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Some Considerations on the P.1.D. type Autopilot
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Abstract

The purpose of automatic steering system is to keep the ship’s course stable with the
minimum course error and rudder angle, and there have been a number of studies as to the
optimal design and adjustment of the autopilot. Recently, modern control theories are being
used widely in analyzing and designing the system.

When a ship is at sea, autopilot installed on the ship plays an important role, particularly in
the respect of economic aspects, that is, when the design and the adjustment of adjustable
parameters are not conducted perfectly, the amount of loss in energy and the extension of
sailing distance become large. Therefore the optimal design and adjustment of a autopilot are
very important.

Though P.1.D. type autopilots are widely spread and generally used in modern ships, the
suitability and the adjusting method are not clarified. '

In this paper the authors considered the stability and the economical efficiency of the P.I.D.
type autopilot and investigated various facts which should be considered at the time of designing
and using the P.I.D. type autopilot through the digital computer simulation.
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Fig.1 Block diagram of ship’s steering system.
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Fig. 2 Another representation of block diagram.

Aol Fig. 1, 2280 EABIBIERY REFELS ohgsp o] ek,
BHRS B, o (X)=AX+b6i

Y=CX (2-5a)
REAS N, % (R)=AX'4bZ
Y=C'X' ' (2~ 5b)
fl, A=/,0 1 0 0 0.
0 .0 1 0 0 |
0 0 0 1 0 }
0o 0 0 0 1|
-a, -a, -, -a, -a,)

C=<(,C,C, C, C

C'= (, C', C', C, CTY)

b =0, 0 0 0, 1)
X = (x, x )

X'= (x, &y, &', 'y, B)

a; = KKpKi T\T,Ts

KKp(KiT,+1)./T,T,Te

“a, = (KKpKd+KKpT +1) /T, T,Ts

37 x." X

a,

I

i



4 WEWIRREE Fo% Eo4 198
a, = (T\+T,+Ts+T,KKpKd) /T \T,Ts
a; = (T\+7T,+Te+T,KKpKd) T T, Tk
ay = (T\T,+T:T,+T:T,)  T.T,Te
C,=0
C,= 1/T\T, T
C,= (T\+T,+Tz) /T T, T
C = q
Cy=1
C,= KpKi /T T,Tg
Cl.= Kp(KiT\+KiT,+1) /T, T, Te
C',= Kp(T\T,Ki+Kd+T,+T,) /T,\T,Ts
C'\= (KpT\T,+KpKd(T,+T,)) T.T,Ts
C'y= KpKdT,T, T,T,Tg
[, WAEBEMRS REM S e ¥ RIMERE K&l et HEfsldel stz Fig.
1L 224 ZEBIRERY Bk,
8(s)=F(s)0i(s) +H(s)+Z(s)
2 Ao oA F(s) @ Hs)= 44 #5052 R MsZ fismel s, 22y K(@2-
52), (2—-50)ENE o 4 ¢i= whsl o], {7y Ast B A BT R—dmE, #iR SHBNRT
Fo fiES Jebl = BHETEAL,
det(sI- Ay =S"+ (T\T,+TT,+TeT,) /T, T, TS
+(T\+T,+Te+T,KKpKd) T, T, TsS*+ (KKpKd + KKpT,+1)
/T T, TeS*+KKp(KiT, +1) / T\ T, TeS+KKpKi /T, T, Te (2-6)

2 ol Wl f4, BAREE seblelz st ARl D WRE SRR WEk
olw g K-S VERH =71E AR $18te] Table. 1o] Rol: uleh 2 IS b

Huriwitz e 8imlke] fketed LEWS #AESS T 3EY fine =5 o &3 Mmg reojx
omg TP oo 71 HiEg 48/ g,

Table 1. Model ship.

i« oo o K

5 4 o2 ,

weom ROR T, T, T, j T,
Tf WO® oW O 90 10 25 { 0.07
cf WmOE R m 45 6 10 0.08
Ch = OO B O 12 2 5 \ 0. 06




