,

v <

a9 46 AR g LOSH H

Fig. 4.6 An LOS vector for turning circle

_70_



Az g 2o A LOSHS
Xros= Yo+ oxcos (¥ z,,+0) (4.24a)
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Fig. 4.7 The coordinate systems and motion variables for a marine vessel
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Ho]'_égz ‘i\‘E Z{>> OO]—TL, OH(;'F o]: “/—;u\"ll:— WOO]EE

v=NZ+ FAxt DR A2D)F (428)S Thg3t o] BFF 5 9
Y= 7 (4.29a)
r=art # (4.29b)
x= UcosW = zcos¥ (4.29¢)
v= Usin¥ = usin¥ (4.29d)

A7IM, a=—1/7°13, b= A] 7°IH

(2) 239 AF=D
1A AYATANA 249 HFE AT AFEE 79 AFLE Lo
el 29 48% ol AEGPY uA A mAAA F4 Aol o
& 239 R EEE e 2o
ue= V.cosB (4.30a)

= V.sinB (4.30b)

_73_



X, (North)

A

»Y,

a9 48 Aol U@ A7 HESE sk A FEE B Ao
Fig. 4.8 Definition of average velocity V. and direction £ of the current

for a surface vessel
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el sdstd v&3 2
R R 43
(42905 (4.30) tiygsta Aty b3 2
u,= V.cos(B—w) (4.32a)
v.= V,sin(B—w) (4.32b)
3) Avtndy JFrde] A2
2219 Sl FEE (43D Ad 2d (4.28)% Afet v 2o
Y=, (4.33a)
r=ar+ B (4.33b)
x= wucos¥+ u,= ucos¥ + V,.cos(B—w) (4.33¢)
y=usin¥+ v, = usin¥ + V,sin(B—w) (4.33d)
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433 A% % AAFE LOS 7lold2 A EHNA
AHE LOS sheldlz Alzwe stetnHE f4 GneES o] g3t
A4gaa. A48 I3 AT AFEE 075 m/se] 24 ol A A
50, Alth4: 50, Ll SE 90%, o] SE 2%l ate] eyt

Ak @Al Adute] A QA= Adube] b F JdFS vAA
=

"= 4,=1.5. £,=100= AF-&FT.

66‘2 'éﬁqje—i— ’édq}e (436)

¥ 41 b4 A4

Table 4.1 Specification of a cargo ship (mariner class)

Parameter Value

L (m) 161.0
u ( m/s) 7.7
v (dwt) 16622.0
A (1/s) 0.185
T (s) 118.0
T> (s) 7.8
T3 (s) 18.5
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5.1.1 H| A ¥ A PIDA °]7]|
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Fig. 5.3 Membership functions for input variables
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dUA A 1% 5.4(b)°k Zo] OPM, ONM + 71¢ A 5 o] Aoert

A
ON (074 OP ONM OPM
1.0 1.0 —
0.5
- 0 , d, > -1/2 0 L/2 du,
(@) HAA A=5 1 (b) A Aoj& =2

Y 54 2HNTY 253

Fig. 5.4 Membership functions for output variables
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(2) WX o7
HA AE217} 20 tg HA Ao]FHL S w} grpBT

fuzzy control block 1

(Rt IF e =EP and w. =RP THEN d//; =OP
(R2)1: IF e =EP and w. =RN THEN d¢/; =0Z
(R3)1: IF wer =EP and w~ =RP THEN d¢/; =0Z
(R4):: IF wer =EP and w. =RN THEN dZ/; =ON

fuzzy control block 2

(RD)2: IF ¢~ =RP and y.. =AP THEN dZ?» =OPM
(R2)2: IF v+ =RP and w. =AN THEN dZ/> =ONM
(R3)20 IF w» =RN and . =AP THEN d/> =OPM
(R4)2: IF v~ =RN and @, =AN THEN dZ» =ONM

