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Table 1.1: Occurences of marine accident in Korea according to kinds of accident in

recent 5 years [37]

AnEE 2017 | 2018 | 2019 | 2020 | 2021 | A
2= 258 | 250 | 244 | 277 | 246 | 1275
A= 65 | 46 | 110 | 108 | 96 | 425
ZQAT | 1= 29 | 38 | 61 | 69 | 54 | 251
SHA) 2t 96 | 119 | 132 | 128 | 149 | 624
obA Aby 160 | 162 | 228 | 203 | 174 | 927
& 25 | 20 | 38 | 39 | 42 | 164
2z 149 | 142 | 140 | 198 | 133 | 762
E 838 | 856 | 883 | 878 | 813 | 4,273
Hom 27 311 | 278 | 346 | 358 | 336 | 1,629
G 23 A3 131 | 155 | 151 | 161 | 128 | 726
soF o 65 | 80 | 94 | 70 | 65 | 374
FIES 154 | 210 | 196 | 227 | 195 | 982
ZEP A A 103 | 105 | 104 | 132 | 85 | 529
22 2 A A 184 | 180 | 185 | 259 | 163 | 971
= 14 | 30 | 54 | 49 | 41 188
7 2,582 | 2,671 | 2,971 | 3,156 | 2,720 | 14,100
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Table 1.2: Previous studies regarding collision avoidance of ships

Path planning | Environmental condition
Research Experiment
algorithm Wind | Current | Wave

Kuwata [8] WVO v v
Stenersen [10] VO v v Noise

Woo [22] WVO v v v
Kufoalor [23] RVO

Cho, Y [24] PVO

Guoqin Xia [25] NLVO

You [27] A* algorithm v v

Lee [26] A* algorithm v

Singh [14] A* algorithm v

Liu [15] A* algorithm v

Kim [28] A* algorithm v
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A 2% A 2585 45 2

1 Qo)A Aute] $E3]0 AT 95 $175 AE|o] 1 43} KVLCC2,

L 7Z+Z} Yasukawa [46]2} Yasukawa and
ol g5tgitt. S175 ZAEo]u] A7} KVLCC29]
8 AlY-L Table 2.13} Zct.

Table 2.1: Principal dimensions of S175 containership and KVLCC2 [46] [30]

S175 containership KVLCC2

proto model proto  model
Scale - 1/50 - 1/45.7
L,p[m] 175 3.5 320 7
B[m)| 25.40 | 0.508 58 1.27

d[m] 9.50 | 0.190 20.8 0.46
Vim3] 24,154 | 193.57 312,600 | 3.27
rglm]  -2.545 | -0.051 11.2 0.25

Ch 0572 | 0.572 0.810 | 0.810
Dp[m] 6507 | 0.1301  9.86 0216
Hp 7.7 0.154 1580 | 0.345

Ap[m?] 3246 | 00130 1125 | 0.0539




Figure 2.1: Coordinate system of maneuvering motion of equation
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o ao] ofgt §A5 9 P ohgat Lt
Xp = (1 —tp) pnp Dp K7 (Jp) (2.5)

oA7|A, tp, np, Dpe 242t 374 A4 (thrust deduction factor), 2 2 o] 3]
ot 272 ou|ettt. K 3 A% (thrust coefficient) & o]w|s}H Lz H 20|
Az of it gh 2 Yrehd

Kt (Jp) =koJp + k1Jp + ko (2.6)
~up (1 —wp)

Jp =D .7

wp+= HHF A= (effective wake fraction)o| ™ AHfo] 2| X5t= 7-9-2] ¥HF A|

A wpeet Z2H Y 2], & = wpol| A F-UZ Bp = S — wprool 2]ESHH o

Fef7t A1t S175 A o]y At KVLCC2o| tiste] 242} th-3 A& 28519
o},

wp /wpy = exp (—453) (2.8)

