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ABSTRACT

Experiments of steady state course keeping and turning
on a tanker in ballast condition are presented. An
adaptive autopilot, consisting of a Kalman filter, a
self-tuning regulator for straight course keeping and
a turning regulator, was tested in different speed and
weather conditions. Comparative experiments with a
conventional autopilot based on a PID-regulator were

also performed.



TABLE OF CONTENTS

Page
PART 1
1. INTRODUCTION 6
2. MEASUREMENT EQUIPMENT 8
3. AUTOPILOT 10
3.1 Kalman Filter 12
3.2 Self-tuning Regulator 17
3.3 PID-regulator 21
3.4 Yaw Regulator 22
4., DISCUSSION OF THE EXPERIMENTS 27
4.1 Kalman Filter Testing 28
4.2 Straight Course Keeping 32
4.3 Yawing 37
4.4 Experiments for Identification 38
5. CONCLUSIONS 40
6. ACKNOWLEDGEMENTS 42
7. REFERENCES 43
APPENDIX A - NOTATIONS 44
APPENDIX B - STANDARD PARAMETER VALUES 50
APPENDIX C - PROGRAM LISTINGS 56
APPENDIX D - EXPERIMENTS 67
Al 79
A2 89
A3 . 929
A4 109
a5 119
A6 129

A7 139



PART

II

AB

A9

Al0
All
Al2
Al3
Al4
AlS
Alé6
Al7
Al8
Al9
A20

A21

A22
A23
A24
A25
A26
A27
A28
A29
A30
A3l
A32

A33

Page

149
159
169
179
189
199
209
219
229
239
249
259
269

278

288
298
308
318
328
338
348
358
368
377
386

396



Page

A34 406
A35 416
A36 425
Bl 435
B2 441
B3 447
Cl 453
c2 463
C3 473
C4 483
C5 493
Cé 503
D1l 513
D2 523
D3 533
El 543
E2 552
E3 561
E4 571
Fl 580
F2 581
F3 582

F4 583



1. INTRODUCTION

The purpose of the experiments was to test an adaptive
autopilot, consisting of a Kalman filter, a self-tuning
regulator and a yaw regulator, in different weather condi-
tions and at different speeds. Comparative experiments

performed with a PID-regulator were also recorded.

The ship, T/T Sea Stratus, is a 355 000 tdw oil tanker
built for the Salén Shipping Co in Stockholm by Kockums
in Malm&. The length between perpendiculars is 350 m and
the beam is 60 m. The draught of the ship is 22.3 m in
full load condition. The main engine power is 29.4 MW
(40 000 shp), which implies that the speed obtained is
15.5 knots when the tanker is fully loaded. The adaptive
autopilot was implemented by use of the programming
language FORTRAN as a task of the Integrated Navigation
System, Kockums Bridge System type 546, which is a
standard software package designed for the process compu-
ter Kongsberg SM 406 S. A special paper tape punch was

installed to record the experiments.

Extensive computer simulations had preceded the experiments.
A mathematical model of a 255 000 tdw tanker was used in
Aspernds and Foisack (1975), Aspernds and Kdllstrom (1975),
and Kdllstrdm (1976a). A model, which describes the steering
dynamics of the actual tanker T/T Sea Stratus, was simulated
in Kdllstrdm (1976b) and (1976c). The latter report shows
the performance of the same adaptive autopilot, which is
used in the experiments described here, for different load

and speed conditions.

Preliminary full scale experiments on 255 000 tdw tankers,
T/T Sea Scout and T/T Sea Swift, are described in K&llstr&m
(1974) and (1975), resp. Most of the Sea Swift experiments
were performed in full load condition, while the Sea Scout

was ballasted during the experiments.



The experiments on the Sea Stratus were performed during

a voyage from Lisbon, Portugal, to Cape Town, South

Africa, between 1976-04-18 and 1976-05-03. At the departure
from Lisbon the ship had a ballast of 134 000 tdw, which
implies a mean draught of 10.5 m. The ballast was changed
to 160 000 tdw on 1976-04-26 and then the mean draught
obtained was 11.9 m. The average speed of the ship varied
between 12.1 knots and 15.9 knots. The largest wind
velocity measured was 15 m/s, which means moderate gale,
but complete calm was also prevailing during some of the

experiments.

Thirty-six experiments, Al-2A36, of straight course keeping
were recorded. The PID-regulator was used during some of
the experiments, but most of them were performed using

the adaptive autopilot. Three experiments, B1-B3, were
specially carried out to record the performance of the
Kalman filter by punching data at a high sampling rate.
Six turning experiments, Cl-C6, and three normal operating
experiments, D1-D3, were also recorded as well as four
experiments, El1-E4, for off-line identification of the
ship steering dynamics. Finally four straight course
keeping experiments, Fl-F4, were performed to compare the
steering quality of the adaptive autopilot to that of the
PID-regulator. Notice that no data were punched on paper
tape during these experiments. The Kalman filter was
running during all the experiments, but the estimates were
not always used by the regulators. All the fifty-six
experiments are described in Appendix D. The total experi-
mental time was about 33 h, but the testing was going on
during almost all the days and nights of the voyage, i.e.

during about 2 weeks.

The notations used in this report are explained in Appendix
A and the standard parameter values of the autopilot are
summarized in Appendix B. The listings of the FORTRAN sub-

routines of the autopilot are given in Appendix C.



2. MEASUREMENT EQUIPMENT

Several measurement signals are usually available in the
computer, and no special equipment, besides the paper
tape punch, had to be installed to carry through the

experiments. Following measurement signals were recorded:
0 Rudder servo position 6 [deg], scan cycle 1 s.

0 Rudder angle & [deg], scan cycle 1 s, accuracy about
0.2 deg.

) Propeller effect Ps [MW] (mean value during 5 min),

scan cycle 10 s.
o Number of propeller revolutions n [rpm], scan cycle 2 s.

0 Forward velocity u [knots], scan cycle 1 s, measured
by a doppler log, type Atlas, with an accuracy of
0.02 knots.

0 Transversal velocity of bow vy [knots], scan cycle 1 s,
measured by the same device and with the same accuracy

as the forward velocity.

o Yaw angular velocity or yaw rate r [deg/s], scan cycle
1 s, measured with an accuracy of about 0.005 deg/s by

a rate gyro manufactured by ATEW AB.

) Heading angle ¢ [deg], scan cycle 0.25 s, measured by
a Sperry gyro compass, and transformed by a synchro-

-digital converter with an accuracy of about 0.02 deg.

During two experiments, Al and D1, the forward velocity u
was measured by Sperrys log. Sometimes that signal had an
incorrect value in the computer. No measurements of the
transversal velocity of bow v, were recorded during these
two experiments. The sign of v, was incorrect during
experiment Cl and a defect rudder servo was used during

experiment Al.



The relative wind direction and the relative wind velocity
were manually recorded once at the beginning of each
experiment. However, absolute values have been calculated

and these are used in this report.

The distance from the origin, which is placed half-way
between the perpendiculars, to the forward doppler log (Kl)
is 164.35 m. The centre of mass is situated 9.3 m in front
of the origin in full load condition. The distance is 6.9 m

when the ship is ballasted.

In this report the convention of the sign of the rudder
angle is chosen in such a way that a positive rudder angle

(starboard rudder) gives a positive yaw rate (starborad yaw).
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3. AUTOPILOT

The structure of the autopilot is shown in Fig. 3.1. To
obtain a good performance of all speeds, the autopilot
performs a speed scaling using the speed Vg [m/s]. Vg is
computed with sampling interval Tk = 1 s according to

\Y

. u - CKM if IVwC =1 (3.1)

or

v, -V il S IVVC = 3 (3.2)
where CKM = 0.514444 denotes the conversion factor from
knots to m/s and Vc [m/s] is a constant user-defined speed.
The standard value of IVVC is equal to 1.

The Kalman filtering as well as the computation of the

transversal velocity of the origin v [knots] according to

v =vyo- Kl « r * CGR/CKM (3.3)

is performed with sampling interval Tk' The lever arm Kl
is equal to 164.35 m and the conversion factor from degrees
to radians CGR is equal to 0.0174533. Either the estimates
from the Kalman filter Q [knots], Q [deg/s], and $ [deg] or
the measurements v, r, and y are used by the self-tuning
regulator, the PID-regulator, and the yaw regulator. The
standard configuration is the one when Kalman filter esti-

mates are fed into the different regulators.

The rudder command 6c [deg] is computed with sampling
interval TS, where Ts mostly is equal to 10 s. The PID-
-regulator for straight course keeping is only used for

comparison. The reference course [deg] and the refe-

ref
rence yaw rate r__ . [deg/s] for turning as well as the
rudder limit 62 [deg] are also used by the autopilot. The
complete autopilot is implemented by the FORTRAN subroutines

AUTP3 and STUR listed in Appendix C.



Disturbances

)l Ship

o . vy
5, P
g V. Autopilot |
Computation
of Vg
Kalman Computation
> )
filter of v
v, F(/3 v.r. Y
5. U
Self-tuning reg.
PID-regulator
Yaw regulator
H (pref' (ref- O

Fig. 3.1 - Structure of the autopilot.
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3.1 Kalman Filter

The design of the Kalman filter follows in detail the
description given in K&llstr6m (1976c). A model of a fully
loaded tanker is used. Notice, however, that the covariance

matrix Rl for the process noise is changed somewhat?

diag(R)) = (3.4)

= |2.5°107° 5-107° 8-1078 8.10% 1.2:10° 4-1077 3°10712 8-10'11]

The following Kalman filter equations are obtained:

RU(tlt-1) = A R'(t-11t-1) + B u' (t-1)
R (tlt) = R'(tlt-1) + K &' (t) (3.5)
v'(t) = C X' (tlt-1) + &' ()

where all variables are normalized using the length of the
ship L (L = 350 m) as unit of length and the time to cover
the length L, i.e. L/VS, as unit of time. The notation
x'(tlt-1) stands for the estimate of x' at the time t based
on measurements up to and including time t-1. The vectors

and matrices of (3.5) are explained by:

Vl'CKM/VS r'CGR'L/VS Y+ CGR



a1 %12
431 4
431 93
0 0
0 0
0 0
0 0
0 0
[ Ppp Py
0 0
1 /L
0 1
0 0
( -5
-9.27°10
6.30°10"2
1.69°107°
1.66°10 2
1.03-1073
~1.26-107%
1.63°107°
2.54°1073

14
0 ay,
1 a34
0 a44
0 0
0 0
0 0
0 0

by By
0 1
0 0
0 0
1 0

8.82°10
0.481
7.86°10
-2.90°10
2.98°10
2.00°10
-1.68°10

7.61°10

2

3

3

3

2

3

6

-2.40°10"
9.65°10"
3.14°10
5.65°10

-5.63°10

-6.69°10
3.02:10

1.24°10

2

2

3

3

3

5

3

5

-0.367
1.02

0.326

6.51-102

—6.49°10 2

~5.06°10 >

~5.77°10 2

1.41-10°%
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where
a;q = 0.99163 a3, = 0.0224515
a5 = -0.0100810 a3, = 0.000195418
a;, = —0.00208207 azs = -0.0000132723
a1 = 0.000212358 A4 = 0.81873
ayq = -0.0759537 g = -0.18127
a5 = 0.96485 bll = =-0.000212358
Aoy = 0.0164706 b21 = 0.00170991
ayg = -0.00170991 b31 = 0.0000132723
azq = -0.000874514 b41 = -0.18127

The elements of the state estimate vector Q' are norma-
lized estimates of the following variables: transversal
velocity of the origin (0 ), yaw rate (Q'), heading ($'),
rudder angle minus rudder bias (3' = 3 -3O)A rufderAbias
(6 ), measurement biases of Vir I, 6, resp. (d&, dé, dé).

The initial state estimate vector is equal to
A
(%' () )T= |v-@M/V, rCRL/V, y"CR 6:CGR 0 0 0 0

where v i obtained from (3.3) and all the measurements are

from the time to

If
leg| > t3 .
legl > !
ler] >t
or
!e¢| > t! ,
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] =
t6 = 1
té = 0.06

(3.6)

t! = 0.25

r
t! = 0.015

v

then the corresponding measurement or measurements are
rejected, when the state estimate vector is updated. A
measurement signal is definitively rejected when IMX

(IMX = 10) consecutive measurements are rejected. However,
during the first IKMX = 900 s after the Kalman filter is
initialized, no measurements are rejected because the
bias states of the Kalman filter must be fairly estimated
to avoid incorrect rejectings. The rejecting of a measure-
ment is performed by putting the corresponding column of
K equal to zero. Notice that the values of (3.6) are
chosen very large to avoid rejectings when the Kalman
filter is tested.

The only measurement signal used by the Kalman filter in
the experiments A26 and A27 is the heading angle. The
first three columns of the filter gain K are cancelled in
experiment A27, while the following filter gain, designed
correctly for the case of heading measurements only, is

used in experiment A26:

KT = -0.481 2.40 0.3%0 0.0720 -0.0716 O O O (3.7)

A A A A
The bias estimates 65, d&, d;, and dé were not updated

during the turning experiments C3 and C4.
The non-normalized state estimate vector is obtained as:

A A
(x)” = v r Y 6d 60 dV dr d6



A A

v =v'"® VS/CKM [knots]
A A

r =r' " V /(CGR-L) [deg/s]
A A

y =19'/ CGR [deg]

A A

6d = 6d,/CGR [deg]

A A

5 = 6; / CGR [deg]

A A

dV = d& . Vs,/CKM [knots]
A A

dr = d; . VS/’(CGR°L) [deg/s]
A AT

dg = dé,/CGR [deg]

Notice the following expressions, too:

A A A
vy =V + Kl * r * CGR/CKM [knots]
g A A

= éd + 60 [deg]

The non-normalized residual vector is obtained as:

sT = € € £ £
& v r ]
where
= ]
€ 56,/CGR [deg]
—_— 1 -
£, = &g VS,/CKM [knots]
P ] - .
€, = €. VS,/(CGR L) [deg/s]
e, = ¢'/CGR [deg]

v v



3.2 Self-tuning Regulator

A simple self-tuning regulator based on least squares

identification and minimum variance control is used for

straight course keeping. The basic self-tuning regulator

is described in Wittenmark (

1973).