94 g ALESL 29 A&7 A QPFAe 19 59

2t 29 55 AEE1Y y ¢ y o HF 9= 2L Y

Yae ()
A
aci®), | aci, |acin, | acin, acie), | aciz, |acin, | acim.
L )
aca), | aca, ach, | aca,
acia), ac10), ac13), ac10,
acs), c2) acs), c2),
W ’17)
L1 ace, acn, | £ L) ace), acv, |
acia, 1C9), acia, ac9),
(1c7)2 | IC8), (IC7)1 | (IC8),
=z -
a1, | acis, | acie, | aczo, a1, | acis, | acie, | aczom,
(@ v, and v, () w,, and w,,
3 H =
% 55 949 ¥ 2

Fig. 5.5 Partition of input variables
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(3) HIH X3} 2na|H
A9 A 317) = (51007 2 FAHTHS AFEs g o

ZOU vl aw)xaw;
- /=1,2

[ZOU a’[//( w,)

AZIM ne A o we WWe g, 282 o, (w)

Jepu,
AA A2 1ol dal 24 ANATS L T Ue 9 (CD),

(IC2)1, (IC5);, (IC6)101 A WA A 8}s}H vpL-3F 2,
[F GRxIY (27) < GEX|Y (27)| < L,

_ 0.52Z d
d&i(”])_ ZL_ GExlqjg(ﬂjﬂ [GE lpé(ﬂj)‘f' G/?X‘P,(ﬁﬂ] (511)
9 (IC3);, (IC4);, (IC7);, (IC8) 8l Al ¥ =] s}slH v} 2},
[F GEXY (27) < GRxW (»7)| < Z,
(5.12)

_ (.5xZ
(D)= 7 ey () LBV D) + GRY (nD)]

g (IC1)s, (IC2),,

[¢}

A Aol =20 e Y AALFES L T Yo
(IC5)2, (IC6)201 A M A 5}stH of 3 4L,
[F GAXY (#7)| < GRxIY (7)) < L,

. 02BxL
[GAxv (»7)] (5.13)

D)= 1 Crox [ (D)
o9 (IC3)s, (IC4)2, (ICT7)2, (ICR)20N A W] x| &}t v 3} 2t}

[F GRxY (#n7)| < CGAx|Y ,(»7)| < L,

0oz
dU(nD) =57 = () LEAY (D] (514)
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HA AdEE 19 worb w.7F [-L, L]19] +3F yrol &4 4%
529 yaub weo] ol FIH-L, L1S "Hojuys A S

g E9Ete 1 519 2o

Jfu
o

F 51 [-L, L] 73 Blojd 459 25

Table 5.1 The incremental output for scaled inputs outside interval [-L, L]

Input combinations Output
(IC9); , IC10) [GRxy.(nT) +L 1/2
(IC11): , (IC12) [GExy.(nT) +L 1/2
fuzzy Yer | (IC13); , (IC14); [GRxy.(nT) -L 1/2
control | and |(UIC15); , IC16) |d&inT)| [GExy.(nT) -L 1/2
block 1 Yps (IC17), L
(IC18), , (IC20)1 0
(IC19) -L

(IC9)3, (IC10)e,

05 x GA x y,(nT)
(IC13)2, (IC14)2

fuzzy Y
(IC11)s, (IC12)q,
control and dlimnT) 05 x L

(IC17),, (IC18)2
block 2 Yo

(IC15), (IC16)2,
(IC19),, (IC20),

-05 x L

wel A FLCO %9 dUinT)= 574 Aol2%1e % dUinT)e A
AolEzoe) E¢ dlhmnT)e AEAA Fow TAAR FP ALY
GUz #aol ZAEH dras Aodie 2B &S.mDE AH I}
AsAow FLCE %8 dUmDY ZEANYY denD= a3 2,

JOnT) = dO(nT) + dOnD) (5.15)
D (n7) = Gt:dh n7) (5.16)
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(4) BlM & Hx| PIDHo|7|2| o]
W% PIDAI]7] AA A, HA& BgolA AAHE g F3e thA
qelsm ® 529 7).

