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RETE, KRR D O NTMFEANDEAZLLT 5. L1 EICHRE Rzl s 5. 1.2 BB
ToNEEE DS, L3HICANITEONRE LERELHIEEN, SoIIRRNEZRL Y. RIEKIC, 1481
KA SUCBRT 2 BE ML E R Y.

1.1 5=

111 fafe BEEM - BENEME

IR B RED KREERHS TV T4 DUV D TH D, MIMDORETEMERMAITD 720 O
HELARRETH L. 2oHTDH, HEEMM (Maritime Autonomous Surface Ships (MASS)) %, firE
OEEFERPL 2 —< 7 -0k, EfioEMRELoBRTHEESATEY, BEEEOSVWIHTDH
5. BlZIZAATIZ, MEGURI2040 [1] ¥\ 5 BESERMR S 0 Y = 2 M AEET 5. MATREDSELE A
BREANDOMERL 2 —v 27—k, $BBEYROMRZELEEE 2D, FETOMEREEDH
IR O AL AN B STV 5.

HESEMOFKEL, DITD 32ICKBIT 2 e HEPEATHD, FLZBLOMETIDOMEML L 5ATH
% [2,3].

o FHI
B EEMTAR I B 5 i B ANCBED 2 0 RY) OIREE R - R, e 00, s, sk#E, 5
Y75 & OAENALE - MDOHREE, B - UK, #iAm - BiEE) 2RI RENDH L. s DIER
B EROCTEZEBIEN 2556, o3 ToOBHELZ D L ICEHEIN2BE1H 5. HEIXIR
HEHEE L MR, Bido “HI” e E0HE6bH 5.

o ETH
EATENZER T 572012, FIfTREZN ROBRIZIP (RENKRIELRWV) 723888 CREo
Y RT3, 2L DG, T TRISINEDON I ~AAHENS.

o THlfE
“EHEp TEREH SNSRI - BRROEH O, HEEIBICEOEZ 7 7 F 2z —4% (EFEHE T rx
S, A RRIRER, 74 VAREIAHFRYE) NEST 3.

HEFECIX B REM O 72 D ORI TH 2. EHNEMITS 2132 < 05E, BB (X— (o



2 B1E FE

v ’) W& DHEAHIHX A TN S, BEHRES 27 4T, BIRORBERRE, e, iy ol
WEDE, (REFCESR, WLUEENREZERT 272DIC7 7 F 22— %HlHT 5.

RO ORFSERRFICIX, BRNGEBI T SR E Y 2 5. BEENTY 2 7 A OEEMEX, ERELEEGE T
FNRMATIREEEN S I 2L — X FTTF A T2 T4 ND. T, REHIELHRILEE 72 8 O
A TR SN S HIEHNK, 2 ERICEHEREBEICER T T APHAA TN TV S LR T %, HHbES €7
NDOERELHIEMEDR EICHIT 2855d 5 5. HHEEFT T L2022 DT X — X [EEFIEOHILHF
DEFIZ4.1 ENCFFRT 5.

1.1.2  #Bfitias0sli

BRTENRBMMOEMD 7201213, RACHIROHIK ZE R L HIHREI PN ETH 5. 2T DR
3E DEMAIE ISER T 2 iEAPEIEL — FOREZ 5, ZASHIRIIAMAORMIERICHE T 2. B
Fo NaREE B UCHRE X7z SOLAS 5469 [4] 2feA e e 2 ¥ — FORBEED TV (11-1 £ 29
&) Zehrnd, IHhSHIROBMNMERICG A 2HEBEDORENI EHITDD.

2T LHIHOBRD S, fief L EEL — b OfilfRIZZ 2SI A DIRIEE L — b OfillfR & L THER
TEHIEHNTE, INLFHIEROMREZALEEL2ER L2 ZeBFIS6NT WS [5,6]. AIHEEMT 5
EHCHIERI O ERZIRET 2 HRIE windup £ FEN, ZOMEIX 1930 FR2 LMD HFA TE L X
NTW5 [7]. 3HR [5] @ Figure 11213, Proportional-Integral (PI) filf#las A RIEHIR Z & D> 2 7 212
XN 38580 windup OFEEX I = X LA ATV S, HIEHA T OIRIEDHIR %5 88 335 L 7= il
2 AN OIREAHIRE WS > X7 2HEH L5 E, BE L TORGIEERIZER S 2 WEE3H 5 (8]
¥ 72, MZERO77E Tl Pilot-Induced Oscillation (PIO) [9] L WS EZRTTHISNATWS X512, AS1oL—
~ OHIBR % %E B 3Rk S BRI 2 AL — MICHIR2ERS N S > X7 2THEA L7255, [FIEARTREZ
RN 25 SR FTARENDH 5 Z e BFI ST WS [10]. FIFIA OIRIEL L — b ORI & 2 HIHEMERED S
Lo fl% Fig. 1.11cRT. Fig. 1L.LUIRLHITE, & 2HIHRIC X > THI O BEES DBIEDRA L.
FIEA S DIHIR & e WGEIZBEMES DBIEICHI L7z—77C, ANRIE - L— P3RS N5 Z e TRE
A== a— R DIR VBN S L L DR TE 5.

1.2 EBEMZE

1.2.1 [SBETILE BFiest

HEHEAIORET T, FRUPOINEETANRE S5, K [11] T, 1 XRS L <IE 2 RO
BETNVMCEEERHL, ZDT X -2 HERBGERZ HWHEFEFam S iz, R, 205501
REZDETNIE Nomoto’s model F721% KT model &\ 5 FERGTHIS AL, AMIAKIE O 587210 Che { #id
iR OEEHEMERERTAT 72 TR IR VBT WS [12]. SCHk [13] TIRES T 0IE, RERNRIERIVILNE €
TN LTHISNTED, Norrbin model ¥ FHINLTW 3.

HENHEfEOBIER, HIEBEROREREICIH > THRARFIEIBEH SN TE . Z0HED O & DIEHR [14] T
PI iz EH L7225t STH D, SR [15] @ Proportional-Derivative (PD) il E#TH 5. Fiz,
Ak [16] T, fREHCEHE L7 P Al S /2. PID dlfc#i < FE e LT, Linear Quadratic (LQ)
HilE [17) BT 5. HiDNT, REGESE 7 L 02 (REIFNCEMAOREFEZ L, MHRCI3BROZE
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Fig. 1.1: An example of the degradation of a control law due to input magnitude and rate constraints.

W& B) AKSATRE LB ISHIE [18-20] DA HED &7z, E 7RI Fuzzy IR OEA (21] 23
A% D, HAIZBWTIE Fuzzy Fl#Z2ICH U7z BEHRIC O FE iR e Bh3 o 72 [22]. 1990 AL, B
N b [23] % Sliding Mode Control (SMC) [24] DAffil BENEAE N OB 23 E X0 5. 112 TRREHA
15, AT=a—51%y b7 — 2 DISHBIE -7 [25]. 2000 LE(8h & BEIC AT T, FFEMA— Y=
TV 7MY TEMBES UEERT L) XA HERICICERAREE Ko 2 s, BT LT HIKIE
(Model Predictive Control, MPC) Z#H L ZzFENHREN TS, Du SIZHEHREORG 22 S HRL
TETHD [26-29], WA [26,27] TIX, AAARIE O 2E TIIAHD, Nussbaum BIEUZ #HAIA A 72 HlIfEHRIAS
REI N,

1.2.2 HIEA S DFIE

I T DR EHTIE, HIEANDLEIREINSZ SR T2 LT, IFIERAEBIHILINCTE . Hilll
H72FHE L LT Anti-windup 2320 540 [7,30], 8BS A7 L2 0MR e L AJTOIRIE - L — FLUBEFEHD
HEXNTWS [31,32]. ST [33] T3, “MiBY 4 — Fw 27 RIS 1 K7 4 LRIk BIRIE - L— 1
HIRR 7 4 V2 MER SNz, BB O A HIR 2 w7 TR E D SHIE AN 2R SMEREZ S OD A
FHIRDIIEHEZTH D, Dynamic window approach [34,35] 5 {b¥E [36] 12 X 2HIETFIESIRE SN
T&7.

Lyapunov % & [37] 1, —MIZ KD KEE 2 IEGIEZHIEIRICE L CREMESH MWL 2 #5m T & 2 F s 2 fr
B, ZAUCED HIEREHIMRRIEEZ 522 2B TE S0, AR - L— MlRZRO S X7 4%
BRI TE . Xk [38] TIEATIRIE - L — MHIBRORE N2 E O E T L2 MR e L, IRIE- L
— MR 7 4 L 2 e MBIR A G DR HIERRR SN, o TREhiz, BEANEHIR Nk
AN DIREICH U THIBIREZEA T 2 Z & T Lyapunov T ICBWTHIE T 2 FE1E, “FiEBEEE” 0F
FMEBZZENAEETH D, BRDZ L OCHK [29,39-46] 1T 5. Z OFEIISCHR [39-41] TIERE > R
T LENRE LEICHIEIAN e BEE R, X HIXHR [42,43] T Multi-input-multi-output (MIMO) ¥ X 7
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LNEFEEBE NIz, Farrell & Polycarpou 51 X 24RIE - L — MR 7 4 L 2 L fliBhR T HAG DY 2 FED
—EHDFE L LT, SCHk [39] TIERRE S R 7 2205 & Lz #bhlEAFE X, DLEDRRASCHR [40] 12 F
LN, SOt [41) TUE, APIRIESHIRSA, RV 7 MEDRT R — X R X% 5DV 27 AR MR
& L 735 backstepping flIoMER S, ZOMREL L TEBGRED Lo / V4D EFRATRENT. TR [42]
TlE, YRT LRI A= XDRREPE & AJHRIE - L — MHIRZ &5 MIMO & 27 2% 05 e U7 5#psiliE
RIMRE X7z, SCHk [43] TiE, TP X% b2 MIMO > 27 40, FERFRZE AR D KIS 2 BHEH]
HRIAHER S iz, SCHR [43] TIRE S N MNE 2 iRz AV 2 FEEZ, Z20BZ O TIIHSATY
% [28,47,48]. 7272 L 2 OXHERDOFHEIISCHR [49] T, ZEMFHORTERESIERMEI ATV S, STk [46] T
&, REERHIE AT OIRIE - L — N D3HIR S 2 @ E H AT D BT 7 L 2 MR & U7 BIEHIERIDHER S
1, EENHMLRVEEICET 2 BEGREORREI RSN, STk [50] T, FIEATIONRE - L— b
3G FMATEI DL NS HIBR L 2 IZERE DRRE > 2 7 22 MR & U7 BIERIEREICN L, BitREr B R T
BRI ZEE Lz, ATRIEOADWIRY LT, B [51] Tid Nussbaum 7 1 > Z#HA 3 2 FESRE X
L, ZTAUISCER [52] TG Z MIMO & 27 4 & L7HlHRINFERE & A7z, Nussbaum BEEUZ, HlEEHRETO
PREZ &R WHIERIORET 2 AEEL L, ORI & D IEIRBUC RN D 2 > R 7 L2 05 e UicaEt
THEA SN TE T [53-55]. XHk [51,52] ISR S N7FHETIE, Nussbaum BIED Z OR#EZICH L, tanh B
BOBAZIDEIANEERE UER LTAEL S, ¥u Xk KERTRE S 722 WIEDHIEHRECE L
3% HMT, Nussbaum BIBDSEH S 7z, XHR [56] TI&, Ao REZ e L — MIHIR%Z S ORES 27
LITHT B SMC Z#&ET L, BN —TRORENZR L. F73XH [57] T, tanh B¥ L 2 0EEHDHE
Fiter —EFHUANOREL L — b ORIREIREI N D > R T L0 e U E /BRI R 21 R X
NTz. 2L ZOFEIE, RGN D6.6 HilZFi 3 2 HIEERET & [k, SR D - D128 A S izl
BIRICER XD KRELTEEZ D 2R VIEDOHIEFRETOREZ &%, Lo TZOHEAHEHFICIIRAND 5.

ARG - L — MR EL LT, flHINA T E 02 BIRES 2§ 2 FESFIET 5. Reference
filter [2] ZERESZFBLL, S S5IKEAMEREZHAAT Z & THIEES ORFHEERE Z F/RANICHIR 3 2
CEYMATRETH 5. B ZITHAADEAEHITEITIX, reference filter M L B2 ES 2 RED TN fAH 5 HIEST
MANESPICELXE S Z 2T, fitf - 8tL — O ZEEES 2 Z 2 23A[HE L 72 5. Reference filter %
BWYNCIEAS 2 22T, ANRIE - L — t DfilfR 2E @ 328G S N HIE R 2 WSR2 R E 5 > X7 4
NHEHAT2HETH-oTH, FHHBOLH LT HHEEN S e 2FEEL k5. L LD 5, reference filter
W&o THB b BIEES X, FIEAOE RS 27 2D AR - L— MNMilRZ§E2 3 2 & 2IRET %
b D TIE72\W. Reference governor [58] 1&, REEH X K ANHIKID & 2 fill iR 2 M5, HilfiEE 2 RAET 2
FOHEEER2EBE T2 FIETH S, HWDREI L WG IC—E DFIEMERE D RAE X h 2 HIE R 2 HlK X
N5 A7 LNHEHT 556, reference governor I2 &k D BIFES 28 T2 2T, ANEB ICRERHKD
iR 2 RAE L DD, TLOMIERIE T 2 LENS KCBREZ AR DR T2 e TE 5. 2L
reference governor DEIITIIANFIFNHIN X TIRERK 2 & Z & U 7B RE(LEEZ 4 > 5 4 VTHE]
WENRH D REIIEHEDOR Y — FOBSTHREERIGENDH 5.

1.2.3  finfil BENRMCIC BT 2 IRMHEEE D FIKY

A E BRI DR T b, IR ORISR 2 RFECIRbAT £ 2. STk [20] T, BIEEEOET
FL e LTk [33] THEASNED O L AED, fEf - HIEL — MR Y 4 LXAREATED, JAUZES)
BEOMIES T 21— 2 Y CHRME N, Xk [12] T, ML IBIEL — McHIRO 5 3 1 XOBHAEF



1.3 AWHFHEONE 5

LGz, HEESEMED 7 + — NNy 7 e 7O VHERGEICHIE 2 H A& bR - HfIfAI e R 2 h .
SCik [59] T3, HACHIEOREE L L LT LIE LIS S M3 [44,60,61] 1 XZREHA L, backstepping
% [62] ICEDWTIRERID G S e, 7272 L 1 ZRIE backstepping 25D  fllf#IERGEH e oSN RV
WHRMRDD 25— T, REMFHIS.2 HIRTHED, fitf - #iEL — L ORIRZ B ICKRE$T 5 Z 13T
7. SCHR [63] T, ME S X7 A TR SN IMHORNGES) € 7 L2 MR e Ui, ASRIEHIRICE T 2
Anti-windup 23 AA £z LQ FlfHISIRE Sz, SR [44] T, fEA - Bt — FHIER 7 4 v &2 L Hl)
REMAEGOELBECH 7 4 — PNy ZEERIIRR S 072, TR [64] TiX, SMC Zi#H L = BAERIAE
e, THAYRIA-RORBITL > TEAZHIRL, 6127 7 Y —H@IIHEIOWT AT X —XZ2RE
THILIWCED, AGSOF ¥ XY 2R L7, SCHR [65] TlE, constant bearing technique [66] % i#
AL—MOflEES %2V v 75 % Z & T, backstepping %2 BT 2 RAEHIHEIE S ORIEL /N X < 3 2 Hifi
RS NTz. 7272 L LRI TR S N BAM3ERHE N OIRIEZ/NE L T2 2 eRENTH DD, 77 F
2 T—XOIRIE - L — MRIRZEZICHRT 2 23 TE R, Sk [29] TI1E, Nussbaum BT X 2 RATOH
IR DI INZ, fEMAHIR D8 2 fMBIR THIE S 2 @G e N2 MEERIDRGET S .

1.3 FHIFROWA
131 B am

BIfE, ARG - L — MHIBRZ & DIERE S A 7 220w R e LHIfEET e LTERE o TV B IRIE - L
— MHIBR 7 4 L& b WERIRE A G D 5 FIL [29,38-40,42-44, 46] IS HEBIEGREOT MR ER L 2
DEZL OBINPIPME I N T WS =T, MEMERERN L - EOBGRAEZOBERME L5 2 £ TIEEST
WV, 2T, ZhosDFREIFEOB AL LREORMMD 5. N— K7 2 7 OFlEIPEIESEERD 122>
D53, HIEAOEEICENT, fKIE - L— MR 4 L X DHiBIRIZ 2 V¥ 2 — &I & o THUERNTK
Rz sz, RIE - L— MR 7 4 L Z I3 RATRES R S OB HAA TR TE D,
D DPEERBICBNTHEBE Y 2D 5 5. SHk [67) Ik 5 &, MO RABERE &Y 27 4 ORER ST
WFEHE a2 A PSR LD TN RAN AR TR R BB O ENREL R 55805 5. X - T ERRFEE,
BEFHEOLREEDE S 5REORMDH 5. £z, reference filter F 721% reference governor 12 & % A
RO, FEETH S DL IFEE X FE.

AL, FEA - AL — MICHIRZ & DIHRUISE T T A Z MR e U HIEERS 2 32505 5. R TIE,
RGN U TEIEFETIRER S T0ARY, BIEESOEFIC X 2HIROME: Lo, MHEMBIZEE
NERVEGEREZBROB R ORI B 3 5.

1.3.2 HiZEARA

AHZETIX, fiEf - L — F OFIROILIED 720 DI E OHBIFRICHE D 3 D DOHIMEEIE % &%E1T 5.

BRI, B tanh BABUC KA EA DRI 2 BB H SO W THET XN 5. tanh BAOMWTIT X -
TEPNLEML — b OHIRIEEDSRMAE, 3 OOFIfHEEE Dz hZhcB TSNS, AR TR
% 3 D DOHIEENE DEGE ¥ 72 2 /BIROFKEE D BITRT.

6 FEIRT HITHEES TIX, strict-feedback & 2T 4 8 LT A I NAILRRZEZ MR Y Uz, BIGEEDE A
TOIRBEZEEPHRIEINS. Bl — FMROUE D 72512288 T tanh BIEDSEA X, ERFRDTED
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I ASIICBE L Chies - it L — b ORI R & fRAE S % strict-feedback ¥ A7 42 LTE»NS. HEER
W20 LT backstepping £ ED ZHIEHA S 233G S 0, BIGREDFRTOEBLEEIRENS.

7 BRI HIEERIS X, 6 BEOMIMEEE B 2 EE FOMAHHDOY 25— a YOO -D, ¥k
DRERTRERZVIEQHIERBTORERE TR VLIRSS, BIEL — MR O%E % (RAES 5
7o DICEIRIBI S A S, ZAUT & D AT 2 BIRIFERIB RIS MEMBIRIC X o TS 5. DL RO
REMILZZET, FUZFEDART X —XBRADINET TV ENR Y U7EG backstepping il % 8% &1
T5.

8 BTN THIENIE T, 7TETHEML — MIBOWLED 72010 E A U 72 BaRIBEEE 8 5 2272 tanh BIEUCE
AR, it - Bt L — b OFIBR O % (RAES 218 & 2 xR DG X 5. HEIRFRICH LT, Nussbaum
BEEC X > CTANIRIEHIR 2 L 3 2 FEEICHL, €8 XD KER FRER 20 IEOHIERE R LE T %
FIEA 2GS 5. ZORIEEIEOMRELE LT, MR AT L2OREBOFERMEZRET 2 2 v, BIEGERE
EEGDHNL—TROETORESVERL LD ZEIREND.

