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Model Experiments on Manoeuvrability and Automatic Navigation on
Settled Route in the Circulating' Water Channel (First Report)
By Tetsuo Tagori, Member, Atsushige Tanaka, Member
Hisashi Okamoto, Akihiko Nakamura |

Summary

" At first, in order to obtain the manoeuvrability and responce to wind, waves and oblique currént, _
various experiments on a 1.3 m self-propelled model of passenger ship were carried out in the
circulating water channel. Utilizing these values, the optimal control system of this model, which

reduces the following integral to a minimum, was analysed.
¢
I= [ {ri(any -+ 140y + 0yt
0

where 4n : trajectory error
40 : azimuth error
¢ : helm angle
71, T2 : coefficients
t :time
Moreover, the experiments of optimal automatic navigation on settled route with this ship model
were performed by use of above calculated value in calm water, wind, waves and oblique current,

in circulating water channel.
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Table 1 Particulars for Kurenai Maru Model

HExETR 5. Lpp (m) 1. 300
L EDOFEY Fig. 1 ©RT, X LRbORBREK B (m) 0.218

DN TIBIBR B, Tap (m) 0.076
BRI & LTI/ NIRRT b R R B BN X Ter  (m) 0.050

WIHEEI RS L, FIEESAE QROBEN AR Dia. of Prop. (mm) 45

Cr, ERMOBEERBAS T b TWSE 2D BAR Appendage with All Appendages
EXPERIMENT

TO DETERMINE SHIP PARAMETERS
DISTURBANCE EFFECTS
(WIND, WAVE & TIDE CURRENT)

WEIGHTING FACTORS OF CRITERION

COMPUTE ,
COMPUTER _SIMULATION
"PROGRAM IMPUT Fig. 2 1
SHIP PARAMETERS
WEIGHTING FACTORS
DESIRED RESPONSES

.3m Kurenai Maru Model
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SOLUTION OF RICCATIAN EQUATIONS e e | v A e  SUMMING
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P =APp-Q'x d - PDD’P T [FcopomnT 6.B.: GEAR BOX
#=xdaxd-¥ o0’ p & 8.6
POT. : POTENTIO-ME
1 AMP,: AMPLIFIER
[ FEED BACK COEFFICIENTS | Oy, 6y:SLOPE OF THE
d ROD
SOLUTION OF SHMIP EQUATIONS
X =AX+Dm
[ SHIP TRATECTORY ]
PREDICTION TIME Je—-
[ >4 GUIDE VANE
‘L CURRENT ~ WAVE HEIGHT  f——rr FOR OBLIQUE
EXPERIMENT METER METER Lave CURRENT
PREDICTION CONTROL OF SHIP NAVIGATION

<= FLOW DIRECTION Lo

Fig. 1 Block Diagram of Optimum- Fig. 3 Diagram of Experimental System.
Control
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POSITION OF WAVE HEIGHT METERS
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Fig. 4 Records of Wave Height Meter
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Fig. 5 Results of Wave Generator
Test, U=0.50m/s
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Fig. 6 Results of Wind Velocity
Measurements
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Fig. 8 Results of Oblique Current Tests (Static)
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Fig. 11 Bode Diagram of Sinusoidal
Fig. 10 A Record of Sinusoidal Steering Test Steering Tests
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Fig. 12 A Record of Zig—zég Test Fig. 13 A Record of Zig-zag Test
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Fig. 18 Responce of Auto Pilot Fig. 19 Phase Plane of Zig-zag Fig. 20 Responce of Auto Pilot
System (Phase Plane), Test in Waves System in Waves (Phase
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Mz -0 step [EERBEYRAAR T Fig. 24 Phase Plane of Zig-zag
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1) Riccati HER,
HROEENEE T 5BERAVKRTELLOND LT 5, ,
X=AX+Dm (6)
 RORRER 2 + v
 BREE S
F REATS
: BEFTF
SETRA S & IB bR & Mt A O KSR ORI

I(m)=ﬁz{X—Xd)’Q(X~—Xd)+m2}dt (7)