(1= wp) /(1 —wpo) = 1+ {1 —exp (~C1 |Bp))} (C2—1)  (29)

o714, (1 —wp) /(1 —wpy) — Cs at |fp| — coP-S 2RI 4= =t o]+&= Co
7H|Bp|7t 2 A9 (1 —wp) / (1 — wpo)E SJu]etet. B3FC12 |Bploll Eless
H3l EAES om|eitt. AA| vhF EAS /93 v o|ng [p o] —r§°ﬂ et
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& -85t S175 7 o]\ A3k KVLCC2o] tiaf] ZHzt 4] 2.89F 298 A&
= Ztzke] Autof tigt MMG &8-S A7fst= =9l Yasukawa [46]

2} Yasukawa and Yoshimura [30]S 2115} o).

213 B Ol $AF A @

£l 18 fAE Aot -2 ot 2ol BEHL
Xp = — (1 —tg) Fysiné (2.10)
YR:*(quCLH)FNCOS(S (2.11)
Nr = — (xR + apzy) Fv cosd (2.12)

714, zr2 B a5 WEF FAHOIH tr, an, 12 zpe 2 TLF AA| 7H9] 4
S-S LEHY &= Alg-ott. tg-2 steering resistance deduction factor ©] ™, E}2]
ingofl thet 74| AlG-E oJn]eteh. B Xr2
ZZ(steering)o]] oJ7t 52 WSS WEstY QloH, it B A7} Ha A7
3 FX Agtt ap= F49F of gigt rudder force
o] ke ABQ Fycos60.2 15 A
2 0.3 ~ 049] gre 7pATh
BrtAol guieF 918 —~AY 2 AO5HH, ay = ~AY/Fycosd 2 Ao 4= it}
TR —AY 9] 284 0] SIA|E ofn|str 7HA Q1 FHek 9o ofet RHIE Al4tke]
ol-&Htt. 62t Fy-2 Z+Zt efztat F2]9F = (rudder normal force)= 2]n| gt}

Q.

s

W
=
z
1o
my
e
o
ol
oX,
M
r (o]
5|
4
wn

oo

=R
of
N
2
Y
o

Fxn = (1/2)pARUR fa sin ar (2.13)
A7, Ur2 B Y7 Sxolil ag2 1 Zt =& 9|t th-33} 2.

Ur = \/u} + v} (2.14)

ar = 0 — tan" ' (ugr /vR) (2.15)

vrR = URBRo (2.16)
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At A28 915t ebzbat AFzEe 002 745t vp2 Al 2,169 2k g2
/;j_iﬂf?,]- EE-‘@_}E}Q %‘Zﬂi ?_]_—(:)—_]__ :'5:%_01] —’]OH ]4']:4'14'1— é%_ _@'_J}% ]’]'ﬂ'LHL ]
oW, HEA o= .08t} Zt}. o] 7|5lehy 4917kl B

Hee oulett. ﬁRo% Ao A, gt Sl ese T &

‘2121%, AdE Fd x’R = —1-001 A dstrt= 237t Qloh(Kose et al. [39]). A A

vr = URrBRo (2.17)

Bro =B —Igr’ (2.18)

2@ A3 T yr Fol Hg¥lo] H9d WAl 99l F skt Pk
£F] Zolure £l up e That 2.

2
UR€U(1UJP)¢U{1+KJ< 1+8[§T 1)} +(1-mn) (2.19)
3

oA71A, 2 B §IKsh mzBe] SIHAH ] MR (wave fraction)] ¥]-g, & =
(1 —wn)/ (1 - wp)2 FGT n A T3l T2 Foleh pi 2B
2737} ef Z2] v]-§-2 ehel, y = Dp/Hy 2 AXHg,

AA AErE v, 2R, 1200 o 5 ohelet s 2HshS sholl ettt
dubA o g e 7o) 7P A A8t 2 Aol = ot ERES A8
o Are] 2FR-F A2 Foll h BFR S st oty wh 2R
3D §71 wfjd ®H-S o] 89 WISH = T1 583 5-off AlLtshadet. 42 71 of it
ZFARE W-8-2 Kim et al. [72]0| 4] 25 &= 1ot

