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1. TNTRODUCTTON

The purpose of the experiments was to investigate if an adap-
tive autopilot based on a self-tuning regulator could keep
the ship on a straight course and perform suitable yaws in
dÍfferent weather conditions. Comparative experiments per-
formed with Kockumsr PlD-regulator were also recorded. Ex-
tensÍve computer simulations had preceded the experÍments.
Some simulation results are reported J-n Aspernäs and Foj-sack
(f975). Preliminary full scale experiments on a sistershj-p,
T/T Sea Scout, are described in Källström (I974).

The

for
329

339

ship, T/T Sea Swift, is a 255 000 tdw oil tanker built
the Salén Group by Kockums Mekaniska Verkstads AB. It is
m long, has a beam of 52 m and has a cargo capacity of

a
000 m'.

The experiments were performed during a voyage from Dubai via
Jabal Dhanna (Abu Dhabi) and Kharg Island (Iran) to Cape Town

between 1974-10-05 and L974-10'24. When the tanker left Jabal
Dhanna on 1974-10-08, the load was 105 000 long ton. At the
departure from Kharg Island on 1974-10-10 the shi-p was fu11y
loaded, which corresponds to 25I 000 long ton. The trim of the
ship was adjusted somewhat on I974-L0'L4 and because of the
decrease of bunker oil the draught was continuously changed

about 2 cm per day. The wind varied from calm to strong gale
during the voyage.

The adaptive autopilot was implemented as Fortran subroutj-nes
on the process computer Kongsberg SM 306 ' which is a standard
equipment. A special paper tape punch was installed to record
the experiment,s,

Forty-six experiments AI - 445 of straight course keeping by

the adaptive autopilot were performed. Notíce that there are
two experj-ments A39A and 4398. The number of experiments of
yawing by the adaptive autopilot was fifteen (81 815). How-
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ever, Ít was not possible to read the paper tape from one of
these experiments, namely 88. Three comparative straight
course keeping experiments (Cf - C3) and two yawÍng experí-
ments (Dl Ð2) performed by Kockumsf pID-regulator were al-
so recorded. Finally four experiments El - E4 for id.entlfÍ-
cation of the moder of the ship were performed. All the se-
venty experiments are described in Appendix c. The notations
used in this report are explained in Appendix A.
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2. MEASUREMENT EQUTPMENT

Several measurement signals are usually available in Èhe com-

puter, and no special equipment, besides the paper tape punch,

had to be installed to carry through the experiments, Follow-
ing measurement signals \¡¡ere recorded (the variable names used

in the computer programs and in Appendix C are given Ín brack-
ets):

o Rudder servo posS-tion 6s (DELTAS) ' scan cycle 1 s

o Rudder angle 6 (DELTA), scan cycle 1 s

PÍtch angular velocity q (PP) , scan cycle 1 s, measured

by a rate gyro manufactured by AB ATEW.

o Number of propeller revolutÍons n (AN) r scan cycle I s

o

o Forward velocíty u (U) , scan cycle 3 s, measured by a

doppler 1og, type Ametek Straza, wÍth an accuracy of
knots.

0.02

o

o

o

Sway velocity of bow v,
the same kind of device
forward velocity.

Sway velocity of stern v, (v2l ,

(V1) , scan cycle 3 s, measured bY

and wíth the same accuracy as the

scan
sameby the same device

ward velocity.

Yaw angular velocÍty
an accuracy of about
tured by AB ATEW.

and with the
cycle 3 s, measured
accuracy as the for-

r (R) , scan
0.005 deg/s

cycle 1 s, measured with
by a rate gyro manufac-

o Course V (PSI), scan cycle L/3 s' measured by a Sperry
gyro compass, and transformed by a synchro-digÍtal con-
verter with an accuracy of about 0.02o.
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The rudder servo \^ras calibrated in such a vray that +10 V cor-
responded to +42o and -10 V corresponded lo -42o. The measure-

ments of the rudder servo posÍtion 6" were uncertain. During
some of the experÍments, the measurement signal of the pitch
angular velocity was defect. The distance from the centre of
mass to the forward doppler log transmitter is 146.3 m and to
the aft, doppler 1og transmitter 133.5 m. The distance from the
forward perpendicular to the centre of mass Ís I55.2 m. The

doppler 1og t,ransmitters \^tere adjusted a couple of times du-
ring the voyage. Sometimes the measurements of the forward
and sway velocit,ies were misleading due to aÍr-bubbles below
the doppler log transmitters.

In this report the convention of the si"gn of the rudd.er angle
is chosen in such a r^ray that. a positive rudder angle (star-
board rudder) gÍves a positíve yaw rate (starboard yaw).
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3. THE ADAPTTVE AUTOPTLOT

The autopilot consísts of two regulators, one to keep the
ship on the demanded course Vref and one yaw regulator to
perform suitable course changes. The yaw angular velocity
is ah^¡ays used in the ya\^t regulator and may also be used Ín
the straight course keepin$ regulator. The measured ya\^I an-

gular velocity r is often a noisy signa}, and therefore
three dÍfferent possÍbilities are available in the aut'opÍ-
1ot dependent on the assigned value of IRR. If IRR = lr then

the yaw angular velocity i, whích is used Ín the autopÍlot,
is equal to the measured yai^/ angular velocity, i.e.

r(t) = r(t)

If IRR = 2,
lot:

then a filtered signal î i" used ín the autopi-

+

itrl = o

If e.g. q = 0r then i is the equally weíghted arithmetical
mean of the measurements of r. The latest measurement has

the weight one and all previous measurements the weight ze'
ro if q = 1. Finally, if IRR = 3, then

r (t) v (r) v (r-h)
h

1q

-+q
t )

(r(t) ittl), t - 1, 2, 3, ...

Í.e. the headÍng measurement but not the yaw angular veloci-
ty measurement is used.
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3.1 The ,S'tr'aÍgh't Cour'se' Keepfncf Regulator.

A símple self-tuning regulator based on least squares identí-
fícation and minimum varlance control Ís used to keep the
ship on straight course. The basic self-tuning regulator is
described in l{lttenmark (1973) .

The following model of the ship is used by the self-tunÍng
regulator:

Iv ttl vr"r) * .r (v (t-t-r) v ) ++ref

* .NA Iv (t-L-lle) Yt"t)

= vô"(t-k-l) + br (r-k-2) + +V6

+ bx"vô" (r-k-NB-1) +

+ cri(r-k-t) + crî (t-k-2) + + c*"i(t-k-Nc) +

+ 0(r)

Then the minimum varj-ance control Ís given by:

vôc (r)

v6c (r)

= ât (v (t) vt"r) * .No(v (t-Ne+r) vrer)J-

( 3.1)

(3 .2)

blv6c (r-r) b Vô (r-NB)
NB c

tri (t) .NCt (t-NC+l)

where

ö (r) ôc (r-1)
c

and ö. is the rudder command. If the assigned value of IRÐIF

is equal to zeto, then
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r (r) = r(t)

but if IRDIF = 1, then

r (r) r (t) r (t-1)

The varue of NC may be zero, which means that no feedforward
sÍgnal is used.

The executed rudder command ô. is usually equal to 6c. rf, how-
ever, the rudder limit is active, then 6. may be different from
ôc, whích is indicated from another subroutine by putting IDELC =
= -1.

A moving average 5. of the executed rudder command ð. is com-
put,ed during straight course keeping to be used Ín the yaw re-
gulator:

6e (r+1)

ôe (1)

6 (r) 11- ß

[-râ + +0 ô (r)
e

=Q

The value of ß was equal to 0.05 during all the experj-ments.

Two different inÍtial regulator parameter sets can be used, de-
pendent on the actual number of propelrer revorutions n. rf n
is greater than ANO then hígh speed parameter values are provi-
ded, otherwÍse low speed parameter values are used.

3.2. The Yaw Requlator.

A yaw consist,s of three phases, namely the ínitiar phase (phase
1) , the phase of const,ant yaw rate (phase 2) and the terminat-
ing phase (phase 3) . Íf, however, the demanded course change
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Av---E Ís small, Ít may be suitable only to change the referencerer
course Vref in the straight course keeping regulator and skip
the yaw regulator. This ís done in the autopilot if

avref 
-<

The purpose of the initial phase of the yaw is to reach the de-
manded yaw rate rref. In the yaw regulator this Ís performed by
a modified P-regulator:

6c (r) - - kI ¡r ttt rr.r) õe+ + c.rJ- TEI

The phase of constant yaw rate is started when the difference
between rref and r(t) is less than sI or when the initial phase

has been goíng on for more than T, s.