The following model of the ship is used by the self-tuning

regulator:

A A
(Vi) v g) + ag(v(t-k-1) -y

where the design speed is denoted Vg [m/s]. The minimum

variance control is given by

Vo, (t)

+

+

+

A
axa (y (t-k~-NA) -

2
(Vg (t=k=1) /V)

2
(vs(t-k—z)/vo) by by V6, (t=k=2) + ... +

2
(Vs(t—k—NB—l)/Vo) b, byg V6, (t-k-NB-1) +

vV, (t-k-1) ¢, V 9

1

Co

2

- /_fe__> 1
\Vg(£)/ by

A
aNA(w(t—NA+l)—1p

2
(Vg (£-1)/V, ) by

ref) + ... +

Vo) =

ref

bo Véc(t—k—l) +

(t=k-1) +

v g(t-k—l) + e(t)

A
[al(w(t)-wref) + ... ¥

ref) -

bl Véc(t_l) = ees =

2
(Vs(t-NB)/VO) by Pyg V6, (t-NB) -

V (t) ¢ V Tt

- Cy v ?(t) ]

(3.8)

(3.9)

17



where
Véc(t) = 6c(t) - 6c(t—l)
vOt) = 9t) - S(e-1)
A A A
Vr(t) = r(t) - r(t-1)

Notice that the speed scaling of (3.8) and (3.9) is intro-
duced in such a way that the parameters a;,...,a

bl,.ll,bNB’
the forward speed. This fact will, of course, simplify

NA'
cq and c, are approximately independent of

the mission of the self-tuning regulator.

The following standard values are used:

NA = 4
NB = 2
k =7
Ty = 10 s
g = 0.99
b, =1
Vo = 6 m/s

where Ts is the sampling interval and A_ the exponential

£
forgetting factor. Other wvalues of k, Ts’ and Vo are
sometimes used. The following initial values of the

parameters and of the covariance matrix P are used:

18
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( 5 ¢ - ¢
al -6.91 1
a 5.95 1
2 0
a3 3.88 1
a4 -3.57 1
= P = (3.10)
bl 0.48 0.01
b2 0.11 0.01
0
Cl -2.10 1
L cy | | 34.73 100 |

Sometimes cy = 0 or Cy = 0, which is indicated by assigning
NCl resp NC2 the value zero. The corresponding diagonal
element of P is then also equal to zero. The standard
values are NC1l = 1 and NC2 = 1.

By use of the minimum variance control (3.9) the following

criterion is minimized:
F.o= T (0 mtkel ) (3.11
= = (vintktl) =y, ) -11)

If the criterion

J, = nio [($(n+k+1) - ‘[’ref)z + qz(vac(n))z] (3.12)
is minimized instead, a penalty on the rudder motions is
introduced by the parameter d,. However, a proper solution
of this problem requires the solving of a Riccati equation.
A self-tuning regulator, which performs this, is used in
Kdllstrdm (1976a).

If the criterion (3.12) is modified to read

A 2 2
J3m) = (¥(n+k+1) -y )" + g,(V6,(n)) (3.13)

n=20,1, 2,...
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and if (3.13) is minimized at every sample event, then a
simpler regulator is obtained. By inserting (3.8) into
(3.13) and then performing the minimization, the following

control is obtained:

(Vg (&) /v ) b
Vﬁc(t) = Véc(t) (3.14)

(Vg () V)% b2 +a,

where Véc(t) is the minimum variance control given by
(3.9). If d, = 0, then minimization of (3.13) gives the
same result as minimization of (3.11) and consequently the
controls (3.14) and (3.9) are equivalent. Notice that
(3.14) only is a very small modification of (3.19) and
that the identification part of the self-tuning regulator
is unchanged. However, the control (3.14) has the serious
disadvantage that no guarantee of closed loop stability is

obtained in the general case.

The minimum variance control (3.9) is approximately scaled

by (VO/VS(t))2 when the speed changes, i.e. (3.14) may be

rewritten
b02 / VO 2
Véc(t} = ; Vb 7 \Vs(t)> [Véc(t)}v (3.15)
Py '*(vs(t)) q °

where [Véc(t)]V denotes the minimum wvariance control when

_ . : B 4 .
Vg = VO. By 1n%roduc1ng q = (VO/VS(t)) q, we obtain

2
b, ( \Y% \2

O
[ve_ ()1, =
boz +q \V(t)) c \Y

Véc(t) :
2

b

_ o

= SR s— Véc(t) (3.16)
bO + g

which is the actual control used in the autopilot. The

standard value of g is equal to zero.
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The estimates from the Kalman filter are used in all
formulas of this section. Notice, however, that it is

possible to use the non-filtered measurements instead.

3.3 PID-requlator

The following discrete PID-regulator for straight course

keeping is also implemented for comparison:

VO 2 A A
n-1 A
+ kg T iio (¢(1Ts)-wref) } (3.17)

kP =3

kD = 75 s

kI = 0.02 1/s (3.18)
TS = 10 s

Vo =6 m/s

Notice that it is possible to use the non-filtered measure-
ments instead of the Kalman filter estimates in (3.17).

The special speed scaling used in (3.17) will approximately
give the same course keeping performance independent of

the forward speed. The rudder deviations, however, are
increased proportional to (VO/VS)2 when the speed is

decreased.



3.4 Yaw Reqgulator

A yaw performed by the yaw regulator consists of four
different phases, viz. the initial phase (phase 1), the
phase of constant yaw rate (phase 2), the checking
rudder phase (phase 3), and the terminating phase (phase
4). However, if the requested heading change Awref is
small, one or more of the phases may be skipped. The
Kalman filter estimates used by the yaw regulator are
the yaw rate é and the heading $, and the reference
values used are the requested yaw rate roof and the new
requested heading wref' The phase of straight course

keeping is denoted phase 0.

Modified discrete, fixed gain PID-regulators are used in

the different phases (note that n = 0,1,2,...):

Phase 1:
VO 2 A _
A =
| ky(xnT)-r ) | < | ¢ r, |
Phase 2:
VO 2 A
éc(nTS) = - <Vs(nTs)> [k5(r(nTS)-ro) +
n-1
+ ke Tg _E (r(iTs)—ro)] + 8,
i=0
Phase 3:
~ VO 2 . A A
8o (nTg) == (W) [ 7 (P (0Tg) =¥y oe) *+ kg r<nTs>]

A A
| ko (W (aT)-v ) + kg r(nT) | < | o3 ry |

22



Phase 4:
B 2 A A
6c(nTS) = - <V (nTs)> [kl(w(nTs) - wref) + k, r(nTS) +
n—l A
+ kg T 120 (¢(1TS)-¢ref)]

The moving average gc of the rudder commands 60 is only

updated during phase 0 and phase 4:

_— —— i lY _ =z
6C((k+1)Ts) = 6, (kT,) + (E?T + Y>(6c(kTs) 6c(kTs))

k =0,1,2,...
6c(0) =0

The reference yaw rate ry including sign is computed once,

when the yaw is initiated, as

A
ro - rref if v - 1pref B
or as
B _ A
o T "Tref if ¢ - Vier 0

Notice that the value of r always is positive.

ref

The conditions to jump from one phase to another read:

Phase 0 -» phase 4:

V1 < Abo g € Uy

ref

Phase 0 - phase 1:

Aq’ref = IJ’2

23
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Phase 1 - phase 2:

A
r >0 and r - r_ > -¢
o - o 1

or
0 and =T
< an ¥ - r_ < ¢
ro o 1
or

(time in phase 1) > Tl

Phase 1 or 2 - phase 3:

= A
r, 2 0 and ~C, <P = Y

or

— A A
r, < 0 and “Cy T >V -V

Phase 3 -» phase 4:

=
\"2
o
[V]
S
o
<>
|
<=
\%
i
™

La]
A
o
o1}
[»]
o,
=>
I
<=
A

or

(time in phase 3) > T3

Phase 4 -» phase 0:

(time in phase 4) > T4

The condition to remain in phase 0 is:

Alpref < wl



25

If the reference yaw rate r is changed during a yaw,

ref
the new value is immediately used, but no other changes.

It is also possible to change the reference course wref
during a yaw, and then a new yaw is initiated by

entering phase 1, if

| B¥ e | > ¥y
and (3.19)

the actual phase is 3 or 4
or if
| S¥per | > 30

the actual phase is 1 or 2,

and one of the two conditions

A (3.20)
ry > 0, ¢ - ¢ref > 0
and

A
o = Or ¥ - Yref © g

is satisfied.
If neither condition (3.19) nor condition (3.20) is ful-
filled, the new value of y . is used, but no other

changes.

The following parameter values of the yaw regulator

are used:
k, =5 k, = 2
k2 = 200 s k8 = 200 s
ky = 0.005 1/s €4 = 0 deg/s
k4 = 200 s €, = 0.02 deg/s
k5 = 200 s €4 = 1 deg
k., =8



El = 60 s vy =
62 = 50 s v, =
63 = 60 s vy =
Tl = 30 s Vo =
T, = 100 s T, =
T4 = 300 s Y =

is used to
i.e. M_=20,1, 2, 3,

Yy
4, resp. Notice that

A special indicator My
yvaw phase,
0 Iy 2, By
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= 0.35 deg
= 2.5 deg

= 2.5 deg

6 m/s

10 s

describe the actual
4 corresponds to phase

it is possible to use

the non-filtered measurements instead of the Kalman

filter estimates in the yaw regulator. The special speed

scaling used in the yaw regulator will approximately give

the same performance of the yaw rate and the heading

independent of the forward speed. The rudder deviations,

however, are increased proportional to (VO/VS)2 when the

speed is decreased.
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4. DISCUSSION OF THE EXPERIMENTS

All the experiments are described in Appendix D, where
also plots of the recorded variables are shown. A complete
summary of the experiments is given in the Tables D.1 -

D.6 at the beginning of Appendix D.

To make it possible to compare the steering quality of

different autopilot structures, two loss functions are now

introduced:
f ]
_ 1 _ 2 -m, )?
v, = J [(w<t> wref) -+A(éc(t) méc) | dat (4.1)
0
and
T
2
v, = —:}j [(w(t) = Vog) (8 (E) -m6<t>)2] dt (8 )
0

where the mean values of 6c and & are denoted m5c and mé,
resp., and the weighting factor A is equal to 1/12. The
duration of the experiment is denoted t. The loss functions

are approximated by:

Nl—l
L [((T) v )2 +2(5_(nT.) )2} (4.3)
VvV, = — > Y (n - n -m o
1 Nl n=0 s ref c s 6c
and
N,-1
V. = L 22 I-( (nh) - )2 +1(8 (nh) - m, (nh))? (4.4)
2 N | v lpref n Mg '
2 n=0
where NlTs = 1 and N2h = 1, resp. Notice that TS is the

sampling interval of the regulator, usually equal to 10 s,
while h always is equal to 1 s. The loss function Vl is
used to compare the experiments Al - A36, while the loss

function V2 is computed during experiments F1 - F4.
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4.1 Kalman Filter Testing

The Kalman filter was running during all the experiments.
Discussions and comparisons of some of the experiments

are given in this section.

Three experiments, Bl - B3, were performed to test the
Kalman filter by recording some of the estimates at the
same sampling rate as the filter was running at, i.e.

with sampling interval 1 s. The wind velocity during the
experiments was 6, 8, and 15 m/s, resp., and the forward
speed was 13.7, 13.3, and 15.9 knots, resp. The experiments
are summarized in Table D.2 of Appendix D. It can be
concluded from the plots that the performance of the
Kalman filter seems to be very good in the different wind
and speed conditions. Notice, however, that the yaw rate
measurements are filtered in a rather hard way, although
the filtering is not at all unreasonable. Another yaw rate

A
estimate r4 is also computed every second:

Bo(e) = LB = 9 (es) (4.5)
It can be concluded that these estimates are not at all

as smooth as the Kalman filter estimates, but that they are
preferable compared to the measurements. By use of the
measurement devices of the heading and the yaw rate, which
are installed on the Sea Stratus, it thus can be concluded
that a yaw rate estimate computed by the difference
approximation formula (4.5) seems to be preferable in front

of the noisy measurement signal r.

A summary of 8 experiments of straight course keeping by
the self-tuning regulator using Kalman filter estimates,
when the measurement signals used by the filter are varied,
is given in Table 4.1. The Kalman filter estimates obtained
when 6§, vy orr is not used by the filter, experiments A22,

A23, and A24, resp., are approximately of the same



29

*sfep ¢ Jo potiad B Burinp pawrojiad aism mummﬁaummxm OMH

‘0=Db pue €/ =% T =72ON ‘I =TON ‘T =DAATl °‘s/m 9 = ‘s 0T = 1

:p9sSn 9IB S9NTBA pABpPUR]S SUIMOTOJ ¥YL -ulm Q¢ 03 [enba sem pajaels uawsmﬁwmxm Cli ]
21032q @wr3 Sutuni 9yl °V xIpuaddy UT USATS ST UOTIOSITP PUTIM SATIBRIAI 2yl 3JO uotjeuerTdxe
uy *19371F uewiey 9yl £q pasn aie @ pue ‘4 ‘1 ‘'a STRUSTS JUPWSINSERW B ‘pPayIrWSL

ST osT® Suryjou JI °PIIIeA 9Ie IDITIF 243 £q Ppasn STRUSTIS JUSWSINSEIW SY3J UIYM ¢s931BWI]SD

193713 uewley Sutlsn Iojelndex 3uruni-jy[9s 2yl £q Sutdeay @sinod 31y3TeIls JO sjusdmwrxadxy - ['H IT4qB]

¢e1 0 G°¢eT 6€C°0 900°0 $6°0 91°0 K 1 8C V
19317113

4q pasn j0u g pue 1 ‘ta | TTT'0 (AR L6T°0 €¥0°0 26°0 0€°0 L 1 Lz v
*3 31991100 *“I°311TJ

Aq pasn jou Q pue I <Ta 0¢1°0 el 0€c 0 0€0°0 68°0 %20 9 T 9¢ V
193713 £q pssn

jou sem G ‘urw G ISIFV 9¢1°0 1Al 0%C'0 %€0°0- 06°0 TAN] A 1 T

193113 £q p@sn jou 1 8%C 0 A LT€°0 0€1°0 TAN! 7't 91 ! 7T v

193717 £q pasn jou Ta 12170 9°71 L12°0 G10°0 %670 I.°1 €1 ! €C v

193173 4q pasn 10U Q LTIT"O 8°C1 %02°0 900°0- 670 ce¢ €1 ! (44N

7€1°0 0°¢t 9L1°0 S00°0- I1°T %0 6 T 6T V

[3op] [3oP] [3op] [8ep]
[s30uY] ”>mw GMMM> ”bow wsHMP [s/wm] uoT?
n Jo p3s " B&S BN £310 =29I1T1p JuswW
aniea —oT9A pPuIM -1aad
I ¥sx . )
syaeway A uedl th—=ch PUIM *19¥ —-Xq




30

quality as the estimates obtained in experiments Al9 and
A28, where all the measurement signals are used. The
steering performances obtained are also approximately of
the same quality, with one exception; extraordinary
disturbances seem to have affected experiment A24, where
r is not used by the filter. Experiment A25 shows that it
is possible to obtain an acceptable course keeping during
at least 15 min after the heading measurement signal v

is rejected by the filter.