2 ATl = W s = flsto] BIEA, BId=A, vleldAd & 71
Stoll £ ZHA(¢) NE-S Edste] ALt E5F U] 29 £5 5 vt
Aluko] AAZE BAZ A5} 915 Figure 2.29} ZFo] 4] 744] HEAZ o] §ict

] -1]
= -
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V2¢ = 0 in fluid domain (2.20)

[;—(U—V¢)v:| (Z—C):O onz:C(x,y,t)

[;—(ﬁ—w).v ¢:—g<+%v¢~v¢onz:<(w,y,t) (2.21)
0 = . 0 _
8—n—U~n+ 5 -7 onSp

A7) M, U = (ug — yro,vo + aro, 0) 2} i ZH2F Auro] 3 & A E
=

o] HA A S ofn|atH, (= mhdo] wol(ual)E onlRtt. AAI
T

QZ)(fv t) = (I)(f) + ¢I(fvt) + ¢d(f’ t)

C(fa t) = Cl(f’t) + Cd(fa t)

(2.22)

- yave

Figure 2.2: Coordinate definition for the seakeeping analysis, figure from [64]
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I el (basis potential)0| ™, ¢; 2} ¢g= ZH2ZE YA HIncident wave)Q} W gHh(dis-

2ol

B

QJA}stot

N

ot Go= 2t

gt

turbed wave)o]| T

fl, 131 9] 22}

g A ] 915

T 3ZEl

2] (Green'’s second identity)o]] @z}t

0pq
n GdS

5= f,

Oﬁ
on

¢d+//SB¢>d

ds

8£
on

) %(ideS—//SF@

S

/

(2.23)

7]1¥H-2 Kim et al. [72]9]| 4] ZF

(Fr.r)2t

3]
=

24 A9 Froude-Krylov

el

(2.24)

{Fri}; +{Fup. };

[Mi;] {5}} + [Ci;] {1}

oA 22 e

a4

A9 s et 2717 Ak 49
Epdich. whebd A4k 27

o

o
il

—_—

=

K
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Al 37 dure] F=9lu gaEE

o) 358 uE FoiE @A A2 ARHt Aute

et
AA, oS 5], AIS (Auto Identification System), GPS, #|o| |, 1

o]-gato] Ao =S erAgith ARt o 2 53] A B o] A 7|4l

' START ,

Global path
tracking

Determination of
the situation
(COLREGS)

° A B4

SRR

}

Traffic vessel

e HEsd an Ad'ng:zI:\aki;g riate
Execute starboard . G
speed until she passes
maneuver
the other vessel clearly

Crossing
Examine give way or
stand-on, if give way,

execute starboard
maneuver and avoid
crossing ahead of the
other vessel

Precollision check | |
(Closest point of approach, CPA)

Path planning
algorithm
(WVO)

Autopilot system
(LOS guidance)

Arrival at
destination ?
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e AolEol 'R 7ot AR e 52 £k, 912 AHE de 5 v 7
Sholl Hogettt. &2d AHE v o= S59]u] AAEAA S YA HH, Aol
=9 Ak g, FA S EAE A 71N 2 A% v, S0 B=AE,
a9) A7 552 AT Aoz, T vl GAR o]Fo]A Ut Figure 3.1= 41HHE]
S=on e Yl SRS HoEt

o] Holl M= AdHte] 53] o] ] HAof thsf| Z A5 st tl AR &
A Fol Bef At 2.2.18 M= FAE A2 =S TSl o]y
A& 2Aste il "is) ol 2.2.28 2 A S A 2 oA 4
&S0 fofE ARt 2238 = vt TE R ARAE dadES
Zkefs] drgstal 2 Aol A o]-g-_t I AollE (Velocity obstacle, VO) 713} 11
S B gish a7ttt mpAet e 2 2.2.478 0| A 2 Aol A o] gjt B= 5
FT= g Ee ol

31 FE 30 A O
3.1.1 F 384 (Closest Point of Approach)

Figure 3.2 227 9 /A2 BolZch. A4 ASH o} B 4] $58
A= AL 71 77 A= 2S5 H (Closest point of approach, CPA) 0 2

ejain], CPAC] el o] Al A7He 2|41 ZH(Time to CPA, TCPA),

CPA

Va VUp

A B

Figure 3.2: Concept of Closest Point of Approach
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o] wjo] A9t B Ato]o] A& FhHH 274 2] (Distance at CPA, DCPA)Z A o]stt}.