F724 BT, HIEAIOREHPMEEIC TR R T H 2 BHGEBET LD 55, EX 7 —uiih MMG €71 % 5t
R LT A= RAEFEELTT. BEFER, MAETERHHREEERE, Computational fluid dynamics
(CFD) R YICHD EREINZEEIZ 7 — U MMG E7 VDR 7 X — X% R 7 — UG ES) R
I F—2Z2@HL7eY 2T AREDOHHATT 2 —= 75 5.

1.4 BESRX (FMMESBEGRNE L UFRHN)

REEMER X DA EICEE S 2 BEM e LN LD 5.

(1) =aX&EZNMS

H3¥E# L 1. Suyama, R., Satoh, S., & Maki, A. (2024). Nonlinear steering control law under input
magnitude and rate constraints with exponential convergence. Journal of Marine Science and Technology
2024, 29, 812-825. https://doi.org/10.1007/S00773-024-01020-4 [68]

AFiE L 2. Suyama, R., Matsushita, R., Kakuta, R., Wakita, K., & Maki, A. (2024). Parameter fine-
tuning method for MMG model using real-scale ship data. Ocean Engineering, 298, 117323. https:
//doi.org/10.1016/j.0oceaneng.2024.117323 [69]

HE# L 3. Suyama, R., Satoh, S., & Maki, A. (2026). Adaptive steering control law for nonlinear
maneuvering models with input magnitude and rate limits. Journal of Marine Science and Technology.
[70]

(2) BEFHHwEX

A3 4. Suyama, R., Satoh, S., & Maki, A. (2025). Control Law for Nonlinear Ship Maneuvering
System in the Presence of Limits on Input Magnitude and Rate with Guaranteed Boundedness of Tracking
Error. [71]


https://doi.org/10.1007/S00773-024-01020-4
https://doi.org/10.1016/j.oceaneng.2024.117323
https://doi.org/10.1016/j.oceaneng.2024.117323

1.4 B¥&Em (PHTHESISEG S L P F R X) 7

(3) Rihom X

B 5. B, FEREAIE, BEE. (2024). fEf it A v — FIcHliRZ2 & D IEREISE € 7L &2 0t
R L7BREHITEAORET. HAMAEE LY 2 E A CE 2024, https://www. jstage. jst.go.jp/
article/conf/38/0/38_43/_article/-char/ja [72]
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504 & T el

R 3EH2EROES, R" 3 n XLO1—2 Y v FEMEZERT. Ry BEOER2AROEELZERT. |z X
r € R DIEHMEZRS. X7 MLz e R"ITHL, co-/ VA% |2 = maXeqr,... n} || TEERT 2 [37].
AT 3ES A DERBERT. A—nN—Fyv b7 EN BT AWM ERT. 5 s:[0,00) - RIIKL,
L,/ Vi (pE[l,00) & Log /NLEZNZNLRNTERT 2.

||s||[;p = (/000 ‘S(T)|Pd7'); (2.1)
15|l o = tes[})lp : |s(t)] (2.2)

L, ) VA, Log ) MBDERRIEERKDESE ZNENL,, Lo LERTS. MAT, 88 L, 220 (Lpe
Zef]) [37) AT CERT 5.

Lpe :={s | ||Pr(s)||z, < o0,VT € [0,00)} (2.3)

CZTPr:s—sr (Te0,00)dsOLIRNTERESNS s7:[0,00) > RADITEYIDERTH 5.

(2.4)

. s(t) fort<T
TH=0 0 fort>T

Bi% sat(s,5) : R x Ry — [—5,5] AN CERT 5.

s for |s|] <s 05
t(s,8) := .
sat(s, 5) sgn(s)s for |s| >3 (25)

diag(aq, - ,an) WERAT Ay 18 a; Z b ONATI Ae R 2RF (i=1,--- ,n).

Definition 2.1. [53], [51] MU NOME Z i 7= § B N(-) % Nussbaum BRI & FEA.

1 S
lim sup;/ N(x)dx = o0 (2.6)
0

s—too

1 S
lim inff/ N(x)dx = —o0 (2.7)
0

s—Foo S
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Lemma 2.1. [51], [52] V(-) & x() %, [0,00) L TERINIIES2REKE L, V() > 0,Vt € [0,00)
35, %7, C>0, Q>0, 7 >0I3EHKTHY, BKE()I1Z[0,00) LTEEZEZEF 5. N(x) %
Nussbaum Bt 32, DUFHABIT 2 %, V(1) & x(1) 1Z[0,00) L THEHTH 5.

V(t) < V(0)e Ct + 9(1 —e Ot 4 I g(T)N(X(T))dX(T) _ X org, (2.8)
C Y Jo dr dr
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plERE

RETIE, AECFL TS SIHMEZ ERLT 5. 3.1 8TE, MAORACEEE 71 & IHRTS 27 4
e LRl s 5. 3.2 BT, BERER ORIIICOVWTIENS.

31 WRIVRT L

AR OEENE, Fig. 3.10RT L5118, 200FH O —apyg L TREINDZ Z T3, ¢, r, d EZN?
FREANLA, Yaw L— b, EAERRL, I 51E Fig 3. LIRS NZEEICHES . Fig. 3.10MEER O — oy
MR E B 2 R T

BRHEEE S X7 LFUA T D X5 B LENS. ME A ¢ & Yaw L— br iZDURICHES.

W(t) =r(t) (3.1)
ARRTE, BEEFLEUTTERRINS DL L.
P(t) = f,(r(t) + b(2) (3.2)

Og

Fig. 3.1: Coordinate systems.
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EXT, B f R — R &ER D # 0 133RKEMREZ X T, Eq. (3.2) TREAIBERIEEETLOFIE LT, #

e [73]:
7l T7(t) + r(t) = Ki(t)

. 1 K (3.3)
S r(t) = —Tr(t) + ?(5(t)
®, FUZIHIZr D 3XAEHALZET L [13]:

Tr(t) + H(r) = Ké(t)
. 1 K (3.4)
< () = _TH(T(t)) + ?5(75)
BH%. Bgs. (3.3) & (34) I8BWT, K #0 & T £ 0 3RMEMAER RTEH, MR H) R - R &, &K
H(r) := nsr® + ngr? + nyr + ng (3.5)
CERINBEERE R TERTH 5.
JEEETNADNRT X =21, FIZI34 BRI FEREWC LD EXEEENS.

3.2 BfEREAR OBy

fEfs 6 LHEL — b 0 KU TORIRAEE L T 5.
o) < M (3.6)
6(t) <R (3.7)

ZZTM>0%2R>0ERTHS. §13Eq (3.2) KBIBHIMANTHD, v 27 AHEOBS» 51X
Eqs. (3.6) & (3.7) BHIEANOFEL L— FO#IRE 55T LN TES. ZASORIRIE, BB
WAORSE IR L, 240 2 RO EIETI b TEE 3.
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s 4 =z
4

=

EXT — )L inEitESRFERY T — X 7 AL
ToIMOER S R T LDI/IN T X —XTF 71—
-

AETIE, 3.1 EITRENS &5 RIMAREEESIE T L2 MR Lz, SIRXA—XAEFEETRT. EXF7
— U MMG €7V D87 X = XEEICBWT, EBRRNRFEEZHHEL L 87 X — &%, EBHINTIEHE
B2 — Ui MMG ET VDRI RX—Z{lE L 2 —VART 4 v ZICF a—=V TINIGEENEZ V. Ly
L, B2 7 — AR ER T =D L A ) VABOZRDOEERER LT 2 — =V VT ESHELEI AT
5 LIFE ARV, ABRIORTFEE, YR T AREOHMAZEAL, MRER T — VO EBIGEEIRRY] T
—ZDHEDPBLRAT —NURA MMG EFLDART X=X EFRET 3. XHIZZOFER, HHURT7— ko
RBERC T — AN 2ADBLREEINIZ R IR —REEERB L F 2 —=V DR L 5.

AREINTRT T X = R[AEFEIE, MMG E7 MRS 3, BAE T L Eq. (3.3) % Norrbin € 7/ Eq. (3.4)
WAL THEHAATRETH D, 6 Ep 58 BEIT/RT HlHEIE 2 EET 2HIOMHEMLE LTHEITTLZLBEZDL
ns.

AEONRIIEHEML 2CEDONTZDDTH 5.

41 EA

FZET 2 BEREMS AT 40%, ¥ I 21 —XIZED ZOMREIREES N TV B HENDH 5. BEES T
LS, ERELRIEGEST T VR -IROEEI > I 2 L — X N TCT7 R VT2 2 THEXEZ 22N
TEZE5.

BIEGEEEN T 7L OB VER D H D, FIZ13 [74] 72E, SCHRIZ 1940 FERICFTH 5. #EGES)
BT, TRSEOBS [75,76] PRl T 22O [11,77) 2 6WES N TE . X612, MK, TrxF,
fit 7z & DA DA ORERLEER OTRAR ST D€ TS 2 ThTE . Bl ZIE, [78,79] ITIRELEL
WS 274 7 —EEZHVCTEGES T 7L 28 H L. MMG £71 [80,81] 1%, fH4 DMMERL 20
MHEEHZRATE 2 SCHEHENTH 2. [2] 3K 2 7 2 BB 2R MR OERCES T 7L %
EFRL, ZOERMIZEFAN—ZFIFEHRFHICBWTHECHWONS. X5, HHRELr 7 7 F 21—
ZREDOZHATCREA I N ET VT 2B FEET % [82,83]. ZNHDKRTA PRy 7 XETIITH
L, BHEEICEIL T Iy 7Ry ZRETNEAORIGER T T LICOWTHE LI H 5. 79y
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IRy ZAETLOMAE LT, AL=a2—=FL%vy 7 —2 [84-92] % support vector machine [57,93], %
7= Gaussian process [94,95] 7R 235 % .

BA I BHEEFIE 7LD TS, MMG E7 /UAEHGEF > I 2L —> a YIZBWTEWHEEEZE T 5.
uE, MMG € 7R RN ZICE DSV TR EINTVE L WIS FEICL - TEN TSNS, Z0&E
WHEEREW 212, MMG E 7 VIZEFREM 7 L3 ) X2 OFEH e MEEICIA S VWS hTwa. [96] T, MMG
ETNMCHESCBIEY I 21— a3 VITED, RF747 4 ¥ 27— FHlIENCED REENMEHIFEIRIZ MEE L
7. [45] 1%, MMG ETMCE DL Y I a b =2 a Y IZBWT, ERE T 4 — BNy 7 %0 2 7 BB R
RIZMEE L7z, [97] 1, MMG €7 /WVCEDS CIREBEBET LV E AWVt E orsia 2 @M T %2 2 LT,
IENIK EMEDIRFGEIERI 2 35T L7z, MMG BT VICE D CBHEER IS I 2L —Yarvofile LT, 77
A4 VIR ETE OPHE AT BT 5 BERENRBEEREZ R T 2 H D HFET 5 [98-100).

MMG ETFVICIEFAETREER ST X =B EGEN L. B —AMiicEsiy 3 MMG €7 1085
X — REEIEIBEA BFEPRRBEINTE. 1ER, T X=X E2RET 27013 HEABRIC X 2k D
AIERERICED S 74 v 74 Y 7HEME NS [80,81]. £ DAt Computational fluid dynamics (CFD) O
BHXNFIBTFET S [101]. [102] 1%, CFD Ty al—yayIhied vy 77 4 7T AMBRICE OV
T, MMG EFNLDF X — ZERFFE L.

BEET, EX7 =it MMG E7VHART X =21, 3L AY OGS, B r — i OGRS R
HOWTHEINTE, B2 — U X7 — O BHEES OE DO —21F, LA /AL ABEDENT
5. LA NVAEOERIC X ZHEEMHIET 2720, BIZIZFMTHNINT 3 5 BEEGURES EET TR O
BRI Vo I RE I NI T X = RICDWTIE, =XoedMdiE (] @ [81]) A AV s FiEITE
1£5 5.

L LRSS, BRMETIE, EX7—Uif MMG 71087 X —XOPEHFEYL LT, WFEEE S/
W TR S TWiRw., MAVBERBULZE O —ED /87 A —&i%, LA/ VZRODAEIC X 2588 2 i1k
BPFHINZ DS, 2L, TORBIOVWTHERHINA TV [103]. X512, MMG E7 LI
B DRI A=RIZONWT, LA JIVABOE X BT RIIBA S TR, ER T — Uizt
FIHHABR 2 R TR, LA NV ABOEOHE LRI TITNTIX—RERETE 50, ary7Hipky
DRI OHHRFHERIIFED & ZARATRET H 5.

ER T —Ui MMG €7 VD85 X — XEEDFERWLEL LT, ER7 — A MOERIGES 7 — X 25
MR, WD AR I B D EHFNICRE SN iR b 2 — VAT 4 v 7 ICF a—= V7T 5F
E0dH5. FLALDHE, ZO0Fa—=r 23, RREERIYY =70, BHHEOBEICESWTHED
2—=VRT 4 v ZFREERACTET S [104). ZOta—YRT 4 v I RFa—=VIFRE EXr—i
I OBHEETRFRY T — 2 R EHEBRT 2720, Fa—=rv 73N T X=X E2H0 MMG E7 VDR
EixEFIcmET 3. Lal, BHOAATA—ZDa— VAT 4 v I RFa—=V3REEIEERT, B
BT 2 — = TR T 2END 5.

¥ A7 L[AGE (System Identification, SI) 1, X7 —LiRD MMG E 7LD 8T X — ZEDPRIEICHEH
ARETH 5. SLIE, MR AT LDAN A MHNT =R VIS AT LT A =RDRAET L —LT =7 TH
5. LIzhoT, EXF—1fii MMG EFLDRT X —&D STIE, FREL2EZTF —AMMOEKEESRR
NF =2 DAHZRCTEMTE S, SIIE, MAHRGEERE T L0 7 X —XEEICER SN TEL. AL~y
7 4 L20% ST CHREEHERE) 128 2 REMNRFIEDO—D2TH D, (79,105 TIEAHNL~< ¥ 7 4 V2D Abkowitz
ETNDAT X —XFEEICHEHA I Nz, SR [106] TRIREHEE & SI OfAEDEIC K 287 X —X[AETF
FEAMERE N [107)1F, CFDIC& 5 3 2L — a vy TG INREESERY 7 — 2 2 W T ST F

(Y
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T T,u
b1
Y, Um
e
OF D2

Fig. 4.1: Coordinate systems for ship maneuvering motion.

FERMEE L7z, [104] 1%, SLICBIT 287 X — X OREEFREFIEL L CGERN 7 VY R4 2HA L. &
DFEE, Y 2 —VHEEZFOBRIGEE) T 7103 % ST FECHR L7z [108]. STk [109] TiE, SI
T =0T =%V TARI A= XOYIAHRAEZ HE L LW MMG E7 LD 85 X — X EEELREL
7z, T OFEX 200 AL ED RS X — & EHT S Abkowitz EF LD X — REENLRI N, TDOE
PEDNEIEX NIz [82]. L L7225, [82,109] TREINLFIETIE, EXT7 — B L TEIS R E 7,

7 VR LA OERNGEERERY| 7 — X PEAINTE D, FEOBARIER R 7 — D — RICRE S 1L
Tz, AfEEEEEE 7 L0 SIFEL LT, ERX7 —UhOBREEER RS 7 — 2 @A LG b FET
% [92,105,110,111]. L2 L Zh & OMFRISIEGGES T 7L ORPEER, P ERGEE € 7L, £R2EAT=
2—I0%y bV —2 (ANN) EFAPNRTH -7, EHELDOHIBRD, BT - T — &%/
MMG E7AREIHF 2 SI FEZ DV TIEiEm S LTV R L.

RETRTFEZ, SIOHMHAZHNT, MMG 7 VOMERICIEESNI T XA —REEET 5. 18R
TR, TEHY, WHEEREE, BXO CFD ICESWTHERNMIIE SNz 85 X —XEH%E, EXr —Uih
MMG E7VHIICHEICF 2 —=2 73 5. BE2FER, EX7 - ORMEESRRY| 7 — 4 2 E#ES
AL, #HEINZBHEETRERTIOBEDPHERIC LTI RTRXA =% Fa—=v 735, RENTRT
RO EINE, ERXT =N BRI 7 — Ao O L4 7 VZBOEDFEZIHO 2T 5 Z e TlER L,
MMG T X —=ZDF 2 —=> 7D DERMNRHIEEHEILT LI TH 5.

42 MMG E7I/L

PEfESR % Fig. 410 THEDICERT 5. O — oy BEAZMAEFOLE T2 MAEERETH 5. KT,
HIBREE BAE O — vpyp AW TR I N 2 MADKEE LD surge, sway, yaw OIEHEER & 2 5. iR
M M. V. SUZAKU ¥ L7z, MEROEEH% Table 4. LIRS, MRARNCES) 2 R T 2 2R LITICE
#35.

p(t) = (p1(t) pa(t) ¥(1)" (4.1)

£(t) = (u(t) v (t) (1)) (4.2)
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Table 4.1: Principal particulars of M. V. SUZAKU.

Item Value
Ly, m] | 83.0
B [m] 13.5
d [m] 3.8
Cy 0.737
xg [m] | 0.93
Dp [m)] 2.80
Hy [m] 3.49
Ag [m?] | 6.282

Table 4.2: Explanation of symbols.

Vector | Elements Description
P1 Position on the Earth-fixed frame.
p P2 Position on the Earth-fixed frame.
Heading angle.
U Surge velocity.
13 Um Sway velocity at the midship.
r Yaw angular velocity.
np Propeller revolution number.
7 1) Rudder angle.
FEEFErHT
((t):= ()" b)) eR° (4.3)

Litihd 5. HIEANZLL R CEET 5.

7(t) == (np(t) 6(t)" (4.4)
FREMOER DA% Table 4.212500 3 5. EEZABOERIL Fig. 4.10/RTFEERICNES . AT,
TuRTPIEETHIET 2 E00EE (u(t) > 0,np(t) > 0) DAEEZS. T/, WKL BOBEGEES D

BIIERLI.

p ¥ EFLITFIEHES.
p=R(p)¢ (4.5)

cosy —siny 0
R(p):= | sinyyp cosyp O (4.6)
0 0 1

(Y
(Y
)
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TH» 3. Surge, Sway, Yaw £— FDEEHERNE LU FTERLT 3.

(m +my )i — (m +my)vmr — zgmr? = X
(m 4+ my)om + (m+mg)ur + zgmr =Y (4.7)
(Ig + 2&m + J..)7 + 2am(tm +ur) = N

22T m, my, my, Iy, Jooy, xa EZNENHKE, Surge EENCHS 2T INEE, Sway EENCHT 240
B, Az s EEHICH o 72 Yaw EENOS T 28— X 2 N, Yaw EENN S 2 IIEMEE— X
Y b, MAELD x A RT. Eq. 4.7) D X, Y, NiX, O—ay KB 2@ELNEEDHEE—XV
2FT. MMG 7L 8111, X, Y, N 2fifkr 7ux7, ftozhz2hoBEokfie LTEF LT %:

X(@t) =Xu+ Xp + Xy
N(6") = Ng + Np + Nr

TITHIHO L, Fa— U TONBRTHERTRXA—KERL, FONAXIIA3.1EHITRT. MMG EFLIE,
MIRCEHRT 28D, ke Tuaxz)), BOOKBEZROTHEHEERAETET VLT Z 2T, BV
TE TR RMEEB 2 HEET 2 e BARETH B, Eq. A7) X EDTRT LY LTU RO LS IcEEHZ
5.