The same kind of self-tuning regulator, as is used in the
straight course keepÍng regulator, performs the constant yaw

rate keeping. The following model is used:

(3.3)

(3.4)

(3.s)

[r (t) rr"r) * .i (i tt-tco-rl rr"r)

* .ñay (r (t-ko-NAY) rr.r)

= v6" (r-ky-1) + biv6" (r-ko-2) +

+ +

+

vöc (r)

+ bñgyv6.(t-ky-NBY-l) + e (t)

The minimum varÍance control is gÍven by:

= ri (r (t) tr"r) + + "ñey(i(r-uev*r) rrer)

- bivô. (r-t¡ - bñBYvôc (t-NBY)

Íf, during the phase of constant yaw rate, the actual value
of i (t) has a sígn different from rref and if
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lr(t) | > ¿2

then the initial phase is started agaín.

The termlnaû,ing phase is always ínitialized when v (t) v

is less than zero and

-crr(t) s Y(t) refv

or when v (t) Vref is greater than zero and

ref

-crr(t) : Y(t) refv

The purpose of the terminating phase ís to stop the yaw in such
a way that the dífference between the actual course v (t) and
the demanded course Yref becomes as small as possible. This is
performed by a modífíed PD-regulator:

ö - - kz(* trl ref kgr (t) + yc (r) v (3.6)

where y = ô" if the phase of constant yaw rate has been going
on for less than T, s, ot,herwise T = 0.

The yaw is always terminated, irrespectíve of the phase, when

lv (t) Yr"f I -. v*

ff the terminating phase has continued for more than T, s, the
yaw Ís also assumed to be over.

It is possible to change both Yref .td tr"f during a yaw. Prob-
lems only aríse when Vr"f í" changed and the termínating phase

is going on. fn thís case, if

lAvr"tl r v** (3.7)



where 
^Ystarted

are made

--^r is the new course change,rer
again. If the condition (3.7)

10.

the initial phase is
is not true r Do changes

two
and

As in the straight course keeping regulator, there are
sets of yaw regulator parameters corresponding to high
low speed.



11.

4. COMPUTER PROGR.AMS

The adaptÍve autopilot was implemented as two Fortran subrou-
tines AUTPI and STURE in the standard. real time task STEER'

which Ís executed every second. See FÍg. 4.L. SubroutÍne STURE

contaÍns the basic self-tuning regulator, and AUTPI is the ad-
mÍnÍstration subroutine, which calls STURE. Listíngs of the
two Fortran subroutines are given in Appendix B.

A program error in subroutine AUTPI affected the experíments
BI lc-7. The Fort,ran statement labelled 5I2 was during these
experÍments Íncorrectly

5L2 P (1,) =9.

ínstead of

5I2 PY (L) =0 .

The program error caused the off-diagonal elements of the co-
variance matrix P for the straÍght course regulator parameters
to be put zero instead of the off-dÍagonal elements of PY for
the'yaw regulator parameters, when phase 2 of the yaw regula-
tor was inj-tiated. This error affected both the straight course
keeping and t,he yawing, but only during experiments Bl 87.
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No

No

Rcod mco¡u,remcnt
rignolr

control ?
tivo

STURE AUTFI PID-rcgulqtor

Popcr topt punching

Control of ruddor
porition

EXIT

Fí9. 4.1 - Flow chart of the real tíme program STEER.
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5 DTSCUSSION OT THE EXPERIMENTS

The experiments are descríbed Ín Appendix C, where also plots
of the measurements are shown. A summary of the experiments
Ís given in the Tables C.l C.6 in the beginning of AppendÍx

c.

During the comparative experiments, when the ship was controlled
by Kockums t autopilot, the following discrete PID-regulator was

used:

= - tcn (v {kTs) vr.t) - kpr (kTs)6c (kTs)

k
k

rrs 
"lo

Iv (nr=) vref ) t< = 0r !, 2, . (5.1)

(5.2)

The same regulator performed both straíght course keeping and

yawing, but the parameter values and the sampling interval T"

were changed.

5.1. The St,raiqht Course Keeping ExperÍments.

To make Ít possible to compare the steering quality of díffe-
rent regulators, two performance indices are now beíng intro-
duced:

+
2vr = + ¡f tnr.r

ôvz = + jf [*,rrr

Yref )

)

ro2 ttl ]at

2
)vref

2 + r[o(t) dr
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h¡here -O is the mean value of õ (t) and where the weighting fac-
tor À always is assigned the value 0.1. The duration of the

experiment is denoted r. Because only discrete measurements

are consÍdered, the two performance indices are approximated

by:

2vr=* [ [vt't"l - vr"r)
N-1

I

- N-l.
v2 = * ,'lol.

ro2 tnr=l ]
+

0

(s.3)

(v(nr") - vrur)2 + 
^(ô(nrs)

õ)' ]

where T" is the sampling interval and NT" = r. Notice the fol-
lowing relation between the two performance indices

11=

V -V1 2
-t+ ),6- (s.4)

When the first performance index is used, the mean course er-
ror ís weighted against the mean rudder ang1e. A regulator is
usually required to keep the correct course in average aS a

constraint. A regulator without thÍs constraÍnt may achíeve a

less value of V' and thÍs would not be desirable. The second

performance index does not consider the mean rudder angle,

which also is an advantage when steering experiments performed

durÍng different weather conditions are to be compared. When

different experiments are regarded in the followj-ng, V2 is con-

sidered more j-mportant than V1r but also mean values and stan-
dard devíatíons of v - Yref and ô are used.

A systematic dÍscussion of the experÍments of straíght course

keeping by the adaptive autopÍIot will not be performed. The

experiments are summarized in Tab1es C.1 and C.2. Two prelimÍ-
nary experÍments A1 and A2 were carried through mainly to check

the computer programs. The experS-ments A3 - A5 show the abílity
of the adaptive autopilot to perform a good steering in shallow

water. See Table 5,1.
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Different values of the number of pure time-delays k, the samp-

ling interval T= and the parameter IRDIF are tested in experi-
ments A5 - 417. See Tab1e 5.2. Notice that experíments All and

414 are omitted, the first one due to a main engine trip, which

spoiled the experiment, and the second one since the experiment

only lasted for I min.

From exper5-ments A5 and A6 it can be concluded that a regulator
with IRDIF = 0 is preferable compared to one with IRDIF = |. Ex-

perj-ments A5 and A7 - A9 show that k = 4 is optimal when T" =

= ZO s, i.e. a course error is expected to be eliminated aft'er
(k+I)Ts = 1OO s. The wind speed was higher during experiment A7

when k = 3, whi-ch may indicate that k = 3 also is a good choice.
From experiments 410, AL2, AI3 and 415 it can be concluded that
k = ! is optimal when T= = 15 s¡ Í.e, a course error is expected

to be eliminat,ed after 90 s. Notice, however, that the wind speed

was lower during experiment A.10 (k = 5) than during the other ex-
periments. Experiments 416 and 417 show that k = 6 gives a high-
er steering quality than k = 8, when T= = 10 s. If the optimal
experiments when T" = 20,15, 10 s (45, Al0,416) are compared,

it can be concluded that T= = 15 s (k = 5) is the best choice.
only two experiments with Ts = 10 s \^'ere performed, because such

a short sampling interval wears the rudder machine and is not
suitable by that reason. In the remaining experiments, with two

exceptions, the values k = 5r T" = 15, and IRDIF = 0 always h/ill
be used.

The experiments 418 - A27, where IRR, RL, NA, NB and NC are Va-

ried, are summarized in Table 5.3. Experiment 420 is omitted be-

cause of the bad initial performance of the adapti-ve autopilot.

Experiments 418 and 419 show that there ís no use of filtering
(IRn = 2) the yaw rate signal r. The performance of the adaptive

autopilot d.oes not change signíficantly when the exponential for-
getting factor RL is varied, which can be concluded from experi-
ments AzL - 423. When RL = 0.97, 0.98 or 0,99 the latest 20, 30

or 60 min., respectively, is remembered ín the regulator. From

the plot of the regulator parameters obtained during experiment
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A22 (RL = 0.97), it can be concluded that a tj-me horizon of
20 min probably is too short. Further on RL will be chosen

equal to 0.99 in the standard regulator. Experiments A2I, A24

and 427 show that NA = 3 is preferable to NA = 2 and that NA =

= 4 is slightly better than NA = 3. From experiments 421, A25

and 426 it can be concluded that a slightly better steering
performance is obtained if NB and NC both are increased from
1 to 2. Too many regulator parameters, however, will give un-

certain estimates and this has to be considered.

The yaw rate signal î is not
during experj-ments 428 - 436

used by the adaptive autopilot
(see Table 5.4) .