TCPAS} DCPA= 57t Zro] Akttt
(pB —pa) - (va —vB)
lva —vBl| (3.1)

tocpa =

depa = ||(patcpa) — (pB + vBtcepa)|
orok o3 2 71-S THSohi, 5391 E JfA Rt

0 < topa < tmax and dopa < dmin (3.2)

3.2 IANES=AE13 (COLREGs) & 254% &+

321 ZANFEEANTFA

AN FSEANT 22 1972 =4 SjAF 715 AMO)o A A7t 2] 0=,
G oA Bl1] £k, FE AT Toll i AHS F1 FE ALY AHe
AT 99 752 FAst = BH R A H A A SE T 22 ARt
9] 29 AF3l-S- Head on, Crossing, Z12] 17 Overtaking A3+ 0 2 B=25}31 7} AF3}o]|

7}
A (give way vessel)T+ 21 2 -8-2] A (stand on vessel)2] H}EHZ] 51 &
= sk ot 2 Aol A=, COLREGs®| Q74 of| 55 Sh= Part B
ol #AES F& &8st o v At [52]

4
olr
2L
s
=)
ol
JQ,

o
ol
rE

=
o,

Rule 8. 3-=3|5]5 2 5%
(a) =2 3)|us}7] ¢Jot R E =2Le 285} A|7HS 7FA] 31 A ASH AuF 224
= et Ystofof gt
(b) T==2 lmstr] flet e 2ot £ RIA2 Bpado] Stolut FloH & &
Z A, HHsHE & %85| 24 shofof gt} of 2
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o,

o}
o},

o

T

-
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o

o

oo
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1

=

=

ZHE Holzof
Rule 13. Overtaking A3}

A4 oFzte]

=

z

1=
Rule 14. Head on A3}

Rule 15. Crossing A3
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Rule 16. 1] §}4 2] 52 (Action by give-way vessel)

(2) o] 3ol ufe} oh2 Aure] A2 2 she]o} & AL EH-S SHISHA T
5 QLS TPt 27)0] FE5 5242 Fstolof gt

Rule 16. -5-%] A 2] 52} (Action by stand-on vessel)

@ (@) FAY S T o] g Aol A =& nstojor g ¢ thE AdHh
o
=

(i) e A4 22 S Tstolof & Auto] o] o]tk AU 54}
a

(b) oF Alfo] o} 7h7te] Hote] Wabile] BAIRe 8 F5-2 1T 4 flrky

© Bt ZHiolM g SR F

O
i
S
RL
L
ol
2L
rlr
ol
L
N
2,
1o
Y
o
N
=
1)
r

B AT AL, FAGAF ST FHE 7 29 A4YE 551 4=
18 &z7 02 ol &algrh AAEE

ong F&z A= TASIFE AT o] sl
#8591 0.1 Figure 3.39} Zt}.

L

322 QAP ER

FANEEEA T2 oA FEeE 298 7IE= AAsHA 710, A3t
= = =0kl Ut Figure 3.4= 2949 E7 €

Z] 3ol AHtf] 79 (relative bearing) 2} At %1 2 (relative course) & H o] &t
ampbell et al. [55], Stenersen [10]+= A 212t (Bor, f10)

BRS Fgate] 29 AR ERSACE AT BT o] §8 294 BF 7]

N
=
o
=
(0}
o
o
=
o
£
7}
(@
)
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,”‘_ l, - z !

