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A Study on the Optimization of Ship Maneuvering
by Optimal Control Theory (3rd Report)

by Kouichi Shouji, Member Kohei Ohtsu, Member

Summary

In the previous reports"®, the method for solving nonlinear optimal control problems of ship
maneuvering motions is discussed and the optimal solutions for operating the control devices, such as
rudder, CPP and side thruster, are given by them. In this paper, the above method is applied to obtain
optimal control references for the feedback control systems. As the closed loop system is driven by the
control references, the control reference is regarded as a control input for the closed loop dynamics,

Therefore the optimizing technique presented in the provious reports can be applicable. Usually the
control references are given by the step function. By using optimal control references instead of the step
function, the motion controlled by the feedback system is improved, As the presented method overrides
the previous controller, we call it OCS (Override Control System).

Using a small training ship, some numerical simulations are carried out. Then some applications of
OCS are shown for the dynamic positioning system controlled by the linear quadratic regulator (LQR).
According to the results, the LQR can not be applicable for the nonlinear motion. However, by using
the OCS it can be applicable even in the nonlinear region.

1. ##

B, BIED T3, RESEAEE L2 ISR 0 Rk
EBE TR, BT 2 JHAA SR HHEO &
b, B X CRBEFIEAA ST %KD 3 72 0 O Befifiis %57 L
2o TUTHIREL U TIBH RN L M2 E 2, —h
5 Z AR » L CREL, e TER v F
a7 (CPP), MiEREA 5 25 DBEHEERD I, & 17,
EFHSLT B0 2 B0 EHMEICER T 2 X 5 HED
EREEITRL, FHERRERT TORERMRaE £
BB LS U, B0z, BEULHMSESEZROH
B 27 DI HEET R B2 ORES E 2 h 5kt
TOMRERL, EEERIC X - CARIEFE R L 218

i

Y SRR E T () BT SR
AR R L

FiRsE FERS54ET7TH9IA
WFEBES B CHlE Y5411 A9, 108

e BEMEIZ DV CERE R RESEL 72,

AR E CICRLAFEERAVS Z Lok b, BEsEmm
REDIRE L U CHIBIA N OBERTIZA A B 6 N5 . T b b,
RSB CHETHEEANZHN LA F ABOT
b, WODRRTEDEE £V I BET T RE e e
FEERBDEMB ZEHNTES, LEno>T, BFE
BROBEOBMSTEER, L 0REOROIBRAEIZ DL
B2 ORI 21T 120Dy -V LTEMR FETH S &
W23, LL, EROHECER T2z 2E2 2 ¢,
BTRITR UL & 5 CRERCRE > TR CPP R YD 7
Z2F axr—8 2HfY 5 LESD Y, EMERCHGTY
B ERBRICT 7 F 22— % BEICHIET 2 2k pa]
L BAEERE, — BT LD s SR 5
EY B —7, WHFEERCRLOEEBEY LIk, SEx
BEME AT ARELTWE, £7:, —RIGIT S BT
BA— b f oy VREOHEREBIEHFINA TV, B
EWTR, hooBEOHBHRMEY X7 AEFIFT2 2
ExEXD, Tiabb, fERRAT v 7RI T > TR
EDBMRIETEZ TOrHMBES, Wi CioRL -

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

340 BASEMFERE B4 8

BOEHIEINE O ZIEHT 2 2 L TRELL, BEkd
HEHEEE52 2 2 L TRERMEFERT 2 AEE2RT. W
DIEBFORIE> 2 7 2 %R L CEESIE % REHRT 2 >
AT LTHD, XTIk Zn% OCS(Override Control
System) LIFR, OCS i, HHRZ &L Y A7 22k 2 H
xR EeE 2, GEHBEOS 2 ArEANEELZE 2 L
T, AR E TIOR L MEICRE a5, 0CS DE 2 Hid,
e ORIy 2 7 LU CGERaN S, Z2TE, 1
i r U CEEIREL ¥ 2L —2 (LQR: Linear Quadratic
Regulator) i2 & > TERRR R T2 VAT L2EZ, A

BREFL T 23R8 S WO BRI ~BEIL, WUEARRE

%4 3 AR DT, EROHIBEE & OCS # i
VEIalb—yarEEICk > THERL, FELLERPH
&Hi2,

2. LQRD¥EHE

OCS mi#ERZ, MEDOHIEY X 7 ADEENFIRE
5, 2 TR ET, [WESHLI 2 HIENSR L U T, Ao CPP
EMERA I A 2RO CEMARFZ S 54 Y 2 7 4
LOQRICE > THEEL, T 2HEOHEY 2 F 44
b, KFX T, LQR Y A F A2 DWW T OERSEHTIE
%<, OCS »EREi 2 A7 4D 1 LT LQR &~
AT LEEZBZDT, KETIH, v¥alr—30EEMEC
B9 B3 L WEERIE T, B3I LQR gz >» T
~3B,