From experiments 428, A29 | A34 and 435 it can be concluded
that a regulator with k = 4, T" = 20 s is slightly better than
One with k = 5, T= = 15 S. HOWever, during SOme not recorded
experiments, the regulator with k = 4t T" = 20 s behaved pecu-
liarly now and then for a short period in such a way that large
rudder angles were requested without any reason. Experiments
A29, 430 and 431 show that NB = 2 is preferable to NB = I and

that NA = 4 is slightly better than NA = 3. Use of the yaw rate
estimate as a feedforward sÍgna1 may decrease the value of V,
according to experiments A32, .A,33 and 435.

Comparable experiments showing how much the steering quality
is increased when :the yaw rate r ís used as a feedforward sig-
nal are dj-fficult. to fínd. If experiment 436 is compared to ex-
periment 423 (Table 5.3), and the difference in wind speed is
considered, the use of r as a feedforward sÍgnal does not seem

to be particularly important. This fact is not surprisj-ng,
since the regulator contains a model of the ship and the yaw

rate r(t) is not that important to eliminate the course error
at the time t + 90 s.

A standard regulator Ís now designed based on the preceding
discussíons: NA = 3, NB = 2t NC = 0r k = 5, T= = 15 s, RL =
= 0.99. This regulator was tested during varying weather con-
ditions and in connect,ion with the Sailmaster and t,he Course
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correction (experiments A'37 - .A45, see Table C.1). The remark-
ably good steering quality during experiments 437 ' 438 and 4394,

when the wind speed was L7 24 m/s (fresh to strong gale),
should be pointed out. AccordÍng to the captain of the ship,
a conventíonaI autopílot usually had to be switched off and

replaced by manual control in such a bad weather. The resolu-
tion of the course measurement was onLy L/6 deg durÍng experÍ-
ment 441. If this experiment ís compared to experiment 440, it
can be concluded that the decrease of steering quality is not
sÍgnif icant.Iy.

The standard regulator was used during experiments 435 - 445.

Table C.2 shows that the parameter values of the adaptive auto-
pÍIot vary remarkably, when the weather condition Ís changed.

This effect was not discovered in the simulatj-on study reported
in Aspernäs and Foisack (1975).

Experiment,s of straíght course keeping by Kockumsr PID-regula-
tor are summarized in Table C.4. Three of these experiments
together wÍth comparable adaptive autopilot experiments are
shown in Table 5.5. Experiment 420 is omitted, since the ini-
tial performance of the adaptive autopÍIot was so bad that a

comparison is impossible. Table 5.5 shows that the steeríng
quality always is higher when the ship is controlled by the
adaptive autopÍlot, if VI and. V, are used to measure the qua-

lity. Notice that Kockumsr PID-regulator uses the yaw rate sig-
nal r, which j-s not the case in the standard adaptive autopilot.
The parameters of Kockums I PÏD-regulator were manually tuned
before the experíments started. ConceÍvab1y a st.ill more care-
ful tunÍng of the parameters would increase the steering qua-

lity.
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E:<-

peri-
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48

60

1.03

t.2L
0.001

0.024

0

0

260

252

0.393

0 .466

0.r74
0.210

A35

c2

A36

7

7
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4-8

4-5.5

1.75

1.83

L.66

L.66

1.58

1.45

0.00I
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0 .005

0 .283

0.397

0.2L9

o.662

0.743

0 .534

0

0

0

356

408

258

A38

c3

1

T

L7-24

17-24

1.96

1.31

5

6

91

TI

0.250

0.203

o.622

1.510

4.326

6.226

3.942

6.055

Table 5.5 Comparable straight course keeping experiments with
Kockums' PID-regulator (Cl, C2, C3) and the stan-
dard adaptÍve autopilot (A29' 435' 436,A'38). No-

tice, however, that, RL was equal to 0.98 during ex-
periment A29. An explanation of the relative wind
directj-on is given in ApPendix A.

5.2. The Yawincr Exr¡eriments.

ExperÍments of yawing by the adaptive autopilot are summarized

Ín Table C.3. The preliminary experiments 81'B7 were unfor-
tunately dÍsturbed by the program error in subroutin AUTP1. Ex-

periments 89 and 810, where kO = 5 and IRR = I (í.e. the mea-

surements of the yaw rate were used), show that the yaw regula-
tor has difficulties not to exceed the reference value rref too

much. The estimated yaw rate (IRR = 3t h = 5) is used duríng
experíments 811 BI5, since the standard straÍght course keep-

ing regulator does not use the yaw rate measurements either. To

keep the deviation from the reference value rref smaller, ky

\^¡as decreased to 3 during experiment 811, Since the reference
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value rref still was exceeded, kO was assígned the value 2 du-
rj-ng experiments Bl-2 ::815. The parameters of the self-tuning
regulator contained j-n the yaw regulator are tuned during ex-
periment,s BLz, 813 and 815 .

If experiment 815 is compared to experiment D2 (see Table C'5),
where the yaws are performed by Kockumsr PlD-regulator, it can

be concluded that the course changes are not particularly
smooth and the yaw rate still exceeds the reference value rref
somewhat, when the adaptive autopilot is used. However, the
terminating phase of Kockumsr PID-regulator is not as good as

would be desirable. Smaller course changes are performed du-
ring experiments 814 and Dl (see Table C.5), which may be com-

pared. Both the adaptive autopilot and Kockumsr PÏD-regulator
performed well during these experiments.

5.3. The Experiments for Identification.

Three different kinds of identification experiments \^/ere per-
formed, namely open loop experiments (81, E4), closed loop ex-
periment using additive rudder disturbances (82) and closed loop
experiment not using additive rudder disturbances but changing
the gain of the feed-back (83). The four recorded experiments
El-E4 are summarized in Table C.6. Fig.5.l explains the feed-back.

The rudder command is obtained as

6. ki¿(v-vref) + ôo

6"

where ô0 is the
be assigned the

addítive rudder disturbance
values +DELAMP, -DELAMP and

signal, which
zero. An open

o. By

may

loop
as-
closed

experj-ment is now easily performed by setting kid
signing both kr' and DELAMP values different from zero, a
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loop experiment using additÍve rudder dist,urbances is obtained.
Flnally it is possibre to skip thé rudder d.isturbance signal
if DELAMP = 0,

-*or

þ'W"¡

Fí9. 5.1 - Proportíonal feedback from the course error used
for identíficatíon experiments.

sþilP

-k ¡d
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6. CONCLUSTONS

A standard adaptive straight course keepíng regulator was de-
signed after a number of experiments, where the regulator
structure was varied systematically. The following standard
regulator was chosen: NA = 3, NB = 2, NC = 0, þ = 5, T" = 15,
RL = 0.99. rf the yaw rate measurements are used as a feed-
forward signar, the steeríng quality is srightly increased,
but sÍnce it is a great advantage to be able to avoid a rate
gyror NC = 0 finally \^/as chosen. The steering quality may a1-
so probabry be increased by assigning NA'the value 4. Another
alternative, which may be considered, is to choose k = 4 and
T" = 20 s.

The standard regulator has proved to be able to perform a ve-
ry good course keeping in dÍfferent weather conditions. DurÍng
some of the experiments, when the wind speed was 17 24 m/s
(fresh to strong gale), the speed of the ship had to be de-
creased to about 5 knots, but still the steering quality of
the standard regulator was very good. comparative experiments
have shown that the standard adaptive regulator is better than
Kockumsr PrD-regurator , íf the performance indices v, and v,
are used to measure the steering quarity. The great advantage
of the adaptive regulator is, of course, that no manual tuning
of the parameters has to be done. rt was not possible to test
the standard regulator in shallow water, but a slÍghtly modi-
fied regurator proved to behave very good in such circumstan-
ces.

The adaptive ya\^r regulator has two unpleasant properties, name-
ly that the reference value of the yaw rate usually is exceeded
too much and that the course changes not, are as smooth.as de-
sirable. Kockumsr PrD-regurator has proved to behave bet,ter in
these two respects, and maybe a prD-regulator is to prefer du-
ring the phase of constant yaw rate in front of a self-tuning
regulator.
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DurÍng one experiment the adaptive autopilot proved to behave
quite satÍsfactorily although the resolution of the course mea-

surement only was L/6 deg.

The adaptÍve autopilot was left behind on the tanker, and all
assÍgned parameter values are shown in Table 6.1. The adaptive
autopilot has been runníng for about half a year and accordÍng
to the officers on board the behaviour is quite satisfactoring.
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Table 6.1 - Fína1 parameter values of the adaptive autopÍlot.
The initial values of the off-diagonal elements

of the covariance matrices P and PY are zeto. The

same values are used for high and low speed.