¥ —— - A\ I‘
/ e RS 3

(a) head on (b) crossing (c) overtaking

Figure 3.3: COLREGs rule 13, 14, and 15

o 79 AT} vle A4o] Bhalel el HBAOR AgE A, Y @

Aste= BhAdoll tigh 2-940% ol of#=o] At} (Figure 3.5). Tam and

2,
I

e Yro

\ Target ship

Own ship

Figure 3.4: Graphical representation of a relative bearing and relative course
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Figure 3.5: Ambiguity of bearing-based classification

I} o] {%77, %7‘(‘, 18—5 %ﬂ' % ,QW}E =9t} A& Aol & (static obstacle)2] 73
¢ 29 A TSP O AL TS DAES 1AL 0 < topa <t
Q43 e R R Bkl 3\mohES ol
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Kuwata et al. [8]+= o]g]

A 9F Kuwata et al.

| ZFofj-E-(dynamic obsta-
[e)

F1 2] Zo|t}. A A 7H(real-time)

=

=
o

Aol giet.

o

T

o
i
[e)

s
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staeH,
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=
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Al

off wkd 7}

o

=

]

17 (clustered environment)©]|

1L

=
-

s
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Fiorini and Shiller [58]©]
Kl

T

(s
RS

&1 Aol 5 (Velocity obstacle, VO)

F

-
cle), =3

—

VO
(8] SiFEF ol A= dofut7] o= Lozt

3.3.1
AZAYS
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NG
,_O_|
<k
o
oF
ol
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o] YAl p e R?Z YehH ¢ € R?

{7+ BAt | At > 0}
24

=
250

Aol o] @)
A

& g o]

1

—

(VO)
= &

=
=

= ol
ofLt Ato] B

e

o)A Aol A iz Hl



A

(a) Velocity obstacle using Minkowski sum (b) Velocity obstacle under the assumption

of disc shape

Figure 3.6: Concept of velocity obstacle with different obstacle shape

TS A5 T A 7] (Minkowski) $Ft BFAK(reflection) $94HS &= Q15HH, A o)== o}t
2
AoB={a+b|dic Abec B}
3.4
A={-a|icA)

A Hog HFet Ao A7) urdaly] 9] 4] 345 o]4ste] ApAe
o] A4 9] 2715 o] REATHB = B @ —A). TeF A7 ol 22 4
HH(disc) o= 7HY s, Aol &9 RER|Eofl A o] WA -5 T 50 ZHds]

)
R

>

o
rE
R

Qlt}. Figure 3.6(a)= W F X A 7] GIAlS &85 VOO| ™ Figure 3.6(b)-&

Fo2 T RE 87 AHE VoS Holgrt. ol & Fall et rhget
Yool A B B4R VOt BAEE 22 B 4 glom £ dATo) At A4l
o= BF Uut FH 2 7ot =30 Algdleold-S FESHAH

* S5 Y& (Collision cone, CCy p)
& YE(CC4 B2 A7} B FEot= BEAAUHEEo Yok on|etth. =



Qg +a40 2 ehin o3t 2ok
CCuap = {17A,B | AapNB# (Z)} (3.5)

o &4 ZFof&E (Velocity obstacle, VO 4 )

VOap=CCap®up (3.6)

Figure 3.7 ol Be] 2, 35 A8 44, $% JolB A4 HHL HolZoh
T3, VO= tha1} Zo] ALt

VOB (V) = {Ua| A(pa,Ta —UB) N (B —A) # 0} (3.7)

Tref of 2] ol gol FAl T, 2 AFofl=ol et VOE Aot 2gste] F4]

)l VOE AdsHA Ao

G714, m & o) A Olul e, VO ol38] SE M e 55T S HAE
o} S1AW VO FofEe] 57 AsiA §AHHE 7ol glomg, HAF
G0l A7+ el Aol F a5l Bat, FolE £r ol v X

7] 93} Non-linear VO(NLVO), Worst-case VO(WVO) 5-o] A|QtH Hf Qlct.