£ = fumc(é, 730" (4.9)
ZZT
X(0Y) + (m + my)vmr + zgmr?
fuma (&, 7360 = M1 Y(6%) — (m + mg)ur (4.10)
N(0%) — xgmur
m -+ my 0 0
M = 0 m 4+ my xam (4.11)
0 Tgm I, + xém + J..
TH5. Egs. (4.5) & (4.9) ZEWL, UTD(DZRAT L2115,
¢ = felCm:0Y) (4.12)
ZZT T
fe(€m60Y) = (RO (fuma(&7:69) ") (4.13)
TH5.

PIFTE, SBEROWEINCOVTHRT 2. REITRT MMG € 7/UWECHR [112) 1IcEo <. 272, i
RIIAIE LSk e 132 D, 2TV ERA L.

AHICHENT, LB D) NS N EREXTEEE RS, B [m], ke], [kem?], [m/s] OWHE 5
KLU, E0Zh Ly, 0.5pL2 d, 0.5pL% d, U TENZHERE L THINENE. 22 TU == \/u? 402,
BHERETH 5. IR T, B :=arctan(—vy,/u) E KV 7 AZERT.
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421 MiERIED

fintk & ik e OMBESERIC K o THEL 2MAENEUATD L S ICETF Wb hse:

1
Xu = §PLpde2XI/{(U;mT,)

1
Yu = 5prdeZYIg(v;n,r’) (4.14)

1 2 2
Ny = iprde N (v, r")
537 TR (=L AV NGRSOl W (Ah=F Wl

Xiy(vp, ") = =R + X{vim + Xj, 0l + X0
+ X’L/)’U’U’I‘Ull’grl + X’lI)U’UUU:‘:‘ll

Vi (v, 7)) = Yyup, + Y0’
+ Y/ v/3 + Y/ 0/27,/

Yy 4 Vi )

Ni (v, r") = Nl + N’
-|—NI ’U/3+NI ’U/27"’

VUV 1M VUT T 1m
! 02 / 13
+ Ny U7~ + Ny T

422 TORTH

u>0,np > 0BT E 7RI I TCETMEEI NI,

1
Xp = §pSPV}2(1 —tp)Kt(¢p)

1
Yp = §pSPV;~ZCPY(¢P) (4.16)
1
Np = gpSPLppVgCPN((bP)
ZIZTip IFHENBOR L MITNZEB RS TIA—XTH 5. ¢p I FLINTERINS.
%0 w
¢p = - arctan (O.?Wnpr> (4.17)
CZTup:=(1l—wp)uTH5. B Kr(op) 1, W [112] D Fig. 6 iR Sz 7 a7 BEHEER D
HE7 497473528 T, UFCTETMLESNS.

Kr(pp) =3.31 x 107%¢% — 3.72 x 107 4¢3 — 2.60 x 10~ 3pp + 0.167 (4.18)

BAE Cpy (dp), Cpn(dp) 1, SCHR [112] D Fig. 5 WREhZegHllfEZ 74 v 74 7352 T, DIFTE
TbEnS.

Cpy (¢p) = —2.83 x 107°¢3 +6.04 x 10~ *¢p — 1.28 x 1072 (4.19)

—248 x 107 %pp —1.70 x 10™2  for ¢p < 20

4.20
—1.86 x 10~ %¢pp +4.03 x 1073 for ¢p > 20 (4.20)

Cpn(op) = {
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2
mDg

Sp = 1

Z7aRIHEE,

V, = \/ul% + (0.77mnp Dp)?
FE7ERIADTKAAY — FTH 3. &2 THERBRE wp BN TEFMLE N,

wp = Wpo eXP(CwBI%)

gl
(
A

Bp = — lpr’

WE7ERIADHMAA (Ip = —0.5), wpe & BHAELEDL ZOMHERFBDETH 5.
P

423 fieh

fECRRET 2 o,y AAONE L CHEEHE—X > NI TET MEL .

XR = —(1 — tR)FN sin d
Yr = 7(1 + CLH)FN cos o
Nr = —(zr + agzy)FNcosd

BTN Fy LR TET L 7=

1
Py = §pARUf2{{fa(5f) sinag + Cio(d¢)}

Ur :=y/u} +v3

agR := 0 — atan2(vg, ur)

Z 2T Ag (IfEEME,
FEADMAAL — F,

BHEANDENRAATH 5. z HADRAELIUANTET MELZ.

ur = max{ug, ug

8K (¢p)
X = 1 — 7 1 1
UR UPE{URFE< + 7TJF2> +
UE* = O.?WHPDPURO

I Teld7uRIAELMAEICET 5 HRBEDL,  IZEBRIC X DIREXNLEL,

nRI—FR

BRI ERELEESOHTH 5. MIESTFROTAREIZILTTET ML .

vr = Yr(U sin 8 — Ig7)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)
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Table 4.3: Pre-determined values of the added masses and added moment of inertia.
Item | Value
ml, | 0.010
m; 0.168
J.. | 0.010
Table 4.4: Pre-determined values of the parameters in the model of Xy, Y, and Ng.
Item Value Item Value | Item  Value
Ry 0.017 Y, -0.329 | N/ —0.106
X/, 0.009 Y, —ml ~ 0.090 N/ —0.057
X+ m; 0.160 Yo —0.787 | N!,, —0.037
X/, —0.0164 Y. -0.022 | N/, —0.105
X\  —0824 | Y/~ —0206| N/, 0012
X, ow —-0.114 Y. 0.001 N!.. —0.008
ZZTIR BEBRICEDIIESINIER, r 1, FEMETORNLA
Br =B —lgr’ (4.33)
WHREFE LI TIVEX LS. for 4 .
YRp or pr >
= 4.34
TR {W’Rn for fr <0 (4.34)
Eq. (4.26) @ fo () & Cp(-) EUATTET M LE N .
foz((sf) = faO + fa25f2 (435)
Cio(5¢) = Clo16¢ + Clo36¢ (4.36)

ZZT fao, fa2, ClOl, 0103 bii%@"?% —XTh5.

AR DIMIE S X T 2ITBNWT, 77 v 7 6 3fiEA 0 ICCTIRES NS, § & 6 DBIFRIZSTHER [112]

o Fig. 5 ICRTHEDTH 3.

424 )NTA—RDOBEHIREE

4.2.1 HiH 54.2.3 IR U BREEF T T NVICE TN B EE T XA — XX, EX 75— ko BEERBRD
FEREHWTIE, B HAEERER R X > THEINEPFEET 5. RE@RXTIE IS OfEY “F
RIREME” YRR, 72, AWFETHW 89 X — X OHEFIREMIZSHR [112] TRENETH 3.

MINEE e MIEEE— X > OHEATREMEIE, Koy v VERICESEREL-E2ZRALE. 2hs
DfEi% Table 4.31RT. F/z, MFBEAGBOBER L D IEINTMAENOEFT NV CTHEHINE T X=X

DERTREME % Tables 4.47°54.612787F.
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Table 4.5: Pre-determined values of the parameters in the model of Xp, Yp, and Np.
Item | Value
tp 0.080
wpg | 0.422
Cy —2.0
Table 4.6: Pre-determined values of the parameters in the model of Xg, Yr, and Ng
Item Value | Item  Value
tr —0.058 | rp 0.483
ay 0.158 YRn 0.172
vy —0.605 | fao 2411
€ 1.27 faz  —0.381
K 0.5 0101 1.164
URO 0.14 0103 —0.381
I —0.888
43 NIA—=BRFa—Z2Uk

REITE, Fa -V IRNRDNT A =X, 5 X —XOEREH, FHLIER T —Lih B BfiiERER
RINT = DN TZENENOHTHRNR, REICAATXA—&F 2= 7 2i/MilEL L TERT 5.

431 WRINTA—H

42 FI TR LU TIHEER E T NVICEENE TR —ZDIE, Fa—=VZONROIIELITD 12 D85
X —REEDI.

Qt = (R(/) tp wpo Cw tR ayg xi{ € R lﬁ 'YRp ’}/Rn)—r (437)

WHENT X — &R 1%, EHEEFETNICBITE N E—X Y MIREREERZEZ 2B DICBESIN. wpy B
XU Oy 3 Eq. (4.23) O X5 ICERFHROET VICEENS. RGBT 0 RIBAEE up DETIVICE
Fh, 7axRINOWEICKEREER 525 [103]. tp, tr, an, BEL o1&, MK, Trx7, EOHEE
TEFETVICBHEL, TaRINEMNOHEICKRESEET 5. ¢ K, IR 1F, ThERLTBRIAE LA
BB 2 MR O, T aRIEEIC X SRADHEME, fEOBARRARENR D vg IF5T 2 EH <
TR=RERL, TNSEIMRAEEICKELREZELEGZ 5. BB TENS 87 X =& ygp BLL YRa
X, SCHR [103] 12k D, FTEEEBOHEEICK E R ERY 5 X 5 I AMEIN TV 5.

IRATRIA IR BUEF 2 — = > ZORGED 513z, 2L O5E, RIERHMEROMEZL 4 7 V8O %=
DB TN EARE SN, FERAT — IR OBEHEES) 2 HEE 3 2 7 DI RERE BRI IC D W TiRiE S ke
EPHVSNS [103,113]. RAROHWBERANZF 2 —=V V7 FIEOMILTH S e h s, PEME L H
BRI, HEBRERERIC O W TIRE SN IR OEIXIEHTH 2 LIREL, TNHDHEEER T —1
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o BMEESHEEICEEEA Lz, 2720, BEEROMAESIORIITE R &, MFEEZEA LR WELH
BREEE L, Fa—=rZoxRe Lz, ZOBEE, B2 — A EIAT7—AMTL A VBB E
RLMERBIET 2 LFRIC, BEGEENCHE S RO ZENCN T 2 MR Ry 218279 TH 5.

432 RZREH

RIRA—RF 2=V ZIZBWT, 0 OREZICH L T2 OEREEITHIR Xz, AFETIE, o
A Z 2r — LR D MMG EFICEIT 2285 X — ZDED, A%, HHRE, 3L CFD ic&EonWT
RESINZDDLRETS. Fa—=V BB 20RART X —XOERHZ, FaiPUEME DI IH
R 22T, REFERIH N ZEENZHFICHIRT 2.

LTFTIE, &7 X—%& 0 e R'2 OBHEL EHREEE, 2h2h 0 e R2 BIU P e R2 L £
5. EWHEO (i=1,---,12) OEREEAIILUFCREL.

O, = [ 67" — a,|oP™], 67" + a,|67" | (4.38)
ZZTa >0TH5s. AFRE, BEREFELZEINVEBELZSRLUCKRET S 201k, BIGEBIZHET 2

TR B AR B R P B L 7o S5 X — R F 2 — =V VR EBT 5. HHRNEHEICE S XA —&
DOYEREFICHE T 3 X 5 R A2MENE, SHROMEFREEDO—DOTH 5. 0t ¢ R OBFEREGHIZLI T TR EN 3.

12
o:=]]e: (4.39)
LAFTE, 5 DDHRE ar = 0.2,0.3,0.4,0.5,0.6 TDT A —XF 12— =2 FORERETRT.

433 X7 —I)LhBEHRMERRT — ¥

RFERFIER T — VRO BAGEHR RS 7 — X 2HHT 5. 0 DOORRINT — XELUTD & 5 2475
DeR¥>T yx LTRHIN 3.

T T 4T .
(Dy; -~ Dgi )" :=(p' & 7 )T i=1,---.T (4.40)

CITT KRR Ty 79 A4 XAt =1.0s THERINIFERTT —XICEENE XA LRAT v 7OBTH 5.
BEp, & BIO TR ERFUEERAT Yy 7 i 1XBF 2 p, £, BEXO T 2K, AETIE, Hilfho 8
EEfERERER (5 = £10, £20, £35, +40 deg.) ZHHA L, h sz zheh DT, DF0 pE3d - pH40
Y RILT B, BT —UMOBHEESI RS T — & D0 % Fig. 4.21ICl/R T 5

TNBDRRINT — R, RFIRX—RF 21—V T Fa—=V ZFEANT X —XDRIEOT I L 7.
Fa—= Ve BEED ZNEIUCHEA T 2RRYIT— X2 NIcE e 3.

Dtune = {D-‘y-l()7 D—207 D+35, D_4O} (441)
Dtest .— {D710 D+20 D735 D+40} (442)
Table 4.TRIRRINT =2 D ZDEEDEA LRV v TR 2T D 3.

AKWFKTE, Fa—=VIAT7—2ty PBIXUTRAMIT &ty F ZREEEFHORRY| 7 — X DA THE
BRU7z. L L7235, Zigrag EEFIOKRY 7 — 2 BFHFIRERSGE, ChzeFa—=Vv7HT7—Xty b
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Fig. 4.2: An example of time series data of real-scale ship trial prepared in this study: turning test with

6 =10 deg..

Table 4.7: Summary of time series data of real-scale ship trial.

Pptune Dest
Symbol T Symbol T
D*10 895 D—10 664
D=0 465 | D™ 523
D35 394 | D% 385
D=4 340 | D™ 389
Total 2094 | Total 1961

Diwre BXUTAMHT—&XE P DS ICED BT, IDEWERED T X — X EZETT 2 Z L o HIRF
ENd. ZhUL, Zigzag EENIHEEEEI L D H Sway #HE L Yaw AHEOBEGROBILTIVEMTH L0
TH5.
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434 TEIL

AHITE, RIRA—RF 2 —=> P B/MUBIEY LTERILT 2. H555 X—& 0 c © ZH#A L7t
EHEF VO, &3 al—a ik AEOEEIRYI L E2 7 — IR T — X 2T 5 L TF
#L/. TROB, MMG EFAEHA LY Eq. (4.12) 0D ¥ 2 2L — 3 YRRV 2 ER 7 — Uik
FERTI DR p DIEERFHEL, TOMERRMET 29 X=X 0 BT R —RF 2 —= > BT 5558
B L. ZBEELDINTERT 5.

p=p—p (4.43)

CTpBLUpE, TheNyIal—yary TEHINZHEEER T —ARDT — XIS N7z EHIE
%ﬁ?‘. AT, RIMEDOWRIGEBRZTH D, Surge HE, Sway HE, Yaw AHEEDRZEIZEHWE
BUHHAA TR o7z, ZAUZ, DU BX U DYt 281 % Surge #E, Sway HE, Yaw AEEORSR
NP ERENEEN T W0 TH S, FiloR/MEBEIE T cERbah 3.

minimize J(6 Dt“ne = Z ZplTQp

b DeDtune §=2
o= —p
L) (149
éz‘ _ é—z’fl + fc(gﬁifl?Tifl;é)At
f=¢t
fori=2,---,T

22T Q =diag(s, 5, ﬁ) i p e R ICHHT 2 EAREITHITH 5.
B/MURTRE Eq. (4.44) O3, #E(LERE O —BTH % CMA-ES % #H LHFER SN2, CMA-ES OFEME
#% BICElil 3 5. LIETIZ CMA-ES A LR SN - /MUE Eq. (4.44) Off% 60 L Elab3 5.

4.4 HEER

%&ﬁﬂwQ_mmgLQ,p,(MS 5) ERXE L7z, CMA-ES DA 8—085 X — 2T dH 5 FIHHE KR
FARIAN=12 EREL, BRIV ZZ—FORICIE, FBRZ A<\ =128 & UTEKEEY 4 XEH X 7.

73, CMA-ES I X 2R ¢ X — ZERDOZE L T . a, = 0.2 DFHICOWT Fig. 4.3127~7F. Fig. 4.3
OMENIKIEEEZRT. Fig. 4.3 OEMOMEE, SRIZICBWTEMREZ 2 IEtE S BRNERO RN
E%, Fig. 430EMNOHMtIARIC T vy b IN/MlD 5 S KIE M £ TORRIE TS - B D
B/MEZE S WEERLTWS. J OEFZBISHENT 2 27 v X, 7 X—XOIHEPHER XN, FEHMN
7 R LTHIL I NIRRT A X — b ENDE XA I %R T, Fig. 4.3 25, J OEIEDERLFEILC
EIPERLTWA I MR TES. a, = 02 DFALI TR, RFRTEHLZE2TOTr —RIZBWT,
BOEMRD Fig. 4.31CELIL 1 BRETHRI N Z e RSNz, 713 ) R LDBE—ITICBWTEBOD VY
AR — DR EN, BV AKX — b TRAENDIRDBHER I N2720, KRR TIEETr —R0HR7 L)
A L0F 1 EOAFETLI.

RIZ, Fa—=VT7EINRT XA —ZDOHWREERT. &K a WBWTHERINL 0¥ 1conwT, BB J()
D% 7 =%ty b DU BRI DS TR LTEHAE L. b % Figs. 4.424.512RF.  a, DIEDIEMN
T 2IZoNT, J(OF; D) OEDEAD L7 Z e pERTE 5. THUE, MRT X —XORREHZIEKT
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Fig. 4.3: Exploring process of CMA-ES (a, = 0.2).
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Fig. 4.4: Values of the objective function on the tuned parameter for tuning data Dtune,

52T, Fa—=VIZRAT—&ty MTWT 2FGEF S I 21— a VOBENM EL I ZEKT
%. J(O*; DY) OfEix, zhEda, =05 ¥ a = 0.6 TBWTRMEE RAMEEFERLT. a, =02 05
a, = 0.5 OHEPFTIE, FREPEDRILVIEY, F2—=2 L7857 X=X %A L7 MMG 71 DOFEEH
k5. LIL, ao =06 DHE, Fa—=VIHT—Xty PN L TREDHEELZRLTWS /T,
J(0F; DY) DfEIEMDOr —2 X DB RKELHR->TWVWS. a, = 0.6 DA, BREFAELLATZZLT, Fa
—=VITHT XYy MR- 78RR E e EZI LN S.

BRaxNTMNRAF X —ZDE (a, = 0.2 ~0.6) % Table 4.817RF. MX T, RN F X —Z{HD
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Fig. 4.5: Values of the objective function on the tuned parameter for test data Dtst,

Offset explored value 6*

Tuned with a, = 0.2
Tuned with a, =0.3
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Tuned with a, = 0.6

7 N m
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Fig. 4.6: Distribution of the explored values of target parameters in their exploration ranges. The
vertical axis §* € R'? represents the offset value of the tuned parameter value; that is, for the element of

the target parameter 6!, the tuned parameter value 6} was transformed by 07 := (0F — ™) /(a,|6™).

FRENOBEREHEIC BT 29 % Fig. 4.6107F. Fig. 4.6128W\WT, HREH O, 13 [-1,1]~F 7€y b
N, THIHEREIN AT A=K 0" 1%, UFOEHUC XD 0% € [-1,1)12 AEHhIh.

_ §* — grre
0F = 21— ,=1,---,12 4.4
kA a‘r‘e?re| ) 1 ) b) ( 5)

F 7%y ME O3, HREF O, 247y b L7 [—1, 1 IHIREN 2. Fig. 4.655, $RTOF—RICH
W, wpg, Cu, tr, au, Iy, BEE Yo BZENLZIIRREHF DR —HI OB FEICIER L7 2 e AR S N 5.