NA

NB

NC

k
T

S

RL

ÏRDTF

IRR
q

h
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br
b2
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0.99
0

3

0.2
5

-13.81
2t.69
-8. s4

0.96
0.32

10

25

t0
0.1
0.1
0.05
3

2

2

IO

0.95

PY (1,1)
Pv (2 t2'
PY ( 3,3)
PY (4 ,4)
PY(5,5)
k1

k2
kg

c1

c2

el

(AKIV)

(AK2V)

(AK3v)

(clv)
(c2v)
(EPSlV)

(EPS2v)

(PSTSV)

(PSTSSV);

(PSTMAV)

( IlMV)
( I2MV)
( I3MV)

ai
^to2
^to3

bi
bi

2*

a
o
á
rl
rd

Fl
rd
.r{
+J
.Fl
g
H

e

v

Y
**

vmax
Tt
T2

t3
ANO

TSPM

TNO

-43.56
4.94
0.90
1.30
0.81

500

500

500

1

1

40

1.8
I20

IO

80

0.02
0.04
0 .15
1.5
0.35

60

300

150

30

600

0

û
c)
5
-lrd

-l(ü
.r{
{J
.F.l

É
H



28.

7. ACKNOWLEDGEMENTS

I would l1ke to exp,ress my gratítude to the Sa1én Group for
theír willingness to allow experiments to be performed wÍth
their ship. I am particularly grateful to the captain of the
Sea Swift, Mr. L. Sjöberg.

This work has been supported by the Swedish Board for Tech-
nÍcal Development under contract 734L87.



29.

8. REFERENCES

Aspernåis , 8., and Foisack, P. (1975):

"SÍmulering av styrsystem för tankfartYg", Report RE-154,

Department of Automatic Cont,rol, Lund Institute of Tech-
nology.

Källström, C. (L974) t

"The Sea Scout Experíments¡ October L973", Report 7407(c),
Department of Automatic Control, Lund InstÍtute of Techno-

rogy.

Wittenmark, B. (1973):

"A Self-tuning Regu1ator", Report 7311, Department of Au-

tomatíc Control, Lund Institute of Technology.



30.

APPENDIX A - NOTATTONS

NotatÍons and variable names used in the computer programs
(if twÍn symbols are used, this is indicated by the other sym-
bol in brackets):

AKÏD (¡< id parameter of P-regulator used for Ídenti-
ficati-on experiments

yar¡r regulator parameter

yaw regulator parameter

yaw regulator parameter

number of propeller revolutions

test value of the number of propeller re-
volutions to decide if low or high speed
parameters are to be used

filtered yaw rat,e used íf IRR = 2

parameters of the self-tuning regulator
for straight course keepÍng

parameters of the self-tuning regulator
for yawÍng

parameter used. when computing õ"

parameter used when computing the filtered
yaw rate

parameters of the self-tuning regulator
for straÍght course keeping

parameters of the self-tuning regulator
for yawing

yaw regulator parameter

yaïr regulator parameter

parameters of the self-tunÍng regulator
for straight course keeping

AKlV

AK2V

AK3V

AN

ANO

AVR

tÍ, Í

(kr)

(k2 )

(k3 )

(n)

^td,
t_

BD

, i = It 2, ...

1 2,

(ß)

(q)BR

b l- 1 2,i'

J. I, 2tb I
L

clv
c2v

cÍ, i

(cr)

(crl

1, 2l



cl
c2

DELAMP

DELCOC

DELCOM

DELTA

DELTAS

DELO

DELIM

DPSÏÐT

EPSlV

EPS2V

h

IDELC

TDPSÏ

TNO

TRDTF

IREG

IREGY

TRR

ISPM

TlMV

T2MV

(clv)

(c2v)

(60 )

( e1)

(er)

( IDPSr )

(h)

(r^ )Þ

(rr)

( 6c)

(ôe)

(6)

3r.

ya\^¡ regulator parameter

yaw regulator parameter

rudder amplitude used for ídentifica-
tion experiments

computed rudder command

executed rudder command

rudder angle

rudder servo position

additive rudder disturbance signal used

for identification experiments

moving average value of ôe

yaw rate estimate used if IRR = 3

yaw regulator parameter

yaw regulator parameter

tíme increment used to compute DPSIDT

variable to indÍcate Íf 6. is limited

time increment used to compute DPSIDT

varíable used in subroutine AUTPI

parameter of the straight course keeping
regulator

sampling Ínterval

sampling interval of the ya\¡r regulat'or

parameter of the adaptÍve autopilot to in-
dicate if the yaw rate signal (lRR = 1),
the filtered yaw rate (lRR = 2') or the es-
timated yaw rate (InR = 3) is to be used

variable used in subroutine AUTPI

yaw regulator parameter

yaw regulator parameter

(õ^)
ìt

(õe)

(r
2 )



K

I3MV

D

k I
k id

kt

kz

ka

MODYAW

NAY

(rg)

(k)

(ky)

(K)

(AKID)

(KY)

(AKlV)

(AK2v)

(AK3V)

32.

ya\^/ regulator parameter

number of pure time-delays of the self-
tuning regulator for straight course keep-
ing

number of pure time-delays of the self-
tuning regulator for yawing

number of pure time-delays of the self-
tuning regulator for straight course keep-
ing

parameter of Kockumsr PÏD-regulator

parameter of Kockumsr PlD-regulator

parameter of P-regulator used for identi-
fication experiments

parameter of Kockums I PÏD-regulator

number of pure time-delays of the self-
tuning regulator for yawing

yaf¡r regulator parameter

yaw regulator parameter

ya\^¡ regulator parameter

variable to indicate the phase of a yawt

initial phase (MODYAW = 1), phase of con-
stant yaw rate (lvtooyAw = 2) , terminating
phase (ltOOyaW = 3) or if the straight course
keeping regulator performs the yaw (iuiO¡yeW =

=4)
number of a-parameters of the self-tuning
regulator for straíght course keeping

number of a'-parameters of the self-tuning
regulator for yawíng

number of b-parameters of the self-tuning
regulator for straight, course keeping

KY

k

k

kP

k
v

NA

NB



NC

n

P

NBY

PP

PSr

PSIMAV

PSIRFF

PSISSV

PSTSV

PY

RLY

RREF

rrer

(AIü )

(q)

(v)

( Y*r*)

( vr.¡)
(v**)

(v*)

(ee ¡

(r)

(tr.f )

(R)

(RREF)

( rREG)

33.

number of bt-Barameters of the self-tun-
ing regulator for yawing

number of c-parameters of the self-tuning
regulator for straíght course keeping

number of propeller revolutions

covariance matrix of the self-tuning regu-
lator for straight course keeping

pitch angular velocity

course (heading angle)

yaw regulator parameter

reference value of course

ya$r regulator parameter

yaw regulator parameter

covariance matrix of the self-tuning regu-
lator for yawing

pÍtch angular velocity
ya$r angular velocity (yaw rate)

exponential forgetting factor of the self-
tuning regulator for straight course keep-
ing

exponential forgetting factor of the self-
tuning regulator for yawing

reference value of yaw rate

yaw angular velocity (yaw rat,e)

yai¡¡ angular velocity used by the adaptive
autopilot

feedforward signal used by the self-tuning
regulator for straight course keeping

reference value of yaw rate

sampli-ng interval

q

R

RL

r
r

r

Þ
T



T1

Tz

T3

t
U

u

v1

v2

v1

v2

v1

v2

q

¿

r1

B

ô

ô

(rlMV)

( rZ¡,w)

(r3MV)

(u)

(u)

(rr)

(v, )

(vl)

(vz ¡

(BR)

(BD)

(DELTA)

(DELCOC)

(DELCOM)

(DErlM)

(DELTAS)

1onr,o )

(EPSTV)

(EPS2V)

34.

ya\^¡ regulator parameter

yaw regulator parameter

yaw regulator parameter

time

forward velocity

forward velocity

sway velocity of bow

s$¡ay velocíty of stern

performance index

performance index

sway velocity of bow

sway velocity of stern

parameter used when computing the fi1-
tered yaw rate

parameter used when computing 6"

rudder angle

mean value of ô

computed rudder command

executed rudder command

moving average value of ôe

rudder servo posítion

additÍve rudder dÍsturbance sÍgnal used

for identifícatÍon exPeriments

noise

yaw regulator parameter

yaw regulator parameter

weightÍng factor of the performance ín-
dices Vt and V,

ôc

öe

õe

õ"

6o

e2

¡,



35.

T

Y

v*

v**

Y*a*

Yref

(Psr )

(PSTSV)

(PSTSSV)

(PSIMAV)

(PSTREF)

experÍment length

course (headíng angle)

yaw regulator parameter

yaw regulator parameter

yaw regulator parameter

reference value of course

The wÍnd direction related to the ship is explained Ín FÍ9.
A.1.