£ 52 ARG oda 2@ RHA YYF

Table 5.2 Fuzzy spaces generated by fuzzifier

below -L | between -L and L | above L
Yex -L GE - y. L
L -L GR - vy, L
W -L GA - w, L

do Y zde Aarz oW GINF pe dwd Juel AR
PIDA|o] 7] A HS &8 5 ),

IFGE-\w)> L THEN GE-W)= L
FGR-V,|> L THEN GR-|¥,=_7L
IFGA- W, > L THEN GA-Ww,) =1
D7) = K(nD)Y (D) + K22V (2n7) + KLn DY (27)

OL-)XLXGMGE Wy (”7)
2L — mal GEX|Y (nD)|, GRX|Y (nD)]) "¢ (5.17)
0. 5x/xGA GA
0L GEY (n D), G (D)) LD
0B IxXGLRGA
oLk G D)), A D)) LD
ANA, ARAN AT, AA] AT, PIEAD AunTe 727 o
o3 g
0B X LxGUX GE (5.18)

A (nZ) = 2L — max (GEX|\Y (27|, G|V (27)|)
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. OS5 xIx GO GR
K nD) = an (G D), CRAY (2 D) (5.19)

o 02BxLxGUxGA
Kfn7) = 2L — max (GCRx|\Y (n7)|, GAX|\Y ,(#7)|) (5.20)

54 PIDAIO] 719 AN v
W, & AAREelA ALgt AL 2t A5g A A AR

ol AG WIEAN A A (5213 2

o v, w,7b 0l o}F Z7be e 7hA

N

@:ﬁ%@’m'zﬁ%GE’K}:M (5.21)

WA PIDA}7]e AL okAF ME PIDA 9 Ao wrE
(5.22)8} (523)% 238 F& F Ar};. xo= A= x4 (522)9

—_—

(5.23)9] sHetm Bl 2k 94 PIDACI7l= A8 PIDACl 7|9 §Ud& <
AEg zZhe Aer TRAART Y
L%GE:K; ﬁ%&f:/{; ﬁ%@i:/@ (5.22)
_ _ A& AL, _ 84
CU=17 GE="""4", GR=""7", GA="4, (5.23)

H A PIDA o] 7] 9] Ble, v]& A& Al Wsts 19
k. 9 A PIDAIO] 7] 9] A2 Al vE AL 2ALdE A w.ob =

ZEA 3, gttt wart HA BT WG Lol 77k A W A3 PIDA o 7]
of ARl e 2ui7tA wMFH oz Wt oot gt A BE
At =g, 3 A PID Aol 7]
g9t 2798 29 ThEEA
oy 0014 HA 28 WE L7hA] Wskghel wel A3 PIDA o] 7] 9]
Aol A Ade] 28744 Mg oz wetdrh y.o y.ot JA4 B
W L dolAH Ale]y] F8o] L2 nA ¥}
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S\ 5

2K

% 56 HA PID Aloj7]e] A 2A=H
Fig. 5.6 Gain scheduling of the fuzzy PID controller
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5.2 Al &d ol A
Ak LOS7hol | & Al &glah # %] PIDAIO} 7)o 7]wkeh @ Evlds]

Aladle]l RS ATl Hs AA A A gt AlE oA
]

1<)
f

ol
ol
i
>,
il
o)
s
e
flo
r)t
=z
BN
ol—N
oX,
°
2
ol
o
NG
Y
Rl
finta

521 7har el A A EH oA
Chislett®} Strém-Tejsen=
Class AEke] 3] PMM H =

ol 339 vAY mas Fragg™

m

& 53 7hargde] AHk Al
Table 5.3 The specifications of Mariner Class Vessel

Dimensions Value
Length overall (Ls) [m] 171.80
Length between perpendiculars (L) [m] 160.93
Maximum beam (B) [m] 23.17
Design draft (7) [m] 8.23
Design displacement (V) [m’] 18541
Design speed [knots] 15