RIS, DY ICE TS 4 DDERT — UIRRBRORRY 7 — & &, FRIREBEB X0 F 2 —= v rEhi
NI RX—=REMEA L MMG EFLEHWTY I 2L — b SN EHEEBRERY| O L8 % RS, Figs. 4.7
H5410RTER T — UL, WIThdRI X=X F 2 —=V 7HO T — Xty MTEE FN0 0
HEEFRIITH S, Thbk, Fa—oVIZINRIXA—XEZHAL MMG E7 ML 5Y I 2L —Y
a VIERFN LT 2 2 2T, ERXF —UMOBHEEBNCN T2 F 2 — =V FEHST X — X OHEENRESR
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Fig. 4.7: Comparison of seven time series data of turning test (6 = —10 deg.) which is not utilized in

parameter tuning: real-scale ship trial D~!°, simulation by the MMG model with untuned parameters,

and simulation by the MMG model with tuned parameters (a, = 0.2 ~ 0.6).

PS5 Z e AT E S, Figs. 4.7 54102 02D EK OB S, a, = 0.2 ~ 0.6 DL —RAZBWT,
Fa—= Y ZENTRTA =R EAVE MMG 70U, FREEZHWEZETLED $FEX7— Lo
BEROEINDWREREHEE L2 2 E DHERTE 2. DS TRAINZ R TI X —XDEREDRED T — 2
a, = 0.5 (Bkf) EREDT —R a, = 0.6 (1) ZHET 2, D70 CREAERMERDH 1.5L,, Bi25 b
oD, D20 D35 D0 T3y I 2l — ar INEIGEEIC R Z 2RI sz,

=2 =EA
4.5 Fm

Figs. 4.7 541025, ®TOr —RZBWT, HAREBELEAT 256 & D b RERZETORERES) %
WETDLICNRTR—RPF 2 —= v 7T IN e PRI ND. 22T, Fig. 4.61%, ag > 0 KEL,
2y SODVNEL Fa—=vPENFILERLTED, ZOBA |Nr| BAEHESNSE. —F, FOxS
MAEE up B XUMEIESL (1 — tr)Fysind BENZIVNSKEEIND X512, wpg BLU tg BKRELTF
2—= v Z& Nz, Figs. 47054108 D, RIXA—XF 2 —=V I XD RELHEESIND X 5127 - 72
E—XY I Ngp OFEBrHLN, TNHOHBIXMNTHZ2EZ NS, B 20REHTEH L2 ¢F
A=RF 2=V I THAIEN T X = 2{E1X, ZHZNEABROMBEIEICR Uo7z, L2 LEDS, H
FEM 7 LT XD I 2L —Y a VEREHED -0 OENEEE O EREICERE Y TS 2V I RHFED
HZZETE, ZAUIRRET LTV X L0FAMICEEL .

AR TEMBLI2 T A=K F 22—V D55, TA T =Xty bTREOMRER R L7287 X —&IZ,
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Fig. 4.8: Comparison of seven time series data of turning test (6 = +20 deg.) which is not utilized in
parameter tuning: real-scale ship trial D+2°, simulation by the MMG model with untuned parameters,

and simulation by the MMG model with tuned parameters (a, = 0.2 ~ 0.6).

FRMEE 0, = 0.5 TRE Ly — A THEENE. LhL, BEFRICEERTIA—KF2—=v 7O
I, [T 5 — UREEISRS 7 — 2 ¢ v KT 5. BEGEHE L0 STIE, Fig 45107
BENEL 512, BATIRRIIF -2ty b, HEATA—&, FREIIC LT, BEEE L OFHER
RIA W3 ATHEME DS B 5. LIetioT, D7< &b A — REERCHM L HRIIF — % (RBIRICBT 5
Dhune) LUK DIRTIF — % (KBFRIZB 5 DY) 13 5 IEEEB O M E#TER L2 VR D, Bh 5
ST CRERINFAT A — ZEDHH HER 7 — MNOBRMEET S 3 21— 2 Y ICHIRS N2 1 R IRE
T3 LIETERY. FOBROMRIT — X BFHAREAES, 2=V /HF— 2y F LEAICT 2

MHTF—&ty U8RI 2 EEE L.

KABERTI ORI, REINT AT A= R F 2 — =¥ 7 FROEWEREMI TN 3. Figs. 475
5410 DTF XSS, u, vm, r OHEEEZ FATIERNS DD, F2—=> FEXNTRT A — K5
T3 LT pr, po, ¥ OHEHEEA LU, BROBISIC ~ R L CHAA DRI S b 1 HEEEE) <
FAD ST ORERE LW L7250k [100] BT 5 &, € OHEDIEDRIAL 725 - I, ¢ OEHEI
BUTAA TN T VR d o e L ER B 5. ABETIE, AT — RO € OIRRINCIZFHIEEOK
Bz, p DRI Eq. (4.5) 2l T RWA—HEFAT W20, £ DFRELY BWEBICED Rh o 7.

SCik [100] COMRERE R, € BATHIBROZYBRIGEIIFRI 7 — X 2FHT 2 2 LT, SI Ok
A BV TR L RE T OREERE L DR DD RT A — K F 2=y FHAREL 25 L B SR, ©
NS HOWRBETH 5. ST [106] IOR SN & 512, BHHER b L ICRIEHEE % i L 7- S eeE s 25
F— &% SLICH L7 bl b 71T 3.
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Fig. 4.9: Comparison of seven time series data of turning test (6 = —35 deg.) which is not utilized in

parameter tuning: real-scale ship trial D35, simulation by the MMG model with untuned parameters,

and simulation by the MMG model with tuned parameters (a, = 0.2 ~ 0.6).
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Fig. 4.10: Comparison of seven time series data of turning test (6 = +40 deg.) which is not utilized in
parameter tuning: real-scale ship trial D49, simulation by the MMG model with untuned parameters,

and simulation by the MMG model with tuned parameters (a, = 0.2 ~ 0.6).
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hll BRALIE D 72 8 D FaBIFR D EAREKE

5.1 A TER Y MR

Eqs. (3.6) & (3.7) CHMRENZ, Y27 ADAICHE N2 HIEEILS ik e LT, tanh BIRL [45,51,52,
57,61,114] 24 ZFRARE [115], arctan BA%EL [116] 2 X O#EAIZEF oM. 206 DBIEI R ETHSR
TH2ILIMA, BOhH 2T bIEREHIE L OMEED I,

AHFFEIE tanh BIBUC & 2 MEAHIBE O L 2 G O HIF S e 55, it o %

€
0 = M tanh i (5.1)
YREFETIZIEEEZD. T Tec RIEIFEHERTHS. L&D, Ve e RIZEAL T,
o] <M (5.2)

BREEE N, KXo THREADHIER Eq. (3.6) DMESRIEE N 5. KITEMEL — » OHIR Eq. (3.7) OAUEZ#
Z%. Eq. (5.1) OFE#TI, .
S _ 2 €y €
5—M(1 tanh M)M
0 \2Y.

() o
M? —§%
=

cEtEENS. EXEKAT 2227, Eq (3.7) 13,

M? — 52 M?R -
M2 ISl <R&[(] < s =: ((9) (5.4)

CEMTBHIEMTES. 22T, (= ¢ I3MERTHS. 1272 L Eq. (5.2) b R<(TH%. Eq. (54) 13,
AL — MR Eq. (3.7) 2 ¢ ORIIIABEMZ 5722 L 2RT. 65 Eq. (5.3) 12660 ¢ 75 Eq. (5.4)
EWET 5 &, BICHIR ORI Egs. (3.6) & (3.7) DIENRIEX N 5.

RENER L D LE TR E N 5 S HIEHES 1, Eq. (5.4) OUEEZ DGR LTSN T 5. 6 FEIR 3l
HREETlE, Eq. (5.4) DED7=DI2R 8% ((6) & L7z tanh BZ HEEM T 2. & 51 Lt ORE 2 RERIM
PTBHILT, ALEEL - OFIEOME 2 RIES 2 #BIR% strict-feedback > 27 42 L TEALL,
backstepping % [62] 12> THIEUEE2F G SN 5. 7 BIRTHIEEEE T, ERBEEE AWT Eq. (5.4)
Froe T 2 REEEAT 5. EMEROEAIC X > TRET 3, FlEED S BETINRVED D
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X, e fMBRICE VIEI A, AMOE X R WEETOBIGREDIERLZEENREND. 8 BITRTH
HEIETIX, Eq. (54) 2 TRMET 2 ( DNV Y FEHRE Y §% tanh BEZEAS 5. H#IA S0 tanh B4
BAHX N3 > 27 2023 L, Nussbaum BEE W THIEIES 2KET 5.

5.2 1%
B DINEDET AL LT, KD LI R IRXEDPHAWSENIGEND 3.
: 1
8(t) = 7= (Knde(t) = 6(t)) (5.5)
R

T 2T O(t) € RIFETMERA, Tr, Kr 0 ZEKTH 2. ZOFERMLOD LTI, § 13MEA § LIRIEA o
HIFT 5. o T, HIR Eq. (3.7) OWMEZ R T 27201213, #IEL— P 2HEMT2 55 Ty & Ky Off
RPHBT ANERDH L. LA LEMS, HlR Eq. (3.7) O2TO |6 < M IZOWTOMERFILT 5 Z 23T
W, ZT, Eq. (5.5) 2HiBIR e LTEMT2DA T, Eq. (3.6) OMEEHAET 2 22X TERL.
£ o T1IRFEEq. (5.5) I3HIEHE OHIF Bgs. (3.6) & (3.7) ZMEICET IR LTRFAHOTH 3.

AEERIERSOTTR T HIERIG T, 5.1 8ITR L2 ERME 2 BiC Lz e h 2 W O MRS & - T, HIIR Egs. (3.6)
v (3.7) B BT
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6 =

WEHRRES* B 1o 5 I HIEEER

i

ARETIE, strict-feedback 27 A ¥ L TOIRRZRDERIL L, TR T 2HH{ES OREI 2L T 5.
AEONFIIEHEZERL LICELDONTDDTHS.

6.1 1RTE
BEEBSICELTUTI2RETS 5.
Assumption 6.1. HEES ¢4 13 4 [E#77 ATRE.

HIR Egs. (3.6) ¥ (3.7) DX N 2 HMEES > 27 4 Eqgs. (3.1) & (3.2) 14 S #EMEEB 2B HE 4 HIZ
51213, Assumption 6. LIZMA BN ER SN L. ZDEMFIF6.3 HiOFRIZRL, Assumption 6.2% LTZE
cDb.

6.2 AR

KD FIEIE OMIFRTIE, B [57) IORE N FIEL FRIC, tanh B ARG - L— FHIBRD 2
NENOWED D12 2 Df Vb5, Eq. (5.1) %

d = M tanh(ksd) (6.1)

YLTs, Eq (5.2) BT 5. 77201, ks > 03FFA 285 X— &, 5 I3MBERTHS. Eq (6.1) D
RO I T O X 5 IR E XN S,

§ = M(1 — tanh?(ksd))kso

_ %M{l . (;;)2}3 62)

M2 _52;

=ks 7 0

;;’C“Fagﬁ M2_52

95(5) = ]{35 M
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FEEL, B =5 #HAT S, FRED, WML — FOBIE Eq (3.7) 13, Bq. (5.4) LA, DT
D € DEIRIN L EHEND.

M2 — §2 MR
ks KI<Re ¢ < O ) (6.4)
ZOHIN DT ZREE T 272912, Eq. (6.1) L ABIC, tanh BEREM LT O®RF 23 5.
MR ~
R, ke >0@TFHFA V8T A=K, EFHIERTH 2. FROFEHCED, VE€ RICHILT,
6] < R (6.6)

PRI, ko TEAEL — F OHIR Eq. (3.7) DMENSRIEENS. Egs. (6.2) & (65) &b, & ORRIMS
ELRO & 5 catE s h 3.

-4 { % } 5 tanh(ke) + % S Ltanh ()}
_ ké(ﬁ‘fi{;)rz .k;(;MQ]\; . ka(i\ﬁg Pe ké(]\%}E sy {1 — tanh? (ke&) e E
=25 o [ e ]k
-5 e [(ar ) e

_ 2k508% | kske(M? — 6%) MR 2 -
~ M T MR [{ka(M2—52)} _52]5 (6.7)

C - THERROEIEAS ¥ LCHIER n = £ R EAL, X5t FOMMEERT 5.

2

fe(5,) = 2%
kshe (M2 — 52 MR Y\ (6.8)

9e(0,€) = = g(MR : l{ ka(MQ—(SQ)} 521
MEXDY, HRRIIUTE RS, .

Y=r (6.9a)
7= fr(r) + b0 (6.9b)
0 = gs(6)¢ (6.9¢)
= fe(6,6) + 9¢(6,6)n (6.9d)

JRIER Eq. (6.9) TiZ, Egs. (6.1) ¥ (6.5) &b, |6| <M ¥ |§| < RPFFEENTED, £-TEq. (6.9)
CHES 6 &, EEDAS n T LTHEMA Lt L — F OFIR Bqgs. (3.6) ¥ (3.7) 2z d. %7, #IRR
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Eq. (6.9) X strict-feedback > 27 4 [62] *1 x> TWa. MAT, MURDBBILT 5.
95(0) #0
{9&(57 §)#0
MEDZens, HENSIEHIEAT n 2wz 2152 S iz strict-feedback > 27 4 Eq. (6.9)
ExizZ iz, ZOY AT LITH L TITERRNZ backstepping {EIZE-D W HIHIZRET D AIEETH %
e nh; B, RENC Z ORIERREE RS

(6.10)

6.3 HIHERE

J5R%R Eq. (6.9) ZXR e L7zBIERIERI oG 2R s, fliHlEEHIE AR backstepping EICEDWT
W5, AHITI, backstepping LD BRIV IERIEIES OG22 &, HIEIAT n=a,() OREHETEIZ
FLRT .

FILUTNOREZERZ ERT 5.

z1 =1 —q (6.11a)
Zo =T —oq (6.11Db)
zg 1= bd — az (6.11c)
z4 :=bgs€ — a3 (6.11d)

ZIZT, a; (1=1,2,3)13FNEdr, b, bgsé DEEEE LT TREIZNZEETH D, KEMMLT
1%, backstepping IO BRI RHIHZEHCHN 2 Zh s DES%, KEHIEES & WX AFIR T HIEZE
T, MEEZH Eq. (6.11) XA F 37 ZDFHTOEBLZENEHIEZL 35,
Step 1

Eq. (6.11a) ORHEMIZAT 72 5.

i =r—1q (6.12)
21 DEFEALDF=1Z, Lyapunov B
V)= %zf (6.13)
%#%%. Eq. (6.12) XD, Vi ORBEHSEINTO XS ICEEn 3.
Vi = 21 (r — ) (6.14)

Eq. (6.14) &0, r O EEHY LTUTB%ET 6N 5.

r=—Cz1— (_7/.)d) (6.15)

PR LSy AT 4.
&= f(z) + g(z)&1

&1 = fi(z, &) + g1(x, €1)€2
€ = fa(z,€1,62) + g2(z, €1, 62)E3

€om1 = foo1(@, &1, €hm1) F gr-1(2, &1, Eh—1)én

€= fru(@, &, &) + gr(x, &1, &)u
EELT ERY, & €ER (i = 1,-- k). 2TOREDF TS RTAHBANT 74V THD, & OF TS AT LD fi,g; B
z,€1, -, & DAIKTFT S (i=1,---,k).
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7L o1 >0 FTHFAVRIRA—KTHS. ZOXEE, r HIDEEL B4V, B
Vi=—c12? (6.16)

CARELRD, BEEH 2 PEEEINE Z e IZHESNTWE, BEXD, r OFFEES L LT, (KAEGIEE

7:?'0(1 % .
1 = —C121 — (—1/)(;1) (617)

CEETT A r ZEHBEICHIIRRERGIEA S TR WD, o OBREEUEOHIEKGT 2@ L TiTbhb.
Eq. (6.11b) #FHAWT r #HET 2 Z 2T, Egs. (6.12) & (6.14) 1ZFREZEI 20 # AV /U FORBALH X
ns.

21 = —C121 + 22 (618)

Vi = —clzf + 2129 (6.19)
Eq. (6.15) DR, TROLBEELE 20 ORENRD D, RDZT v FTRHREHIEE Sy 2EEIEN 5.

Step 2
Eq. (6.11b) ORI T 72 3.

o = c1(r —Pa) + fr + b6 —ta (6.20)
20 DEFEDTZIZ, Lyapunov B
Vo=V + %zg (6.21)

##2Z2%. Eq. (6.20) &b, Vo OREMDEUTO LS ICEEINS.
Vo = —c128 + 2120 + zo{ci(r — ) + fr + b8 — a} (6.22)
Eq. (6.14) XD, b5 O BEEEY LT FA%IF SN 5,
bd = —ca29 — 21 — {e1(r — ¢d) + fr— dd} (6.23)
72720 o >0 3FTHA VIR —RTHS. ZORFIL, b0 B DML L 25E Vy H

Vo = fclzf - 0223 (6.24)

ny

CREL Y, BEELE 2 BDRENESNB Z LISV TWS,. DIEXD, b 0OBEES L LT, RIEHIHE
FBay & . ;
g = —cozg — 21 — {c1(r —Ya) + fr —Ya} (6.25)
YERENT A, bSO WX EHBEICHIINRIEER I A ST TIE WD, as DBIEILIEOHIHERE 2B L TiThh 5.
Eq. (6.11¢) % FI\VT b8 #IEFT 3 Z 2T, Egs. (6.20) & (6.22) 3EHE258K 25 % IV 72 LUF O RIEAZH
nhs.
Z9 = —Co29 — 21 + 23 (626)

Vo = —c127 — co25 + 223 (6.27)

Eq. (6.23) DEN, TROBIRELL 25 DLENDTD, RORAT v FTRFEEFIENESas DRI 5.
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Step 3
Eq. (6.11c) DBRIMMNEAT L 12 5.

dfr

3= (crea + 1)(r — ) + (1 + c2)(fr+ b6 — '&d) + ?(fr + b0) 4 bgsé — g (6.28)

25 DEFELDT=IZ, Lyapunov B
1
Va:=Va+ 5232) (6.29)

2EZ 5. Bq. (6.20) XD, Vs OBBIMMNEMTO & 51038 ans.

y 2 2
Vi = —c12] — caz5 + 2223

dfr

+ 2’3{((}162 + 1)(7’ — wd) + ((31 + Cz)(fr + bd — wd) + g(fr + b5) + bgsé — wd} (6.30)

Eq. (6.30) £ D, bgsé DEMEEY LTUFAET SN2,
bgs€ = — c323 — 22

—~ {(0102 +1)(r —tha) + (e1 + c2) (fr + b5 — a) + dfr

dr
72720 e3> 0 3THFA Y RIRA—RTHS. ZOHZ, bgsé D Dfl%E & 258 Vs o

(fr+00)=da}  (631)

Vi = —c122 — cp22 — c322 (6.32)

CREL T, BEEE 2 BWEENEIND Z 8 IZESVT WS, BEED, bgsé DBEES L LT, KA
Tﬁﬂ%%ozg %3

3 — — C323 — 22

. . df,

- {(c1c2 +1)(r —ha) + (e + ) (fr + b6 — ) + d—i(fr +bo) — wd} (6.33)
YEET B, bys€ X E BNCHIIATAE R S AN TN, ag OBREILIEOEIEEE 258 L TITbh 3.
Eq. (6.11d) ZF\WT bgsé #HET 5 Z 2T, Egs. (6.28) ¥ (6.30) 1FFEAZH 24 Z VLU FORBEANE

faxhs.