The Kalman filter estimates obtained, when the only
measurement signal used is the heading ¢, are quite
acceptable, which can be concluded from experiments A26

and A27. It is also concluded that the difference between
using a correctly designed filter gain K (cf. (3.7)) and
cancelling the corresponding columns of the original

filter gain is very insignificant. The steering performance
obtained is approximately of the same quality, when the
only measurement signal used by the Kalman filter is the
heading ¢ (experiments A26 and A27), compared to the
performance obtained when all measurement signals are

used (experiments Al9 and A28). From the experiments of
Table 4.1 it thus can be concluded that it is not necessary
to use all the measurement signals to obtain a good per-
formance of the Kalman filter. In fact, acceptable filter
estimates are obtained when the only measurement signal

used is the heading y.

By comparing experiment Al4, where complete calm was
prevailing, with experiment A22, where the wind velocity
was 13 m/s, it can be concluded that the quality of the
Kalman filter estimates is rather insensitive to wind
changes. Experiments A34 and A35 show that the performance
of the Kalman filter is approximately of the same

quality at the forward speed 15.8 knots compared to the
forward speed 12.1 knots.



Experiments Al, D2 and D3 show the initial performance
of the Kalman filter. The bias estimates of the filter are

approximately tuned after about 30 min.

The performance of the Kalman filter during turns is
shown in experiments Cl-C6 and Dl. From experiments Cl,
C2, and D1 it is immediately concluded that it is very
impoitant toAskip the updating of the bias estimates gé,
d&, dé, and dé when turning, because otherwise the bias
estimates are disturbed significantly. The updating is
skipped during experiments C3 and C4. From experiments
C3-C6 it is concluded that the performance of the Kalman
filter is approximately of the same good quality during
turning as during straight course keeping. Experiments
E1-E4 also illustrate the good performance of the Kalman

filter.

Considering all the experiments it is obvious that the
test values (3.6) of the Kalman filter are chosen too
large, at least when the speed of the ship is larger than
about 10 knots. The following non-normalized values seem

to be suitable when the speed is about 13 knots:

t6 = 10 deg
tv = 0.15 knots
(4.6)
t. = 0.15 deg/s
tw = 0.3 deg
Then the normalized test values are (cf. (3.6)):
] —_

tg = 0.17
t'! = 0.012
£ = 0.14 (4.7)
o

0.0052

.
< -
Il

31
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The test values (4.7) seem to be reasonable when the
speed is larger than about 10 knots, while the values
(3.6), obtained from simulations in K&llstrdm (1976c),

are suitable at lower speeds.

4.2 Straight Course Keeping

Experiments of straight course keeping by the self-tuning
regulator using Kalman filter estimates, when the
parameters Ts’ Vo’ NCl, NC2, k and g are varied, are

summarized in Table 4.2.

The straight course keeping is mainly affected by the
value of the design speed VO during the initial phase,
when the parameters of the self-tuning regulator not yet
are tuned. However, from experiments A2, A5, A6, and AlQ
it can be concluded that VO = 7 m/s is to prefer in front
of VO = 6 m/s. Since the parameter Vo also is used in the
yaw regulator, the value 6 m/s is nevertheless used
during most of the experiments by reasons explained in

Section 4.3.

By comparing experiments A2-A9 it is concluded that

TS =10 s, k = 7 (experiments A2, A5, A6) in average is
the best choice. An acceptable alternative is TS = 15 s,
k = 5 (experiment A9). Experiments Al0-Al3 show clearly

that the best steering performance is obtained when g = 0.

The importance of the feedforward signals is illustrated

by experiments Al15-A17. It is concluded that the quality

of the steering performance is significantly decreased

when both feedforward signals are omitted. The comparative
experiment Al4 was unfortunately disturbed by a temporarily
reduction of the number of propeller revolutions immediately
before the experiment started. No comparisons with

experiment Al4 are thus performed.
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The following standard parameter values are used during

most of the remaining experiments:

Tq = 10 s

V0 = 6 m/s

IvVwC =1

NCl =1 (4.8)
NC2 =1

k =7

q =0

The good performance of the self-tuning regulator in
different weather conditions is illustrated by e.g.
experiments Al5 and A22, where the wind velocity was 0
resp. 13 m/s. Experiments A34 and A36 show the good
performance of the self-tuning regulator when the forward

speed was 15.8 resp. 12.1 knots.

Experiments Al, D2 and D3 show the initial performance

of the self-tuning regulator when the autopilot is

switched on. It is concluded that the steering quality

is quite acceptable from the beginning. Experiment D3 also
illustrates the performance of the self-tuning regulator

in connection with the Sailmaster and the Course Correction.
From experiments Cl1-C6 and D1 it is concluded that the
self-tuning regulator has no initial problems after the

yaw regulator has terminated a turn.

Straight course keeping experiments to compare the per-
formance of the self-tuning regulator and the PID-regulator
are summarized in Table 4.3. The performance of both the
self-tuning regulator and the PID-regulator is improved
when Kalman filter estimates are used instead of non-
-filtered measurements. When Kalman filter estimates are

used, the performance of the self-tuning regulator is
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Ex- Rel. | Wind | NC1 | NC2 o} (et Mean v \Y
peri- | wind | velo= ¢ EeE value 1 2
ment | dir. | city Mean | Std. |Mean Std. of u
value | dev. value | dev.
[m/s] [deg] | [deg] | [deg] [deg] | [knots]

A 16 1 5 0 1 [-0.43| 0.62|-0.066| 0.169 12.9 | 0.065| -
A 17 1 5 0 0 0.01| 0.89|-0.188 | 0.247 12.9 | 0.162 | -
A 18 1 5 0 0 0.24 | 1.01|-0.052| 0.245 12.8 | 0.148| -
A 19 1 9 1 1 0.45| 1.11|-0.005| 0.176 13.0 | 0.134| -
A 20 1 9 = - 0.53 | 2.48 | 0.026 | 0.556 13.1 | 0.822| -
A 21 1 4 - - 0.53| 0.91|-0.018| 0.293 12.9 | 0.155| -
A 27 1 7 1 1 0.30| 0.92 | 0.043]| 0.197 13.2 | 0.111| -
A 28 1 4 1 1 0.16 | 0.95| 0.006| 0.239 13.5 | 0.132| -
A 29 1 3 0 0 |-0.01| 1.51| 0.001| 0.324 13.4 | 0.295| -
A 30 1 5 - - |-0.10| 0.89 |-0.026 | 0.256 13.5 | 0.132| -
A 31 1 3 - = 0.22 | 2.41|-0.103 ] 1.085 13.4 | 1.672| -
A 35 1 11 - - 0.01 | 1.66 | 0.008 | 0.295 12.1 | 0.317| =
A 36 1 11 1 1 |-0.05| 1.08 | -0.058 | 0.206 12.1 | 0.143| -

1 6 3 1 1 - - -0.002 | - 14.4 - 0.038

2 7 - - = - -0.016 | - 14.4 - 0.259
F 3 1 11 1 1 - = -0.073 | - 12.1 = 0.160
F 4 1 11 - - = = -0.009 | - 12.2 = 0.304

Table 4.3 — Comparable straight course keeping experiments. An explanation of the

relative wind direction is given in Appendix A. All measurement
signals Vis T ¢ and & are used by the Kalman filter, if nothing
else is remarked. The following standard values are used, if nothing
else’is remarked: Tg = 10 s, Vgy =6 m/s, IWwCc=1, k=7, q=0,
kp = 3, kp =75s, ky=0.02 1/s. The standard values of the
PID-regulator are obtained by simulations, see Kdllstrdm (1976c).
The standard values are used in the experiments A20, A21, and F2,
while the values of kp, kp, and ky were manually tuned before the
experiments A30, A31, A35, and F4 started. The groups of experi-
ments Al6-A21 and A27-A31 were both performed during a period of 6 h,
while the groups A35-A36, F1-F2, and F3-F4 were performed during a
period of 2 h each. The experiments within each group are fairly
comparable,
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Ex—- Kalman filter esti- Non-filtered Remarks
peri- | mates used measurements used
ment | ge1f- PID- Self- PID-
tuning regulator | tuning regulator
regulator regulator

A 16 X
A 17 3
A 18 X
A 19 X
A 20 X
A 21 X
A 27 X Vs T and 8§ not used by filter.
A 28 X
A 29 X
A 30 x kp = 120 s.
A 31 X kP = 2, kD = 100 s.
A 35 x kp = 140 s.
A 36 X

§ { Vo=8 m/s, IVWC=3, V_ =7 m/s.

v not used by filter. Sailmaster
X Vo=8 m/s, IVWC=3, Vo=7 m/s.
Sailmaster.

F 3 X
F 4 X kD = 140 s.

Table 4.3 - Continued.



significantly better than the performance of the PID-
regulator, particularly when the wind speed is increased.
The good steering quality of the self-tuning regulator
compared to the PID-regulator is still more emphasized,
when non-filtered measurements are used in both regulators.
Of course, the self-tuning regulator using Kalman filter
estimates is consequently also to prefer in front of the
PID-regulator using non-filtered measurements. Finally,

it is not possible to conclude anything definitively

when the self-tuning regulator using non-filtered measure-
ments is compared to the PID-regulator using Kalman filter

estimates.

It is now possible to sum up that, even if the heading is
the only measurement signal available, a self-tuning
regulator with the standard values (4.8) combined with a
Kalman filter is very much advantageous to a well tuned

PID-regulator.

4.3 Yawing

Experiments Cl-C6 and D1 show turns performed by the yaw
regulator. The Kalman filter estimates were fed into both
the self-tuning regulator and the yaw regulator during
all the experiments, which are summarized in Tables D.3

and D.4 of Appendix D.

It is concluded from experimen D1, where VO = 8 m/s, that
the rudder deviations are too large during phase 4.

A simple way to improve the performance of the yaw regu-
lator in this respect is to decrease the value of VO.

Thus VO = 7 m/s during experiment Cl and V0 = 6 m/s during
experiments C2-Cé6. Experiments Cl, C2 and D1 show the

importance of skipping the updating of the bias estimates

37



Al A' A! Al
60, dv’ dr’ and d6
performed during experiments C3 and C4, where the very

during large course changes. This is
good performance of the yaw reqgulator for large turns is

illustrated. The same good performance for small course

changes is shown in experiments C5 and Cé6.

4.4 Experiments for Identification

Two different kinds of identification experiments were
performed, viz. open loop experiments (El, E2, E4) and
closed loop experiment using additive rudder disturbances
(E3). The experiments are summarized in Table D.5 of
Appendix D. The sampling interval was equal to 10 s.
Notice that experiment E2 is a 50/5o zig-zag test. The
rudder commands 6c during experiments El and E4 and the
additive rudder disturbances 6add during experiment E3
were approximately chosen as a PRBS containing the values

+& . —6a

an Zero.
amp § d ero

mp

The feedback is explained by Fig. 4.l1. The rudder command

6c is obtained as

6o = kg Veg) * O44aq

Obviously an open loop experiment is performed by assigning

kid the value zero.

38
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- lpref

¢'¢ref

Fig. 4.1 - Proportional feedback from the course error

used for identification experiments.
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5. CONCLUSIONS

An adaptive autopilot, consisting of a Kalman filter, a
self-tuning regulator and a yaw regulator, was tested on

a ballasted 355 000 tdw oil tanker. Comparative straight
course keeping experiments with a well tuned PID-regulator
were also performed. The average speed of the ship varied
between 12.1 knots and 15.9 knots during the experiments.
The range of the wind velocity measured was 0-15 m/s,
which corresponds to complete calm and moderate gale.
Fifty-six experiments were performed during a total time
of 33 h. The testing, however, was in fact going on during
almost all the days and nights of the voyage , i.e. during

about 2 weeks.

The performance of the Kalman filter was very good in the
different speed and wind conditions during straight course
keeping as well as during turning. Notice, however, that

it is important to skip the updating of the bias estimates
during turns. Usually all measurement signals, i.e. the
transversal velocity of bow, the yaw rate, the heading and
the rudder angle were used by the Kalman filter. However,
the performance, when the only measurement signal used was
the heading angle, was approximately of the same quality as
the performance when all measurement signals were used.

One experiment showed that it was possible to obtain an
acceptable course keeping during at least 15 min. after
the heading measurement signal was rejected by the Kalman
filter, when the three other measurement signals were used.
The initial performance of the Kalman filter, when the
autopilot was switched on, was quite acceptable and the

bias estimates were approximately tuned after about 30 min.

The straight course keeping performance of the self-tuning
reqgulator using Kalman filter estimates was very good in
the different speed and wind conditions. The use of the

estimates of transversal velocity and yaw rate as



feedforward signals was improving the steering quality
significantly, even if the only measurement signal used
by the Kalman filter was the heading angle. The initial
performance of the self-tuning regulator when the auto-
pilot was switched on as well as the performance after

the termination of a turn was quite satisfactory.