ZZT Xd: BFEHB7 v
Q: FmRHATF, X' X ORETHF
EL, & hER/NCT BRBERIETE me 2RD B I(m) X
I(my)=f(X,t)=X'"PX+2pX+p (8)
P : W50
P27 N
P ABT—

fefE L

oS M

TEx b B,
(7) REEDRTRDOTL

of . , . 8
—fat-—=my:ln{(X——Xd) Q(X——Xd)+Xa—X+m2} (9)
(9) KOENRARL, mTREES LELRL &, RERIE
my=—D'(PX+p) (10)

(9) RfRALT
_or (X—Xd)'Q(X—Xd) +(PX+p)' AX+ (AX)'(PX+p)

ot
1., _ 1 z 11
+D<“TD (PX+p>)+x( =D (PX+p)) an
(11) 2% X OfER» bbb TR T5edic (11) REER LT
X' KX+kX+Ek=0 (12)

ko Riccati HFEENR D 320
K=PDD' P—Q— (A’ P+ PA)— P=0
k=PDD'p+Q Xd—A'p—p=0
k=p'DD'p—Xd'QXd—p=0 }

B OTFREAE EOT W 5cd, #BEMc L, #ik# P(0)=0, p(0)=0, p(0)=0 £ LT (13) R H
P=Q+(A’P+P'A)—PDD'P }

(13)

p=A'p—QXd—PDD’p
p=Xd'QXd—p’'DD'p

(14

2) MOEBHHERX , :

Fig. 25 DX 5 KEERYE 2 5, ZHRCEE LBEERY 0, § 7 BOBOLRERE LCEERY G, o, ¥
L35, MOEENIPETE 2 WETHTH Y, BEEEICHIEEE K& B & D ik 2 FRDOES)
FBREE2 LTI, Whd3 Sway Yaw EHEi2EL TR TE X %o

(m+m) o+ (m+my)0u=Y }
(Iz‘!‘]z)ﬁ.‘*' (my—mg)uv=N
m, mg, my: ROEE, » y HFAOMHMER

(15)
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v
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Iy Jo: BROBMEE— AV b, fHiREE— 2V 7
Y, N:H, =—~2v1) ) :
u, v, 02, y FITHE, BESEARE
vEETRDA B, AREEUKLD
v="Usin B~ UB
TEBL, URFRAE—E L Y, N % 6, 6, B, ftfas s I OR, B
EoNN Yy, Ny O—RERCGEBITES LF5E (15) Rix

B=—b0—byB+by3+7, 16 0 ) ]
b= —af—aB—ay 0+ N, } (16) Fig. 256 Coordinate
ZZC ay ay ag’, by, b by’ W EEEMECEIT B HRE
fROBELL 7, A 6 B LT :
77==j:Usin (0+8)dt+7,
7o : FIHAME
1= U0+8) (17)
(16), A7) REVMORER7 1 X % '
7/U
x| ¢
0
B
Lz bsE, ROEBRHERX
0 1 0 1 0 0
. 0 0 1 0 0 ) 0
X= 0 0 —a —a X+ —ag’ ¢+ N, (18
0 0 —b —b by’ Y,

<‘:.7"£Z>o
R OEEMEME DS —IR R
To-0+6=—Ky0 }
. 19
Tp-B+B=Kpd 1
?3)67}9“&6%%7:01, al=1/T0’ az::b]:oa b2=1/Tﬁ’ ds'ZKo/To: b3’=Kp/Tp &7‘&50 6/5ma.x=7nr aslamsx
=ag, by’ Omax=bs, No=as, Yo=by k< & (18) RKix

X=AX+Dm+N (20)
TrEL
0 1 o0 1 0 0
0 0 1 o0
A= D= 0 = 0
0 0 —a 0 . —dag ay
0 0 0 —b/s by /, by
Im[<1 ‘ (21)