23 = —C323 — 29 + 24 (6.34)

Vi = —c122 — cp2? — 322 4 2324 (6.35)

Eq. (6.31) DERK, TROBIRAELEL 2y DEENDTD, RDORT v FTREHMHAT o, BRETSNS.
Step 4
Eq. (6.11d) ORI T 72 5.

24 = (Cl —+ C3 + 016203)(1" — ’L/)d) + (01C2 + Ca2C3 + C3C1 —+ 2)(fr —+ b5 — d)d)

+ (a1 +ea+ CS){il]:,r (fr +00) + bgs€ — '(./J"d}
d2 A d A d . d
+ d—ré(fr +b0)% + di { d]; (fr +06) + bg&ﬁ} + b{%gaﬁz +9s(fe + 9577)} —%a  (6.36)

Step 1, 2, 3 L RO TN KD, HIEHAS 2 U FTHREFT 2.

1
oy = — C424 — 23
T bgsge (
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— {(cl + ¢35 + creacs)(r — ¢d)

+ (c1¢ + cacs + czer 4+ 2)(fr + b8 —ha) + (e1 + 2 + 03){ dfr

d2 f’r L 4f { dfr

(f +b8) + bgs€ — tia }

—(fr +06)% +

(fr+b6)+b95§} { d?gééz +95f§} —¢d]>

- 1
bgsge
—(2¢1 4 ca 4 ¢34 2¢4 + c1e9¢3 + cac1co + czeqcy + cacsey) (T — Pq)

— (c1¢2 + €103 + ¢104 + Cacs + Cacy + c3cq + 3)(fr + bO — 1q)

dr (fr + bd) + bgs& — wd}

o (4,
o

7L ey > 0RFHA LRI RA—2THS. Eq. (6.37) BRAT ST, Bq (6.36) ZATOL3 1225,

< — (e1¢2 + cgeq + cact + crcaczea + 1) (Y — q)

—(a +C2+C3+C4){

[ e

(00 + vase} +0{ s+ st} — ] ) 03)

24 = —C4Z4 — Z3 (638)

AEITIE, BERDRETORBLEET BIEL UGIEFRET 2R L. MERDOFRATORMEENL
FEET 370121, MBIROFKE Egs. (6.9¢) & (6.9d) i< k> THF SN 2% Egs. (5.2) & (6.6) Db &

T, BAELHD R 2 =0 (i = 1,2,3,4) 2= ERTRERSRV. COEEENTIORT. 2 =01
Eqs. (6.11b) ¥ (6.17) D 0=c121 +7 —tpg L EEHZ SN2, 22Tz =0 %2RAT 22T,

r—1q =0 (6.39)
215, MEZBIPFESRCHZ2 L E ERXDPBILTE2I B DH 5. 23 = 01F Egs. (6.11c) & (6.25) &b

0="0b+cozo+ 214+ c1(r —tpg) + fr — g LEEHZ BNS. TI T2 =2 =0% Eq. (6.39) 28A 52

e,
1

0= 5(% — fr(tha)) (6.40)
285, ERED, Bq (5.2) 0b LT 2 BEAICETE LB AL U283,

2 =013 Bgs. (6.9¢) ¥ (6.11d) kD d =as/b t E=Z 5h5b. ZZCTEq (6.33) kD, 2 =20 =23 =0
¢ Egs. (6.39) & (6.40) ZfKAF 5 Z kT,

. df,
5= 1 (L (o — ) (6.42)
218%. £EXX&X D, Eq (6.6) Db T 2y PRAICTFEAE LB 5 LTUTEES.
dfy
‘ ( / (ta)tha — 1/&1) (6.43)

Dkzgro, #lfR Egs. (3.6) & (3.7) ®d & THEELZH » DEAICTFET 2720 DHEES g DEMFL L
TUTEIRET 5.

Assumption 6.2. Egs. (6.41) & (6.43) D332 F 5.
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6.4 ZTE LR

Theorem 6.1. Assumption 6.126.2258373 % &3 5. it L fEL — MZHIR Egs. (3.6) & (3.7) A&
ZHERE A2 HMEES) > 2 7 A Egs. (3.1) & (3.2) #4154, MBI% Egs. (6.9¢) & (6.94) ZAH1L6.3 il
IRUTZETORIEEEPHME N HIHlREEZ L. 2O X 2 (i =1,2,3,4) 3FEATHRIERZE.

Proof. i8EZER 2 := (21, 22, 23,24) | & Lyapunov B
1
V(z) := §ZTZ >0, Vz#0 (6.44)

%2 %. Egs. (6.18), (6.26), (6.34), BLU (6.38) &V, 2z DX A FIZRELUT LS.

2=—-Cz+ Sz (6.45)
7272 LATAI C, S IZLL R TERE NS,
C := diag(cy, co, ¢3,¢4) (6.46)
0 1 0 0
S = _01 _01 (1) (1) (6.47)
0 0 -1 0
LD VIREMTIEUATO L S ICE RSN S,
V=2:"2
=2 (=Cz+ Sz) (6.48)
=—2'Cz<0, Vz#0
MEEXD, 2z DR TO MR EEIRENS [37]. O

6.5 HIEZRER
AREEO) LRI L 7 NG % S8 U AR e 73 06 B B2 = 8

6.5.1 /T

A TH 5 M. V. ESSO OSAKA BAih DIFIEISEE T V2R e L. #aline g € 7 v ot
TR AR T 5. e e EiEL — P ORFYARZENZN M =35 deg, R=20deg/s & L7z. M =35
deg 13X SOLAS &MU I1-1 25 29 5% [4) DED ZETH D, R = 20 deg/s 3 HEEAM ORI OINE» HED -
ETH%. MBREHEREIOTYA VG X—=Rld ks =ke =1, cir=co=c3=ca =1 L7%. BAL—7
F136.5.2 HITRTHERTIE Euler K12 X - T, 6.5.3 HlRTHER TIE Tl Euler-Maruyama %12 & - TH
EfEy U7, ERLomEE T, RMIEEX At = 0.01 s, #IEEIE (0) = 7(0) = 6(0) = £(0) =0 & L 7.

6.5.2 ZETHITE

TREHITENG 2 ZHHENCEA L. BEEEZ, BEEHAE Uy NELICER T 2EE L LTLURT
EFELT.

t—t an
¢ h) (6.49)

tanh

1
balt) = 5\Ifd(l + tanh
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Fig. 6.1: Time series of controlled system: Eq. (6.9). The control strategy proposed in this chapter
was applied to the course change. The target signal ¢4(t) was formulated as Eq. (6.49) with ¥y =
10, 20, 30, 40, 50, which is shown in different colors: blue, red, purple, orange, and green, respectively.
The limits of rudder manipulation was M = 35 deg and R = 20 deg/s (as shown by the pale green-colored

masks).

Z ZC tianh = 5 4+ 0.3Wy, diann = 2.5 +0.1504 TH 3. 500 HELEHAE ¥4 = 10,20,30,40,50 1B L
THIEERZIT o 7.

FRIBESEROMER T Fig. 6,11~ 3. Fig. 6.1& D, 2TO7r—2R ¥4 = 10,20,30,40,50 D7 —RT, §
BEU S OHIR Eqs. (3.6) & (3.7) 205 2 v, BEMEHMMAES v 2 ERICERE LR 2 L 25HET
x5.

6.5.3 S\EL T TOIREHIE

REHEEIEOEA EO DX MEERIET 5720, AR FTORSHIEIER L. BEE
Bt a(t) = 0 ¥ L. OMEERTE, IEEEFNL Bq. (3.2) 2F0O X 5 ICHERMAELAER T 5 Fn

PR L 7z,
dr(t) = (f,(r(t)) + bd(t))dt + odW(2) (6.50)

FRE, WEEFL Eq. (3.2) KIS A X2 LT Weiner SBEASAE 7B TH 5. 27 L o> 0 122K
NRIRX=RTH%. Lidkh, Wong-Zakai DEEEIINER . R 4 2FE T MEREZESLEOHNE, #
HRAZE R Y ORERRET 2. ZaAMEhizy 27 A~ IERGIHEIE 2 EH S 2 2 v T, fatfhibazy
DER EOBENZ MEZEDHNCHEET 2 Z L DFRETH 5. HER ) A XDNRFTRXA—XiFo=bM =0.835 &
BEINTz. ZHEEADHIR Eq. (3.6) Db & TP ¢ N5 X B 2RAKOFEICHEYT 5. Eq. (6.50) 1
Euler-Maruyama 52 & > TUU RO & 5 I8 EfRE 7 L 7-.

r(t+ At) =r(t) 4+ (fr(r) + 05(t)) At + o (W (t + At) — W(2)) (6.51)
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Fig. 6.2: Time series of controlled system: Egs. (3.1), (6.9¢), (6.9d), and (6.50). The control strategy
proposed in this chapter was applied to the course keeping under stochastic noise. The target signal was
¥4 (t) = 0. The limits of rudder manipulation was M = 35 deg and R = 20 deg/s (as shown by the pale
green-colored masks). The Blue-colored line show the time series of ¢, r, and § in the case that rudder

is not controlled (6 = 0) under the stochastic noise.

272U (W(t+ At) — W(t)) 1L DIER SR IHES .
N(0,At) = VAIN(0,1) (6.52)

FEREBEREOERZ Fig. 6.213777. Fig. 6. 20T, FUHER/ A XHEIIIE AUE 26l L 2w B
ROERINZRT. HER A XDOMbHoTWSZ e Fig. 6.20 r ODRFRYI K DHERTZ 5. eI L zn
Ba, ZOMER A XOFETHEITAME =02 6N 5. REIRSHIERIE 2 @A L7258, i
Bty — » OFlROFHA T, REHIENIHINL L Z LR TE 5.

6.6 EAEH

ARENTR U 7 Hil S S Rl R e B 2 AP Y I 7 -2 a YOIFEET 5. fiBI%R Egs. (6.9¢) &
(6.9d) ZzfHnL, 6.3 Enc:mLf:aanrO)ﬂ?lJ(ﬁHaﬁ%EUbD@‘é?@‘jbi IRAE 6, & HHIFR Bgs. (3.6) & (3.7) O
EISEEICEELRWRD AR TH 5. —HTEELHIE, Tho OREXRMEICD 2BELD GG, A%
BIRPBER DI L > THESTERVWEEDH 5 Z e 2R L. AFEITR L HIEEIE, BALr—TNox
EEOERMRHFIAEL V. B2, Eq (6.9¢) IKBWT, |0| % MISESI 3 € BANIAKET B 22T,
95(0) DIMFLOANEDL . ZOFER, ¢5(0) 2DEHTHD o) BHREL, BEHIEA—N—T70—F 3.
D &S 77HNE, KRELRTAMENRY, KIEAPTMRIEMINERGEICRET 5. ZOMEE, 791 ¥
RIRA—R ¢ (i =1,2,3,4) LT 52 L ThHEEEECT X 2, WANRBIEIEEIATORN
BIRFE I, BUESERR 1 TRL LD, oI T 2 BIEEES 2N T 2 Z L CTHIEBERN ZZER T 5 2
CHA[RETH 5.
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s — =z
I

=

AEMBIR T AU TCBEICHIEE RS

AETIE, BB EHWHIRLE D 7 D OMBIR DG L, ZAUTH S 2HlE 5 DG 2l s 5. &
BRI HIEEISE OBIFEIL, 6 FIR L MRk OCHIEREHCE NS, Ea X D REBFRE B2 WED
DEHTEER S 2R EOREDBRDVEIE L 7o 7. AEONEIZEFRL 3LSICELDLNTHDTHS.

7.1 RE

FRAADIRFEIE IR 4 ZIRATEL T 5 Z e BHIHNT WS, Egs. (3.3) & (3.4) 72 ¥ I3 fihE-0fE &R DS
—ETHZILERRELILETALTHD, ZhoOZ > THMICEEIENT 5. 7, MIEFED R
I — VT SRR AHARE AT 5720, T SIER L TEERENZLT 5 [19,78,117]. Zh
5DZEIX, IEEETLDARTI X —XOREEEL LTRBETE 3. £HTIE, IWEETFTLO—ED T X —
APARHTHZHEREDD &, RE T X — ZHEEEOFHAZ SIS HIER %517 5.

JIWEET IV Eq. (3.2) BT TR TCEs L5 5.

#(t) = 07 o(r(t)) + bd(t) (7.1)

T ZTOeR™ FEMBEBNZ bL, ¢:R—R™ IZBEKTH 2. 3.1 HTEILNEET VDA Egs. (3.3)
¥ (3.4) X Eq. (7.1) TREAEETH 2. DR TE O ZRA LT 5.
BACEBRABICBIL T, UTFE2RET 3.

Assumption 7.1. ¢, 7 1% Lo ZZERNCET 3.

A OERNEEBNCBE LTI A & Yaw L — MEFRIL W Z 225, Assumption 7.1EZ 4 TH 5.
7, BEGBIKEHLTUTZKRET 5.

Assumption 7.2. BIEEEYq 13 3 EMDATEET, Y, a, g, 13E 5.

7.2 fEEIFR
¢ Ol Eq. (5.4) DR D701, UTORELEAT 3.
¢ = sat(n, R) (7.2)

Egs. (5.2) & (7.2) &b, i
IC] < R < ((9) (7.3)
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DREIAREZN, & o THIEL — F O#IE Eq. (3.7) OMESRIESNS. Eq. (7.2) % Eq. (5.3) ~MEAT

5Z8T, §ODXAFIZRALLT,
M2_ 2

M2
Z213%. ZZTnidIETREI SN AHIANTH .
WE, KRR, ¢, r, 0 BIRE, n EANL LY AT AL LTUTFO XS Kitidsn s,
j=r
i =0"¢(r) + b6 (7.5)
6= f5(6,m)

5:

sat(n, R) (7.4)

7272 L2 2T,
2 52

Wsat(mR)
M2 — 52
M2
M? — §2
M2

THb. fs()&dde[-M M],npeRIZHL, |fs(6,1)] <R ZifirT.

Eq. (7.4) 145 6 &, EED AT n B L TEAEICE S 2% Egs. (3.6) & (3.7) iz, XkoT, il
FHNSIEHBAS n 10 hr R BEHEZDFRINRVTY AT 4 Eq. (7.5) "NEfaxh/l-Z v b. RENI
Eq. (7.5) Z05R e UGt 2= .

f5(67 77) =
n for |g|<R (7.6)

R for |n|>R

7.3 HIfEERE

AEITC/RTHIERGHE [41] 258 2 Uiz, [41] TiE, [29,38-40] x [Fkkic, fERIBIEUC X 2 ASTIRIEHIR ©
R L MBIRIT X 2 BRI IR D LB 2 8 U 72 B0 HIE 23R S Atz REOHIFEHEE T, Eq. (7.4) 12
XD, —OORIMBEIETHEA L e L — N BT OHIR D2 2 0REE L 7z BT, HEERFRICHTS 2 il i 2 3%
95,

DR OREIRICHES WA N, (i =1,2,3) 2 EAT 5.

A= —c A+ o
/.\2 = —CoAa + A3 (77)
As = —c3As + bAR
CITE>0(i=1,2,3) EFHA4 V8T A&, Ap EUFTHEES N2 BN EETH 2.
An = f5(d,m) —n (7.8)
FMHIEZ X;(0) =0 (i =1,2,3) e &GS 5. MBNER N, (FHIBIERGTHIC B W TP Ay 08 %
HET 21BN 2R, ZoFEE, ANREHIEORS NS X7 21205 20 L Oh ORlERGHTHRA X
HTWS [29,38-41). MAT, UTFOMELKE THT .
21 =9 —v%a— N\
Zy=7T— 01— tha — Ao (7.9)
23 =b0 — ay — 1hg — A3
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ZIZTap & ax LR CTREFENBFEREESTH 5.

BUTR Iz backstepping {EICED { IR HIEES OREH il 3 2. —D H OIS T O filEE 2R
L 726.3 #iTli%, backstepping i£12#-0 < FlEIERET OFIRD X SICFHMICEHAI LTV .
Step 1
ay ZUUR TGN 5.

a1 = —c1 (¢ — a) (7.10)
ZIT, FHAYARTA—RDEM ¢ > 1/2 3T 3. Egs. (3.1), (7.7), (1.9), BET (7.10) &b, 2 ®
R IR D & S ICETE S 5.
21 :r—¢d+cl)\1 — A2
=zota; +c1 N\

22 —c1(¥ — Ya) +
= —C121 + 22 (711)

Step 2
o EAFCRELT 3. | A
Qg = —02(7“ — Q] — wd) + dq — 9T¢

= —c1e2(th — ha) — (c1 + e2)(r —2ha) — 07

ZZTOHER™ IO DHEMBETHS. EHITHFA S RNTX—RDEM ¢, > 1 23T 5. Egs. (7.1), (7.7),
(7.9), BEU (7.12) & D, 2 OBHMAMIUTO &5 EtHEE NS,

(7.12)

2.2:9T¢+b5—d1—12}d+02)\2—>\3
=0T+ 23+ s — a1+ cado (7.13)

= —Co29 + z3 — éT¢

(
(
A

0:=0—0 (7.14)

IRTX—& 0 ODHEERZETH 5.
Step 3
zg DIFEMIE, IO XS ICEtEZIN 3.

23 =bfs — do — P + c3A3 — bAY
= b+ crca(r —pa) + (c1 +c2) (0T ¢ — 07+ b6 — q)

X ~dod A ~
+9T¢+9T£(9T¢—9T¢+b5) — q + c3A3 (7.15)
FROREHTIE, 0=0—0»BHVsh3. HIEAST 2L FCRET 2.

{ —c3(b8 — ag — ha) — crea(r —1ha) — (c1 + ¢2)(07 ¢ + b8 — q)

S =

T’:
A ATdQS ~
—0Th+ 0 5(0¢+b5)+¢d} (7.16)
ZITTFFA VNI RX—RDEM 5 > 3/4%MAS. MAT, HEEMO OEFAIZ LT TR T 2.

6= 1"[{22 + (c1 4+ ¢2)zs + zgéT%}d (7.17)
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ZZTTLeR™X™ X FHAL U NRITA=KTy; >0 (=1, ny) ZAARD T ERNATHTHE. ZD
EE AN B.