The performance of both the self-tuning regqgulator and the
PID-requlator was improved when Kalman filter estimates
were used instead of non-filtered measurements. When
Kalman filter estimates were used, the performance of the
self-tuning regulator was significantly better than the
performance of the PID-regulator, particularly when the
wind speed was increased. The good steering quality of
the self-tuning regulator compared to the PID-regulator
was still more emphasized when non-filtered measurements
were used in both regulators. The self-tuning regulator
using Kalman filter estimates was consequently also to
prefer in front of the PID-regulator using non-filtered
measurements. It was not possible to conclude anything
definitively when the self-tuning regulator using
non-filtered measurements was compared to the PID-regulator

using Kalman filter estimates.

The yvaw regulator was tested by performing small course
changes as well as large turns. The performance was very

good in both cases.

It is now possible to confirm a rather good consistency
between the experiments on the Sea Stratus and the simula-
tions reported in K&llstrdm (1976c). However, the perform-
ance of a well tuned PID-regulator seems to be over-
estimated in simulations compared to full-scale

experiments.
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APPENDIX A - NOTATIONS

A system matrix of Kalman filter

ajs i=1,2,... parameters of self-tuning regulator

aij,i;l,z,.“, j=1,2,... elements of system matrix A

B system matrix of Kalman filter

BV weighting factor

bO parameter of self-tuning regulator

bi’ i=1,2,... parameters of self-tuning regulator

bil’ i=1,2,3,4 elements of system matrix B

C system matrix of Kalman filter

CGR conversion factor from degrees to
radians

CKM conversion factor from knots to m/s

Cyr Cy parameters of self-tuning regulator

El’ Cy 53 parameters of yaw regulator

A A A

dv’ dr' d6 estimated measurement biases of Vi
r, and &6, resp.

A A A

a', 4a', d; normalized estimates corresponding to

v r 6 A A
dv’ dr’ and éé, resp.

e disturbances of the self-tuning
regulator model

h sampling interval of Vo

IDEXP control parameter of AUTP3

IFLAG control parameter of printing and
punching

IKAL control parameter of AUTP3

IRMX number of times the measurement testing
is skipped when the Kalman filter is
initialized

ILOS control parameter of AUTP3



IMX

IPC

IPID

IPK

IPR

IREG

Y

IREGYT

IST

IvvC

IYAW

NB

number of consecutive times a measure-
ment signal must be rejected to
definitively reject the signal

control parameter
control parameter
control parameter
sampling interval
sampling interval
sampling interval
control parameter
control parameter

control parameter

of

of

of

of

of

of

of

of

of

punching

AUTP3

punching

punching

yaw regulator
yaw testing

AUTP3

computation of VS

AUTP3

criteria of self-tuning regulator

gain matrix of Kalman filter

number of pure time-delays of
self-tuning regulator

parameters of PID-regqulator

parameter of P-reqgulator used for
identification experiments

parameters of yaw regulator

length of ship

distance from origin to forward

doppler log

control parameter vector of AUTP3

yaw phase indicator

mean value of 6

mean value of 6c

number of a-parameters of self-tuning

regulator

number of b-parameters of self-tuning

regulator



NC1

NC2

PT
PI2

PPO

PSIO

L)

oy

R> H®H> R> H

46

indicator of parameter c, of
self-tuning regulator

indicator of parameter c, of
self-tuning regulator

number of sampling events to compute
Vl and V2, resp.

number of propeller revolutions

covariance matrix of self-tuning
regulator

parameter of AUTP3 containing m
parameter of AUTP3 containing 2 x

vector containing initial diagonal
values of P

reference course used for identifi-
cation experiments

propeller effect

penalty on rudder deviation when
self-tuning regulator is used

weighting factor of J2 and J3
covariance matrix of process noise
yvaw rate
estimated yaw rate

A

normalized estimate corresponding to r

estimated yaw rate computed by
difference approximation

reference value of yaw rate

reference value of yaw rate including
sign

vector containing initial parameter
values of self-tuning regulator

sampling interval of Kalman filter
sampling interval

parameters of yaw regulator



VMAX

VMIN

< <> <>
[ -

l—l

K> X> >

Alpref
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time
initial time

test values of Kalman filter for
5, Vi, ¥, and ¢, resp.

normalized test values corresponding
to t6’ t t and tw, resp.

forward velocity

v! “r!

normalized input signal of Kalman
filter

parameter of AUTP3
parameter of AUTP3

parameter containing a constant
forward velocity

scaling speed

design speed

loss functions

transversal velocity of origin

estimated transversal velocity of
origin

normalized estimate corresponding to G
transversal velocity of bow

estimated transversal velocity of bow
state estimate vector of Kalman filter

normalized state estimate vector of
Kalman filter

Normalized measurement vector of
Kalman filter

parameter of yaw regulator
change of reference value of course
rudder angle

estimated rudder angle
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A A

6! normalized estimate corresponding to 6

éadd additive rudder disturbance signal
used for identification experiments

éamp rudder amplitude used for identifi-
cation experiments

6c rudder command

Ec moving average value of &

A ) A A

6d estimated value equal to 6—60

A A

6& normalized estimate corresponding to 6d

62 rudder limit

6S rudder servo position

A

60 estimated rudder bias

A A

66 normalized estimate corresponding to 60

€ residual vector of Kalman filter

g normalized residual vector of Kalman
filter

g sv, sr, sw elements of residual vector ¢

sé, 5&, sé, sw normalized values corresponding to

Egr Eyr €y and ¢,, resp., i.e. elements
of normalized residual vector ¢'

€41 Eo1 Egv parameters of yaw regulator
A weighting factor of Vl and V,

exponential forgetting factor of
self-tuning regulator

duration of experiment

—

heading angle

estimated heading angle

normalized estimate corresponding to $
reference value of course

17 Vo ¢3 parameters of yaw regulator

< < <= > €>

change of value (e.g. Ve (t) =
= 6, (t) - 6,(t-1))



The absolute wind direction related to the ship is explained

by Fig. A.l.

Fig. A.1 - Explanation of the relative wind direction.

Notice that the absolute wind is used.
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APPENDIX B - STANDARD PARAMETER VALUES

The standard parameter values of the autopilot used
during the experiments are summarized in this appendix.
When the notation used in this report differs from the
variable name used in the computer programs, the latter

name is given in brackets.

IDEXP 0

IFLAG 30

MEAS (1) 0

MEAS (2) 0

MEAS (3) 0

MEAS (4) 0

CGR 0.0174533
CKM 0.514444
PT 3.141593
PI2 6.283185

L (AL) 350

Kl (AL1) 164.35

ai; (A(1)) 0.99163
aj, (A(2)) -0.0100810
aq4 (A(3)) -0.00208207
ais (A(4)) 0.000212358
as, (A(5)) -0.0759537
a59 (A(6)) 0.96485
aoy (A (7)) 0.0164706
ayg (A(8)) -0.00170991
a (A(9)) -0.000874514



(A(10)) 0.0224515

32

ay, (A(11)) 0.000195418
as (A(12)) ~0.0000132723
a,, (A(13)) 0.81873

a,s (A(14)) ~0.18127

by, (A(15)) ~0.000212358
by, (A(16)) 0.00170991
by (A(L7)) 0.0000132723
by, (A(18)) 0.18127
K(1,1) (AK(1,1)) ~9.27-107°
K(2,1) (AK(2,1)) 6.30°10"%
K(3,1) (AK(3,1)) 1.69-107°
K(4,1) (AK(4,1)) 1.66°10" 2
K(5,1) (AK(5,1)) 1.03-10"3
K(6,1) (AK(6,1)) ~1.26-10"%
K(7,1) (AK(7,1)) 1.63-107°
K(8,1) (AK(8,1)) 2.54-1073
K(1,2) (AK(1,2)) 8.82°1072
K(2,2) (AK(2,2)) 0.481
K(3,2) (AK(3,2)) 7.86°107°3
K(4,2) (AK(4,2)) ~2.90-10"3
K(5,2) (AK(5,2)) 2.98:1073
K(6,2) (AK(6,2)) 2.00-1072
K(7,2) (AK(7,2)) ~1.68-10"3
K(8,2) (AK(8,2)) 7.61-107°
K(1,3) (AK(1,3)) ~2.40°1072
K(2,3) (AK(2,3)) 9.65+10 2

K(3,3) (AK(3,3)) 3.14°10



K(4,3)
K(5,3)
K(6,3)
K(7,3)
K(8,3)
K(1,4)
K(2,4)
K(3,4)
K(4,4)
K(5,4)
K(6,4)
K(7,4)

K(8,4)

(AK (4,3))
(AK(5,3))
(AK(6,3))
(AK(7,3))
(AK(8,3))
(AK(1,4))
(AK (2,4))
(AK(3,4))
(AK(4,4))
(AK(5,4))
(AK(6,4))
(AK(7,4))

(AK(8,4))

t! (TEST(1))

)

t! (TEST(2))

v

t! (TEST(3))

r

t: (TEST(4))

v

V . (VCONST)

(o}

VMIN
VMAX

Vo (VO)

0
THO (1)
THO (2)
THO (3)
THO (4)
THO (5)
THO (6)
THO (7)

THO (8)

(initial value of

( "o
( n o _
( nw oo

~ay)
~a)
—ay)
—a,)
by)
b,)
cq)

C2)

-5.63°10

-6.69°10

1.24°10

6.51°10
-6.49°10
-5.06°10

-5.77°10"

5.65°10

3.02:10°°3

-0.367
1.02

0.326

1.41°10

0.06
0.25

0.015

6.91

-5.95

-3.88

3.57

0.48

-2.10

34.73

52



THO (9)

THO (10)

PPO(1l) (initial value of P(1,1))

PPO(2) ( "
PPO(3) ( "
PPO(4) ( "
PPO(5) ( "
PPO(6) ( "
PPO(7) ("
PPO(8) ( "
PPO(9)
PPO (10)
(RL)
(BO)
(Q2)
(AK1)
(AK2)
(AK3)
vy (Y(1))
vy (Y(2))
by (Y(3))
g (Y(4))
£, (Y(5))
(Y (6))
c, (X(7))
c, (¥ (8))
cy (Y(9))
kg (¥(10))

k, (Y(11))

P(2,2))
P(3,3))
P(4,4))
P(5,5))
P(6,6))
P(7,7))
P(8,8))

0.01

100

0.99

0.02

0.35

60
50

60

200
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ky (Y(12))
kg (Y(13))
5 (Y(14))
¢ (Y(15))
ko, (Y(16))
kg (Y(17))
Yy (BD)

BV

A (ALAM)

8 amp (DELAMP)
PSIO

k, . (AKID)

id

T, (IREGK)

k
IKAL

IKMX

IMX

IvVvC

ILOS
IREGYT

T, (IREG)
IPID

IST

NA

NB

NC1

NC2

k (R)

IREGY

0.005
200

200

200
0.05
0.05

0.0833333

900

10

10
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IYAW

T (IT1lY)
T3 (IT3Y)
T (IT4Y)
IPK

IPC

IPR

30

100

300
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APPENDIX C - PROGRAM LISTINGS

9]

(P ReNeIe o Re e Re Mo Re ]

] Ay D2

12
14
16

18

* F % %k % %k % F x &k * %k F &k ¥ ¥ ¥

56

SURROUT IME AUTPS

AUTORPILOT FOR SHIP, INCLUDING KALMAN FILTER,
SELF=-TUNING REGULATOR AND PIi=-REGUILATOR FOR
STRAIGHT COURSE KEFPING, AMND YAW RFGULATOR,

AUTHOR, C,KALLSTROM 1976~02-Y2,
REVISED, C.KALLSTROM 1976~04-14,

SUBROUT INE REQUIRED
STUR
CoscC

COMMON /DATA/Z ITIMF, IDELC,MONYAW, IDEXP, |STRD, IPORT,
FFLAG, IPRINT, INAUT, IKX,MEAS(4),
DELCO,DELTAC2),VAL(2),R(2),PSI(2),DELD,DELCOM, DELTAS, U, AN,
Py VEST,PSIREF,RREF,DLIM,V(2),DELTAD,DNL,NZ,D3,TH(LN),
COR,CKM,PI,PI2,AL, ALT, ACLEY,
AKCB,4) , TEST(4),VCONST,VMIN,VMAX, VD, THO(10) .,
PPOCLU)Y »RL,BD,Q2, AKL,AKP  AK3,Y(17),
BN, BY, ALAM, DELAMP,PSIND, AKID,
FSTHNASNE,NCLINC2 Ky IREGY s IYAW, IT1Y, I T3Y, [ T4Y, |FK, |PC, PR,
EPSC4),VV,PP(B5),VL0S(8),
CHL,EDELTA,EPSI2,V0L0S2,ENM2,
MEASUM{4), [VVL,
X8),YVV(8),vOVv,Vave,
PRFOL,PFO2,DELOLD S VOLD,ROLD,DAT(46) ,SINT,RRFAINTZ,
AINT4,8TDh,S8Tv,SL1,5L.2,5L3,8L.4,51L.5,DUMC10),
IRK, IMEAS(4) , IRYT, IR,NC,NAB,NP,KL,NDAT,NDATY,
NUL, ML, IRY, ITIML, I TIMELITIME, 1P, sJel.

COMPUTE THE SWAY VELOCITY V(1),
V1)=V1(1)=ALLI#R(1I#CGR/CKM
IFCINAUTY 80,80,10

INITHALIZE |F INAUT=1,

[VVil=s|VV(

VYV (1) =UxCKM

VYV (2 = AN®#D , 18+0CKM
VVV(3)=VOONST
[FCVYVOIVVLI)-VHIN) 16,14,14
FFCYYY VY)Y =VMAX) 18,18, 14
IvVi=1VyvVi+1

G0 TN 12

Vvsvvylvvy)

vav=va/syy

YOV2=Vovs#voy

VEST=YV/CKM

IRK= | RFGK

[KX=0

BELCOM=(,
NELEN=0,

[FCIKAL)Y 50,580,210

FF(MFAS(1))Y 22,22,724
X(4)=DELTACL)#*CGR

B0 TH 26

X(4)=0.