~

il
oX,
filo
HT
oL
olr
el

3.3.2 COLREGsE 133 VO

oll
X

VO ZAf & FuE 93t & Ao A o] Astzx A Agto|tt Kuwata et al.
[8]12 ol=et H< o8t =AlEE=AT2 79 24 2574l dies=

I
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S A|etstSAr}. Figure 3.8 ZA| oA S-S
g Voo tiol] LA A o2 HolFa glow A4 0 7 thgat o]

Vi=A{0a |04 ¢ VOapUV3A[Pap xTan]=2<0}
Vo ={Ua |04 ¢ V1UV3UVOAR} (3.9
V3 = {Ua | pap - Uap <0}

A7, pa,pe A HEE ou|ict. Z42Fe] £k S Wk
= 3 o& AYPsHA "ot Vol sl ste S = dolEe] LEW-E vietE
S| SHA = AL = A o FS-E oA 2] o] w2t head on 4383} crossing /ol A A
Q= A Hok 2] ZIRF ARt R, 04 ¢ Vi A 9] A0 E A At
Q5 AL V3o &L Hlg & AEsle] Aol E2HE Holx g P52 F
g}

¢

3.3.3 Worst-case velocity obstacle (WVO)

VO e E2 Follzel Alds A% 2Aete A AH % 2ot =
oAt Tot AA| Gl A ALS, #lold, ZhHEt AlA Sofl 28 dojA]= el
A H o dGPSE B Jolz= 2} 0] 93] AR IAH o7 9 2HE ZHA E gt

= 1 lj_
VO 318 E-2 o]t @ 442 WHals}A] =t} Kuwata et al. [8]-2 o] 25t 24

i
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Wg: Uncertainty of B

Figure 3.9: Concept of WVO

5H7§5‘}3’J} FollEe] S HEshH= d9e Aol Vool 1 F9= Hsi
= P 9] Worst-case VO(WVO) 7| H1-& A ots3itt.
Figure 3.9= WVO02] /@& T A1 A 0 2 HoZo) Ao B9 &5, ol &

_4

S Ea kg

28 o g



Ao utedalr] 918l G = T+t 2ol AA olatet. o] 7| A, dpis Bo] BEFA A
oln|5tH v FA LT (nominal velocity) 2 o] ] gtet. ol & 0] & & o] Tt E-3F
, 02 Wp G olYo] Attt 7} 5L, o] & e JH &2 77t
(65 € Wg). VOO 1A 7] GIALS o] gato] Wy & uta shgsto] WV O, p

tlo

WVOa g (08) =VOas (U) ®Wp (3.10)

34 M8 &£ Y30 &5 F2F
341 718 &%

o A3 7153 7F& I (Feasible accelerations, FA)

A Aol 24 ARE At St B T S8 AIAFSH] f15te], Alof 7] <t

7HEEE 185 AY 71535 714 & (Feasible accelerations, FA)S Al Atgttt.
FA(f) = {& | & = f(x,%,u),u € U} (G.11)

A71A, x= ARHHE, f(x, %, u)= A4 59 SHdynamics)= 27]5HH us Ao =

2. UL 718 s Aol d g ojmgitt.

e 7}8 &I (Reachable velocity, RV)

RV(t + At) = {7 | & = Ta(t) & At - FA()} (3.12)
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e 7} 3]1] &I (Reachable avoidance velocity, RAV)

RAV(t + At) = RV(t + At) © VO(#) (3.13)

oJu]stct. Figure 3.102 718 £, WVO, 118

o
=
T A9 A /M 91 S22 EAH0 R HojFe)

WVO ()

RV(%, At)

RAV(%, At)

Figure 3.10: Graphical representation of RV and RAV

Figure 3.11: Set of reachable velocities(RV) used in this study



342 39O &x AA

7hg SEE AT Yo] el FEE ATt Festd S48 Aws v
shel wofo] Wasith shAg Aol uhet 217] T 2F E4S /A0 &
Hrelstr] o] 7] w2, A Eet A
Zast 2 Aol st A%o] A8 TFsohE S, Ao 45 S 00z
7}ASkal o] 2] £ & & H (velocity candidate)w--& ©]-85}o] 718 &£ & FL A5}
™ Figure 3.112F ). A7 A, ujn= £ S HA-S OfA|SkaL, o=
TR ou|Rtth o= A AR £ 5 7|F 0 2 /oA iAo g AR5t
.00, uie A16k] TS WSS Aeact