FÍg. A.1 - Explanatíon of the relative wind direction.

t

2

3
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7
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C

c
C

C

C

C

Ç

C

fl

APPENDIX B PROGRAM LISTTNGS

sufìRiluT tþ18 AU'IP1

FÜiI Sd IP.AUTÜF I LüT

AUTHiIH, C,KALLSTRUM 1974-T7.T1.
RËV I SË0, L;.KALLSÏll0l"l L974-1.ü-01,

tl Ol''M 0 N / il A T A / I 1 | |4 h I I ll E L L: , I Y ,À hr , þllj Ü Y Ä",'¡ , I S i H ll , I P 0 R [ ,
'* lFt¡U, li{AlJT, lP, lPRlNI,llFLU0M'DELTAS'IJËLTArV7,V2¡
* R,PS I'ulrilELLl,üËLÇ0U'AVR,¡.iPS lïiTTPPTAN,RRHË,PS iflËF,
* [H ( ß ) ,l HY (ó ), THf]L ( 8 ) , P0L ( 8 ) , TH0H ( B ), PÛH( B ) '+ '[HY0L (ô ) , PYtìt ( ó ) , THYÜ11 ( ó ) , PYÜH( ó ) ,
* ANiû,tsR,tJlJ,B0rRLrAKlV(2),AKzV(2) ¡AK$V(?),Ç1V(2),C,ZY (7) ¡

.* Epslv(2),ËPs2v (2),Psl$v(2),PSlssv(2),FSlf'tAV(?),
* lj{IY,RLY,IJELAMP'AK I Il,P(36),PY(21) rllAT(õ5) rÜUM(8)'
* sTR, 0ËL1l'1, ti[, sL1, s t Ü, PS l 'iJ, Ps I RF ü, AK1, AK2, ÂK3 r Cl r C2,
'Þ hPSl, EPS2, PS I $, PS I SS, FS I í'IAX, IìR, RREÊ'F, I]hIY, DËLYO '* Ð[:LCILn, R0H] 

' ÐE L '* ISPM, INI], IDPSI, I!)ËXPI IRR, IRËG'NA'hIHINC'K' IRNIF'
'F llf{V(2)r l?MV(2), lSMV(2), lRËGY¡ltlAY,hJfrY,KY, l4þ'1r
r. lsp, lsppr lspl r ll)p, lRr lRyr l1,12tl 3,14, llM, l2M, l5M,
.* NiÐAT, hlN r I\1U1, NAd, Np, K1, NllA Í1,1{1',* I'¡DAT Y, í!U1Y 

' 
hJAIìY I NPY, K1Y, ¡.JL}AT].Y I NJ.Y

ü0MPUl [: ISPP,

I SPP=2
IF(AN-ANN) ?,3,3
I liPP:1

It'(lzuAt-JT) 7t4,7

!iUL]ROUÏ INE
STURH

tìËüu tREtl

Ir-(
lF'(
ISP
l5P
tF (

l"iûflYÄl¡,1;ü
ÀVR={l .

SI F:1. -SR
IUP: lUËrS I

PS lü:PS I

l)PS I rl'[:U.
I RY: I Rf:t¡Y
PSIRF0¡PSIRËF
ilELgûü: ü ,
L¡ËLLl¡=û,
lûti:LCc1
tiËLllCIM=ii,
I]HL:N.
i.,tUlY:írJAY+KY+?
hIABY:NAY+hlBY
iJPY:l.lABY
{.tlJA fY;NPY+3*KY+.5
K1Y:KY+1
ntlATlY:NIIATY+1
l\1.Y=LJUlY+KY
lR=lRhG
Í!All=hiA+i{ij

t;
f;

tl
7

¿

3
(.

4
5
ó

lf;Pp-lsP) 5,3Ûr5
ISP l- lSPr{) J0 r 3û r ó
=I:;PP
l=-1
li\jû) L6¡Ló'10
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t
c
c
1,4

I
9
c
Ç

t
1

11

u

15
c
c
c
1ó

0
33
c
c
c

frlP:lrtA8+NC
Kt=K+l
NDAT:NP+3*K+3
NN=NAS+2*K*õ
591:NA+K+2
NÐAT1=NÐAl'+1
hl1tr hlU 1+K
0ËL0L0¡ü.
ROLB:S.
$TD:1. -BÐ
I STtsÞ:0
I P0RT=0
llEL0¡0.
l4;I
I SP l:*1
lË( thtAuÏ) gr8r9
lF( tsPP*lsP) 9,14,9
I SP: I SPP

IN IT IAL IZF PARAÞ4ËTERS TH,

n0 13 I :1,8
lF(lSP-l) 11,lf.r12
TH(l):THûL(l)
Ë0 T0 13
TH(l);THÛH(l)
CONT I NUË

INITIALIZE VFCTOR NAT,

SLnFSI-PSIREF
lf(SL .LE. -18û.) $L=SL+36fJ,
lF ( S[ , GT, 180. ) $L:SL*.560.
J=NU1-1

12
13

?0
2L
c

c
30
31

ó00

17
1S

19

n0ó
DAÏ (

n0 I
I]AT (

s0
l)
5
t)

l:1rJ
¡SL
I :NUl r 35
:0.

INITIALIZË ÇOVARIANOF I{ATRIX P.

n0 ?L I =1,8n0 2! J¡1", I

L;l*( l-tt/A+,1
lF ( l-.i ) 20, L7 t?t
lF( lsP-l) 18,18r1"9
P(L)¡PtL( I )
GO TO 2T
P(L):P0H( I )

Ë0 T0 2.L
F ( L ):0 .
CONT I IXUË

I NAUT;0

tF( tsPl-tsPM) 31r3t,32
l$Pl=l$Pl+1

lF ilvt0pYAb, , Ft. 4l M0DYAH=0

ÇOþ.{PU TE AVËRAGË VALUË OF R, AVË,

AVRSAVR+ ( SÏR+BR ) * ( R-AVR )
SIR= ( 1. -BR ) *STRI ( 1, *BR+SfR )
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Ç

c
c

{10þlPLJl F DPS lL)ï ,

lF"( tnP-l DPSt ) 34,3õ,3ó
I DP:1
SL=PSl-PSl0
fS I 0:PS I

3ó

IF(SL ,LE, -18
lþ(sL .GT, 180
DPS líl l=SL/FL0A
{ìü T0 3ó
I DP= I ÐP+1

c
42 l?=ü

AKl=AKlV( ISPP)
AK2:AKAV( ISPP)
AK3:AK3V( ISPP)
t1=Ç1V( ISPP)
tJZsÇ?V( ISPP)
FPSL=ËPfj1V ( l:iPP )

ËPS2:EPS2V( ISPP)
l1Þi= !114V ( ISPP )

lZl"t: lZMV ( ISPP )

I Sl'l: I 31"1V ( I SPP )

Flj l¡t:PS ISV ( l$PP )
P$lSS=PSlSSV( ISPP)
PS lf"lAX:PS IMAV ( ISFP )

c
44 $[-:PS lRÊF-PS lRt 0

46
48

5tj

51
C

5',¿^

54

û,)
')T( I

SL:SL+õ68,
$L:SL-36íl ,
DPlj I )

SL:SL+3ó{-r ,

SL:$L-ðóû.

34
C

(/

C

3b
c
C

4Q

4t

IF' II']ËXP=1 OR 2, JUMP TU THh ITËNTIF I(;ATI{JN EXPFRII'4Ëh}T PARÏ,

lF( i llËxP) 4c'4tlr14íl

YAt,l lìËÊULAï0H.

I r( lrìY- I RË{ìY) 13ü,41, 14t)
IRY:1
lF( lYAhl) 44,1,4tj,42

trS tRFct=FS tREF
lr(5L ,LË, -18û
lF(sL ,[iT, fB0,
lF(tYAr.i) 50,4ór
tr(A$s(sL) - P$ tr,,tAX)
P!0nYA!{;4
I YA¡{:{J
{tCI Tt 14ü

4Br4Br5tj

SL1:FS l-PS ltlËf
lF(SL1 .LE, -L80.) l;L1:SL1+3þü.
I f (SLl ,û1, 18û. ) $Lt=$L1-3óü.
lF(ALìS(SLt) ' P$l$) bL,5!,52
lf ( lYAI,,J) L27,t29,I7,9

tFililR-ä) 54,56,58
HR=Fi
G0 't0 6û
RR=AVR
G0 T0 óil
RR=LlPli lUÏ

lF( lYAi¡l) 62,6ó,ó6
I t (l"lollYAhl-3) 66,(>4,66
I F ( ALìS ( SL ) -PS I SS ) 1,22,!22,65

,)
)
46

5Õ

58
n

6Ð
62
64
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ób
n

óó
óð
7u
C

72

7,4
c
75
76
c
7/

86

94
9ó
98
Lü0

111
c

5u0

51.0

b'x2
51,4
c
114

50?
5A4
C

5{]ô
508

I Y Aral: I
lF(sL1) 69,7ür70
l F(StX+C?*HR ) 72t tZUr l2U
I l" (SL!+CZ*RR) 1^2t\,L2t,74

RRÊFF:RRËF
{ì0 I0 75
ËRFFF=-RRËF

F( lYAhl) 76,8û,gfì
F(r"l0llYAN-2) 86, 77 rL22

78
7V
t;
c
c
rJ0

lF(sL1) 7â,78,79
I l"'( S[1.* ( RR+ËP52 ) )

lf (SL1tt(RR-ËPS2) )
114,114rii{i
!I4,!:l.4'¿lU

ç
u
(:

11tl

PHA$F 1.