42

50

52

54

56

58
60

62

IF(MEAS(3)) 28,28,30
X(2)=R(1)# L*CGR/

G0 TO 32

X(2)=0,

GO TN 36

IF(MEAS(2)) 34,34,36
X(1)=V(L)#CKM/VYV

G0 TO 38

X(1)=0,

IF(MEAS(4)) 40,40,999
X(3)=PS|(1)#CGR
X(5)=q0,
X(6)=0,
X(7)=0,
X(8)=0,
No 42
IMEAS(

| 4
[
MEASUM(

=1,
) =0
1¥=0

IRYT=IREGYT
PFO1=PS| (1)
MONYAW=0

IR=|REG
NC=NC1+NC2
NAB=NA+NB
NP=NAB+NC

Kl=K+1
NDAT=NAB+(K1+1)#(NC+2)=-2
NDAT1=NDAT+1
NUL=NA+K+2
N1sNU1l#+K

J=NU1-1
SL1=PS | (1)~PS|REF
IF(SL1T LE. =180.,) SL1=3SL1+3560,
[F¢(SL1 GT, 180,) S| 1=SL1~-360,
Do 52 i=1,J
DAT(1)=SL.1

Jd=J+q

DD 54 |=J,456
NAT(1)=0,
NELQOLD=0.
voLD=0,

ROLD=0.

SINT=0Q,

DO 60 1=1,10

DO 60 J=1, |
Lzi®(|[=1)/2+J
IF(|=J) 58,56,58
PP(L)Y=PPOCI)

GO TO 60
PP(L)=0,
CONTINUE

DO 62 I1=1,10
THCIY=THOC L)
EFDELTA=0.
STD=1,-BD
EPSI2=0,
VL0S2=0,

ENM2=0,
STv=1,~-BV
ISTBN=D

IPORT=0

|P=|PR

INAUT=0

57



104

106

108
11°¢
114

116
118
120
122

130

32

LRl

58

IFCIREGK) 200,200,90
IFCIRK=IREGK) 180,100,200

LOOP WITH SAMPLING INTERVAL [RFGK,

IRK=1
IF(IKAL) 140,140,102

KALMAN FILTER,

SLB=CGR#+DELCOM

SLAzA(I)#X (L) +A(2) #X(2)+A(3) X (4)+A(4)#X(5)+A(15) %8B
SL2=A(R)#X (1) +A(6)#X(2)+A (712X (4)+A(B)#X(B)+A(16)#5L5
SLAzA() #X (1) +A (LU #X(2)+X (31 +A(11)#X (A)+A(12)#X(B)+A(17) 485
SLAzA(13)#X(4)+A(14)xX(5)+A(18)#SL5

X(1)=sL1

X(2)=SL2

X(3)=SL3

X(4)=SL4

FPS(1)=DELTA(LI#CER-X(4) =X (5)=X(8)
EPS(2)=VI(L)#CKM/VY =X (1) ~X(2) #AL1L/AL~X(6)
EPS(3)=R(1)#CGR#AL/VV=X(2)=X(7)
FPS(4)=pPS 1 (1) #CER=X(3)

IF(EPS(4) JLE, ~P1) FPS(4)=EPS(4)+P|?
[F(EPS(4) ,GT. PI) ERPS(4)=EPS(4)~PI2

IFCITKX=-1KMX) 104,108,108
[ KX= | KX+1

o 1106 (=1,4

IMEAS(])=0

G0 TN 122

DO 120 1=1,4

IF(MEASCI)) 117,112,118
IFCARS(EPSCI1))=TESTC(])) 118,118,114
IMEASCI)=IMEASC)+1
MEASUMCI)sMEASUMO ) +1
IFCIMEASCI)-IMX) 120,116,116
“EAS(I)=1

IMEAS (1) =

COMTINUE

4

Do 134 |=1,
| )+ I4EAS(|)) 130,130,134
14

IF(MEAS(
nNo 132 J=
IFC(d JEN, 8) CAND, (MEAS(1)Y) LGT, 0)Y) G0 TO 132
[FCctd EQ. 6) ,AND, (MEAS(2) ,487T, 0)) GO TO 132
[FO() JEQ, 7) AND, (MEAS(3Z) BT, NY) RO TO 132
XCJYsX(J)Y+AK O, I)#ERS(O])

CONT INUE

CONTINUE

X(3)=X(3)+p 12

{ ) 0.7
( ) LGE, PI12) X(3)=X(3)-F 12

[F(x(3
IFEX(3
VI 2)=VyV#X(1)/CKM
R(2)=yVeX(2)/(AL*COR)
RPSI(2)=X(3)/CGR
NELTA(2)=(X(4)+X(5))/CGR
VI(2)=VVe (XL +X (2 AL/ ALY /CKM
NELTAO=X(5)/CGR

Ni=yVsX(6)/CKH
N2=YV#X(7)/(AL*CGR)



el NS

148
150
152

154

164
166

168

=0
~
o

s o
(o]

<
o

2N OO
[
[

N
<
NI

204

D3=X(8)/CGR
COMPUTE THE FORWARD SPEED Vv,

VYV (1) =U*CKM
VVV(2)=AN#0,18#CKM
VVV(3)=VCONST

IF(VVVIVVL)=-VMIN) 152,150,150
IF(VYVEIVVL)=VMAX) 154,154,152
[VVi=1VVi+l

G0 TO 148

VVveyyvy(Ivyl)

vov=VyQ/vy

Vov2=vovVevoy

VEST=VV/CKM

COMPUTE THE LOSS FUNCTIONS,

IFCILOS) 170,166,162
iL0S=0
CN:DU

DD 164 1=
VLOS(I)=0
CN=CN+1,
SL1s(CN=1,)/CN

DO 168 1=1,2

SL2=PS|(|)-PSI|REF

|F¢sL2 ,LE. =180.) SL2=5L2+360,

IF(SL2 .GT, 180,) SL2=SL2~360,

VLOSC | )=SL1#VLOS{)+5L2/CN

L=l+2

VEOS(L)=SL1#VLOS(L)Y+DELTAC]))Y/CN

L=L+2

J=| =2
VLOS(L)=SL1#VLOS(L)I+(SL2#SL2+ALAM#(DELTACI)=VLOSCJ) I+
* (DELTACI)=-VLOS(J))Y)/CN

L=L+2

VLOSCLY=SL1#VLOS(L)+P/(CKM#U%COSC(SL2#CGR)#CN)

1,8

IFCIPK .GT, 0) |PRINT=1
GO TO 200

|RK= |RK+1

{F(IDEXP)Y 201,201,700

LOOP WITH SAMPLING INTERVAL IREGYT FOR YAW TEST,
IF(IRYT-IREGYT) 206,202,208

IRYT=1

SL1=PSIREF=-PFO1

PFO1=PS|REF

IF(MODYAW) 204,204,300

PFN2=PS|IREF=-SL1

IF(SL1 .GT. 180,) SL1=SL1-360,

IF(ABS(SL1)-Y(1)) 500,500,302
IRYT=IRYT+1

[F(MODYAW) 500,500,300

59



C LODR WITH SAMPL ING INTERVAL IRFGY FOR YAW|NG,
C

300 IF(IRY-IREGY) 390,302,392

C

302 IRY=1

S5L1=sPSIREF-PFO2
FFO2=PS IREF
IF(SL1 JLE. =-180.,) SL1=SL1+360,
fFesty ,GT, 180,) SL1=SL1-3690,
SL2=PSI(IYAW) = PSIRFF
IF(SL2 LE. -180,) S1.2=SL2+340,
IF(sSL2 +uT. 180,) SL2=SL2-360,
IF(MODYAW) 309,309,304
304 IFCARS(SLLI)-Y(3)) 320,320,306
3u6 IF(MNDYAW-2) 314,314,308
308 MODYAW=1
[ TIM1==~IREGY
309 IF(sL2) 310,310,312
310 RRF =RREF
GO TD 320
312 HRF ==RREF
GoTO 320

314 FFA(RRF) 816,516,318
316 IF(SIL2) 308,320,320
318 [F(SL2) 320,320,30R
r

320 RRF=RREF#ABS(RRF)/RRF
SL3sR(IYAW)=-RRF

F(MDDYAV) 322,322,324
322 IFCARS(SLL)Y=Y(2)) 338,338,326
324 IF(MODYAW=-2) 328,332,325
325 IFCMODYAW=-4) 336,339,339

26 MODYAW=1

ITIHLl==-1REGY
328 [TIML=ITIML+ |REGY
IE(RKRF +GE. 0y LAND, SL3 ,0OT. =Y(4)) GO TO 330
IF(RRF LT, 0O, JAND., SLS LT, Y(4)) 650 TO 330
FRFCITIML=-1T1Y) 332,332,330

330 MONYAW=2
AINT2=0,

332 I[FCRRF ,GE. 0. JAND, =Y(&)#RCIYAW) LT, SL2) GO TO 334
[FCRRF LT, 0. LAND, =Y(&)#R({IYAW) ,GT, SL2) GO TO 334
[FCqODYAW=1) 340,340,35%0

5

334 MODYAW=3
[ TIM3z=~ | REGY

336 ITIM3=ITIM3+[REGY

IFCARSCRCIYAW)Y)Y LT, Y(5)) GO TO 338

[F(RRF ,GE, 0. JAND, SLZ ,GT. =Y(6)) GO TO 338

FFC(RRF JLT. 0, JAND, SLZ2 ,LT. Y(6)) GO TD 338

IFCITIM3=-|T3Y) 360,340,338

338 MODYAW=4

[TIM4s=-|REGY

AINT4=0,
339 ITIMA=]TIM4+ I REGY
IFCITIME4=-1T4Y) 370,370,400

YAW PHASE 1,

[ R ReRe]

40 SL4=Y(13)#SL3



N D

w00

70

380

C
390
C
392
C

400

402

404

T N0 O
Loms
[

02

504

61

SLB=ABS(Y(7)*RRF)

|F(SL4 ,GT, SL5) SL4=SL5
[F(SL4 .LT. ~SLB) SL4=-515
DELCOM==VOV2#SL4+EDELTA

GO To 380

YAW PHASE 2,

NELCOM==VOV2%(Y(14)#SL3+Y(15)#AINT2)+EDELTA
AINT22AINT2+SL3#FLOAT(IREGY)
GO TO 380

YAW PHASE 3,

SLA=Y (16)*SL2+Y(17)#R(|YANW)
SLBzABS(Y(9)#RRF)

IF(SLL4 ,GT, SLB) SL4=SL5
IF(sSL4 ,LT, ~SL5) SL4=-SL5
NELCOM==-VOV2#SL4

GO TO 380

YAW PHASE 4,

DELCOM==VOV2%(Y(10)#SL2+Y (11 #R(IYAU)+Y(12)%A[INT4)
AINT4=AINT4+SL2#FLOATCIREGY)

IF(DELCOM ,GBT, DLIM) DELCOM=DL M
IFC(DFLCOM JLT. =DLIM) DELCOM==DLIM
GO TN 600

IRY=|RY+1
G0 TO 600
INITIALIZING OF STRAIGHT COURSE KEEPING,

J=MNyl1-1

SL1=PSICIST)-PSIREF

IF(SLL LE. =180.) SL1=SL1+360,
fF(sL1 .GT, 180,) SL1=SL1-36U,
No 402 I|=1,J

DAT())=s5L1

J=Jd+1

No 404 |=J,46

NAT (1 )y=0.

NELOLD=EDELTA

VoLD=vV (IST)

ROLD=RCIST)

MODYAW=D

SINT=0,

GO TN BY2

LOOP WITH SAMPLING (NTERVAL IRFG FOR STRAIGHT COURSE KEEP|NG,

IFCIR=-IRFG) 540,502,542

IR=1

SL1=PSI(ISTY-PSIREF

iF(sLl LLE, ~18Q,) SL1=5L1+3540,
IF(sL1 .GT, 180,) SL1=SLI-360,
IFCIP|D) 504,504,520

SL2=v(ISTY=vOLN
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600
602
604

606

N2 202
fay
=

~
<
N

704
706

708

710
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SL3zR(ISTI=ROLD
VOLd=V(IST)
ROLD=RCIST)
DAT(1)=SL1

[F{Ne=1) 514,506,508
IF(NCL) 512,512,508
JMAR+ P aK+3

DAT (. ))=SL2#VV
IFINC=1) 514,814,510
JENAR+IT#K+5
DAT(J)=53

G0 TO 514
JENAB« 2 #K+3
DAT(J)=SL3

CALL STUR(DAT,TH,PP,DUM,RL,NA,NAB,NP,K1,NDAT,NDATL,NU1L,N1)

SL2=V0OVZ#B0/(B0#R0+0Q2)
NELCOM=SL2#0ATI(NULY+NELOLD
G0 70O B30

DELCOM==VOV2# (AKL#SL1+AK2#P (IST)+AK3#SINT)
SINT=SINT+SL1%FLOAT(|REG)

[F(DELCOM L GT, DLIM) DELCOM=DL M
[FCDELCOM LT, =NLIM)Y DELCOM=~DLIM
LFCINEXP)Y 531,531,800

IFCIPID) 532,532,534

DAT(NUL) =BO% (DELCOM=-DELOLD) /VOV2
NDELOLD=DELCOM

GO TO A00

fR=|R+1
GO0 70O 900
COMPUTE THE MEAN RUDDER COMMAND EDFELTA AND THE LOSS FUNCTIONS,

IF(MODYAW) 604,604,602
IF(MODYAW=4) B0(0,6N04,604
FDRLTA=EDELTA+(STN+BD)Y# (DELCOM=EDELTA)
STD=(1.,-BDI#STD/(1,-RD+STD)
[F(MODYAW) 606,606,800
FPS|2=2FPS|2+(STV+RBV)#(SL1~-EPS|2)
SL2=NELCOM=EDELTA
SL3=SL1#SL1+ALAMRSL 2%SL2
VLOS2=VLNS2+ (STV+RV)I#(SL3I=-VL0OSP)
SL2=p/ (CKM#U#CNSC(SLL1#CGR))
ENM2=ENMP2+ (STV+BY) # (SL2=FNM2)
STV=(1.,=RVY#STV/(1,=-RY+STV)