71 90 £k Y] £dlY S HE BT S 90E HAYSH HEg A
Aot HfHE B35 &L ulEg| & 44 35}o]oF sttt} Fiorini and Shiller [58]% 7FeHsh
2ol 35307} hssheka AN g

&
tenersen [10]2} o] H|-& §H(cost function)2 = U5 23}

~
X,

Jij = W ||Uges — + o fcoLREGs (3.14)

714 Vaes= AHE 2AG 2 25 H A4 d 5242 =22 A S E O™ feorreas

2] 9Jut A] s E| 2, Eboolean) F4 9] ek wst ot
7} S0k TANGFZN ST S8 A o] T AEAE Jujst], oS
A Agste] BrbuIshA FANE Sl YA BbuskA| fukshofol sk

3.5 A= FFLAF

3.5.1 Line-of-Sight guidance (LOS guidance)
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R
o
o
o
o
rr
(2
kl
)
TN
lo
HU
_]E

= = 1—]—’101'0:1 wdesg ;(11017]01] -] 1}]:]'
7] A, LOS HlE &= A4 9] 9]x]eF 2140 919] dojo] 3, &2 A B4, (wpk)
o 1

- I
ol WE S ofmjgith. @A) A4 HL o 85k H9et A4 ¢ Poje] We o

wdes (t) = tan_l (yk - y(t)7 Ty — x(t))

wdes (t> = tan_l (ylos - y(t)v Llos — :L'(t))

(3.15)

3.52 PD A o]7]

Adre] 531 Azho] sty 9iste] B2 o] &5k, Z3&
sh7] flsh Z2d o 9|45 AofstAt. BHz2 Alofgdell lo] Ji AgZto
et @ xHERE ofy 2t A 2 = KE| o] 1ok ol 712](Cross track error, XTE or )
HA] HAFSHE 5 PD Ao} 7] & AAIsH oW &3 At
0= f1(ee) + f2 (Ady)
fi(e)) = Kpe+ Kp, (51 — €1-1) (3.16)
fo (M) = Kp, At + Kp,, (M)
714, Kp., Kp.+= XTE®] tgt H| 2] o] =(proportional gain)¥} 1] o] =(differ-
ential gain)= WEIW AL, Kp,, Kp, = 2ol dieh v o] 53} n| & o] 55 Le}



Wt Figure 3.13%= Ao 7|7} A4ZHHS
nyets Abggol] gt AolE- BOlZTh 4,2 4% Al7Hrise time) ©Jula}i, 4,

= Z A A 7k(settling time)-2 2] 1|t} Figure 3.13(a) 2} Figure 3.13(b)2] HZ o] A
XTES ¥h35k2] gk Alojsh wegt Alojske] Ahol& wujs] 2 4 9lch. XTES
WrgstA) ke A9 A H Ao Bash ol 5ol AL SH1T 4 glom, vk
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Figure 3.13: PD controller for course over ground (COG)
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Aeke) sk 3 FE] 4% BIHE Sdoko] o83 At 2% B0l
A2 ol 7147tk KVLCC29} $175 Zelo]u] 418, 5 4%o] cste] 4314
BT AT NBE B AFL AFSIL O, BYAF Aupst v LS ot
W52 AAsHTE A 4 3D A7) G P Vo R vt BRAS A
shgov], Ag A3 9 e Aabe] At Auhote] v S Sl BFS AWk
MMG 29| 9|2 g s} £57 2 §& Z7Foto] H3AEL AP, o8 A
A7 9 o A2 AL Astet vl DE B AFoHA

41 B4 % A0 25 A9

KVLCC29] A4 = ZZ AH-& Yasukawa and Yoshimura [30]2] A S|A] & Al

751/}9}, Sakamoto et al. [59]o]|A] Z 5t X]j_xﬂj_ Aol A AT} vl AZL

Table 4.1: Turning test condition of KVLCC2 and S175 containership

Ship type | ship speed (f,) | rudder angle | rudder rate | RPS

KVLCC2 0.142 —35° 11.8° 11.80
S175 0.150 —35° 12.0° 10.05
1] _'-I.'\' ] ]
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Table 4.2: Comparison between experimental results and simulation results

S175 KVLCC2

Present Exp. | Present Exp.