4 P.LD. & gipikeieEel B3t £FY % 5

: Fig. 23l A & < sl uhsd o], Kigh &,
MothEme ol AdFE FLEshl e #l
E7b delx A P.D.AL EBHEACE S Heled
FLp@t P A owlgetke] A AL &
UNSTABLE + vk 5, P.D. A ABHERCEEA leolA =
AREA Ep, Kd>0 fifiapel A& Fa@d migst et
Ux ot Ki g asteay Ad FEEst
#E7E x4 dFY fiFer FARER
7L Emstz dw. Ewbebel, Tfffa &
»}7 KA ol &l 8k Ml 43 T x4 [ A&
HAY HEEREEE RES T ol M4
0 = 48] EEE Eer)
2 2R iRES HEIdel MrEEE BIfFA
71w MANE BT A FEstAl s
fffae] fEMiEHAl E& & o ol H
& 2 i P.LDA BEiEMKREES REI}n
A= Mpd A FF K5ste = A —3Ek
Fig. 3 Stability characteristic. 3 9lv},
3. A|AHlel i

—ye 2 @R A #HAke] HE AL AT S AT A sk Aol
A E BIRACS ] 0l FEATS EEtke e BHOIA @mWE FFEEECE MRS Jdernz

ool Al = S AE FEMKE 1 A2 Hoh

J——é—} () +262®) )t — min. (3-1)
A FT s ReRiaisel A ERE Aol BE HHEY Hitd slebd s Wik fiRe s
Bifste obF 4 gloh
J=—e 1 (009260-9) +28(5)5(-9))ds = min. (3-2)

A E BIEALRY EEAE R mAX = Agl ZE impulse Flo g iEshd, g Mkl A
Fi el FlEet. Fig. 114 6(s), ()= &%



6 HRMREERE Kok B2k 1985

6(s) = T, T, TS+ {T,\ T+ Te(T +T)}S* + (T, + T, +Teg)St+S
FAN

(3—3a)
50s) = KpKdT ' T,S' -+ {KpT T, + KpKd(T, +T,)}S* +Kp(T, T, Ki +Kd
A
+ T+ TS+ Kp(KiT,+KiT, +1)S+ KpKi
H, A=T,T,Te(det(sI-A)) (3—-3b)
{3-3a, B)E (3-2)Kell RAZI Parseval & EHE FAst K(3-2)%=,
J=J]i+2], (3-4)

8, Ji= 1| (G.jw) « Gi(-jw))dw
=—2%7L'Cm20+ (C;2=2C,Cm + (Cot = 2C,C, )y +Co oy
1= 276G - Gy(-jw)dw

= “é‘é* lemny+ (et —2ee)my 4 (€2 — 2e1; -+ 2e42, ) my + (€, — 2420 )m; +24°m, ]

=
i

1
—~»é.5—(d4m1~d1mg) My =y (dym,—dmy)

= —dyd,+d,d;
= —dyd;+dd,

C =1

Cy= Ti+Ty+Ts

C, = T/ Ty+Ta(T,+T5)
¢, = T\T.Ts

d, = KKpKi

e, = KpK(ZTng
dy = KKp(KiT,+1
. p(KiT,+1) d, = KKpKd+KKpT,+1
T,+ T+ T+ T, KKpKd

' dy = T\ T, +TeTi+TeT,
ds = T, T, Ts

my = _(110“ (d2m3 —d,m,)

5 = do(dimy—~dm,+dsm,)

e, = KpKi

e, = Kp(KiT,+KiT,+1)

e, = Kp(T\T.Ki+Kd+T+T,)
e, = KpT\T,+KpKd(T,+T,)

3

_
il

G-z Bo FEMB I Kp, Kd, Ki 9 29 @l 38 & 4 ek 14 #ile) i
beell A o= iR )k IRAEHE TEhel 28k el (K 414009 HE Vel Gz
R SEAUE R Lol A8 RISl (RS BEse RiEsl ok & Efe) Bk EL FERAS Tl (ks
ool 28 gkl of 4.000 JERIERE WEEN ot 1% MV, MRS RES =il deidms
5 2=12 o] w712 v o1¥A = J= Kp, Kd 9 Kidrd) @ =, J(Kp, Kd, Ki)
7t H22 Kp, Kd, Ki® igE@s J(Kp, Kd, Ki)E Kp, Kd % Kiol [sted irito asy
K& v a3 o] RiEFEE 35 WRESA gow o)

aJ(Kp, Kd, Ki) _ 3l(Kp, Kd, Ki) _ aJ(Kp, Kd, Ki) _
L - =

7K Y ¢ 7Ki 0

{F




P.LD. A f$pienieiel Ba HF E% 7

[ 9] i) ]
| aRp aRd® oKt
2] 2 9 | positive definit 3-5)
{ sKpoKd aKdaKi skpok; | - Pesive definite (35
J A 9]
\ 9KdoKp oKioKd oKioKp