þ10DyAt¡l=L

Ylt,af:-l
Ic-1
1= I 1+f
F(RRbFÊ') 9órg4,ct4
f ( iìR-RRHFF+FpS1 ) 9fi, j.1 ü , Ll ù
F ( RR-RREFF*ËPS1) 11n ,11r1,9s
F ( l1* I REGY- l1M ) 1CIit,11ü, ttf.r

IlË[Cüt) = -A K 1 * ( RR -RR EF F ) + U Ë L 1 r"r + C 1 * RR Êt'F
G0 T0 t26

PHASE ?,

l{0üYÂl,tl=2
I YA!'l:-1
l?=-1
tlËLY=UELCOFI
DËLY0:DhLC0M
Uü 111 I =1,35
llAT ( I ) =0 .

iJO 5t4 l:1,ó
lr( tsFP-t) 5U0,500,502
THY(I)=THYOL(I)
ß0 TCI 5S4
ïHY(l)=THY0H(l)
TOhIT INUË

lrü ,L4 l:1,ó
n0 5í4 J;1, I

!.*lo(l-L)/2+J
lr(t-J) 512,506,5I2
lF( tsPP-1) 509,5t8,510
PY(L)cPY0L( l)
G0 t0 514
FY(L):PY0H( l)
{iü T0 5L4
PY(L)=0,
COI'JT INUË

DAT ( l. ):RR-RRFFF
I 2z l2+7.
IF( I DEIC+L) 118,11ó,1J.8
üÊLY=DËLU0M
nAT ( NUlY ) : ( DtLY-nËLy0 ) $tsny

11ó



40.

c
118

l¿

t22

*
CALL STURË ( ÐAT, THY ' 

I'Y 
' 

DUf-l, RLY, NAY, NAËìY, Nf]Y I KIi.Y I
hjnATY, hilAT1Y, r!U1Y, NlY )

I]ËLCÛü3I']AT ( I{U1Y ) /8CI Y +DËLY
DFLYÛ;DÉLY
tlËLY:llEL00t
G{)',r0 Lz.6

PHASE 3.

i'l0ûYAi'l=ö
I YÅbi=-1.
l:{--r
l3: l3+1
lF ( lI*lRLIGY-l3l'4) L24,L27,L27

í)ËL t0C e - A K 2* SL :- - AK $*RR
lF( l2*lHËGY * l?rq) L25tL25tL26
nË[C0C:üÊLC0C+DËL1M

OELCÐI'I:DELCOC
I DËLt=t
üCI T0 14ß

J=NU1-1
tl0 7n0 l:1rJ
tlAT ( I );SLl
tl0 128 l=NUt r 35
ilAT( l)=tl ,
NËLOLÞËÐELüOPl
LIEL:0ËLü0M
¡1gt-lJ=RR
IIE[Ç0t:ÐELC0M
I ÐFLû=tr
l'10nYA|{*g
I YA''.1:S
G0 Tn 14ü

IRY= lfìY+t

$TRÂ I GHT ÇOURSË RËGULATÛR.

lÉ ( I R- tRFÊ ) ?LA ,ï42 t999
I R:1
$L:PSI-PSIRËF
lF ( 5L , LF. -190, ) sL=ÍìL+ðó[.
t ( 5t . GT, 180. ) SL:SL-J6t.
F( lnËXP) 3.44,L44'180

YAþt) 999,I46,9ç9
RR-2) 148,1,9(),L52

o 1,54
VR
il 154
PSIDT

DAT ( 1 ):SL
IF(i{0) LéörL68,L62
It ( lRlJ lF- ) 166,166,t64
ilAT ( hlN );RR-R0[t)
¡ig¡¡¡:RR
GO TO 1ÓB
I]AT(NN)=RH

Ç

t
c
12rJ

C

7,25
0
L26

1"24

c
L27

7üû

128

t29

14 t]
142

Ç

LJ0
c
tr

C

4
ó
I

4
4
4

1
L
1

r( |

r( r

R:R
OT
RsA
QT
R*L)

f)

rj
R

(ì

K

1Þ0

t>2
C

L54

Lâ2
164

16 f,



4I.
1óiì
t/û

IË( I IIHLC+X) L72,L7n,5,72
ilËL=nHLt0M
ilAT ( hlUl ) = ( llEL-ÛËLg¡ g ¡ *blU

C A L L S T U R Ë ( i] A T , T H , P I IJ U M 
' 

[I L I i\i A ' N A S ' N P ' ¡{ } ¡ i! O A T I
i\DA Tl" , NUl , N1 )

l)FLCfl ü=lJAT ( \lU L, I lt{] +ü[L
lrFLüLU=UtiL
l)FL1r.4:nHL1M+ I 5Tû+bD ¡ * ( nEL-DËL1tl )
$ ïll= ( I . -tiD ) *STnl ( 1, -HD+STD )
i,HL=IlELCOC
fì0 t0 2ûtt

IIJËNT lf l0AI lClN ËXpf:R liqËi\tT PAtiT,

lË ( lI]HxP-1) 181,1t)L,I92
I F{ I STt}ü+ I PORT-1 ) 19ü, 1 82,1,,ò&
lÉ ( t5Tf3U) 18ô,18ó,184
DbLü:ÐFLAMP
í¡0 10 19û

ilHL 0:-llÊLAMP
ü0 lr.l 190
fiËLû=0.
lSTt3[=t]
lP0llT=ü

nËLüflC=üÊLtl-AK ID+$L
{;0 l0 200

tF ( l4- l4r'1) 194,1eó,198
l4¡ l4+1
íJËLüfiC=U,
rì0 T0 200

fJELC0C:llELAl'4P
l4= l4+1
rì0 I CI 200

IlËLL'flC=-DELC0t

DËLçn¡4=UËLÇûC
I DELÇ=1
rì{J I 0 999

lR= ¡P*1

RËTURf!
üNn

C

t72
l.

C

c
ç
180
1-8L
L82
1e4

l" 8ó

1s8
19 tì

.t+

(1

tq2
194

C

196

C

19 ¿ì

t
2ú8

rl

7 L{)
t
999



42.

s u ili R ü LJ T I N E S T U R k ( lJ A T r T l-i , P r r,¡ U l{ , R L , fil A , niA I , N P , K 1 , hlD A T r hl D A Ï I ' N l'.11 
' ¡i 1 ¡

SËLTTU{.JIN{J RTTIJLAIOR BASFÜ CI[I LËAST SOUARHS II]ËhIT ICATION
Af{ll t4 |:ï |ilui'.1 vAR IAN{lE ünNTRflL, Atlf4 ITlt FEËDrtRilARD ANI)
flXPLil ITS SYMI'1ETRY ûl' P,

AUTHûlt, ü,KALLSTR011 1,974-ü7-{]4,
REVTSEÐ, C.KALLSTRûi'l l,q74-U9-23,

THË ALGÜR ITHM Ilj UASËIJ Ohi I HË Müf]ËL

Y ( T ) +A ( 1 )*Y ( T-i(-1 )$ r, *A ( iTA ) *Y ( T-K-NA ) *
I'J0* (U ( T-K-1 ) +ti ( I ) xU( T-Y\'?>i ¡ . r *ll ( Nii ) *U ( T-l(-Nt-l, ) ) +
c ( t ) *v ( î-K-1 ) +c ( 2 ) rfv { T-K-2 ) *., . +Ç ( Nt ) *V ( I -K-NÜ ) +ËFS ( T )

Af hA0l.l sThP T,-iH LTAST SûuARf:S ËSili{nTË$j 0r THË PARAr'4ETFRS

ûF THE I'iODEL ARÊ üOMPLJT Et] , THh CüI!TRf]L VAR I ABLTi U ( Ì ) TT)