GO TN 800

IDENTIFICATION EXPFRIMENT,
IFCIR-IREG) 720,702,900

|R=1

[FCISTBD+IPDRT=1) 712,704,710
[FCISTBD)Y 708,708,706
NELO=DELAMP

G0 TO 712

NELOs=NELAMP

GO Tn 712

NELO=0,



71

G

a6
i
999

|5Ta=0

PORTsN

SL1=ziRrS1 1) =Pyl

TFCSLL W LE, =180.) SL1=bL1+360,
IFeslL .0, 180,) sL1=5L1=38480,
NELOOMzDELD=AK #3511

o7 BN

IR=| R+t
G0 TH 904G

SN TCATE RUDDER CHANGE,

ORLCO=sNELCDH
I NEL&=1

FCIRE 0T, 0) (PRINTSY,
IF(IPR) 999,090,902
IFCIP=1PR) 906,904,999
Pz

[PRIMT=L

fnOTO 999

RENLEY]

RETURN
END

63
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SURROUTINE STUR(DAT,TH,P,DUM,RL,NA,NAB,NP,K1,NDAT,NDAT1,NUL,N1)

SELFTUNING REGULATOR BASED ON LEAST SQUARES IDENT|FICATION
AND MINIMUM VARIANCE CONTROL, ADMITS FEEDFCRWARD AND
EXPLOITS SYMMETRY OF P,

AUTHOR, C.KALLSTROM 1976-02-18,
THE ALGORITHM |$S BASED ON THE MODEL

YOT)+ACII#Y(T~K=1)+, ., . +A(NA)#Y(T-K-NA)=
BO# (U(T=K=1)+B(1)#U(T-K=2)+,,,+B(NB)Y#(T-K-NB=~1))+
ClLI*#VL(T=K=1)4C(2)#V2(T-K-1)4,, ,+C(NCI#VYNC(T=K~1)+EPS(T)

AT EACH STEP THE LEAST SOQUARES ESTIMATES OF THE PARAMETERS
OF THE MODEL ARE COMPUTED, THE CONTROL VARIABLE U(T) TO
BE APPLIED AT TiME T IS THEN COMPUTED FROM

US(T)= AE(I)I#Y(T)+, ,  +AE(NA)#Y(T-NA+1)
-BE(L)*US(T-1)=,, . -BE(NB)#US(T~NR)

WHERF AE,BE AND CE ARE THE PARAMETER ESTIMATES
AND US THE SCALED CONTROL SIGNAL |.E, US=B0=l

WHEN USING THE ALGORITHM THE PROCESS OUTPUT Y(T) AND THE
FEEDFORWARD SIGNALS V(T) ARE READ AT TIME T AND THE CONTROL
SIGNAL U(T)Y TO BE APPLIED AT TIME T |8 THEN COMPUTFED

NAT- VECTOR OF DIMENS|ON NA+NB+(K+2)#(NC+2)~-2 CONTA|IN|NG
PROCESS OUTPUTS Y, SCALED CONTROL VARJIABLES U
AND FEED FORWARD SIGNALS V ORGANIZED AS FOLLOWS

DAT(1)=Y(T) RETURNED AS Y(T)
DAT(2)=Y(T=1) RETURNED AS Y(T)
DAT(3)=Y(T~2) RETURNED AS Y(T-1)
DAT(NA+K+4)=Y(T=-K~NA) RETURNED AS Y(T-K=NA+1)
DAT(NA+K+2)=US(T-1) RETURNED AS US(T)
DAT(NA+K+3)=US(T-2) RETURNED AS US(T-1)
NAT(NA+NR+2#K+2)=JS(T~K-NB=~1) RETURNED AS US(T=K=NE)
DAT(NA+NB+2#K+3)=V1(T) RETURNED AS US(T-K=NB=1)
DAT(NA+NB+2#K+4)=Y1(T~1) RETURNED A& V1(T)
DAT(NA+NB+Z#K+4)=y1(T=-K~1) RETURNED AS V1(T~=K)
DAT(NA+NB+ (K+2)# (NC+1)=1)=YNC(T) RETURNED AS V(NC=1)(T=K~1)
DAT(NA+NB+(K+2)# (NC+2)=2)=VNC(T-K~-1) RETURNED AS VNC(T=K)

TH- VECTOR OF DIMENS|ON NP=NA+NB+NC CONTAINING THE PARAMETER
ESTIMATES ORGANIZED AS FOLLOWS

TH(1)=~AF (1)

TH(2)==AF(2)

TH(NA)=-AE(NA)
TH(NA+1)=BE(1)
TH(NA+2)=BE(Z)

TH(NA+NB) =RBE(NR)
THINA+NB+1)=CE(1)
THINA+NB+2)=CE(2)
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TH(NA+NB+NC) =CF (NC)

P- COVARIANCE MATRIX STORED AS FOLLOWS
P(1)=P(1,1)
P(2)=P(2,1)
P(3)=P(2,2)

PCI#CI=1)/2+0)=P ([ ,J)
P(NP#(NP+1)/2)=P (NP, NP)
DUM- DUMMY VECTOR OF DIMENS|ON NP

RL~ RASE OF EXPONENT!AL WEIGHTING FACTOR
NA- NUMBER OF A-PARAMETERS (MAX 10, MIN 0)

NB~- NUMBER OF R-PARAMETERS (MAX 10, MIN 0)
NC- NUMBER OF C-PARAMETERS (MAX 10, MIN 0)

K =NUMBEFR OF TIME DELAYS IN THE MODEL
(MAX ((46=NA=NB+2)/(NC+2))=2 , MIN 0)
NAB= NA+NB
NP~ NA+NB+NC (MAX 10, MIN 1)
Ki- K+1
NDAT= NAB+(K1+1)#(NC+2)=2
NDAT1~ NDAT+1
NUL=- NA+K+2
N1~ NUL+K

SUBROUTINE REQUIRED
NONE

DIMENSION DAT(46),TH(10),P(55),DUM(10)

RES=DAT(1)-DAT(N1)

DENQM=1,

DO 12 I1=s1,NP

R=DD

DO 10 J=1,NP

L=l*(|=1)/2+J

IF (J,GT 1) L=de(J=2)/2+]|

M=K1+J

[F (J.GT,NA) M=M+K1

IF (J.GT NAB) M=P2#K1+(J=NAR)#(K1+1)+NAR
R=R+P(L)#DAT(M)

DUMCI) =R

MzK1+|

IF (1 ,GT,NA) M=M+K1

IF (1l GT.NAB) M=2#K1+(|~NAR)®(K1+1)+NAR
DENOM=DENOM+R#DAT (M)
RES=RES=DAT(M)%TH(I)

DO 20 I=1,NP
RzDUMC( 1) /DENOM
THCI)YSTH( L) +R*RES

PO 20 J=1,|
Lzi®(]=1)/2+J
POL)=(PIL)=R#DUMCU) ) /RL

R=0,

DO 30 |=1,NP

= |

IF CIHyGTNA) L=lL+K1

IF (L GT NAB) L=NAB+K1+(K1+1)w#(|~-NARB)

—



RaR=-TH (| )*NAT(L)

ng 382 1=2,NDAT
L=NDATL=|
DAT(L+1)=DAT (L)
DAT(NUL) =R

RETURN
END
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APPENDIX D = EXPERIMENTS

Plots from all the experiments, excluding Fl - F3 where no re-
cording of data was performed, are shown in this appendix. Se-
veral plots are often shown in the same figure, and the plots
are then slided in relation to each other. The corresponding
straight line is the level zero. Usually the data were punched
on paper tape every time a new rudder command 6c was computed,
i.e. with sampling interval Ts' However, during experiments Bl
- B3 the data were punched every second. In experiments Bl - B3
a yaw rate estimate éd is computed from the heading y and plot-
ted.

The Kalman filter was running during all the experiments, in-
cluding E1 - E4, but the estimates were not always used by the
regulators. If nothing else is remarked, all measurement sig-
nals vy, r, y and § were used by the Kalman filter. If the va-
lue of the rudder limit is not given, the rudder limit has not
been active during the experiment. The water below the keel was
deep, except during the last 15 min of experiment D1 when the

water depth was about 100 m.

Experiments of straight course keeping are shown in Table Dal.
A summary of experiments of Kalman filter testing is given in
Table D.2, and the yawing experiments are summarized in Table
D.3. Normal operating experiments are shown in Table D.4. Note
that yaws were performed during experiment D1, while D2 and D3
are straight course keeping experiments. Table D.5 shows the
experiments for identification and Table D.6 the experiments

of straight course keeping, where no recording of data was per-
formed. A summary of the final parameter values of the self-

tuning regulator is given in Table D.7.

7



&8

*poSh SJoM STUSUWSINSESU PaIS3TTI-UCU Jey] posgewel jou ST 3T JT ‘Jojel

-nbox oy} Ag pesn oxem IOFTTI UrwTey SUJ WOIF SOJLWT3se Sy ‘UTW of O3 Tenbo sem pojxels

qusuTIadxe Sun oI0Jeq Sur} SUTUNgy SU3 pue IS3TTJ uewrey sy3 Aq posn =Ism @ pue h ‘I 1Ty

STeubTS JUBURINSESW TTe ‘podIewsI ST 9sTo BuTygou IJI ¥ XTpueddy UT USATDH ST UOTIOSITP
DUTM SATIRTSX 91 JO uoTjeueTdxe uy *Burdesy osImoo jubTeris Jo sjusurisdxe Jo Areuuns - ©T°0 OT0RL

__ ! _ o
z0*0| sL| € -l- - -1 9 |oT 6 T | 62Tl S8 | S | 0gd |
- - - olL, T T |1 9 |oT 6 T  6°2T,5°8 sz | 6TY |
- |- - o/ 0 o | T | 9 |oT S T |G2T!s°8 vz | STV |
- - - 0/ 0 0T [ 9 |O S T |G°2r|5°8 Gz | LTV |
- - - oL/ T o0 | T | 9 ot S T | G2, G°8 ¥Z | 9T¥
- ¢ i — - — S S— 4
- - |- ojLl 0 | T | T ‘ 9 0T 0 - | g'zT|S°8 Sz | STY
- -~ ojci T T | T | 9 |oT 0 | -|s'eri s v | YIY |
- =-|=-l2ojloT T |1 | 9 |ot € | o9 |gwerlss ¥ | €ETY |
- -|=lTO0/9/ T T T | 9 |ot 3 G | gTT|S°s 9z | T
| = | =|=-ls0c0l9 T T T | 9 o1 € | s |ser|ss vz | TIY
- -] - o/L| T T | T | 9 |oOT e | & |set |68 €€ | 0TY
- - - o/ls| T T | T | 9 |t v | & |seri g8 T4 6Y
- -|- o/vfT T | T | 9 |&I v | G |Ser S8 Ve 8Y
- - |- oig| T | T | T | L |OT | 7 € | ger|ss T4 LY
- - |- olLiT |T T | L OT | ¥ v | gzT S8 e 9Y
- == oL T T T | ¢ lot | ¥ S | serfs s e oY
- - |- ojo|T |T | T | ¢ |oOT | & S | szr|s°s vz A
- -1- ofs{t Tt {1 | ¢ ot | of S | gzr|s°8 4 €Y
- _ -{=-1 oz T | T I L 0T | g G | gzr|s's 9T A
1 | |
| U . . | |
- | -1=1 0 wh T |1 ]| € 8 0T | 6 | € |GTI|S'8 TS I\
/11 (5] L“ TSATT| (51 | (AT (W] [ [ | [am
T | G 1% | B i |zon |ToN | | Ao | It prem Jusu
| Bea-aig 3o | ‘Bex Burma—3tes  oaar | Oa | 5n | -orea pumm| 31v| —101 | wory |-Txed
| |
| SIe3suERIeq Jo amm3joniyg W PUm™ | T ybneiq |-eimg | -XI




&9

"pIuCD - BT A OT0eL

. 7 __ _, | B
senTes ‘weted *puels "peSn ‘seaw *3TTI-UON | 228°0| S°¥T| T°€T |S°69 | 95670 | 920°0 | 8p°C | €5°0 | OCTW
pET-0| #°¥T| O°ET |€°69 9LT"0 | S00°0- TI°T | G¥°0 6TY
‘posn *seaw *3ITTI-UON | 8%T°0| €°%T| 8°CT {2°69 | S¥T°0 | ¢G0°0-| TO'T ' ¥C°0 | 8TV
_ Z9T°0| ¥°¥T| 6°CT |2°69 | L¥Z°0 | 88T°0-! 68°0 | T0°0 | LTV
m ) - G90°0| ¥*¥T| 6°CT |€°69 | 69T°0 | 990°0-| 290 | €¥°0-| 9TV
W T80°0| ¥°¥T| €°€T |¥°69 mmmﬂ.o | ST0°0 m 78°0 | 89°0-i GTY
| utw 0ZT < :our3 Butuny | Zpz°0| 9°¥T| S°ET |L°69 | TIT 0 | LT0°0-| 99°T | 19°0-| ¥T¥Y
_ poonpex sem peads YL | 6S%°0| T°€T| 9°€T |L°99 {0CF°0 | 9TO°0 | ¥8°T | ¥C°0 | €TV |
_ | GEV°0| Z°¥T| L°ET |2°69 | ¥¥F°0 | €T0°0 | 69°T | S0°0 | TV |
m N | 8CV*0| T'PT| 6°ET |T°69 | 007°0 | €€0°0-| 6L°T { 9070~ TIV |
| L€€70 | T'¥T) L°€T |0°69 | PPET0 | €T0°0 1 29°T |80°0 w 0Ty |
m 6TZ°0| 0°%T, 8°€T |0°69 | T0E"0 | 220°0-| ¥2°T | S0°0 _ 6Y |
, | ¥L2°0| T°¥T, 6°€T |T°69 | 60€°0 | LZO°0-| 9%°T | LT'0 | 8V |
| | L8T°0 | Z°FT| T°%T S°69 092°0 | ¥€0°0 | 6T°T | LI'0-| LY
_ | TEZ°0| 6°CT| S'ET | T°69 | 06Z°0 | TS0°0-| TE'T | €L70-| 9¥ |
_“r.l - - — “ . * e e e _ —— - w‘ —
N@H.of 7 ¥T| 0°FT |L°69 | 61270 | ¥T0°0 | LT'T | 99°0 )4
92z°0| 0°%¥T| O°¥T |S°89 [99Z°0 | 600°0-| T¥°T | 6€°T A
_ LLT®O | S°%T| T°%T ¥°69 | 6£C°0 | 600°0 | 0T°T | ¥L°0 €Y |
m uTw OZT < :dwr3 burung Z¥T°0 | G°PT| 6°C€T 9°69 |Z8T°0 | LT0°0 | ¥T°T | T¥°0 (A
__ ‘s/u [/ = OA _ _ _ {
_ U ST butuny, *I97TTI ﬁ _ _
_ Aq pesn 30U ‘A °*OAJSS ISPPNI 09FSA | ¥FP°0| ¥°9T| Z°VT (€°CL (T9T'0 | ¥00°0-| ¥T°CT | €870~ | TV
i | ” i
- [ [saowi)[ua] | [Bep] [ [Bep [[Bop] | [59P] j
“ __ " *ASP snTeA | *ASp | enfea | 3JuSw |
SsEeusy Tw %3 n | u | 'pas | weew | *pas | weew | -13d
“ __ anTeA UesS| mmﬂa - om -