2t B-5) K¢ MM kebe AL —Bmen wystAl Qow Jigtet sozks (3-5)
%8 J(Kp, Kd, Ki)sk Kp, Kd 9 Kiol $ta)4 Mtk (unimodal)elshie Jifo] §ioe i -2 o]
FER BT RS e o aE (G-5)ste fdfiol W mELbe]s] Dol ot
Table. 15} & MAILAIRNE 25 GHel S8 Kp, Kd 9 Ki o) [EEE BEIaS, 3 4
o BHAS) REIE SR kel o £Eme, TFAN SEE Fig 4e] 15

Fig. 4 285 <& 4 = whel o] RiEHi= il
S dEh T oo B, Kigd mAwosa
FaEsl e BREAE BAT BAN il

TEAEOF g ffeshn 9l 8d @ 4+ ook 2o 2 Gl
o zke Kp-Kd it W, Kirb A2 9= ¥ |-

A teEsta el oA g 1, kel @ 1
2l A 2R B HAEHE HAQ PLD. ol
P.D. N EE Jmps A8 & 4 g

LS NS E o Ao T 4% ] g5,
il Kp, Kd el #ahel Kio g% a2
S LEl, MRS el A9 wHLAE za)

0. 005§

Fig.4 Characteristic of the values of PI A o] Fig. 5]}, ,
Fig. 525 o 4 gl uls} o], Kigro] B /
Sughell wel GEEBEES gE ol MWzt glel 4, /
HOEES BHETFE IS e gk 300
S AS 4 g aemoeldd BRe R \ /
Tfiish e KMAe A Biiel e gvmel va
S behm bt e HAEAES] WET /
RS BEl = 29 A 2 AolE: i gA / /
e & 4 gl 100 b
2 SR SRS s o] gleelE, 4 I —] e

e RREME ANAE HEAEES EAsR ¢ I
o R SHEE ok W, REEES JELES A
Wit Hal grel thEe] UM MALe) ez, . _ )

Fig. 5 PI & Ki characteristic of different
AT HE L S K el A e frEme B types of ship.




8 HBEMIEBEIE B9 B2, 1985
te 28 b #MEd KEkE Bmiistd ROERE FBAA TRT 1 RS fHElES
# ok sk fi7k A7ld EEek. ol & Hilldl & Eksl MAEKE EBRANEAE aTHER B
B ERGES she 2B HAvE MRS Mg Esishxl gon okxivk aEla, ol
ol = ol A shd RS2 FHE e WEE A s Aol mMEE A

Plbe] B #at shve fRiiks A ASs]l ke, Fig.6d TS, Cf, Cb # fEine} 58 &
HEREE A BES 5HBY FERES g ¥edvh ader Ry of 4 ol vlsh 2
K;7} —2% 58, Bed K TdAs FFREEE e sk K, K00 st &8s ¢
Tk BE, o] BEY Mt Ko gl wel 2A G3E U= s, K] #1kel] BIES}

400 1 400
o =Y >
g [ A R 1 . s
‘ [N N
. S
300 300
7/

G.0
10 ¢

200

/ i
N pd [/

= 100
Pl
T Ki=0.005 T Ki=0.005
— Kp 1 2 3 4 —>Kp | 2 3 4
(b) Cf
(a) Tf
400
Q / o B FERE A4 ¢ 4 U
8 B, & fwreldes 19 alg 12 Fx o

dae vAE e e Zolold Held

200 N R
/ / ? 3% A RS . B
, o
o e ftgel aslel mEE v, BT R

100

=
S
300 57 oA gEtE T o, 19 e RIEHMAS
f / 7 / Eirsliol wWeb 2elAA b, WEE A
[ < oA fsEe el FFEMMES el Be

" % RS T| A el R A Aok Sohe ke

| // o | @ HEE BEmezE 1D EEHKSE

— | Z | sgsie 1RE @A An. Hed, LD

o> ca PERES PRI M5Bl HECT i B ok

P s T valus o peformanc o K2MS WMEE HEY AL PRAY REAE
function (Ki=constant) e e LEY oz Mo



P.LD.& HEpsE Ha HF B% 9
4. AlEdlold

Kp, Kd ¥ Kid frgifd] #3t EAS EMEERE @ity iste Aol vidA st o Bif
el B Rel = EAE BEy EHER GHEEE FIRT A Esledor EEKTE ALt K
B - bl Bol® g o

AgHel AL, & A BB, BBE Kp—Kd gl #it 38, e @ Kis EAR

P.LD.Q) el B3kl HrTakel ek,

20}

151

— T =

T e e -

420
(time,sec.)