Z3 = —C323 — (C] + Cg)éT(ﬁ — ( d¢>9T¢ (718)

7.4 LTEERENT

Theorem 7.1. Assumption 7.1¥ 72036325 % &3 5. fitf L BEL — MICHIR Egs. (3.6) & (3.7) 5%
nrhBRS 5 HGEE) > X 7 4 Egs. (3.1) & (7.1) ZRRIC, MR Eq. (7.4) Z(JNL7.3 BillR L &G
DHIFEUEEDBHIMENBHIEREEZEZ . 7212 LTH A VT X—=&IF, ¢4 >1/2,c0>1,¢3>3/4, T4 >0
(i=1,---,mp) ZiiTF5. 2O, PAL-—TROBBRIETHEATHD, BIGRE ¢ — g LT T
PSS,

1Y = tallz,, <

) (7.19)

\F

ZIZTi=c1—1/2>0THhH, BV IILITTEREN S Lyapunov BTH 5.
V= Z z2—|— eT 9 (7.20)

Proof. Eqs. (7.11), (7.13), (7.17), BX U (7.18) kb, V ORERMMILITD & 5 1CFHili X 41 5.
V = zl(—clzl + 2:2) + 2’2(—622’2 + 23 — 9T¢)
~ ~—d ~ ~ *
+ 23{ —c3zs — (c1+¢2)0Tp— (Nﬁ)e%} L4719

1 1 1 1
< —e 28+ izf + 525 — co2s + 52’% + §z§ — C3Z§

+§T{F71§—22¢— (c1 4 co)zzpp — 23 (9Tj—f>¢} (7.21)

§=0v Eq. (7.17) b, RO I~Eq. (7.17) OELRRATS Z e 25 TE, Zor = FRE
V< =22 —chad —ch22 <0 (7.22)

LB, ZIZTh=c1—-1/2>0,chb:=ca—1>0,c4:=c3—1/2>07TH%. Lyapunov B DI
ﬁjﬂ( PWERETH S Z ZZP%. 21,20, 23,0; € Log (i = 1,--+ ,mp) 9D 5. T4k Assumption 7.1k D,

q. (7.17) TREtE N5 0 3HR. =510 Eq. (7.4) IZ9€5 0 3EFRTH D, 9,7 1& Assumption 7.1X D HH,
zpd,z/}d,z'/}d, q ¥ Assumption 7.2& D H5R. L E XD, Eq. (7.16) T&EitEh 2 n13AR. ZhEb Eq. (7.8)
TEHEND A iZER. Ay 0BT L [37] © Corollary 5.2 £ b, Eq. (7.7) RS A (i = 1,2,3) 13
BR s, UETHL-TROETOESOREMENRENS.

RITEBHGREDOFHEZ RS . Eq. (7.22) &,

1. 2 Ch o C3 o
SV 2+ Tat (7.23)
G G S

o, TRXDLINOFHEAESNS.

T
|mmﬁzﬁz%t
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T c
Co 3 2
/ + 22+ 223 )t
0 S 1

T
< /
0
L,
< — 7.24
0’1 (7.24)
INED, 2 D Log /LA D XS IFHIiE NS,
V(0
1Y = a = Mllz,e < (, ) (7.25)
1
iz, Lyapunov BEEL:
3
1 2
Vy = ; S (7.26)
REAL N (1=1,2,3) OREWZINT 5. V3 13U TD X5 1C5Hlizh 3.
V,\ = /\1(—01/\1 + )\2) + /\2(—62/\2 + )\3) + )\3(—63/\3 + bA’I])
3
< =N = b — (e — )N+ (bA)?
< A2 + (bAn)? (7.27)
ZIT, b>0,cb>0,c3—3/4>0TH5. Zhkb
2 1 ) 2
A< S {-Va+ (bAn)) (7.28)
1
PRSI, 2T AN D Lo /AVLETDO XS ICFHIix N 3.
T 1 .
2, < / =T+ a2t
O
<VA< ) + 02| Anl1Z,,) (7.29)

H\‘

THIEOBE: A(0) =0 (i = 1,2,3) RBE 25 &, Egs. (7.25) & (7.29) & D BHABEDFM L LT R4S
Bohs.

1 = all o < (VV(0) + [bll|An]|z..) (7.30)

\/E
L ET Theorem 7.105FFRH & 7=, O

75 HYEZEER

ARED EFITR L7 HEHEIE D, AL L 5 X — X EAHIEICEE S 2 n N2 MEZRREES 570, HiE
EBREEM L 7.
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*| o qowen by LT )
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01(0)
¢ eoge :'. m. te o ®
—0.002 0.000 0.002 -0.2
03(0)

Fig. 7.1: Categorical scatterplots of elements of initial values of 0 sampled from A(6,Y).

751 HTE

7511 HE

AT H 5 M. V. ESSO OSAKA BRUR D IERVISEE T V205 e L. #EadfineivE €70 o
A8 AR T. AL — PORSMERZZNZN M = 35 deg, R=20deg/s & L7z. M =35 deg
13 SOLAS S I1-1 55 29 5% [4] DED ZMETH D, R = 20 deg/s IIMEAM DRI DILE D S ED 2
BCHB. FHA VT X—&IE, RFEBCED, ¢ = 0.5001, ¢a = 1.00001, 5 = 0.7501, Ty, = 0.01,
Ty = 0.01, Tag = 0.01, Tyy = 0.01 ¥ HE L7

6.5 BiDEER 2 L FEkIC, Eq. (7.1) (HEE ) 4 ML TOS X7 L2305 L.

dr(t) = (07 ¢(r(t)) + bS(t))dt + odW (t) (7.31)

22T W(t) 1% Weiner i#f2, 0 > 01387 X=X TH 3. KEITiX o =15x1072,3.0x 1073 D 2 DDEAF
TOMEERT. BEEBRTIZ, Egs. (3.1), (74), BLU (7.31) »25% 3HL— SR ZHEMIE At = 0.01 s
@ Euler-Maruyama 7512 & > TEU{ERES L/,

7.5.1.2 FIHAME

BiGEFIRE O WA 4 (0) =r(0) =6(0) =0 & L7z,

28T X — RHEEME 0 OFIHHEE, AR THIGERIE O MEIC B R o BIEERTIE, BRI N(0,D)
25 100 [HD 0 FIEE Y > I L, 2hEnEEA LEHfOY I 2L —va v BEH L. 22TOIR>
27 5 Eq. (7.31) D85 X — XRQEET, HOBATHIZLL FTRET L.

¥ = diag(X11, Y22, Y33, Laa)

7.32
= diag(0.001,0.03,0.001, 0.03) (7:32)

YT O HRMEDO DT % Fig. 711057 3. Fig. 7105803 0 ORBEZEOEEE £,
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Fig. 7.2: Comparison of time series of 1) of the heading change of 5 deg subject to stochastic disturbance
with ¢ = 1.5 x 1073, The results of 100 trials with different 9(0) are shown. The red-colored dotted line

represents the target signal.

752 #R

7521 5EZH

0 FIEMED R 42 100 ITD 5 EES (Ya(t) =5) DI al—>a VERY LT, ¢ ORRIZ
Figs. 722 7.31C"9. %7z, Fig. 721N d 3 HlofIfEES ORHRY% Fig. 7412773, Figs. 7.2%
BTATED, HRN A XOFEZZ I RN, IEMLBEL — bORilIREZN2 2 e k£t 20K
REEDPER SN Z DR T E 2.

7.52.2 20 EZELt

0 WIMED R 24 100 BRITFD 20 FELES (Ya(t) = 20) DI 2l —> a UERL LT, ¢ OEERY%
Fig. 7.5127/73. Fig. 7.5TlE, ¥ BEDIE LA —N"—2 2 — b L, BEESDOEREHRIENRE L I-ETFIRE
nTwas. HIEES n ORWBOIKEL LD, ZOMR A D Lo /VLAPERKLIZ2IZED, Eq. (7.30) 23
R EDICEBMERENHR LI EZ oM 5. HlHBIAROBIGREND 2BERE VWL, BREITRRT 2%
THEA LI An D Log /NVLBKEL RS, 22T, FHIREE (0) = 0 55 BIEZSHANE O PICER T
HEEBSORE2EA L. BEEMHA XL, UTOBEEE2HTT 5.

wd0:=&{%+-%mmh(-iiﬁfﬁ)} (7.33)

7272 U tranh = 3+ 0.59, diann == 2+ 0.15¢ TH 3. FXROBEEELEHLIBED, 0 WHHEORL
£100 RITD 20 EESH DY I 2L —>a VEERY LT, ¢ OFRYI%F Fig. 7.610773. Fig. 7.6&k b, HiEZ
HHANELPICERT 2EEEEREATZILICLD, 0 DL TOMMIHEICE LT 20 £ ZEHIEDER
SN DR TE S, SHICAEOHIEAN, EEES2EET 2 2, BESHAZANT S
TEHHIHZZR T 2 D DNOHEEPHFEIND. ZORICOWTIXT.6 BiTFRT 5.
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Fig. 7.3: Time series of ¥ of the course change of 5 deg subject to stochastic disturbance with o =
3.0 x 1073, The results of 100 trials with different 9(0) are shown. The red-colored dotted line represents
the target signal.

7.52.3 90 EZEEt

Eq. (7.33) O BFEEEREA LB E0, 0 HIEDO R 24 100 170 90 ELZH D> I 2L —> a U
R LT, ¢ DRERIIZ Fig. 7.6127~3. Fig. 7.6Xk D, 90 EOZEHIEICOWTS, 2FTTHRIILI-Z L
DHERTE 3.

76 RE

Eq. (7.33) ® X 5  HIEEBOBEOEAIX, RAfFEORKNZENICKT 5. Fig. 7.61%, BEEFEE L
L, HIHBAGERFDBIEFRE  — g DREZI R T2 Z2I12& D, RELEEZHADEATYH, RED
BRI I X D ZB#HEIENCRII L2 e 2R L TWS. COE»S, HIEAl SR T 2 B8MEHEER /N
{$2zZvT, ZetHlEOME A ET 2 LN 2. RBEEERY 5T, I X—XFHELZE DD
BETADPMLTIE R -o72bDD, DITO XS BIERIMELNTWS. BIEREDERLRIERE 7 1 — BN
v ZIE: —cre/ /e + B2 (e: B, ¢ > 0, B > 0) ZHEAT 2 2 v T, HELAMA 10 ~ 90 EREEA
NUEHBETHESHIMCAII Lz, ZOER%E Fig. 7.710R Y. AEOHIMHEIEIC LEEOER 7 4 — F Ny
JEREAAZ2ITE D, RO BEERMICTT 2 ZHEIHEES 0L L CEET 2 # G E1EHIEAFE
BaIhsrifFENns.
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<
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t [s]

Fig. 7.4: Time series of controlled system of a trial of the course change control of 5 deg with a given
initial value of §. The limits of rudder manipulation was M = 35 deg and R = 20 deg/s (as shown by

the pale green-colored masks).

180
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= 0
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<
~180 n —
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Fig. 7.5: Time series of 1 of the heading change of 20 deg subject to stochastic disturbance with
o = 1.5 x 1072, The results of 100 trials with different é(O) are shown. The red-colored dotted line

represents the target signal.
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Fig. 7.6: Time series of 1 of the heading change of 20 deg and 90 deg subject to stochastic disturbance
with o = 1.5 x 1072, The results of 100 trials with different é(O) are shown. The red-colored dotted lines
represent the target signals which were designed by Eq. (7.33) with ¢ = 20 and ¢ = 90.
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()
=
0 =
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Fig. 7.7: Results of numerical experiments implemented in the literature [72], where tracking control

law for the course change control with constraints on rudder manipulation was proposed. Nine scenarios

are depicted with differently colored lines. Nine dotted lines in the left figure represent the target signal

q(t) for each scenario, which was not shaped like Eq. (7.33). In the lower right figure, the dotted and

solid lines represent the time series of r and 7, respectively.
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=

Nussbaum BE2% % A U\ 7ol 1 Esy B

AETE, HIRLIED 70D S MR DKETE, AU S % Nussbaum BI @ H L 7= Hllf#E 5 D
Wt R 5. TREIORLEFECRIE - L— MR 7 4 L X L HiBERZEM T 2 FEOFT, NR 7
L DIRFEDH T DFUE 72 L TEIERE D H M2 R HIEHRFHIR 22 o T, AETIE, Nussbaum
BIRuC & 2 ANRIEHIR DM [51,52] ZIGH L, AL — MHIROIME N 2355 DIEREHZE DA 54 2 (RAL
T A HIEHEIE 2R, AEONFRIEHERL ACELDO6NTZbDTH 5.

8.1 1k&E
AR ORIN R E X, IWETETNMCE L TUT2RET 5.

Assumption 8.1. flfR Egs. (3.6) & (3.7) 3@ a2 &, JEEFET N Eq. (3.2) IS r iZBELT
df. d*fr
o T R

Assumption 8.11%, “MEA LML — MR ERL L &, RAEHRMKD 2 2D Yaw L — MBI T 2 KEFHEIEFR
I LR W EEWHEZ 2 2823 T 5. Z DFIRIGIHEAEABRNC & 2 M RTRIAEN OFHRIFE R, 4
IEMOEENE 7L & —BL [81,118], ZHTH 5.

EEEBICELTUI2RETS 5.

Assumption 8.2. EIE(EEq 1& 4 FIMHTIEET, ¥, ¥, Ya, Ya, Pa 136 5.

8.2 fENA
¢ DfilF Eq. (5.4) OFED=HI1Z, LUFORREZEAT 3.
¢ = Rtanh% (8.1)
Eq. (5.2) & Eq. (8.1) &b -
¢l < R <¢(0) (8.2)

DRIHFFEE N, &> THAEL — F OFIR Eq. (3.7) OMEMSHIEE NS, ZOr & 513,

2

d=R(1- W) tanh B gs(0,m) (8.3)
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e 5.
2Ot ZHIEXTRIE Egs. (3.1) & (3.2) ICHiBhREMZ 12LIT e 2 5.

b
= fo(r) + b6 (8.4)
5: 95(67 T’)

Lk b, fHlESRIEHIE AT n 12072 218 %2 RS R WIRIRR Eq. (84) "NE#fis v iz
D, Eq. (8.4) 12> 6 1ZfitB e BfitL — F DOHFIR Egs. (3.6) ¥ (3.7) 2MET 2 Z e BEiEE N 5. T/
Eq. (8.4) OFHIEIATI OERDIESCHR [51] THRE SN AT LADZENLFAETHD, Ko TZIOXHETIHE
KENTz, Eo X O RELTREFLVIEDHIERETOREZ L ORI 2 EHAIRE L 5. MR
Eq. (8.3) 1%, 6 ZITRLAFERH [57) WRENLFHELEED, Yol b REATREBRLZRVEDS
BEB8ER0D, 6 BB XS REEIIBITIZY I 77—y a vy by, MATHEIR Eq. (8.3)
&, 72 Hi LRI sat(-) EELD DL B ERD, WHHNTH 5.
RENTHEGRTR Eq. (8.4) 205 ¥ LMl 2R3

8.3 mifHERE

AL ELI N TERT 5.

21 =19 — P
zZ9 =T — Q1
Z3 = bo — (6%) (85)
za = gs5(6,n) — a3
ZIZTa; (1=1,2,3) ZLNTHREF N2 RIEFIEEETH 5.
o] = —C121 + ZLd (86)
ay = —cozo — 21 — fr + 1 (8.7)
1 .
3 = g(—63Z3 — 2o + 042) (88)

;i >001=1,23)ZTH A RFRX=XTH%. LFELDXS%, backstepping iEIZE 1T 2 RAEFHIEES D
FroEx6.3 ficFE R I TWwa. i\, Xk [bl] RS hi-Fihr ARICEKE T 5. UTROmMBIREE

s s.
n=—cn+0 (8.9)

ZIZTe> 0 THA VNG R=KTH5. FEHAT 0 2L THETT 3.

0= N(x)d (8.10)
5 995 .
0= —C4qR4 — bZd — %95 + Cﬂ§ + a3 (811)

ZIZTe>0E7H AT X=KRTH5. Eq. (8.10) D N(x) & Nussbaum B (Definition 2.1) T, A&
FETEIAUANZHFMA L. )
7r
N(x) = x*cos (?X) (8.12)
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ZZTT>0ETHAVRIXA=KTHS. MPER x DXA F I 7 REUTFOHKGFT LT 5.
X = 1024 (8.13)

ZIZTy > 0@ THA T X—=2TH5. Eq. (8.11) D L FMUTTERIN, Eq. (5.2) DRWEED i<

ML O<ELL ERRET
dgs 52 4

o (- W) {exp(%) +exp(—%)}2

Nussbaum BIEE, GIERECE 7RICE 2 8 R S HIHAINERETIREY 32 Z 225, HIEMRED R iEEME
BHOY T AEAR L L MISHIERI O TG 5T X7 [26,27,29,53 55]. AFHIE, Xk [51,52]
ESRL, ¥YrXbhRKRELTRE D 722 WIEOHIEGRE ¢ DD 72912 Nussbaum FEE Fv 3

£:=

(8.14)

8.4 ZTEEREAR

Theorem 8.1. Assumption 8.1¢ 82033 T % & F 5. fIEA L #fitL — MICHIR Egs. (3.6) & (3.7) 2%
NZNFR SN EHOER) > 2 7 4 Egs. (3.1) & (3.2) 25T, % Egs. (8.3), (8.9), BXU (8.13) Zff
L83 HillT /R L -Gt OfIENE S A HII E M 2 HIEHRICE FN 22 TOESE, EELZEDRTHAT
»H5.

Proof. FREEHORFEMTIIUAT 12 5.

21 = —C121 + 22 (815)
22 = —C9Z29 — 21 + 23 (816)
23 = —cC323 — 22 + bzy (817)
. 0 .
= 39; g5 +E(—en+0) — as (8.18)
UToMEzEZ 5. .y
1
- 1
V= ; 2z (8.19)

Eqgs. (8.15) 225 (8.18) &b, V ORREIMPIZAT O & S5 1CFHlix 5.
V = zl(—clzl + 2’2) + 22(_0222 —2z1+ 2’3)

dgs .
+23(70323722+b24)+24{ g5+§( C77+9)*O‘3}

04
2 2 2 9gs

= —c12] — o275 — c325 +bzzzy + (EN(x) — 1)0z4 + 24 (9 + %g(; —cné — ag)

1 4
= —(EN() - DX = D ez

Tx i=1

1

< —kV+ —(EN(x) - 1)x (8.20)

Tx

7ol k= 2minie{1,,‘. 4} C;. (8 20) iz 7kt %%L ﬂ%’?’% Z Z’C“L)ﬂ:%??%é

kt
L yerty <
Tx

T (EN(x) = D)x (8.21)
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EX2EST 5T,
t kTt
Vet V) + [ SEENG0 - Diar (8.22)
0o VTx e
@ﬁ‘vgxqmekt+,h:[:@N()X x)eF dr (8.23)
#18%. Eq. (8.23) ¥ Lemma 214D, V ¥ x 3ERTH 2. VOHFELD, 2 (i=1,--- ,4) 3ERTH
5. %57, % 89" EnEERTHS (T8 8.A). ik 2 (i=1,---,4) OEFHIE, £72 Assumption 8.1¢ 8.2k
D,Eq@ln THRIHENS 0 IERTH . ;oqu@im;bamﬁﬁf@b,:mtEq@Q);b
NEERe TP E. ULT, ALV—-TRCEEN2E2TOEEOERMENRIN. O

8.5 HEZEER

REITIE, REITR LRI X 2 s ABIERIHoBUEd 2 =5, NROIEET /WL, fah (F
5t A) OIBEET L (Eq. (34)) &Lz THAYRIRX=KIE, ¢1 =01, c0=10", cs=cy =c =1,
T =4, v, =1078 7n(0) = x(0) =0 & L7z. Eq. (8.10) OHIHIANTHRE L LTRSS N(x) DIRIEZ
X B L THEBANC R T 5729, Eq. (8.13) IT1E5 x DRSS L 725 K5, v Z TS (&
EST5ZrT, HlAESOF >y rpEExn sz RSN, AL - FORFETZN
M =35 deg, R=20deg/s & L7/z. M =35 deg & SOLAS 54V 11-1 55 29 5% [4] DED HMETH D,
R =20 deg/s 3G ORI DICEDR STED/ETH 5.