REMBESEROE RIFETRL T 2. BEOHMBEMTT 286, MELRDIMBEESIARES X
ORI X Ret, BEETHLL, Thbd

10m)= [ {racanyrrca0r-+ (5 2V} ar (22)
wHRNCT SEIET B R BERIE L T2, (7) RoftkbT L (22) Rk
I(m) = fo N(X—Xd)'Q(X—Xd) +m?}dt (23)
7, 0 0 0 d,
o5 oo] X5 @
000 0/, 0
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ST 4y IREMBE, da IXREHOA,
3) KN B O BB RIS :
Bl YEUE W BR BOKBEE, BOKEESSEETE AR TRBER Lo T 5 BARES 5,

Put P1a Pi1s Pua h
P= D12 Doz Dos Do p= b2 (25)
bi3 Das Dss Dss b3
brs Dot Dss Das /> by
ExE, (14 RRRAT S LKRDOHEY 156 KFBR L5,
Pu=r1—aq2

151_2=Pu“4142
D13s=Pra—a1p1s— 4443
Pu=bu—bepr—q1qs
P0=T2+2 piy—gy?
Das=D1s+Paa— a1 bag— 4203
Dau=D1a+D1s—baPo—aad,
$33=2 Pas—2 a1 pgg—qs?
Dau=D1s+Da— a1 Psa— by Dss— 54,
Pu=2p1u—q2—2bypy
pr1=—T1d1—qq
Pa=b1—Tada—00qs
Ps=pa—a1p3—qqs @7)
Pa=p1—D3bs—q04s
P=71d*+7ads?—q,?

(26)

fet2 L
qo=—asps-+bsp,
/) —agpis+bspra
| 22 |_| —asbagtbspa (28)
o | —agpsg+bypss
q —agPast+bspu

SET 0=0, b fu b Pu=0 13 LHT D RAEH IR ORBEIMELRD BRI Tz Bo (26), (20)
RTRDL I P, p, p % (10) RicfiAT S L
Mo=—q'X—g, (29)

Liho Zhut Fig. 26 LRINB I 51, A% —go 2L, 7, 0, 6, B ©
74— F oy 7R A qu G s G RADT, BfTT500, FHER
ERNCTHRIETETH Do qo HBRBAINE LIPEE Lot %, g=q@)
ThoH, I BTHRECBE ¢ RERS 27 VAV ES E, BsRonk s =
BEehkRE, EEOHTIHNRELFERTHETHTHh B, Fig. 26 Optimal Feedback

4) BREIN DR BEE OB System

—REDWF, W BELR 0D —EOMB LEMATT B8, MITETRD ORER L BF 5, Lo T
21) KRBT |a]<]b] OBEEEIE? 5o BYELT a=0 335,

CHERD X 51 %,

imput

= g

%

0
C= b‘*(/)bz bt AC=N (30)
—by/by
Xy=X+C, X,=Xd+C r¥%% (6), (7) RLABROBEINRIL, Xde s (27) KA LB

Tihbb

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

162 BAERELRIE H126%

hi=—"1d1—doq1
. b
b2 =P1—7'2<d2 +“b—4“> —4qod2
2
Ds=pa—a1P3—qud2 (31)
Da=p1—baDs— 044

p=r1d2+ Tz<dz +’%> —qo?

we e (10) Rk D
my=—D'(PXy+Pp)
=—q'X—¢,—q'C (32)
BT 1 — F%y 20803 Fig 27T ©RZhB X5, bO B UHEER

(g2—a0)bafbs M2 TR LERDSH 50 ' —g"rf;'—g‘)%’:
MBE OB N 3RH OB L 78 %0 ci) I

i

Thbb (2]
X(O)=AX(t)+Dm(t)+n() (33) Fig. 27 Block Diagram of
(33) ROMEN Feedback System
X)) =40, )Xt + [ ‘8¢, 7) [Dm () +n(7)1dt (39)

2T o ) IXRDFEIRBS HER
de(t ty) _
_____Et_o_____A¢<t, t0>

"Zﬁ/@?z) ¢(tu» to)‘_—]I, I: %&ﬁ?ﬂ
DIdwExbhsich n(r) 2t ¢ LEHEET, FHEIF LR, O REEV B VSRR R Y
Bx ARBERXENTEHS S,