) T | oo 1
m'—x, 0 0 Az AX
0 mvg— N, L—N Ay AN
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o] ¥, Fabd Wew AR o] Ly,sh Adute] AAELE 2 ol &3t

AXY =X M0 + X, A0+ X, 0+ X, A7+ X, 02+ X, ArAy

+ X556 24 X 55D D24 X sAp AS "+ X, 500 Dy AS

A=V Ay + VAr + 7,003+ YV, 00y + ¥ Do Dy + ¥, 0r Do’
+ V508 '+ Fissh8 34 ¥ osha A8+ ¥l 0 06 '+ Py NS 2

+ Vo5h0 8 '+ (K + 10 Aa + W ,A4)

AN =N Ap + N Ay + N, A 3+ Npbo Dy + NV Ao Dy + N, Ar Dy
+ VA8 + NissA6 34 Vsl A8+ N, Do DS+ N 550y AS 72

+ NV, 500708 (M +A0 Au +M A x )

(5.25)
ol Hrh 7] A, FAY Af
m =798 +10°% 7.=39.2 -10°% x,=—0.023 (5.26)

otk (52609 AL AFE ol gt fAY WAFE FAART A3}
= 3 54¢ Zr)

30°, 45°, 60°, 90°¢] THFF WAZel W WA PIDY LESAL
Azwe] Al ABRE ¥ PDAC/ Y 2EAAR Asue 47
3 vmale] 2% 570 JehllEh 94 PIDACI /@3 A8 PDA o7
Y wE usd $ws GeAw, 18 57bAA BE ARE MY
PDAIA /NG & 06°4%Ee] A44E 243 2E wH, 54 PIDA]Y]
go e 9Ae 24 2 wmd, 4% PDAC P WAz
wet S FA9 719717 G2 G, H4 PDAC /1 F e $d
249 71¢717b AAF ole @ AA PIDA/E LEvolgle 4

_96_



& W Zte] E AS MIAEHE=E S 71
:rL/K
M7 300, 45°, 60°, 90°1 Ao A¥ PDAlfrIEH mAdY ¥
A PIDA o} 719 o] Al gl ol Al Aol Alo] A&l Zehzhe] WMits
58014 17l 5117bA “ERUATE F Alolr] BFE A-E Aoy S A

oL
ol
rr
12
]
o
PL
£
ol
fo |
E
N
[t
£
°
2
2
N
N
N
N
olf
PL
X
%
k)

gate] Aute] WAL FAsT Yk PDACI/E LEFAL AZg
$ue Avny WAzol 2 A 2% 51104 B AAY FEAD
of Webith oleld WAL WAl B A AT LMAES ofyldh,

Aol el AE® WA PID AoiZle  sebuHE /3,
GE=2.75, GR=50, GA=500, GU=1°11, A%F PDAI7|E LEI}I
Qe Bl EE g4,=9, 4,~70°Th

Ake LOS 7hol ez Alzsslol sl PDAC 718 2 =shdel Al 253
A PIDA Y oETAY Axue o] fafo) Hute] Gz 2F AR
dolde AAar. PDA G LERdE Axus o gd Fz F

T A¥%= 29 5129 23, HA PIDAI17]E LERAS Al=HS o]
8 F= FF 2A¥%= ¥ 5133 2o ¥ 512(0h)¢F 29 5.13(b)=

=
Y2 FFE Jtelds g UPE FERPL cERdel o

8% 2 fAAel AoE weFrh PDAOI7Y LERA Y 4
3 A% oW HEZ WAL oo wet Gzolx Mol o
gsln olel weh xeze WEHs Heks teht FAeUA e £4o]
24 A WA PDACVE LEHAL AW ol A9, 19
ARget AagelA Fre FFo] 2
9. 29 513(b)E w43 z7)0 f%
=

7} = Muto] A3 A3 EAS

P
< -1 = Wl =1 T
£% owe 2UE FEAL ASE ¥+ Ak BB FF 5% 2E7
Hst= 29 513(0)ell A B vpeh ol FEHA ey Az zER
3|
S
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¥ 5.4 Mariner Class Aute] st Fx4 FA2 v A5