Egs. (3.1), (3.2), (8.3), (8.9), B XU (8.13) ~8.3 ffiic/R L 2% at OHIHS B A EIM X 2L — 7
R REENE At = 1072 s D 4 XD Runge-Kutta JE TV, ZEHHIE (Ya(t) = 10) & HIHR O BHEHIH
(1a(t) = 10sin Z2t) DFER% Figs. 8.128.21/7F. Figs. 8.128.2% 1, Zftr difEM DM > T U + IR
LT, ittty — + oflRZH2 LoD, BIEEAENHNAANC Y aAHR S 2 Z el TE 2

T8% 8.A BRM

q. (8.11) KEN 3 EE50EREEZRT.
%6m Eq. (5.2) &b, UTRITRTED HEREIRENS.

|695\—-| Afgétanh—g|
2R R (8.24)
- M
né DEFRMEEZRT.
inel = 1n 2|
n
52 n
= 1- —)——

|( M2)COSh2( /R)| (8-25)

~

52 n

=|R(1- M”&E?TS

h =1
| where 7 7
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Outputs [deg Tracking error: z; [deg]
10 0
5 / -5 /
0 —— A -10
0 20 40 60 80 100 0 20 40 60 80 100
Rudder angle: ¢ [deg] Steering rate: ) [deg/s]
35 20

0 20 40 60 80 100 0 20 40 60 80 100
Yaw rate: r [deg/s] n
Oﬁf\ 4
0.4
RN :
0.0 0
0 20 40 60 80 100 0 20 40 60 80 100
X Control:
0.00
10
—0.05 0
-10
—-0.10
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t [s] t[s]

Fig. 8.1: Time series of controlled system: Egs. (3.1), (3.2), (8.3), (8.9), and (8.13). tq(t) = 10 deg. The
limits of rudder manipulation: M = 35 deg and R = 20 deg/s (as shown by the green-colored masks).
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Fig. 8.2: Time series of controlled system: Eqgs. (3.1), (3.2), (8.3), (8.9), and (8.13). tq(t) = 10sin 2%t
deg. The limits of rudder manipulation: M = 35 deg and R = 20 deg/s (as shown by the green-colored

masks).



58

RV =

RotE
UNVTIAY

ARETUE, R EHE L TROBEL DN,

9.1 AP DEIE

RIS TIEMEA LRI L — MICHIBRZ & DA D IETARNEER) > 2 7 2 20 R e Lz, BIEMETAAD
BOEHIENS 2 3 DR L7z, /2, HIHERET 2 OBEEICHEREREER T 7L DT X — XFEEFIEDO—
DY LT, EXr—i MMG EFLDY RTF AREFEEZRLE.

3ETIX, RN T - /- HEHEEME L ER L. RAFEOGIENROISEEF VI, FY 7 MED
JEARTE, HIEREDSER Y Lz, fitfs - Bt 2 — P, ZhZhBEEDORIMENTFET 2dD L L.

4FETIE, BEXT =MD MMG EFLDRTIRX—ZDF 2 — =V FFERR L. ZOFER, WIKH
oW FAEAERER, CFD 72 YICHD SRE XN A A Z 7 — U MMG 85 X — &% FE2 7 — Uit
EEFRRI T — 22 HEA L SIORHATTF 2 —=2 73350 TH o7, #EF KT 7O MMG
EFMGHEA SN, EHOEFOHEICKERFELEX 2 12D X=X ERNRICF 2 —= > ZhfThbhr.
TR = RRREF LB TEML 72 F 2 — =V ZOFER, TRXTOHEITBENT, FEETEOHEEREE IR
LT, Fa—=V7Hih o DUENMERI NI,

5 FETIX, KREAFITR LT 3 D DOHIHEIE S TORM Y 2 2 MBIROEIT 2R L. fEAOHIKERIE, A
SCoOWE 52 TH S tanh BIEEZEH L2 REUC X DI Nz, S OICZORBOFRBMOIEEZ 2
T, BftL — L OFIROMEICHELREEPEE SN, 6 E) o8 BOHIEEKIE T, ZhEhoFETE
USRI L, fEA - HiEL —  ORIRIE & (RAE T 2 MiBhR G S 0.

6 ETIX, e A0IAOBIGERE Y FARCTIREZE T 2HIHEEE R L. L — F OfilRO D /-
DITHT721C tanh BB EA L, fEM - BitL — F OHIROWIRD - OfiIR %, #LRFED strict-feedback
SRAFAHETD EIFEE L. HRFRICH LT backstepping I3 2 HIMAIZ &AL, LUE O HIfE#EES O
b L TOME SN ABREEZEDF S TORBZEEZ R L. BEfle L CEHEHIHO Y I 21— a V%17
o7z, FRAE T TOREHHIEOREREBR 2TV, FIFEEEOER EOm AN MEZR L. 72721 Z O
g, ¥r X RELRTRERFZRVIEDHIEHRKTORELEA, WML ET 2 BIEEE I 2180
HIECIR T FRERIC A — =7 0 —F 35805 2 2\ 5 FREHTE - 7=

7TETIX, 6 ZEOHIHEED D OMEOREEK Y L, ¥ o kb KkER FREFH 2 VEOHIEGRETO
BREZLEY LZWFEREERLZ. #iEL — Ol EMBEEE v U xhz. fERIEREEICER
T EMEHIE AT OAREZEROFEL, i kMEEBOMIREEA T ICE> TUELL., £ AT



9.2 fRZTHMEENS O L 59

LT A= ARHOMEFREL L, TOWEMEMAAL Z & TS backstepping SlfHIAI % &5 L7z, il
MRer LT, 2ESOFEIEICIA, SIEANAREREL T D /v 212 K 2BIERRED /2 v L OFHfiZ R L 7.
BIEEBRTIX, BEEEOEELINETIEIHZ2DDD, WRN ) 4 X35 X —X{EERVIIAEICE L Tr N
A MZ, Bic O BEEHA T 2EHEIENFEETH 2 Z L AVRE NIz, 1272 L 2 OFIEEES T, B
ZOEFRMEIRT2DIEINRS 27 L DREOEFMEZINE T 2 DELDH 5.

8 BETI&, Nussbaum BIEE @A L /- HIHERIE 2 R LU 72, 7 ECEEL — MR OMIEIC /2D 1ICEA L7288
FIBIEE WG & 2272 tanh BIEUICE &2 2, MEMA - #EL — MR OIE 2 REET % 72 OB R 234G L 72
FLIRFRITH LT Nussbaum BIBUC & o TANIRIEHIR 2 U 3 2 FEXZ AL, o XD RERTREZRZ
IO IEDOHIERECE AW 3 2 IR Z 35T L. C OFIEEIE OMREL LT, MR R T LDREBOFE ML
WET 7L, BEGREEZEDHL—TROETOREENER L5 BR U2, BUEH & U TEEHH]
H e ghR O BIERIEH 2 ML, it - #iEL — F OFlRZHE LoD, BIGAEI LAY aIIERs 2 2
R L7z,

9.2 1REFHEHERLD L

AAEALER TR Uz 3 D OIS &, HIHEm - e L — + Ol 2% 8 L 7B WEHIERAITH o 7253, &
NORRD XS REENTES. LTI TIEEARORMLD-0DI1Z, 6 FEh 58 FIT/R L Mg Z zh2h
HfEERS 1, 2, 3 2 FiR T 5.

IETEMERE DB CIEHIEENE 3 235 A Vo877 FHIRZWVWEE R 5. HIfEHENE 1-3 OB, tanh BEECE
R UMM DRE Eq. (5.1) & Z ORI XD, fEAOHlRZ0HE S 2 fMRPREAIRETH 2 L VWHE
ZFIR L T o T2, HIEEEE 11X, T FARIC tanh BIECE A L-RBUIC K D, #EitL — F OFIRDEE
% BIREET % Strict-feedback > A7 ADEFT T E 2 RAMLTH 5. HHELE 1 13EMFRE DR AT DL
EREHFILET 20D, YuXhKERTEEZDZRVEDHIEGRKTOREEZEL s, EHITBWT
BEDVRML S 3 LW FEDIE -T2, ThoHIEGRET ORE 2 HE L LR WHIHEDE 2 DR OEME & 72
o7z, RS 2 1%, [29,38-44,46] © X S ICHIR 7 4 L2 L WERMBIREHASDE CEHA L, ZEMMNT
WBWTERIEREE R LS 2 2 & T, HIHEES 1 O EEICIEE 2 b DD, BIEGEREDE T % (REE
5. 7272 LllEENS 2 T, MoHIR7 4+ v & e fiE/MBIRZHAE DY 5 FEL Rk, BIREGAEDH R
PEDLRFED 72 DITIREED B F M2 RE L 72 1T UT72 53, HIlEERIEE FEDIRIEICER T 2 2 I35 Vv,
NG 313, [51,52) 10T 7 Nussbaum BIEIC & ¥ 0 & DA X2 FIRE b 72 7 W IE OB O M
ZISHT 22T, 20 &5 7lEGFRETOBRESLIKREDH FEORE 2 FHWSIZ, BIEERE D T % LR3E
THEDG, HIFEHE 1, 2 OREERMLFETHLEER 5.

FEDEBHW R ZEEOB AL 51X, FIHEEE 2 2 3 28D 5h 5. HIHEE 1 0FEETIE, ava—&
TOMPIROBIENRED I — =70 —F 25505 5. HIEHEKE 2 2 3 OBEERTIX, &F—"—T8o—
WIHERR X e o Tz, IR 3 1CRIL T, 85 HICE Lz & 512, FIEEESDOF v 2 ¥ 7 OEEICHET
BFYA T X = ROBENPERINT NS,

9.3 SROFBLEE

AREE(LER TR L 7 IS X 2 L 2 AU HBORMD D 5 .
7 EORIMAEES X, 7.6 BICEALZED, 74— PNy JHOKEFTOLRICIDESOREZHEL LA



60 BIOE KIS

WIEFLEERIEAN O R B I NS,

8 FHDMIHENG X, AJIHRIE - L — PHRIBOMIICHEHR L BEANRENC EEoTHED, IWEET VDS
5 X — A S 1TRE 2 BIOHEIER, AELICHTT 2 B2 MR EAOFHBEORMEBLTWS. 77, 8
IR L7 ARG « L — MHIBR OB DAONE tanh BIECE B W7 fiB%R £ Nussbaum BAEIC L 2€Rm XD
KERTREFZZVIEOHIEFREEUETH D, ZNO—ROIERE S R T 2 NODREBDERINHETDH
5.



61

1] FHPPIREZ. AGERL Y 2y = 7 F MEGURI2040(FF 50 H: BENEMAM O EMAICHEIT 2B D HHA).
HARMIAMEE T 22258, Vol. 18, No. 1, pp. 3-6, 2022.

[2] Thor I. Fossen. Handbook of Marine Craft Hydrodynamics and Motion Control. John Wiley and
Sons, 4 2011.

[3] Zhixiang Liu, Youmin Zhang, Xiang Yu, and Chi Yuan. Unmanned surface vehicles: An overview
of developments and challenges. Annual Reviews in Control, Vol. 41, pp. 71-93, 1 2016.

[4] International Maritime Organization. International Convention for the Safety of Life at Sea (SO-
LAS), 1974, as amended. https://www.imorules.com/SOLAS.html, 1974. Adopted 1 November
1974, entered into force 25 May 1980. Consolidated edition as amended.

[5] Karl Johan Astrom and Lars Rundqwist. Integrator windup and how to avoid it. In Proceedings
of the American Control Conference, pp. 1693-1698, 1989.

[6] Dimitrios Pylorof and Efstathios Bakolas. Nonlinear control under polytopic input constraints with
application to the attitude control problem. Proceedings of the American Control Conference, Vol.
2015-July, pp. 4555—4560, 7 2015.

[7] S. Tarbouriech and M. Turner. Anti-windup design: An overview of some recent advances and
open problems. IET Control Theory and Applications, Vol. 3, pp. 1-19, 2009.

[8] John C. Doyle, Roy S. Smith, and Dale F. Enns. Control of plants with input saturation nonlin-
earities. In American Control Conference, 1987.

[9] Holger Duda. Flight control system design considering rate saturation. Aerospace Science and
Technology, Vol. 2, No. 4, pp. 265-275, 1998.

[10] Jie Yuan, Yang Quan Chen, and Shumin Fei. Analysis of Actuator Rate Limit Effects on First-
Order Plus Time-Delay Systems under Fractional-Order Proportional-Integral Control. IFAC-
PapersOnLine, Vol. 51, No. 4, pp. 37-42, 2018.

[11] Kensaku Nomoto, T Taguchi, Keinosuke Honda, and Susumu Hirano. On the steering qualities of
ships. International Shipbuilding Progress, Vol. 4, No. 35, pp. 354-370, 1957.

[12] Ching Yaw Tzeng. Internal model control approach to the design of yaw-rate-control ship-steering
autopilot. IEEE Journal of Oceanic Engineering, Vol. 24, pp. 507-513, 10 1999.

[13] Nils H. Norrbin. On the Design and Analysis of the Zig-Zag Test on Base of Quasi-Linear Frequency
Response, 1963.

[14] N. Minorsky. Directional Stability of Automatically Steered Bodies. Journal of the American
Society for Naval Engineers, Vol. 34, No. 2, pp. 280-309, 1922.


https://www.imorules.com/SOLAS.html

62

ZE R

[15]

[30]

[31]

[32]

Leonard I. Schiff and Marvin Gimprich. Automatic Steering of Ships by Proportional Control.
Transactions of the Society Naval Architects and Marine Engineers, Vol. 57, pp. 94-124, 1949.
AL AROREHE & it DR RN T SRR, Vol. 1952, No. 91, pp. 25-33, 1952.

P. N. Paraskevopoulos, K. G. Arvanitis, and A. A. Vernardos. Adaptive lq optimal autopilots for
tankers based on two-point multirate controllers. Progress in system and robot analysis and control
design, pp. 147-158, 10 1999.

J van Amerongen and A. J. Udink Ten Cate. Model reference adaptive autopilots for ships.
Automatica, Vol. 11, pp. 441-449, 1975.

C. G. Killstrom, K. J. Astrém, N. E. Thorell, J. Eriksson, and L. Sten. Adaptive autopilots for
tankers. Automatica, Vol. 15, pp. 241-254, 5 1979.

J. van Amerongen. Adaptive Steering of Ships -A model-reference approach to improved manoeu-
vring and economical course keeping-. PhD thesis, Delft University of Technology, 1982.

J. van Amerongen, H. R. van Nauta Lemke, and J. C.T. van der Veen. An autopilot for ships
designed with fuzzy sets. IFAC Proceedings Volumes, Vol. 10, pp. 479-487, 1 1977.

AFIER] T2 NERM, KRS, 7 7 O 4 §lfA — b osA vy b OFGHE EMMER-I. HAUBY 250
X, Vol. 82, pp. 13-24, 3 1990.

D. C. Donha, D. S. Desanj, M. R. Katebi, and M. J. Grimble. & o0 adaptive controllers for
auto-pilot applications. International Journal of Adaptive Control and Signal Processing, Vol. 12,
pp. 623-648, 1998.

Euan W. McGookin, David J. Murray-Smith, Yun Li, and Thor I. Fossen. Ship steering control
system optimisation using genetic algorithms. Control Engineering Practice, Vol. 8, No. 4, pp.
429-443, 2000.

G. N. Roberts, R. Sutton, A. Zirilli, and A. Tiano. Intelligent ship autopilotsi & a historical
perspective. Mechatronics, Vol. 13, pp. 1091-1103, 12 2003.

Jialu Du and Chen Guo. Nonlinear adaptive ship course tracking control based on backstepping
and nussbaum gain. Proceedings of the American Control Conference, Vol. 4, pp. 3845-3850, 2004.
Jialu Du, Chen Guo, Shuanghe Yu, and Yongsheng Zhao. Adaptive autopilot design of time-varying
uncertain ships with completely unknown control coefficient. IEEE Journal of Oceanic Engineering,
Vol. 32, pp. 346-352, 2007.

Jialu Du, Xin Hu, Miroslav Krsti¢, and Yuqing Sun. Robust dynamic positioning of ships with
disturbances under input saturation. Automatica, Vol. 73, pp. 207-214, 2016.

Jialu Du, Xin Hu, and Yuqging Sun. Adaptive robust nonlinear control design for course tracking of
ships subject to external disturbances and input saturation. IEEE Transactions on Systems, Man,
and Cybernetics: Systems, Vol. 50, pp. 193-202, 2017.

Mayuresh V. Kothare, Peter J. Campo, Manfred Morari, and Carl N. Nett. A unified framework
for the study of anti-windup designs. Automatica, Vol. 30, No. 12, pp. 1869-1883, 1994.

Fulvio Forni, Sergio Galeani, and Luca Zaccarian. Model recovery anti-windup for continuous-time
rate and magnitude saturated linear plants. Automatica, Vol. 48, pp. 1502-1513, 8 2012.

Maryam Sadeghi Reineh, Solmaz S. Kia, and Faryar Jabbari. Anti-windup designs for systems with
amplitude and rate bounded actuators. IFAC-PapersOnLine, Vol. 50, pp. 11509-11514, 7 2017.



63

[33]

[34]

[39]

[43]

[44]

(48]

Thanh H. Nguyen and Faryar Jabbari. Output feedback controllers for disturbance attenuation
with actuator amplitude and rate saturation. Automatica, Vol. 36, pp. 1339-1346, 2000.

Bjorn Olav H. Eriksen, Morten Breivik, Kristin Y. Pettersen, and Martin S. Wiig. A modified
dynamic window algorithm for horizontal collision avoidance for auvs. 2016 IEEE Conference on
Control Applications, CCA 2016, pp. 499-506, 10 2016.

Mikkel Eske Ngrgaard Sgrensen, Morten Breivik, and Bjgrn Olav H. Eriksen. A ship heading and
speed control concept inherently satisfying actuator constraints. 1st Annual IEEE Conference on
Control Technology and Applications, CCTA 2017, Vol. 2017-Janua, pp. 323-330, 2017.

Huabei Gou, Xiao Guo, Wenjie Lou, Jiajun Ou, and Jiace Yuan. Path following control for
underactuated airships with magnitude and rate saturation. Sensors (Switzerland), Vol. 20, pp.
1-18, 2020.

Hassan K. Khalil. Nonlinear Systems. Prentice Hall, 3rd edition, 2002.

Jay Farrell, Marios Polycarpou, and Manu Sharma. Adaptive backstepping with magnitude, rate,
and bandwidth constraints: Aircraft longitude control. Proceedings of the American Control Con-
ference, Vol. 5, pp. 3898-3904, 2003.

Jay Farrell, Marios Polycarpou, and Manu Sharma. On-line approximation based control of uncer-
tain nonlinear systems with magnitude, rate and bandwidth constraints on the states and actuators.
Proceedings of the American Control Conference, Vol. 3, pp. 2557-2562, 2004.

Jay Farrell, Manu Sharma, and Marios Polycarpou. Backstepping based flight control with adaptive
function approximation. Journal of Guidance Control, and Dynamics, Vol. 28, , 2005.