IJh APPL Ibi] AT T II"Ih T Il; THKN COMPUTËIJ FROi''i

LJS(T ); AE(1)xY( T)1,, .+AË(,\A)*Y(Ï-¡lA+1)
* B E ( 1 ) x U S ( T - 1 ) - r . , * Ê Ë ( i{ d ) * U S ( ï - i\ifì )
-CË(1)ttV( I )-,, .-Ch(Nfl )*V(T-i!Ü+1 )

l,JþlFRËi lrE,Bli ANll CË ARË Tþlt PARAMËTER ËSTl¡'1ATË5
Ár{n US li'lF SCALEtI C0NTtlüL 5lrìl'¡AL l,Ë, LJS:'d0*U

HHFjf{ USING TflE ALIì0Rl1t"{Þl IHË PRüCkSiS 0UtFUT Y(T) Aí{ll lHË
FhFPF(JR!,IARf] SIüNAL V(T) ARL.: HhÀI] AT TIME T ANiJ TIlË COI{TRT]L

StriNAL U(Ì) T0 üH ApPLtËü AT TIMF T lS THhN C0MPUT[:i)

ÍlAT- VEüT0R {.,f ú I HËNi; | ßN ÍrlA+i']ts+NC+3*K+3 CÜNTA I t{ I hl0
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APPENDÏX C - EXPERTMENTS

Plots from all the experÍments are shown in this appendix. Ex-
períments of straight course keeping by the adapt,ive autopilot
are summarized in Tables C.l and C.2. YawÍng experiments per-
formed by the same autopilot are shown in Tab1e C.3. Notj-ce
that course changes also were performed during experiments A,37

and 440 - 445. Experiments of straÍght course keeping and yas¡-

Íng by Kockumsr PlD-regulator are summarized in Tables C.4 and
C.5, respectively. Notice that the ship was controlled by Koc-
kumsr PÏD-regulator during the first part of experiment A20,
too. Finally Table C.6 shows the experÍments for ÍdentÍficatÍon.
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EXPERIMENT A1.

Date
Time
DuratÍon
Position
lVater depth
Forward draught
Aft draught
Wlnd dírection
Vtind velocíty

Wave height
PSÏREF

Rudder limit

Regulator structure

19 7 4-10-0 I
l7 .30
20 min
N 26o L2t E 53o 08 '

70m
10.9 m

10.9 m

NW (1¡ see AppendÍx A)

1-2 Beaufort (1-3.5 m/s,
líght, aÍr to light breeze)
0.5 1.0 m

3o 90

Not actlve

NC=1
RL = 0.98

K=4
IRR=3

P unknown

55.

IDPSI = $

NA=3
IREG = 15

FínaI values

NB=f
IRDIF = Q

a

a

a

b

c

I
2

3

I
1

-J.3.207
17 .540
-5 .014

0.635
-59.363

"l+"2*"3=-Q.681



56.

Statisti'cs (mean value and standard deviation)

DELTA

PSI - PSIREF

AN

U

VI = 1.195

= 0.642V
2

2.35 t 1.86 deg

-0.213 ú 0.501 deg

80.55 * 0.53 rpm

17.37 * 0.22 knots
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EXPERIMENT A2.

Date
Time

Duration
Posltion
Water depth
Forward draught
Aft draught
I¡llnd dfrection
Wind velocity
Wave height
PSTREF

Rudder llmit

Regulator structure

19 74-10-0 I
22.0L
54 mln
N 27o oo' E 5ro 51'
50 65m
10.9 m

10.9 m

NW (1; see Appendix A)

3 Beaufort (4-5.5 m/s,
1 2m
3190

t10o

NC=I
RL = 0.98

K=4
IRR=3

P unknown

69.

gentle breeze)

IDPSI = $

NA=3
IREG = 20

FÍnal values

NB=1
IRDIF = 0

I
2

3

I

a

a

a

b

c

-9.84
L4.845
-5.577
0.493

-L3.298

al t a2 + u3 = -Q.579



70.

Stati,s'tÍcs (mean value and standard deviation)

DELTA

PSÏ . PSIREF

AN

U

VI = 0.922

= 0.878V
2

0 .66 ü 2 .58 deg
0.082 * 0.454 deg

80.82 t 0.49 rpm

17.08 t 0.10 knots
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EXPERIMENT 43.

Date
Tíme

DuratÍon
Posit,ion
Water depth
Forward draught
Aft draught
Wlnd dÍrecti-on
Wind velocity
Wave height
PSIREF

Rudder limit

Regulator structure

NA=3
IREG = 15

Final values

19 74-10-10
13.13
29 min
N 2Bo Agt E 5oo 35'
38 40m
20.1 m

20.4 m

SE (fi see Appendix A)

1 Beaufort (1-1. 5 m/s ,
0.5 m

1570

Not actíve

NC=1
RL = 0.98

K-4
IRR=1

P unknown

84.

light air)

NB=l
IRDIF = 0

I
2

3

I

a

a

a

b

c

L2.37
2L .422

-9.450
0.307

44.2L4

al * u2 * .3 = - 0.401



85.

Stalj-,s,tics (mean value and standard deviation)

DELTA

PSÏ - PSIREF

AN

U

vl = o 'r44
V2 = 0.L44

-0.04 * 1.03 deg

0.07I t 0.182 d,eg

80 .19 È 0.31 rpm

14.00 * 0.08 knots
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EXPERIMENT A4

Date
Time

Duration
Positlon
ülater depth
Forward draught
Aft draught
üIind directíon
Wlnd velocíty
Wave height
PSTREF'

Rudder limit

Regulator structure

-8.73
L8.286

-11.470
0.517

L44.576

-19.048
7.095

0.080

85.698

38.190

-L7.204
-0.410

-199.703

96.

1Í9ht air)

0.038

5.299 2036.391

19 74-10-10
15.46
62 mÍn

N 2go zst E 5oo 47,

50 60m
20.1 m

20.4 m

S (2i see Appendix A)

1 Beaufort (1-1.5 m/s,
0.5 m

157()

Not active

NC=1
RL = 0.98

K=4
IRR=1

L2.082

NA=3
IREG = 15

Final values

NB=1
IRDIF = 0

a

a

a

b

c

I
2

3

t
I

P-

al*u2*"3=-1.914

11.188

0.306

79.430



97.

Stati's,ti'cs (mean value and standard deviation)

DELTA

PSI-PSIREF
AN

U

I = 0.164

= 0 .148V
2

0.40 * 1.15 deg

0.034 t 0.121 deg

80.98 ¡ 0.36 rpm

14 .37 n 0.11 knots

V
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EXPERIMENT A5

Date
Time

Duration
PosÍt,ion
Tfater depth
Forward draught
Aft draught
!{Índ direction
lllnd velocÍty
lrÏave height
PSTREF

Rudder lÍmit

Requlator structure

NA=3
IREG = 2Q

Final values

NB=l
IRDIF = 0

NC=l
RL = 0.98

K=4
IRR=1

L6.762

-0.363
244.258

108.

0.097

-10,.38O.. ; .LL2L6.

1974-10-10
23.22
46 min
N 27o 06' E 52o 05'

60 70m
20.I m

20.4 m

0 Beaufort (0-0.5 m/s, calm)

0m
1170

Not active

ai
az

a3

bl

-8.
L4.

-7.
0.

131.

82il
382 

|

2L4l

811l

63el

59.09r

-83.116
24.364

-r.385
694.849

p=
L20.6L2

-38.351
L.754

-984.399

.l * u2 + "3 = - I.661



109.

Süati's'ti'cs (mean value and standard deviation)

DELTA

PSI . PSIREF

AN

U

V
1 = 0.160

= 0.102V
2

'-0.76 * 0.86 deg

0.002 t 0.L26 deg

81.95 t 0.22 rpm

17.88 t 0.22 knots
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EXPERIMENT A6

Date
Time

Duration
Posítion
hlater depth
Forward draught
Aft draught
Vtínd direction
f¡Iind velocÍty
Wave height
PSIREF

Rudder lÍmÍt

Regulator structure

r97 4-L0-].2
14.38
40 min
N zLo rzt E 59o 35 '

deep

20.1 m

20.4 m

0 Beaufort (0-0.5 m/s, calm)

0m
2030

Not active

NA=3
IREG = 20

Final values

-u. 28

NB=f
TRDTF = I

NC=,&
RL = 0.98

K=4
TRR=1

I20.

138.289

tl
a2

a3

b1

15.643

-5.025
r.091

L7.224

p=

^L 
+ u2 * .3 = - 0.669

2.044

-2.649
1.166

-0.041
4.396

4.876

-2.636
0.058

-11.495

r.986

-0.023
6.99L

0.003

-0.181



L2T.