Table 54 Non-dimensional hydrodynamic coefficients for the

Mariner Class Vessel

X-equation Y-equation N-equation
X, =—840-10° | ¥ ,=—1546-10 ° |V ,=23-10 °
Vo,=—9-10""° N,=—83-10°
X,=—184-10 ° Y,=—1160 - 10 ° | ANV,=—264 - 10 °
X,=—110+10 ° | ¥,=—499 -10 °> | AN,=—166 10 °
X op=—215-10"° | ¥,,=—8078 10 ° | V,,=1636 - 10 °
X,=-899-10 % |¥,,=15356 10 ° | A,,=—5483 - 10 °
X,=18-10 ° Y,==1160 - 10 ° |A,,=—166 - 10 °
Xes=—95+10 " P,=—499 107° | Ns=—139-10 °
X os=—190 10 ° | F5=278 +10 ° Negs=45 - 10 ~°
X,,=798 10 ° Poss=—90 - 10 ° | N,s=—218+10 °
X 5=93-10 ° V,5=556 -1 Nos=—139 10 °
X ,5=93-10° V,5=218 10 ° | Nm=13-10 °
Vos=1190 + 10 ° | NV, 5=—1489 - 10 ~°
W =—4-10"° M =3-10°
,=-8-10° M ,=6-10"°
W,,=-4-10"° |M,=3-10""
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yvaw angle [deg]

yaw angle [deq]

—
L]
L]

10 S AR ........ .................. ........ i
g : ——- PD controller
; —— Fuzzy PID controller
1 | T I T
O0 50 100 150 200 250 300
(a) yaw angle time [sec]
32 T T T
B b ......... ...........................
30} o
29_ ................. .f ........ o
--- PD controller
. — Fuzzy PID controller
280 50 100 150 200

25tcl)me [sg)cﬂo
(b) steady-state error

a9 57 W3 AlEdelA

Fig. 5.7 Course-changing simulation
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angle [deg]

angle [deg]

angle [deq]

angle [deg]

s
(=)

30
20 : : _
10_ // .............. T PD Contro”er -
4 ' — Fuzzy PID controller
00 50 100 150 200 250 300
(a) yaw angle time [sec]
30 ! ! T !
20 ' ~ :
AOE ot .................. ................................... ................ i
0 = : : ; .
_10 ................................. .............. o PD controller ;.
-20f — : — Fuzzy PID controller |
=30 i i L i I
0 50 100 150 200 250 300
(b) rudder angle time [sec]
% 58 WMAEZE 30°A]Ed ol A
Fig. 5.8 30°course-changing simulation
60 : : !
40| T !
//
[ : :
20 ........ / .............. AT PD Controller -
: — Fuzzy PID controller
00 50 100 150 200 250 SPO
Ime [sec
(a) yaw angle
30 | ! !
DO SO SR RUORUPNPrRUPRPPRPPRPO
10 .....................................................................................
0 AT,
Ao S —— PD controller ._
-20¢ —— Fuzzy PID controller |-
_300 50 100 150 200 250 300

time [sec]
(b) rudder angle

1% 5.9 W7 45°A4 B o] A

Fig. 5.9 45°course-changing simulation

- 100 -



angle [deg]

angle [deg]

80 ; ! : ,
P ——~ PD controller
200 4 — Fuzzy PID controller
00 50 100 150 200 250 300

(a) yaw angle time [sec]

——~ PD controller &
— Fuzzy PID controller

0 50 100 150 200 250 300
(b) rudder angle time [sec]