5 F Al & @

FURBBIC T BT 4 — F3y 215500 (26) RTREOLE, 7_\77{:%:% go B RD B, (27) KT ps Db
DI g XAVTEEIET LROBHMS FBRA L%

b 0 0 0 —a b1 —7Tdy
b 1 0 0 - —7Tqd
1?2 — qa Pz + 292 (35)
b 1 0 —by —4q, b 0
do by —as aybg—byby —a1+asds—bsds/ \ o 0

BTHE £1(0) =02(0) =p4(0) =¢p(0) =0 X v (35) R#% Laplace T 5L

(L2 155) L(—Tads) + (2 + MyS-+mg) - (—71dy)
4(a0) = S SR (36)

it
ky=a,+by—asqs+bsds
by =0a,b5+bag1—@3da— sbads + @1bsds
kg = (a,bs—as) 41— asbada
ky=—ashaq;
li=as 37

Mmy=abs—asg

m3=—a3b2
FROEBICEVES, SOTKRETTELL, Lrb%@ sdi=d OBRND dy DEEBL/NZWELELDR
%o Fio s o CHRIECT 5T D OB ORER T HRACRER To L, M h KEWEEIIX
(36) At
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1
1+< s )
L(gy)= P % lgs} L(dy)
(e v
=l (38)
1+-qis
1

HRHEBETRD TS0 (39) Rk, EER /gy BOHHEELEDTWS LELLTEST LV,
BEDZ & X b RBRt T2 BT 72 5 ik Fig. 28 © X 5 Ig, .
L. 2 » ~ S > 1ot Route m =$—{Hsip | Route
G/ =T RIRH TR LATREHE T A v ¢ CREEHE T E7 +
B R ERTL O RVEMR T B ThHA D o TIEL, *%&‘t“@i T2 O Fig. 28 Prediction Control
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FIEBEOMRE 7w~ « 4 — % Fig. 29

CRFe ETROGEEEN, WMR, ek D ANETERS
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& . .
SOLUTION OF RICGATIAN EQUATIONS
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¥
{OPTIMAL FEEDBACK GOEFFICIENTS  |—>EXPERIMENT

REHEIE 5,
. g—————— DISTURBANCE FACTOR b4
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Ny 7B 9u 9w 9s 94 O {E % Fig. 30~ P = Ap'-0’xd- PODP

Fig. 33 TR, 74 — F3y 2{EEUTREREIMN
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BEBAC 35\ TR BRI o 200sec Fif ¥ ¢ SOLUTION OF SHIP EQUATIONS
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Fig. 34 Optimal Prediction Tlme

30 4w 0 100

20% (se'c)SOO

Fig. 32 Feedback Coefficient of
Angular Velocity 6

¥2=30
————— bs=0
,Z/U /\\ —— =01
sec
— =05

(sec)
—].Od.

Fig. 36 Optimal Trajectory in Disturbance

EF AR I THE U=0.5m/sec itffd, BWEAIZITE e LS LTRERBRTER YT 5. MK

Mo VIIRIE 0.30m, FH 60sec DIERP CTRE LREMBOTFH np 137 Fr /28T I o

%o FRIBEOMR %A Fig. 37 iR,
1) Bt X 5P KbOMTER

V—<a vy

FERICX2RE7 4~ F Ny 2RBERGTC, FEBERORE 1,=1.0 &

15.0 DBEOEREIT 5o TUHEILEYE Fig 37 KT K=9, T %
, K3q, Ligh 1y DERAREL B LENRDT
ﬁw&dz% {7%ho ZZTHREBOKDIEL TK B IR T, MKBIRRES
FTo, RBFER %Y Fig 38, 39 wiRd, KOfER ¢ KEL Iebie Lichi v

, MRCHIRLS 2BE

70sec PREDlgT

%
| 30EB7=

il

0
-3 cm

.3 , . ~
A N AV AP

0 ‘/'/-.\..X__)'../ 3’0 \/ \)%Q’Séc -(\J ==
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Fig. 39 Results of Automatic Navigation
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Fig. 40 Optimal Control System in
Disturbance
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