Statistics (mean value and standard deviation)

DELTA

PST - PSIREF

AN

U

0.60 * 1.59 deg

-0.036 t 0.200 deg

85.78 t 0.40 rpm

16.53 t 0.I2 knots

V

V

1

2

= 0.330

= 0.294
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EXPERIIUENT A7

Date
Time

Duratíon
Position
Water depth
Forward draught
Aft draught
üiind direction
Wind velocity
Wave height
PSIRET

Rudder limÍt

Regulator structure

133.

19 74-10 -13
10.03
41 min
N 160 3l t E 57o 2ol
deep
20.1 m

20.4 m

SShf (1; see AppendÍx A)

2 Beaufort (2-3.5 m/s, light breeze)
2m
2o 50

Not active

NA=3
IREG = 20

Fínal values

12.59

18.895

-6.873
0.928

3.236

NB=1
IRDTF = 0

NC=1
RL = 0.98

(=3
IRR=1

3.277

0.010

10.045

al
a2

a3

b1

p=

5.230

-6.555
2.330

-0.L44
2r.860

10.367

-4.621
0.131

-32.898

0.022

-0.115 353.779

ut_+42+tj=-Q.575



134 .

Statislics (mean value and standard devÍation)

DELTA

PSI - PSIREF

AN

U

0.32 t 1.04 deg

-0.025 * 0.200 deg

85.80 * 0.30 rpm

16 .59 * 0.15 knots

V

V

I

2

= 0. I59

= 0.149
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L46.

EXPERIMENT A8

Date
Ti.me

Duration
PositÍon
lVater depth
Forward draught
Aft draught
$Iind direction
lfind velocíty
V'lave height
PSTREF

Rudder Iímit

Regulator structure

19 74-10-1 3

12.58
39 min
N l5o 55' E s7o 06 '
deep
20.1 m

20.4 m

SSVü (1; see Appendix A)

1 Beaufort (1-1.5 m/s, 1í9ht air)
0.5 m

2050

Not active

NA=3
IREG * 20

Final values

1I.99
17.190

-5.861
0.929

25.r57

a +a

NB=]
IRDIF = 0

NC=l
RL = 0.98

K=2
IRR=l

1.533

0.015

7.110

tl
a2

a3

br

2.660

-3.257
L.2gg

-0.063
L2.669

4.959

-2.255
0.050

-L9.684

0.011

0.042

p=

+a = - 0.668

182.636-1

I 2 3



t47 .

StatÍstics (mean value and standard deviation)

DELTA

PSI PSIREF

Ar{

U

Vt = 0.560

= 0.454V
2

1.03 t 1.91 deg

-0.062 * 0.292 deg

85.89 * 0.37 rpm

15.87 * 0.15 knots
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159.

EXPERTMENT A9

Dat'e

TÍme

Durat,Íon
Posi.t,ion
Water depth
Forward draught
Aft draught
lVind dÍrection
Wind velocíty
Wave height
PSTREF

Rudder IÍmít

Regulator structure

1974-10-13
t4.49
34 mÍn
N 15o z}t E 560 53'
deep

20.I m

20.4 m

SSW (t; see Appendix A)

1 Beaufort (l-1.5 m/s' light aír)
0.5 m

2050

Not actíve

NA=3
I.REG = 20

Flnal values

NB=1
IRDIF = 0

NC=1
RL = 0.98

K-5
IRR=1

1.616

0.015

4.520

al
az

a3

bl

t2.e681

L8.z23l

-s.8ss I

0. e37 I

17.6s7)

2.935

-3.365
1.048

-0.151
9.833

4.935

-2.050
0.134

-ls.631
0.021

-0.201 2L9.730

p=

alt^2*.3=-0.600



160.

Statistics (mean value and standard deviation)

DELTA

PSI - PSTREF

AN

U

0.54 r 1.36 deg

-0.080 * 0.206 deg

86.16 * 0.30 rpm

16.06 t 0.10 knots

V

V

I

2

= 0.263

= 0.234
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L72.

EXPERTMENT AlO

Date
Time

DuratÍon
PosÍtion
l{ater depth
Forward draught
Aft draught
Vlind direction
!üÍnd velocity
Wave heíght
PSTREF

Rudder 1ímÍt

Requlator structure

L97 4-10-14
8.29
32 mín
N 1lo 16' E 55o 05'
deep

20.2 m

20.2 m

I Beaufort (1-1.5 m/s, light air)
lm
2ogo

Not active

NA=3
IREG = 15

NB=1
IRDIF = 0

NC=1
RL = 0.98

P .unknown

K=5
TRR=I

FÍnal values

-L7. 208

28.24r
11.576

1.003

2.784-

11*.2*.3=-0.543

al
a2

a
3

b1



L73.

St,atÍstics (mean value and standard deviation)

DELTA

PST-PSIREF

AN

U

0.36 t 0.86 deg

-0.028 t 0.101 deg

85.88 t 0.30 rpm

15.04 t 0.25 knots

V

V

1

2

= 0.098

= 0.085
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185.

EXPERIMENT A1I

Date
Time

DuratÍon
PosÍtion
Vtater depth
Forward draught
Aft draught
Wind directíon
Wlnd velocity
Wave height
PSÏREF

Rudder limit

t97 4-L0-r4
10.09
31 mÍn

N loo szt E 54o 30 '

deep
20.2 m

20.2 m

1 Beaufort (1-f.5 m/s' light air)
0.5 m (rollings)
208
r10

o

o

The maín engine trípped duríng the experj-ment

Regulator structure

NA=3
IREG = 20

ISPM = 600

NB=1
IRDIF = 0

INO=]

NC=1
RL = 0.98
ANO = 45

K=4
IRR=l

Final values

a

a

a

b

1

2

3

1

1

-9 .087
14.5L2
-7.024

0.800
29.84L

P unknown

uL*a2*ar=-1.599



186.

Regulator parameter values for low speed were used after 16.5
min. of the experiment, but inltÍal high speed parameter va-
lues $¡ere j-ntroduced again after 26.5 min.

StatistÍcs (mean value and standard deviation)

DELTA

PSI - PSIREF

AN

U

Vl = 1.894

vz = l'825

0 .83 x 3.82 deg

-0.076 r 0.600 deg

72.24 t 14.98 rpm

14.61 * 1.48 knots
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20L.

EXPERTMENT A12

Date
líme
Duratlon
PosftÍon
lrlater depth
Forward draught
Aft draught
Wlnd dírectÍon
Wind velocíty

Wave helght
PSIREF

Rudder limit

Regulator structure

L97 4-10-14
13. r0
30 min
N 1oo 16' E 54o 221

deep
20.2 m

20.2 m

SW (li see Appendix A)

2-3 Beaufort (,2-5.5 m/s, light to
gentle breeze)
I m (light sea from SW, rollings)
20go

Not active

NA=3
IREG = 15

Flnal values

-13.4
22.748

-9.L2L
0.864

L.252

NB=l
IRDIF = 0

NC=t
RL = 0.98

5.578

K=4
IRR=1

4.689

0.008

L.969

"l
a2

a3

b1

P-
-7.679

3.4s7

-0.101
9.784

L2.873

-6,6L2
0.107

-L6.046

0

0

019

038 207.770

aI * u2 +.3 = 0.156



202.

Statis,tics (mean value and standard deviation)

DELTA

PST - PSTREF

AN

U

VI = 0.234

= 0.150V
2

0 .92 r 1.I0 deg

-0.017 t 0.168 deg

85.75 t 0.34 rpm

15.63 t 0.18 knots
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2L4.

EXPERIMENT 413

Date
Time

Durat.ion
Posítíon
Water depth
Forward draught
Aft, draught
Vfind direction
Wfnd velocity
Wave height
PSTREF

Rudder límit

Requlator structure

19 74-10-14
14 .15
34 min
N loo 04 ' E 54o !21

deep

2Q.2 m

20.2 m

IVSW (2i see AppendÍx A)

3 Beaufort (4-5.5 m/s, gentle breeze)
1 m (light see from SW, rollings)
2ogo

Not active

NA=3
IREG = 15

Final values

NB=1
IRDTF = Q

NC=1
RL = 0.98

fi=3
IRR=l

5.168

0.023

-r.036

al
a2

a3

b1

c1

-L4.802
25.L04

-L0.707
0.835

5.044

5.896

-8.44L
3.607

-0.049
11.465

14.508

-7.385
0.040

-13.139

0.012

-0.117 198.940

p=

aI * u2 t.3 = - 0.405



2]-5.

StatÍstics'(mean value and standard deviation)

DELTA

PST.PSIREF

AN

U

0.84 *, L.23 deg

-0.069 t 0.173 deg

85.71 * 0.29 rpm

L5.32 t 0.16 knots

V

V

1

2

= 0.257

= 0.186
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