25 510 M4 60°A & elel A

Fig. 5.10 60°course-changing simulation

= 100 T T T T
L s : :
g B6OL - /// NS T, O e
P 5 : ==~ PD controller
200/ : : —— Fuzzy PID controller |-
00 50 100 150 200 250 300
(a) yaw angle time [sec]
— 30 : : ‘ . .
on
S5 20 |
< 10+ .
& o : _ 7
-10 | ==~ PD controller N
-20 —— Fuzzy PID controller | |
\ : : -
-300 50 100 150 200 250 300

time [sec]
(b) rudder angle

a9 511 WAz 90°A &l o] A

Fig. 5.11 90°course-changing simulation
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_________ *  way point
1000 ; ; : way point path
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0
0 1DDD 2000 SUDO 4000 5000 6000 7000 8000
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200
150
1001

desired Jaw Bngls {0 0 118
—— yaw angle

angle [deg]

(%]
(=]

0 500 1000 1500 2000
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30

(b) yaw" angle

angle [ded]

command rudder angle
— rudder angle

0 500 1000 1500 2000
time [sec]

(c) control input
Y 512 g2 FF AlEHA A(PD A7)

Fig. 5.12 Simulation result for path following (PD controller)
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200 . . .
1007t 1
D. i

desired yaw angle
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-100 ; ! '
0 500 1000 1500 2000
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rudder angle command ||
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0 500 1000 1500 2000
(c) control input

a9 513 =2 FF Algdeld Z3(H A PIDA7])

Fig. 5.13 Simulation result for path following (fuzzy PID controller)
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522 24" A U3 Al EHo|A
Van Berlekom ¥} Goddard+ A3l 92 da oA s BALNES] =
Avete 8 mde e d™ o) md Zo shubrh 190,000
=

=
= od"E Adde] AldE % 559 2t

Z2 0
TR =

¥ 55 190,000 o de7 Auke AY
Table 5.5 The specifications of the ESSO 190000 dwt tanker

Dimension Value
Length between perpendiculars (L,,) [m] 304.8
Beam (B) [m] 23.17
Draft to design waterline (7) [m] 18.46
Displacement (V) [m’] 220,000
Ly / B -] 6.46
B/ T [-] 2.56
Block coefficient (Cp) [-] 0.83
Design speed (up) [knots] 16
Nominal propeller [rpm] 80

Al g Al g2 4 g E e

q _7 (5.27)

T =7
I o]l HALE Y. o374, Tlmle #le] E4ola, he F4olt.
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flo

Bis-Systemol ©] g Fapd ko] &Hw b Aa} =F

u— vr=gX
v+ wr= gV (5.28)
(L/%;)Z 7+ Lx;yr: oIV

ojth. o714, g 7 e A A3 WAl =7 7y,

ola, x, ¥, N 5299 22 WAy FAd FFolh
X =X Cuuovr 78 c0)
V' =Y (o u 077k c0) (5.29)

N =N (ruovrT8cbd)

[kl

woae F2 T o xebzlolAel fd o

gl =L ' T ,d+ T, unt LT ) An (5.30)
ct=cE L unt Font (5.31)
2 AoHt

f
Al

a9 A, FuE, 3T

e

I} RHE=

ol

eX =X, ut 7' X, "+ X, vr+ L "X 05 |dc6?
+ L7 X s 1dBS+ 077 (1— 2
X b+ L7 X i+ X 0+ LY 0 A

g}/’f }/ v+ 271 Y;”Zlﬁ‘F ! Yd’z/“/{y"’ 7! Y\,dcﬁldCS‘l’L71 Y;r”y
—I-L Y\dc|13|136|616‘|[3|[36-|- YrgT

GLN =L *Njuv+ L "N, dr+ L”/\/"MMCSJFL”N;,W
+ L N|ddp‘p‘5||d€|ﬁ|[3|6|+L legT
+ LN uhA Y LTEN uds+ L I/VW%M?%-I-L /V‘ddmms\ddclﬁIBISIE

(5.32)
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Ase mohE e 7

3 5.6 The ESSO190000 dwt B Al tigh F2 A= nAS

Table 56 Non-dimensional hydrodynamic coefficients for the
ESSO 190000 dwt Tanker (Bis—system)