Advance 3.32 3.6 3.10 3.11
Tactical diameter 4.13 4.23 3.11 3.08
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Figure 4.3= 175 ZAgo] 4 412] 10/10 2141 AJ§ A7}2 HojZc}. Figure
4.3(a)ol| A 5.75°2] ZF2 Overshooting angle (OSA)2 X ¢ o™ 7.4% 9] AF&A|7H
(rise time)2 Q15F T TS MMG R Hlof A Brof o9t fA 8] RS 2157
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Qg 24 MMG 2] 488 FAHES SIsteh ATAL AL 9
L2 9]4= Yasuwawa [60]9 4 AJATRE RPS = 7.545 o]-&-5Ftt.

KVLCC28] 2| 2A1 71 Aol o]- 8 e o, £e &5, 12|31 415
Z AL A3] A&7} E2Us}e}. Figure 4.49} Figure 4.5% 7+ 10/10 X 241 1 A&,
20/20 A1 AE AIE Ho|F™ Table 4.304 OSA W At ox}E HolF
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Table 4.3: Overshooting angle of KVLCC?2 zigzag test

Present(®°) | CAL_Yasukawa(®) | EXP_Yasukawa(®)
Ist OSA(10/10) 5.3 5.2(1.9%) 8.2(35.4%)
2nd OSA(10/10) 14.7 15.8(7.0%) 21.2(30.7%)
1st OSA(20/20) 12.6 10.9(15.6%) 13.7(8.0%)
2nd OSA(20/20) 17.4 17(2.4%) 14(24.3%)
| |
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Figure 4.3: Comparison of time histories for 10/10 zigzag test in calm water (S175)
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Table 4.4: Calcuation matrix for wave drift force

Item KVLCC2 S175

wave heading 0° ~ 180°, dy = 30° 0° ~ 180°, dy = 30°

wave length | 0.3 ~2.0,d(A\/L) =0.2 | 0.35 ~ 0.85, dw = 0.05

ship speed (kts) 3.2,6,11,15 0~12,dU =2
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Table 4.5: Wave condition of turning tests

wave direction (x) | wave length (\/L) | wave height (H/L)

S175 180°, 90° 0.7,1.0,1.2 0.02

KVLCC2 180°, 90° 0.7,1.0,1.2 0.02
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Table 4.6: Drift distance and angle of simulation results (S175)

AL
07 | 10 | 12

Drift distance [[] 2.98 1.02 | 0.35
Drift angle [°] 126.5 | 1414 | 165.5

x = 180°

Drift distance [[] 2.98 1.03 0.35
Drift angle [°] 126.4 | 140.8 | 165.1

x = 90°

Table 4.7: Drift distance and angle of simulation results (KVLCC2)

AL
0.7 1.0 1.2

Drift distance [-[] 1.93 1.00 0.57
Drift angle [°] 142.6 | 128.5 | 127.2

x = 180°

Drift distance [-[] 1.93 1.00 0.58
Drift angle [°] 142.7 | 128.5 | 127.6

x = 90°
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Figure 5.6: Collision avoidacne in head on situation (KVLCC2)
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Figure 5.18: Collision avoidance maneuver of KVLCC2 in head on situation (wave
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Figure 5.21: Collision avoidance maneuver of KVLCC?2 in crossing situation (wave
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Figure 5.25: Polar diagram of cross track error for head on situation, A /L = 0.015
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Figure 5.28: Collision avoidance maneuver of S175 containership in waves (x =

90°,A/L = 0.7, A/L = 0.0225)
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