- 5 P
-10 ¢t Kp= 0.5 Kd= 6.9 Ki= 0,005
-15}
-20 F (deviation,deg.) 6lt)
20 [
. P.D.
~——P.I.D.
10 }
5
— e e T e — —_—— —
Y 60 —— 120 180 240 300 360 420
-5} =7 (time, sec.)
=10} Kp= 0.5 Kd= 6.9 Ki= 0.005
-15
-20 }(rudder angle, deg.)
Sit)
(a) Tr



10 WHESREE $9% B2 198

-~

- -

~
=~

-10

-15

20

15

10

60

I (deviation, deg.)

— P.D,
—-—~ P.I.D.

1 240//*/ 00— 560

420" <

(time.sec.)

. (rudder

angle, deg.)

_— e -

Kp= 0.5 Kd= 6.4 Ki= 0.005

S

(v) cf

_22,,_

(time, sec.)



P.LD. B HEhtE e %579 &4 1

TTES T _N20_eg o 240 300 360 170

—~——— (time, sec.)

=10 Kp= 0.8 Kd= 2.5 Ki= 0.005

-154

-20} (deviation, deg.)

B(4)
" 20}
15} ——P.D.
———7P.1.D.
10} !
5 5

-T2 - T80 240 ~~-306-- 360 420

(time, sec.)

Kp= 0.8 Kd= 2.5 Ki= 0.005

-20} (rudder angle, deg.)

SLt)

{(c) Cv

Fig. 7 Results of simulation.



12 HEEEEREE Ho% H2u 198

#(2-52)7F BMEBRERY —Hl REFER =R, Agdeld L o HEkE Histd
sawe Finstgor, of AEAAA AL Aol Fehz MLl mAE HER RAE
9.

a2z A EW o)A RS 480 B E Lo dm, FMEFLRA TS Y HEE EXH
MEAEEES =9 AL HES 1008, Cf st Coe BBE &5 20°% RAsMY e, A8le

ERSEA % Aos BESch ol H2ghdA At wkeh o] RS TV Wite] FB
AR E BYERRE RS BhREtke] A S wlsky] Wl Eelglet
8 Zol, ol iR |EY IRE HAZ el P.D. M Ml

30,
NIO i
e}
=
S
N

FEE R0l huick ¢ 4 god, HEmEE A KR A Fa R KA 2rE 2

Be AL ¢+ 9o

5. %

E S

@A PLD.B EEIBACEES Rk Bk AF, BEE R, o9 WAL #Esg

1) P.LD.# EERICEEE P.D. o] hitd HESEZAE mdeln MR WiEdn ¥
4 gonk, gEkel W% vhebAdE fEe AU e debd Ao 2 IS HAE BRE
gefmo] ASHE MEE RIHBRAA BES el ok ¥

2) IS WA O ZA FEto] WES L FES Bkl ATIFE arh ot Kmnd
2 e At Mol THAAES Fmstdlel Bl el AT AE Aoz A
A,

3) AEACIAY BE, O, MH BHKE b HBEIER S At 2 BB o4
B AL BAERelT debd SEEG A EAMES (P B, UK %0 A
oz iie) Aol % HED Aoty HMEE Wi BT Aold, {FBT HAE M
o BEpel S of we.

4 e W2l A ¥ P.LDWe P.DMurke vach G2bd BARKE BIE1A
A olH IS s Bl ok e, & WHHES el Wt WEERT BOE A B
ot FAESE R RAERY B e RS WTse ok B

5) BGREs T RAEE R o= on-off MY HAAHRR ) MR ke] "aEE Moz s
Aol wrebddld, o EEEEE 6 NS BRES HEstel TR + QI U kel #Es
ook g,

6) —Ho® FESH hEfe EED WEEME B EAST & Admz, PLDW
o BAHEEEE FEY N XS BED 2o WED Wed BRGNS ¥ 2Ed
g,



—

o

- W

© N o oo

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21,

22.