X-equation
1-X, 1.050
X, -0.0377
1+X,, 2.020
X, 0.300
X e -0.093
X gq06 0.152 (B=da
X, 0.22 (thrust deduction)
X -0.05
X -0.0061 additional terms
Xz 0.387 in shallow water
X 0.0125 10
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Y-equation

1- 7", 2.020

Y, —1 -0.752

v, -1.205

Yo -2.400

Vi 0.208

Y qaspic ~2.16

¥, 0.04 (propeller side force)
Y, -0.387

}/'l'”g 0.182

Y i 085 @~y =08 additional terms
},M 0.0 150.8 in shallow water
Yo ~1.50 S0

Y dapipien ~0.191
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N-equation

(£ =N, 0.1232
N, —xq -0.231
V., -0.451
N, -0.300
N s -0.098
& gamer 0.688
Ny -0.02 (propeller yaw moment)
Ny -0.0045
NM 004 additional terms
N”% 024l in shallow water
Nign -0.120 1
N;MB\BHW 0.344

T-equation
7. -0.00695
7., -0.000630
T"'”I” 0.0000354

c—equation
€ un
AT 720
c=0 2<0

i
o
o
i
ol
B
4

T o] wet R, FAel e 128t 2
5 A3 (Deep water wave)2} ¥, F4lo] 3o 1/20H.th

< 59

¥ FH9E )9 (Shallow water wave)gl @t} Havte= Fae &

g, ARG FFE ol Aol dojya FH e EYAY A

TE Wygyo BdEES v (5209 FATEgnHE A& FE
FHF Aor Ao {AY wATe FATGrHY s ol

o
Ao wer o ogro] Wt B =g Adsels Asold yetd A
A
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(1) AsigAlEd el A4 0 1000m)

30°, 45°, 60°, 90°°] WX Ze] dig HA PIDAII7]o] A& ol A
AdRe AE PDAol7 e $93 wwae] 1 5149 JeER A, 28
514(b)= A3 PIDAIo} 719 &go] AME A5 zka 54 PIDA ]
7191 Seol AANHE oAE A FE S HAgFt T, U9
Mariner Class Aute] A9+ 43 PIDA 7 &9 F4 7] &7]|7}
W zbel wheb vhE A e AR #{A] PIDA o] 7] 9] &
A7zhel A7 BA el FdsA e
WZE 300, 45°, 60°, 90°%1 Ao AF PDAo7|9F wAFE HA
PIDAlo} 7] 9] A& ol Aot xelzte] wsts 17 515004 19
518741 JERAth 7 Aloj7] BE A Ag Aol dEs A st Adut
S Alolsta Ak AlEE ol el AFE-g HA PID Ale]r]e] dEuEE
L=1/9, GE=0.6, GR=11.5, GA=175, GU=1°13, A% PDA 7]
Sl H = A,=0.7, &,=25°1"F

AlEd ol A& Mariner Class ABkel]l Hjs] QLB ALY ZFAFo] Hoi
A7) wiel FAe xeke] ol Huke] EeANAE A ] Y& =
Eztel A7) & £10, o AeSs Fi AAstdch Ak LOS sreld A
Azdlo] el A3 PDA7Y SEv Uy v e WA PIDAIo] 7] ¥

0EFAL A2WE o] §3te] Aue] P FF AFYAL UAH

o 2¥ 5. 19% PDAIY7 Y LERAdEl A2EHS o]fste] F2 FFA
o] & AAlg Ayfolrt. tugd AlEH oA Y o] HIAA LEIAE]
Aol kel W dgAd s Az BASHA Xea oW grETZE T
AA FRE oldeta gtk ¥ 5209 H A PIDAI7IE LEFIZS
o] g% Fr FFA AF HAdzd HIdr nF Fr FFo] F
o] Foj A e HoFEu. ¥ 519(b)¢ 520 2 FFE
LOS7Fold s AlAgle] fie Aol e Expdgle] o W3 = 3 F%7)

§7 Alojel ARe welzr.
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