10

qr-d o1oeL
i |
N R P R _ T |1 9 | o1 | TT T | 6%2r 6°0T | LV 9EY |
zoolovtl € |- |- -1 - |1 9 |oT | Tt T !|6°CT 6°0T | G¥ GEY
-l -l =Jo felTl Tl 9 | oT | o1 T |62T|6°0T 8 pEY
- -|=-Jo el | T T 9 | 0T | ot T | 6°CT|6°0T | TS €EY |
-l =-]-lo ey 1T 9 | 0T | 6 T ! 6°CT|6°0T| <2 ZeY |
gotofoot|z |- | -| - ﬂ - |1 9 |otr | € T | 6°CT|6°0T| ¢ TEY
zotoloztl e - | -] - - | T 9 |oT | s | T|e6zrjeor - 0EY
- =|-j0o |Ljojo T 9 loT | € | T |e6TI|6°0T,| #T 62Y
=l -{-10 |¢ T 1 9 | 0T | ¥ T |6°2T|6°0T| #2 8zv
." i H i ] _
-l -]l- 0 zjT T I 9 0T | L T |ser|s8 | e LY
i i | ! | | _
-1 =-1- _ 0 _ L _ T{T|T | 9 (ot {9 T |ser|s8 Lz | 9¢¥
=1 =1 - _ o sl T 1!t |9 ot |91 | T |swer|ss | st | sew
-l =-1-10 |t _ T T T | 9 |ot | ¥t | T |ger|S® | SC voy |
-l =]-{o ¢l | T | T | 9 |or|c€r | Tjse|SE | S €TV |
- # -/-jo |¢clT T T | 9 |oOT | €T | T |sTr|s8 | ¥T A4
No.o_ sti€ |- (-] -1-1T1T | 9 |ot v i T |ser|s'8 | &z (A
_, { | 3 | ”
/AT || | S/ (ST | [S/M (W] | [u] | [um)
menf S0 bt zon | TN | | | | caw pren Jusur
“Bea—ard 30 | -Box butuna-g1es | onmatr | Oa | Sz | -orea| pum| 33v | -t08 | uory | -taed
1 I |
sIojsurIeg | JO =am3onIls | PUTM | *TSd Jubneig | —eang X




+i

“PIUOD - d1°d STYBL

‘U 0ZT < Swry futung mwﬁognéi H&H_mdmﬂﬁﬁd 850°0-| 80°T | G0°0-| 9EV¥ |
"sonTea -uered peunt | LTE°0 | L°FT| T°CT |9°89 | S6C°0 | 800°0 | 99°T & T0°0 | GEY |
, “uTw 0ZT < Wr3 futung | 8ET°0 |9:62) 8°GT |97L8 | TST'0 | T00°0 | G6°0 | €€°0-| PEY |
_ "umw ozT < :owr Butunl | 6%T°0 | ¥°¥T| ¢°€T 0769 | I8T°0 | 9T0°0 | 8T°T | ¥2°0-| €EV |
_ “UTw 0zT :Swr3 Burunt | 9€T°0 | 6°FT) 9°€T 6°69 | €2Z°0 | 280°0-| 86°0 | T0°0- | ZEY |
rsonTea ‘wexed psuny *pesn “sesw ‘ITTI-UON | ZL9°T | G'%T) ¥ €T 7769 | G80°T | €0T°0-)| Tv'z | 22°0 | TEY P
H *sentes ‘weted paung | ZET°0 _m.ﬂﬁm S*€T 19769 | 952°0 | 920°0-| 68°0 | OT°0- | oma.J
| ‘pesn -sesw *3TTI-UON | G6Z°0 | 9°%T ¥°€T SG°69 |¥Z€"0 | T00°0 | TS"T  TO°0-, 6CY
m | ZET°0 | 0°ST| S°€T 6°69 | 6€2°0 | 900°0 | S6°0 | 9T°0 8TY “
| _ _ “
-103773 &q posn 3ou ¢ pue x ‘Ta | TTT°0 | #°#T 2°€T 6°89 | L6T°0 | €700 | 26°0 | 0£°0 Led |
° #OmH.H.w.U ! : _ | _
_ 19377 Ag pesn jou Q pue X ‘"Aa | 0ZT"0 | 6°%T! ¥°€T |L*69 O0€Z°0 | 0£0°0 | 68°0 | ¥Z°0 9Zv
- . - - - - 1 _ e - u|| -— ﬁ‘ S
*193TTF Aq pesn jou sem h ‘UTw G°6 I9IFY | 9ZT°0 | 6°%I| G°CT |9°69 | OWC"0 | ¥€0°0-| 06°0 | ST'T YA 4
*INTTF Aq posn UL | 8T 0 | S'PTl S°ZT 6789 | LTE'0 | OET"0 | GT°T | ¥ET 1A
193713 Aq pesn j0u ‘A | TZT°0 | G°FT, 9°CT |0°69 |LTIZ°0 | STO°0 | #6°0 | TL°T €TY
193773 Aq posn jou 9 | LTT°0 | S°¥T 8°CT (6789 |#0Z°0 | 900°0-| S6°0 | CE°T rAA 4
‘senTea xojsurted ‘puels | GGT°0 ¥ T 6°CTT [€°69 [ €62°0 | 8T0°0-| 16°0 | €570 1Y
| _ m r _ “ _ |
| | [M]|[saow)fwx] | (5ol | [Bep] | [Bep] | [P _
_ m ‘ASp = onTes | *ASp | enTea | Juem
Syreusy N_ N _ mmw n _ u ‘pPas eS| *pas | uwesy | -Taed
_.. __ anTeA Ues| “ I _ _ 0@ —




72

“ISITTIF Uewmey
a3 Aq posn o1om Q pue h ‘x AN STEUDTS FUANBINSESU TV °*V XTpuaeddy uT ueaTb

ST UOTIOSITP PUTM SATIRTSX 9U3 JO uoTjeueTdxe uy °*puocoss Axens odey xsded uo

peyound oJoM elep S} SI9UM ‘HBuTlse] I93TTI Uewey JO SjusurIsdxe JO Areuumng

- 2°d °T9eL

| 65T |

670T |

g°ec 7 L8 T20°0 TT0°0 h_ ¥€0°0 | ST _ T “ 6°CT 9¢ ¢d

| €°ST * €°el | T°0L ¥10°0 L00°0 | €20°0 _ g | T 6°CT| 6°0T | T4 cd

” 6°7T L°E€T | 2°69 ¥10°0 600°0 ¢c0°0 __ 9 T 6°CT| 6°0T 9¢ 1d
[MA] | [saow]| [udx] | [s/BSp] | [S/Bop] | [s/bep] _ [s/u] | [w] | [w] | [uTw]

| B | aw paem Juew

51 n u Py I 1 | -orea|pumm| 33v| -T031| uoTy |-Txed

SnTen uesn T ASpD paEpUeIs “ pUTM | *TS9 3upnead | -eang | -X@




73

- z03eTnhoI Mek oyz pue xojeinbea HuUTUNI-ITSS Y3 AQ pasn SI9M I9ITTJI UBWIRY SYJF WOIF SOFBUW

-T3S® oyl °*I93TTJ uewred 9y3 Aq posn 2I9Mm @ pue 4 ‘I AN STeUubTS jJusuLInsesuw TIY °VY xTpuoaddy

UT U9ATH ST UOT3O9ITP PUTM SATIRTSI 9U3 3O uoTjeueldxs uy °butmel jo sjuswTIadxe Jo Axeummsg - €°d ©TdelL

I |
%1 | O0°€T | 0°69| T°0 9¥T=Z¥T | O 1 9 |0T| <t T [6eT |670T | 2L | 9 |
L°¥T | Z°€T | L'69| T°O 6VT-6€T | 0 1 9 |O0T| 8 | T |67CT|6°0T| L& _ O |
pS3ep | | . | |
<n jouszem Fp m | W _
pwe Tp “4p ‘Yol g*pT | gzT | T°69| 2°0'1°0 |S9T-GCZT | O T 9 |OT| Tt | T |6°CT|6°0T; 6¥ |
% < oy m | _ s
_ *povep | m | | m _ | w w
meuOﬂ azem fp| _ _ w M ” M m |
_ H@ kbu 19| 6°%¥T | ¥°ET | 8769 | T°0°S0°0 |29T-TCT | 0 T 9 |01 L T | 62T |6°0T| €9 € |
_ L 0°FT L €T €69 T°0 08T-€¥T | O T 9 |o1l 9 mxwm G*zZr|s°g | ¢¢€ o) |
H { 1 1 |
JMQWHRﬁEH sem _ ! L m | m
\*A 3O ubTs osa_ vvT | TP N §°69 | T 0600 | S6T-GLT ' 0 T L 0T 6 s | 0°zt |06 147 TO
_ _ _ r _ . |
1. | 1 £ = !
| | ) [[ssowq] | [ea] |o[s/Bop] | [BeR] [s/w]] [S]| [SAU] W] [uw] | [umi)
| | | | _w S0 ZON | TN | | K10 | It | pren Jusu
_ s_ | « oI | gox mwﬁ mﬂdﬁs 0. | s_| _
“ SIIBUSY a | n | u I “ ho plmawm | OAAT _ AL |0Hm>_ucas 1I¥ | =101 | uoTy |-Ta=d
ﬁ _ STTeA Ueol _ | JO aIm3onI3is 4 | putM | *TeW | 3upneag | -eIng | -xa
- | § i




7Y

*J03eTnbax mel syl pue Jo3zeInbai butuny
-JT°s 9ay3z Ag pesn aI5M I93TTF UPWILY SY3 WOIJ SOJLWTIISS OYJ °*IS9FTTJF uerwWIRY 99Ul &g posSn aIoMm

¢ pue h ‘I AN STeUubTS jJuUsweInNsesw [T ‘pSjIeWSI ST SsTS DbuTyjzou II °*vV xXTpusaddy UT U=aATH

ST UOT3OSITP PUTM SAT3BTSI 9Yyjz JO uoTjzeueldxes uy -*siuswuraadxe buTrTjeasdo Tewaou JOo Axeuumns - p°d OTdBL

ut g |
csawrry Butumy, |
_ ‘UoTy |
~O9II0) SSANCD |

EE—————

‘ze3sEUTTRS | $°ST | P°€T | 6°69 | T°0 onmﬂmﬂ olcl T it!l 1T | 9 |of 6 T |ezt!60T| 89 | €a |
‘U Q w i w
@y butund | LT | Z2°FT | L°69 T°0 08T | 0 h_ T | T 1 L | o1 o1 G |6°2T|G°8 o 7 za |
| uTwm 0T < __ | |
| eum3 fumung _
_ s/ L = "A .
TOAT T _
Aq pesn a0u ‘A , q _ | " | ,
*Bop o1 | _m m_ L ,_ . |
| PITWIT I9ppny _ ._ | . m | |
__ ‘U 6T .m | | ” L |
gseT oy butamp W | _ _. |
w00 3R Sem | ,_ | B | @ _
wdep Io3eM | L°FT | T¥T | 9769 T°0 | S0Z-08T o” LT __ T|€ | 8 o1 s L _m.Na G*8 €8 1a
| | L] ]
[Mn] [[s30wt] | [Wex] | [5/BP] | [BoP] N T[S/ 5] [s/] | ey [ g | o
_ “ _ “ { i ! _ .
“ _ b3y ZoN | TON _._ ___ Ao | “ITP | pIem Jusw
s m Jox | oI, o _ 0. | s_ ! _
SYTRUDY da | n u x| h  *Bex BUTun3-ITes | OAAT A | L -OToA | pUTM | 37V | =103 | uoTy | -Txed
. i 5 i | 3
onTea uesy | . 3o samon3s d _ | PUTM | ‘TS | 3ubneag |-emmg | -Xd




15

*y XTpuaddy UT USATD ST UOTIOSITP

PUTM SAT3IRTSI SU3 JO UoTjeuRTdxXe Uy °*UOTIeOTITIUSPT I0F sjusuTIedxe Jo Arewmmng - G°d STAelL

i

est| szt 869 | 0 lot T |ot| T | T |6%er|e0T| o€ |
Fop T :3TWIT IopPnd | #°GT | 6°¢T | 0°0L | 2 | S T |oT| 6 ¢ |ezt|eot| o6 e
3893 bez-b1z G/ G| L°ST| g7z |soL | 0 | § T (oT| %1 | 1 |ezr|60T| 61T gc
pesT| szt | L69 | 0 |s'e | T ﬁ oT| T | T |ezr|60T| 68 1=
[MA] | [S30w] | [W0F] 5= | TTS1| 5/ [y [ [w] | (]
| _.. | ‘ KTo | a1 prem Juesur
spewsy | 54 | n u | PPy BB | opar) 1| -oten | pumm| 3gv | -z0z | vor | -Tred
SOTeA Weon | | __ pUTM | *To9 | Jupnexq | -eing | -XdI

]




Fé

*sajuswrxadxe sy3z buTranp

bop GT Ssem JFTWTT ISPPNI SYJ °POSN SI9M SIUDWLINSESW PaI8ITTI
-UoU 3Byl poyIewsI 30U ST 3T IT ‘Jojelnbsr ay3z Aq posn aism
I93TTJ URW®Y 9SYj WOIJF SOJLWIISO OUYL °*ISITTF Ueurey =yl Aq
pesn o19m @ pue h ‘I 1Ty sTeubTs jJusweansesu TIe ‘pojIewal ST
osT® butyzou I °Y xTpusddy UT USATH ST UOTIODIATP PUTM DATI