23.

24,

P.1.D. % HBpRfEsiEo] 3 FTe BHE 13

b

£ X

BRI - BEHREROREMZHNT, HINRaHTE, B101%8, 1958,

FPAGRIE, TR : B0 Lo MBI OBRE TT 0T, B aMTE, HI120%, 1966,
MU ARG R OMOREE BIRERCHT TR, BB ORI, 1220, 1967

K. Hasegawa; On a performance criterion of autopilot navigation, J. of Kansai SNA, Japan, No, 178,
1980.

il HA OREIEEAICONT, AABRBERTES T, 34, 266, pp. 173271747, (i 43-10).
TE, B3 MO v —7 REBEROLEHE, FUADHEHMBERTE 8 3, pp 369,377, (W47-6).
NI, EERBEA  RMEEOFERBCDOWT, WS G RIS RS e GE68E)E R, 1976.
D.Clarke; Development of a cost function for autopilot optimisation, Proc. of Symp. on Ship Steering
Automatic Control, Genova, June, 1980.

Y.D. Landau; Adaptive control-The model reference approach, Control and Systems Theory Vol. 8,
Marcell Dekker, 1979.

K.J. Astrom; Why use adaptive techniques for steering large tankers, Int. J.Control, Vol. 32, No.
4, pp.689-708, 1979.

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

J. Van Amerongen and H.R. Lemke; Experiences with a digital model reference adaptive autopilot,
Proceed. of ISSOA-79, 1979.

J. Van Amerongen and E.F. A, Land: An adaptive autopilot for track keeping, Proceed. of ISSOA-79,
1979.

C. G. Killstrém, K. J. Astrém, et al.; Adaptive autopilots for tankers, Automatica, Vol. 15,
pp. 241-254, 1979.

BEH E: A EBEOFERE(ZO L), HABRBERCE 135, pp. 129,7138, 1974.

H.F. Millers; Modern Control Theory Applied to Ship steering, Proc. IFAC/IFIP Symp. on ship
operation and Automation(Abbr. P.IFAC/IFIP Symp.), paper 9-2, 1973.

D.L. BrooK; The Dzsign of a New Automatic Pilot for the Commercial Ship, P. IFAC/IFTP Symp.,
paper 9—4, 1974.

D.P. Leccisi et al; “PROGETTO ETQUIUNO”, An Experiment About an Optimal Gyro Pilot, P.IFAC/
IFIP Symp., paper 8—4, 1973.

J. Goclowski et al; Dynamics of an Automatic Ship Steering System, IEEE Trans. Automatic Control,
Vol. AC-11, No. 5, pp. 513,7524, 1966.

A. W, Brink et al; Adaptive Automatic Coursekeeping Control of a Supertanker and a Container Ship
(a Simulation Study), International Shipbuilding Progress, Vol. 26, No, 301, 1979.

K. Ohtsu, M. Horigome, G. Kitawaga; A new ship’s autopilot design through a stochastic model,
Automatica, Vol. 15—3, 1979.

KEEETE, AR, JOENE  RELESOMFMRE & BEEIE, s, 1305, R, HER,
143%%, 1978.

H. Kanamaru, and T. Sato; Adaptive autopilot system with minimum propulsive energy consumption,
Proceed. of the 3rd ISSOA Symp, 79, 1979.

#¥ % ; Optimal Design of Automatic Steering System of Ships at Sea, Journal of Institute of



14 WBIHOBEELL B os M2k 1985
Navigation, Vol. 2, No. 1, pp. 35747, 1978.

25, ZRErH% - Optimal Control System with Consideration of Sensitivity When Some of Variables are not
Measurable, Journal of K.M.M.C. Vol. 13, pp. 167,177, 1978.

26. PTERE, G RN EEATRM ol A R W AEMOIRE REe W RS, W
Bllg BRI 8 4, pp. 68~81, 1973

o7. ZEHAE L CRHE EIRATR Y ARl RSt T, sBISUE BRSO B TN, pp. 1~14. 1972

28. AEEES : HME BIRACRECS REAT BT W@, WRIRITABRCE WM, pp. 63--69.

NS R 1 LIRS

1974.

Zol @Esel FRERY, USRI TEACENT S I, pp. 164-~169, 1983.

— 26 -