2.1 BERREHTES

LQREH %@ 2 72, Fig. 1 I0RTEER LA

T, BECEH AR 2 Wl TR AL LR EEZe sk
T, TOLEBREULORKEY R AREERRADL ST
EET S,

T
X
Ug Ty
Fa
G Bow thruster
4 Vs
Ts
Thrust=f(6p) S'iern thruster

w

O Y

Fig.1 Co-ordinate systems

Us=Va=¥a=0 (1)

X=Y=¢=0 (2)
T 2T, Ua, Vo, 7o i, BRIERIE, EEAROKES X
UEFEARE, X, Y, ¢, B0 X, Y BES X OKRY
A ERT, HEALE LT, EETH 2 7D0%
RIFWFCELWOT, CPPOHEA 6, LIMERAS RS
To, Ts 5 2 %, LA LOZRMAOTIHRARGHES H RO
REEMRBE L L TRAEBBIRET 5, (( )T BIEEET
)

#=Ax+Bu (3)

x=(Ua, Va, ¥a, X, ¥, $)7 (4)

u=(6p, To, Ts)" (5)
fan 0 0 00 0]
az az 000
a3 asn 000
0 0 000
1 0000
0 1 00 04
by 0 0]
0 b bxn
0 b3z bas
B= 0 0 o (7)
0 0 0
L0 0 0
ZIZTC, an, by BREEBTEHEWEEREERT,
ERREEDI D, Hlifak X, Y EEE2 7 4 — RNy o
T50T, BAlFERNIKRATEZz605,

(=R = -]

y=Cx (8)
000100 '

C=l000010 (9)
000001

2.2 WAVREY KRR
RsenTwa ki, HExsE0E 7 A LBERE
OIS B oDz, FEAHEBSLETH B, K
XTI, MR AT AMMCESEE M 1 EKR LR h
ERELVX 2V —F Y RAT LY 2E2 2, FIHEES r &
L, B ZEOEME%E w £ T3 L TWHITROBFR*
Do
w=(r—y) 10}

REELE ANDOBEES Xo, u. EB< L, (3R, (8)K
EQO)ED B 2B IERRE, RE =& — Xo, Ue=U U
DWW TOIRBEHEEZER L LT, ‘A TE5E216N7 3,

(ff,)=(_‘23) (T,,)Jf(f)“ (11)
e:r~y:¢_cm(:) (12)

We= W — We (13)

ZOWRRCT BB — KR, Qi 2HEE, Q. &

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

FOBHIHEE R & 5 MO BB L bz O wT (B=H) 341

R ®IEE2 B A9 & + 2 FHRA%K
J= ﬂ (1Qize+ wIQuw. + uTRu.)d! (14)
ERAMET Bk Bon, kRickoTE2 505,
Ue:er+ GWe (15)

CICFEGR, VhyForilgRo@grsiieons 7
A=FNO I 5L ThHD, we b LTADRER/NCT
SEEZH, x, w OYVIMERR L T, 72, EENILOE
WY AT LTHE, Ue=0,2.=(0,r) L5327 L 5EET2
L8R, WA TEHEL S 2Y,
u=Fx+ Gw-+ Hr (16)
ST HRYHy FORBRRAOEN B SN2 EBAN
PHDT4—=FT7 537 —=R5AL 2 Thb, (16) D&
TRENBEEHR%E Fig.2 070y 7 SEICRT, BikEy
LEEAEHES DT B0, (16)RD7 FLETE,
F,G HOFEREHEL T, CPP DEMAIES 6F ey
BAZ AL wexts s #0iaS T8, T OB EsHD 3 &
A%EF2,
OF = futta+ fuu X + gumwn+ hn X» an
TE=FfoaVa+ frsvat fos Y + footh + Guatv+ goatn
+hn Y+ b,
(18)
T¥=rfreva+t fisvat fos Y + fasth + goatwo+ gsaws
+ b3y Yr + hass
: (19)
G PIAE [ B, BV I ROEEERYT, £ 77,
X Vr BIU ¢ 13, 552 X FEIE, Y BIEB X OHLAD
HifE* &b ¥,
2.3 LQR D45 (>
LQRD 7 1 > i, —BO2 b DTt <, FEHEKOE
B Qi Qo R 2BEINT XA —F L LCHRELE OB
BHD B EFRBE LA Fik L UC, ILQ S 7 »
DHAEIRINTH S, L L, 22T OCS DEHEW &
LU EHEZRT 2 Z L ENEDT, ¥4 2122007
DOREMEREERT 2 2 LB, S8 ah-> X7
AZBOT, X HEAE, Y BEEE 2 Bz 100 m o Bz
EGRI LB, T7F2x— 5 CERENBENRK

Feedforward

H
Ship
Dynamics
rl . e w + u
— O ] G -l x =Ax +B
Reference y - .

- +f+
F ol
LA

¢ State Feedback
Feedback

v

Fig.2 Block diagram of augmented LQR
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