Jing Zhou and Changyun Wen. Robust Adaptive Control of Uncertain Nonlinear Systems in the
Presence of Input Saturation. TFAC Proceedings Volumes, Vol. 39, No. 1, pp. 149-154, 2006.
Ruyi Yuan, Jiangiang Yi, Wensheng Yu, and Guoliang Fan. Adaptive controller design for uncertain
nonlinear systems with input magnitude and rate limitations. Proceedings of the American Control
Conference, pp. 3536-3541, 2011.

Mou Chen, Shuzhi Sam Ge, and Beibei Ren. Adaptive tracking control of uncertain mimo nonlinear
systems with input constraints. Automatica, Vol. 47, pp. 452—-465, 2011.

Guogqing Xia, Huiyong Wu, and Xingchao Shao. Adaptive filtering backstepping for ships steering
control without velocity measurements and with input constraints. Mathematical Problems in
Engineering, Vol. 2014, p. 218585, 1 2014.

Qiang Zhang and Cui Wang. Robust adaptive backstepping control for a class of constrained non-
affine nonlinear systems via self-organizing hermite-polynomial-based neural network disturbance
observer. Advances in Mechanical Engineering, Vol. 9, pp. 1-12, 2017.

Junbao Wei, Haiyan Li, Ming Guo, Jing Li, and Huang Huang. Backstepping control based on
constrained command filter for hypersonic flight vehicles with aoa and actuator constraints. Inter-
national Journal of Aerospace Engineering, Vol. 2021, p. 8620873, 1 2021.

Jian Li, Jialu Du, and Xin Hu. Robust adaptive prescribed performance control for dynamic
positioning of ships under unknown disturbances and input constraints. Ocean Engineering, Vol.
206, p. 107254, 6 2020.

Yougiang Huang, Defeng Wu, Zibin Yin, and Zhi Ming Yuan. Design of ude-based dynamic surface



64

ZE R

[60]

[61]

[62]

[63]

[64]

control for dynamic positioning of vessels with complex disturbances and input constraints. Ocean
Engineering, Vol. 220, p. 108487, 1 2021.

An Min Zou, Anton H.J. de Ruiter, and Krishna Dev Kumar. Comments on “adaptive tracking
control of uncertain mimo nonlinear systems with input constraints”. Automatica, Vol. 100, pp.
417-418, 2 2019.

Joseph E. Gaudio, Anuradha M. Annaswamy, Michael A. Bolender, and Eugene Lavretsky. Adap-
tive Flight Control in the Presence of Limits on Magnitude and Rate. IEEE Access, Vol. 10, pp.
65685—65702, 2022.

Changyun Wen, Jing Zhou, Zhitao Liu, and Hongye Su. Robust adaptive control of uncertain
nonlinear systems in the presence of input saturation and external disturbance. IEEFE Transactions
on Automatic Control, Vol. 56, pp. 1672-1678, 2011.

Mou Chen, Yanlong Zhou, and William W. Guo. Robust tracking control for uncertain mimo
nonlinear systems with input saturation using rwnndo. Neurocomputing, Vol. 144, pp. 436-447,
2014.

Xudong Ye and Jingping Jiang. Adaptive nonlinear design without a priori knowledge of control
directions. IEEE Transactions on Automatic Control, Vol. 43, pp. 1617-1621, 1998.

Shuzhi Sam Ge and J. Wang. Robust adaptive stabilization for time varying uncertain nonlinear
systems with unknown control coefficients. In Proceedings of the 41th IEEE Conference on Decision
and Control. IEEE, 2002.

Zhiyong Chen. Nussbaum functions in adaptive control with time-varying unknown control coeffi-
cients. Automatica, Vol. 102, pp. 72-79, 4 2019.

Siyi Wang, Yabing Gao, Jianxing Liu, and Ligang Wu. Saturated sliding mode control with limited
magnitude and rate. IET Control Theory and Applications, Vol. 12, No. 8, pp. 1075-1085, 2018.
Lijun Wang, Qiuyue Shi, Jinkun Liu, and Dan Zhang. Backstepping control of flexible joint
manipulator based on hyperbolic tangent function with control input and rate constraints. Asian
Journal of Control, Vol. 22, pp. 1268-1279, 5 2020.

Alberto Bemporad. Reference governor for constrained nonlinear systems. IFEFE Transactions on
Automatic Control, Vol. 43, pp. 415-419, 1998.

Anna Witkowska, Mirostaw Tomera, and Roman Smierzchalski. A backstepping approach to ship
course control. International Journal of Applied Mathematics and Computer Science, Vol. 17, No. 1,
pp. 73-85, 2007.

Kouichi Shouji, Kohei Ohtsu, and Sumitoshi Mizoguchi. An Automatic Berthing Study by Optimal
Control Techniques. IFAC Proceedings Volumes, Vol. 25, No. 3, pp. 185-194, 1992.

Karl D. von Ellenrieder. Dynamic surface control of trajectory tracking marine vehicles with
actuator magnitude and rate limits. Automatica, Vol. 105, pp. 433442, 7 2019.

Miroslav Krstié¢, Ioannis Kanellakopoulos, and Petar V. Kokotovic. Nonlinear and Adaptive Control
Design. Wiley, 1995.

Nazli E. Kahveci and Petros A. Ioannou. Adaptive steering control for uncertain ship dynamics
and stability analysis. Automatica, Vol. 49, pp. 685—697, 2013.

Muhammad Ejaz and Mou Chen. Sliding mode control design of a ship steering autopilot with



65

[67]

[68]

[80]

[81]

[82]

input saturation. International Journal of Advanced Robotic Systems, Vol. 14, pp. 1-13, 2017.
Mikkel Eske Ngrgaard Serensen, Morten Breivik, and Roger Skjetne. Comparing combinations of
linear and nonlinear feedback terms for ship motion control. IEEE Access, Vol. 8, pp. 193813—
193826, 2020.

Morten Breivik, Jann Peter Strand, and Thor I Fossen. Guided dynamic positioning for fully
actuated marine surface vessels. In Proceedings of 7th IFAC Conference of Maneuvering Control,
pp. 1-6, 2006.

Remco I. Leine and Henk Nijmeijer. Dynamics and Bifurcations of Non-Smooth Mechanical Sys-
tems. Springer, 2004.

Rin Suyama, Satoshi Satoh, and Atsuo Maki. Nonlinear steering control law under input magnitude
and rate constraints with exponential convergence. Journal of Marine Science and Technology 202/,
Vol. 29, pp. 812-825, 8 2024.

Rin Suyama, Rintaro Matsushita, Ryo Kakuta, Kouki Wakita, and Atsuo Maki. Parameter fine-
tuning method for mmg model using real-scale ship data. Ocean Engineering, Vol. 298, p. 117323,
4 2024.

Rin Suyama, Satoshi Satoh, and Atsuo Maki. Adaptive steering control law for nonlinear maneu-
vering models with input magnitude and rate limits. Journal of Marine Science and Technology,
1 2026.

Rin Suyama, Satoshi Satoh, and Atsuo Maki. Smooth control law for nonlinear maneuvering system
under constraints on input magnitude and rate. (To be submitted), 2025.

B, RIS, . e A Y — MICHIRZ b IR INE €T L 2 MR & L 2@ ALETNE
HlE Al ok, HARAAMEE LY Rl R, 2024

Kensaku Nomoto, Kenshi Taguchi, Keinosuke Honda, and Susumu Hirano. On the steering qualities
of ships. International Shipbuilding Progress, Vol. 4, pp. 354-370, 1957.

Kenneth S. M. Davidson and Leonard I. Schiff. Turning and course-keeping qualities, 1946.

Seizo Motora. On the measurement of added mass and added moment of inertia for ship motions.
Journal of Zosen Kiokai, Vol. 1959, No. 105, pp. 83-92, 1959.

S. Inoue, M. Hirano, and K. Kijima. Hydrodynamic derivatives on ship manoeuvring. International
Shipbuilding Progress, Vol. 28, pp. 112-125, 1 1981.

TCRM=. MR ZEMICHLTC. S g &R, Vol. 77, pp. 69-90, 1955.

M. A. Abkowitz. Ship hydrodynamics - steering and manoeuvrability. Technical report, Hydro-
and Aerodynamics Laboratory, 1964.

K. J. Astrom and C. G. Kallstrém. Identification of ship steering dynamics. Automatica, Vol. 12,
pp. 9-22, 1 1976.

A Ogawa and H Kasai. On the mathematical model of manoeuvring motion of ships. International
Shipbuilding Progress, Vol. 25, pp. 306-319, 1978.

H Yasukawa and Y Yoshimura. Introduction of mmg standard method for ship maneuvering
predictions. Journal of Marine Science and Technology, Vol. 20, pp. 37-52, 2015.

Yoshiki Miyauchi, Youhei Akimoto, and Atsuo Maki. Development of a mathematical model for

harbor maneuvers to realize modeling automation. Journal of Marine Science and Technology,



66

ZE R

[91]

[92]

[96]

[97]

Vol. 29, pp. 975-999, 12 2024.

Qi Dong, Ning Wang, Jialin Song, Lizhu Hao, Shaoman Liu, Bing Han, and Kai Qu. Math-data
integrated prediction model for ship maneuvering motion. Ocean Engineering, Vol. 285, p. 115255,
10 2023.

L. Moreira and C. Guedes Soares. Dynamic model of manoeuvrability using recursive neural
networks. Ocean Engineering, Vol. 30, pp. 1669-1697, 9 2003.

G. Rajesh and S. K. Bhattacharyya. System identification for nonlinear maneuvering of large
tankers using artificial neural network. Applied Ocean Research, Vol. 30, pp. 256—-263, 10 2008.
Xin Guang Zhang and Zao Jian Zou. Black-box modeling of ship manoeuvring motion based on
feed-forward neural network with chebyshev orthogonal basis function. Journal of Marine Science
and Technology, Vol. 18, pp. 42-49, 3 2013.

Dmitry A. Oskin, Alexander A. Dyda, and Vasily E. Markin. Neural network identification of
marine ship dynamics. IFAC Proceedings Volumes, Vol. 46, pp. 191-196, 1 2013.

Weilin Luo and Zhicheng Zhang. Modeling of ship maneuvering motion using neural networks.
Journal of Marine Science and Application, Vol. 15, pp. 426-432, 12 2016.

Joohyun Woo, Jongyoung Park, Chanwoo Yu, and Nakwan Kim. Dynamic model identification
of unmanned surface vehicles using deep learning network. Applied Ocean Research, Vol. 78, pp.
123-133, 9 2018.

Hong Wei He, Zi Hao Wang, Zao Jian Zou, and Yi Liu. Nonparametric modeling of ship maneu-
vering motion based on self-designed fully connected neural network. Ocean Engineering, Vol. 251,
p- 111113, 5 2022.

Kouki Wakita, Atsuo Maki, Naoya Umeda, Yoshiki Miyauchi, Tohga Shimoji, Dimas M Rachman,
and Youhei Akimoto. On neural network identification for low-speed ship maneuvering model.
Journal of Marine Science and Technology, Vol. 27, pp. 772-785, 2022.

Zongkai Wang, Jinsoo Kim, and Namkyun Im. Non-parameterized ship maneuvering model of
deep neural networks based on real voyage data-driven. Ocean Engineering, Vol. 284, p. 115162, 9
2023.

W. L. Luo and Z.J. Zou. Parametric ldentification of ship maneuvering models by using support
vector machines. Journal of Ship Research, Vol. 53, pp. 19-30, 2009.

Wilmer Ariza Ramirez, Zhi Quan Leong, Hung Nguyen, and Shantha Gamini Jayasinghe. Non-
parametric dynamic system identification of ships using multi-output gaussian processes. Ocean
Engineering, Vol. 166, pp. 26-36, 10 2018.

Yifan Xue, Yanjun Liu, Chen Ji, Gang Xue, and Shuting Huang. System identification of ship
dynamic model based on gaussian process regression with input noise. Ocean Engineering, Vol.
216, p. 107862, 11 2020.

Ronghui Li, Tieshan Li, Renxiang Bu, Qinling Zheng, and C. L.Philip Chen. Active disturbance
rejection with sliding mode control based course and path following for underactuated ships. Math-
ematical Problems in Engineering, Vol. 2013, , 2013.

Yuemin Zheng, Jin Tao, Qinglin Sun, Hao Sun, Zenggiang Chen, Mingwei Sun, and Guangming

Xie. Soft actorad critic based active disturbance rejection path following control for unmanned



67

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

surface vessel under wind and wave disturbances. Ocean Engineering, Vol. 247, p. 110631, 3 2022.
Atsuo Maki, Naoki Sakamoto, Youhei Akimoto, Hiroyuki Nishikawa, and Naoya Umeda. Appli-
cation of optimal control theory based on the evolution strategy (cma-es) to automatic berthing.
Journal of Marine Science and Technology, Vol. 25, pp. 221-233, 2020.

Yoshiki Miyauchi, Ryohei Sawada, Youhei Akimoto, Naoya Umeda, and Atsuo Maki. Optimization
on planning of trajectory and control of autonomous berthing and unberthing for the realistic port
geometry. Ocean Engineering, Vol. 245, p. 110390, 2022.

Rin Suyama, Yoshiki Miyauchi, and Atsuo Maki. Ship trajectory planning method for reproducing
human operation at ports. Ocean Engineering, Vol. 266, p. 112763, 2022.

Chenliang Zhang, Xiaojian Liu, Decheng Wan, and Jinbao Wang. Experimental and numeri-
cal investigations of advancing speed effects on hydrodynamic derivatives in mmg model, part i:
Xvv,yv,nv. Ocean Engineering, Vol. 179, pp. 67-75, 5 2019.

Nobuaki Sakamoto, Kunihide Ohashi, Motoki Araki, Ken ichi Kume, and Hiroshi Kobayashi.
Identification of kvlcc2 manoeuvring parameters for a modular-type mathematical model by rans
method with an overset approach. Ocean Engineering, Vol. 188, p. 106257, 9 2019.

BHARGIRIER, B EBSES, H)11052%, LYUJASIE. Ffin OFEEMEReHEE Bl 2 T, HARfREE LR
FWSLEE, Vol. 3, pp. 157-165, 2006.

Serge Sutulo and C. Guedes Soares. An algorithm for offline identification of ship manoeuvring
mathematical models from free-running tests. Ocean Engineering, Vol. 79, pp. 10-25, 2014.
Martin A Abkowitz. Measurement of hydrodynamic characteristics from ship maneuvering trials by
system identification. Transactions of Society of Naval Architects and Marine Engineers, Vol. 88,
pp. 283-318, 1980.

Hyeon Kyu Yoon and Key Pyo Rhee. Identification of hydrodynamic coefficients in ship maneu-
vering equations of motion by estimation-before-modeling technique. Ocean Engineering, Vol. 30,
pp. 2379-2404, 2003.

Motoki Araki, Hamid Sadat-Hosseini, Yugo Sanada, Kenji Tanimoto, Naoya Umeda, and Frederick
Stern. Estimating maneuvering coefficients using system identification methods with experimental,
system-based, and cfd free-running trial data. Ocean Engineering, Vol. 51, pp. 63-84, 2012.

Serge Sutulo and C. Guedes Soares. Application of an offline identification algorithm for adjusting
parameters of a modular manoeuvring mathematical model. Ocean FEngineering, Vol. 279, p.
114328, 7 2023.

Yoshiki Miyauchi, Atsuo Maki, Naoya Umeda, Dimas M Rachman, and Youhei Akimoto. System
parameter exploration of ship maneuvering model for automatic docking / berthing using cma-es.
Journal of Marine Science and Technology, Vol. 27, p. 10654 1083, 2022.

Daewon Kim. Estimation of hydrodynamic coefficients from results of real ship sea trials. Polish
Maritime Research, Vol. 25, pp. 65-72, 2018.

Yao Meng, Xiufeng Zhang, and Jinxin Zhu. Parameter identification of ship motion mathemat-
ical model based on full-scale trial data. International Journal of Naval Architecture and Ocean
Engineering, Vol. 14, p. 100437, 2022.

R. Okuda, H. Yasukawa, T. Yamashita, and A. Matsuda. Maneuvering simulations at large drift



68

ZE R

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

angles of a ship with a flapped rudder. Applied Ocean Research, Vol. 135, p. 103567, 6 2023.
Katsuro Kijima, Toshiyuki Katsuno, Yasuaki Nakiri, and Yoshitaka Furukawa. On the manoeu-
vring performance of a ship with the parameter of loading condition. Journal of the Society of
Nawval Architects of Japan, Vol. 1990, pp. 141-148, 1990.

Zewei Zheng, Yanting Huang, Lihua Xie, and Bing Zhu. Adaptive trajectory tracking control of a
fully actuated surface vessel with asymmetrically constrained input and output. IEEE Transactions
on Control Systems Technology, Vol. 26, pp. 1851-1859, 2017.

Jianjun Ma, Shuzhi Sam Ge, Zhigiang Zheng, and Dewen Hu. Adaptive nn control of a class of
nonlinear systems with asymmetric saturation actuators. IFEE Transactions on Neural Networks
and Learning Systems, Vol. 26, pp. 1532-1538, 7 2015.

Zongyu Zuo, Xinyu Li, Boda Ning, and Qing Long Han. Global finite-time stabilization of first-
order systems with bounded controls. IFEE Transactions on Circuits and Systems II: Express
Briefs, Vol. 70, pp. 2440-2444, 7 2023.

N H Norrbin. Theory and observation on the use of a mathematical model for ship maneuvering
in deep and coni— ned waters. Proc. of the 8th Symposium on Naval Hydrodynamics, Vol. 2, pp.
807-904, 1970.

Takuya Taniguchi and Atsuo Maki. A proposal of the maneuvering motion model for low-speed
operations in harbor. Ocean Engineering, Vol. 330, p. 121172, 6 2025.

Nikolaus Hansen. The CMA Evolution Strategy: A Comparing Review. In Towards a New Evolu-
tionary Computation, pp. 75—102. Springer Berlin Heidelberg, jun 2007.

Nikolaus Hansen and Anne Auger. Principled design of continuous stochastic search: From theory
to practice. In Principles of System Identification, pp. 145-180. Springer, 2014.

AT, Evolution strategies 12 & % i t—cma-es ORRETFE & BERAEME. & 27 2 /fil
1l /1E#, Vol. 60, pp. 292-297, 2016.

Naoki Sakamoto and Youhei Akimoto. Modified box constraint handling for the covariance matrix
adaptation evolution strategy. In Genetic and evolutionary computation conference, pp. 183-184.
Association for Computing Machinery (ACM), 7 2017.

Anne Auger and Nikolaus Hansen. A restart cma evolution strategy with increasing population
size. In 2005 IEEE Congress on Evolutionary Computation, Vol. 2, pp. 1769-1776. IEEE, 2005.



69

iR A

Haifin

6 EhH8 BT, MUTNOMEARDIERIRIEET > 2 7 22 MR Lz, AR M. V. ESSO OSAKA
DEFNAYT =R (2K 3.0 m, 80.50 m, B2K 0.20 m, H7kE 0.24 m® (Fig. A.1)) & L7z. #Eiho
IEEIGEET NV (Eq. (3.4)) DT X —&iF, #adfho B HfERABR R Z#EA Lz 87 X —X[EFEICED,
K=021, T=88, ng=ny=0, ny =041, ny =0.23 L RAEXN.

=g L S - e R

Fig. A.1: The subject ship: model-scale ship of M.V. ESSO OSAKA.
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