-eTox 9Uy3z Jo uoTrjeuerdxs uy °ode3 iaded uo psyound SI9M BIEP

ou sxoym ‘bHutdeey osanoo IYbTeI3sS JO sjuswiiadxe Jo Axeumns - 9°d STJelL

w zoto | ovT| €| -|{-| - | - T 9 | 0T| TI T 6721 |6°0T| 5 | va
== -lolT | T 9 |oT| TI T |6°¢T |6°0T| LS | €4
|
_
zoo| sL| €| -{-| - | - 3 g |0T! € L |G°ZT |s'8 | 6V | ua
- -1 -loje] T | € g8 | 01| € 9 |s"zT |s°8 | 09 | T4
|
[s/T1| [s] ] _ “_ [s/u]|[s]|[s/u] [u] | [u] | [uru]
1 'l — |
Iy nwﬁm 4 b | | ZON | TON| M &1 [tap | | pTEM plech
“FoI-(Id 0 [Box BuTwa 3155  oar | 0a | °n -orea lpum | 337 | -204 | uor3 | -Txed
sIojsuereq | 3O ININTIS | _ puTM TS | Jubneaq |-eanal -Xd |




77

*p3uUOCD - 9°d OT1JeL

*sontea xojsuexed psung | $0€°0 | G°GT| ¢°CT |L°69 |600°0-| ¥S°T| %4
09T°0| T°ST| T°CT |T1°69 |€L0"0-| L9°T| €4
-IeqSeuTTeS S/ L = A
*senfes curered *puels *posn *sesll *ITTI-UON | 6G2°0 | L°FT| ¥ ¥T [9°69 |9T0°0-| 98°T | 2d
~ro3sEUTTES s/ L = TA
*I]TTF Aq posn jou A | 8€0°0 | L°¥T| P ¥T [8°69 [200°0-| TL°T| 14
| | |
| ! !
| [MA] |[s30W{]([uex] | [ep] |[Dop]| 3Fusw
sgewy | %A Sa | n u | 9 | -Tx=d
m SnTeA uesy | —xu




g:it—s a, a, aq a, bl b2 c1 C, Zai
|
; Al -6.93 6.69 3.50 -3.61 . . -2.02 35.77 -0.35

|

|
| A2 } -15.17 19.33 -2.62 -1.87 . . 0.35 113.66 | -0.33
| A3 | -8.60 6.39 4,38 -2.62 . . -2.34 44.87 | -0.45
| A4 5 -8.92 6.49 4.88 -2.75 S . -1.79 50.52 | -0.30
| A5 | -8.00 6.67 4.55 -3.59 . -1.40 49.73 | -0.37
{ a6 | -7.23 6.42 4.21 -3.31 . -0.79 41.84 0.09
- A7 =-7.00 6.36 4.36 -3.64 ) -1.89  39.41 0.08
. A8 -8.29 5.98 4.34 -2.58 . =2.32  39.92 | -0.55
‘ A9 -7.36 5.86 4.03 -2.62 : -1.97 36.59 | -0.09

AlO -9.56 6.81 4.39 -1.97

-2.25 40.29 | -0.33
All -9.16 6.39 4.29 -1.86

-2.60 37.18 | -0.34

Al2 | -8.73  7.02  4.66 —-3.33 -2.89 44.49 | -0.38
Al3 | -9.65 6.81 5.19 -2.67 -1.29  44.29 | -0.32
Al4 | -21.78 26.83 =-2.30 =-3.17 -0.54 74.46 | -0.42
Al5 | -7.76  5.70  4.43 -2.61 g -1.81 - -0.24
Al6 | -7.26  6.59  4.46 -4.05 - 33.84 | -0.26
Al7 | -7.84  6.75  4.75 -3.89 - - -0.23
A18 | -7.88 6.8  4.67 -3.50 - - 0.15
Al9 | -8.42  6.56  4.42 -2.96 -1.26  45.72 | -0.40
A22 | -8.04  6.23  4.52 -2.99 -1.89 35.94 | -0.28
A23 | -7.24  6.33 4,12 =3.37 -1.82 37.53 | -0.16
A24 | -8.40 7.15  4.96 -3.79 .76  40.37 | -0.08
A25 | -8.06 6.68  4.51 =3.45 -1.96  41.91 | -0.32
A2 | -7.72  6.23  4.27 -2.95 -2,20  34.95 | -0.17
A27 | -7.76  6.63  4.48 -3.73 -3.32  41.43 | -0.38
A28 | -8.13  6.65  4.67 -3.33 -1.94 39.40 | -0.14
A29 | -9.74  8.48  6.22 -5.25 - - - | 0.21]
A32 | -10.51 9.96  4.86 -4.33 -0.69 70.44 | -0.02 |
A33 |-13.33 16.86 -2.60 ~-1.14 -0.39 100.94 | -0.21
A34 | -9.25 10.23 -0.26 -0.85 -0.03 103.99 | -0.13 |
A3 | -11.12 12.52 1.53 -3.00 0.45 89.21 | -0.07 |
cl -7.27  6.10  2.67 -2.07 -0.09 95.45 | =-0.57
c2 | -10.20 11.11  2.38 -3.34 -0.71 65.62 @ -0.05 |

-0.54 89.70 @ -0.19 |
0.29 108.85 @ -0.89
-1.54 48.49 -0.38

C3 -10.55 12.90 -0.97 -1.57
c4 -15.46 18.76 -1.80 -2.39
C5 -10.07 8.90 5.69 -4.90

WO HHO OOFHHNO NNNE OHOK RPHHE FHOO HF&SNON NEHOKE HENUGH

C6 | -11.31 11.45 4.34 -4.95 -0.96  61.38 | -0.47
D1 -7.32 6.37 3.37 -=2.70 ; . 1.41 112.69 @ -0.28
D2 -7.57 5.86  4.14 -2.95 ) ] -1.69 39.59 | -0.52
D3 -8.24  6.08  4.67 =-2.61 . . -1.30 46.13 -0.10
Fl -7.05 5.88  3.03 -1.67 ] 3.88 152.75 | 0.19

o o OO0.000000 COOO OO0 OO0 OO0 OOOOOLOODO ODOOOO ODOOOO
L) . i o L] L] L] L ] L] L ] L] L] L) - L[] L] L) L] L] L) - L L - L] . L] L
N U0 W WABWUIS S LINDRLDL DROUIUT &AELDNS DUOWND GTOIUSEU & BUTOY WM
O N0 NHFOOERO WOHW OUTW OHOKH WUIWwWwhNh WO WHOOOOWLM WeooWwwH
DO OO0 OCO0O0O0OO COOO ODOOO OCOO0O OO0 CO0OO0O OO0 OO0
L] L] 1 e L] . L] L] L] L] L[] [ ] L] L] L o L] . L] L ] - - L] L[]
FSA AN 00UV WHEHWN VYOO WWNOY OFNUT NN OO OO0 WOWA ~IJooY N o
I
=

=0.07 79.27 @ -=0.19

F3 -11.47  13.11 0.48 =2.31

Table D.7 ~ Final parameter values of the self-tuning regulator.



EXPERIMENT Al

+9

Date 1976-04-18 Forward draught 8.5 m

Time 15.40 Aft draught 12.5 m

Duration 51 m%n Wind direction NW (3; see App. A)
Position N 33°09' W 12037'  Wind velocity 9 m/s (fresh breeze)
wref 206 deg Wave height 2 m

The forward speed u was measured by Sperry's log, and sometimes

that signal had an incorrect value in the computer. The rudder was

moving between the sampling events, because the rudder servo was

defect. The sway velocity v, was not measured during the experiment.

Self-tuning regulator using estimates from the Kalman filter.

The sway velocity v, was not used by the Kalman filter.

Tuning time before the experiment started:

was not used).

NCl =1 NC2
Ts = 10 s V0

Final values:

a| [6.93]

a, 6.69

as 3.50

a,l = -3.61 p =
bl 0.51

b2 0.18

cqy ~2.02

'cz- 135.77]

?l + a2 + a3 + aﬁl

60 = - 0.6 deg dV

0 min (the yaw regulator

=1 k=17 g=20
8 m/s IVWC = 3 Vc = 7 m/s
[ 4.58 )
-3.75 4.61
-0.37 -1.45 4.26
-0.15 0.69 -2.28 2.20
-0.06 -0.01 0.12 -0.05 0.01
-0.09 0.05-0.01 0.05 0.01 0.01
-3.12 2.68 0.83 -0.23 -0.03 -0.04 4.55
-45.73 38.72 8.90 1.51 -1.16 -1.48 84.78 1714.04]

Statistics (mean value and standard deviation)

s -0.83
o) 0.57
I\U - 1Pref "0-004
n 72.3

u 14.2
vV, = 0.444

H H H H H

- 0.35
= - d_ = - 0.001 deg/s dg = 1.4 deg
2.24 deg Pg 16.4 + 0.3 MW

2.68 deg Eyy -

0.161 deg Er 0.00 + 0.03 deg/s
0.7 rpm £y 0.00 + 0.04 deg

1.4 knots €8 0.2 + 1.2 deg
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EXPERIMENT A2

Date 1976-04-22
Time 08.19
Duration 26 min
Position

Vref 180 deg

N 12039' w 18029

Forward draught
Aft draught
Wind direction

Wind velocity

Wave height

8.5 m
12.5 m
N (53

see App. A)

&9

5 m/s (gentle breeze)

Low swell from N

An incorrect measurement of the yaw rate r was obtained after about
6 min. This measurement was not skipped by the Kalman filter.

Self-tuning regulator using estimates from the Kalman filter.

Tuning time before the experiment started: > 120 min.

NCl =1 NC2 1 k =7 q=20

Tg = 10 s Vo = 7 n/s IVwWC =1

Final values:

'él" [-15.17] 13.56

a, 19.33 -18.18 32.91

as -2.62 -0.39 -14.74 29.92

a,l = -1.87 P 5.72 =-0.62 -15.50 11.07

bl 0.63 -0.33 0.12 0.62 -0.43 0.03

b, 0.52 -0.25 0.21 0.17 -0.14 0.01 0.02

cy 0.35 -1.85 2.54 0.28 -1.04 0.03 0.00 0.86

s ] |113.66 | 61.97 —-69.20 -45.68 49.88 -2.82 -1.84 7.66 1171.60]
a; + a, tag + a, =- 0.33

80 = 0.4 deg 4, = 0.20 knots  d_ = -0.001 degy/s dg = 1.3 deg
Statistics (mean value and standard deviation)

8¢ 0.41 + 1.14 deg Pg 14.5 £ 0.1 MW

6 1.77 =+ 1.03 deg €y 0.00 £ 0.02 knots
V=Yref 0.017 + 0.182 deg Er 0.00 = 0.02 deg/s
n 69.6 £+ 0.5 rpm €y 0.00 + 0.02 deg

u 13.9 £ 0.1 knots £§ 0.0 + 0.5 deg
v, = 0.142
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a9

EXPERIMENT A3

Date 1976~04-22 Forward draught 8.5 m

Time 09.46 Aft draught 12.5 m

Duration 24 min Wind direction N (5; see App. 3)
Position N 12017' w 18029' Wind velocity 10 m/s (fresh breeze)
Vref 180 deg Wave height Low swell from N

Tuning time before the experiment started: 30 min.
NCl =1 NC2 =1 k =5 q=20

TS =10 s V0 = 7 m/s IvVvve = 1

Final values:

'éi] -8.607 [ 4.93 ]
a, 6.39 -5.58 10.51

ag 4.38 -1.10 -4.43 10.96

ayl - -2.62 p = 2.10 -0.68 -5.65 4.56

bl 0.53 -0.14 -0.04 0.33 -0.15 0.03

b2 0.26 -0.12 0.05 =-0.01 0.08 0.01 0.03

¢ -2.34 -0.53 0.85 0.22 -0.57 -0.02 -0.03 0.67

chj 144.87 | |14.78 -24.57 -4.88 12.45 -1.00 0.36 9.76 816.84]
?l + a, + aj + ?4 = - (.45 A )

60 = 0.7 deg dv = 0.12 knots dr = -0.001 deg/s ds = 1.4 deg

Statistics (mean value and standard deviation)

6¢c 0.74 =+ 1.20 deg Pg 14.5 0.1 MW

6 2.12 = 1.04 deg ey 0.00 = 0.02 knots

V-Vyef 0.009 * 0.239 deg €y 0.00 £ 0.01 deg/s

n 69.4 + 0.4 rpm ey 0.00 £ 0.02 deg
14.2 £ 0.1 knots £g 0.0 £ 0.5 deg

u
Vl = 0.177
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EXPERIMENT A4

Date 1976-04-22 Forward draught 8.5 m

Time 10.53 Aft draught 12.5 m

Duration 24 min Wind direction N (5; see App. A)
Position N 12°01' w 18928' Wind velocity 5 m/s. (gentle breeze)
Vref 180 deg Wave height Low swell from N

Self-tuning regulator using estimates from the Kalman filter.

Tuning time before the experiment started: 30 min.
NC1l = 1 NC2 =1 k =6 q=20

TS = 10 s Vo = 7 m/s IvvCc = 1

Final wvalues:

[a)] [-8-92] [ 4.78 T
a, 6.49 -5.62 11.34

aq 4.88 -1.02 -5.32 12.23

a | -|-2.75 p | 215 -0.53 -6.13 4.83

by 0.48 -0.14 -0.07 0.36 -0.15 0.03

b, 0.16 -0.10 0.02 0.00 0.08 0.01 0.03

¢l [-1.79 -0.65 1.02 0.22 -0.62 =-0.01 -0.01 0.70

c,]  [50.52) |17.24 -25.17 -10.77 16.08 -0.30 -0.23  9.34 881.25

a; +a, +az +

a
60 = 1.1 deg d

-0.30

4 e
0.38 knots d,. = 0.000 deg/s dg = 1.5 deg

v

Statistics (mean value and standard deviation)

Sca 1.39 £ 1.41 deg B 14.0 £ 0.2 MW

o) 2,82 + 1.33 deg Ev 0.01 + 0.02 knots
V=VYref -0.009 =+ 0.246 deg Er 0.00 £ 0.01 deg/s
n 68.5 t 0.6 rpm €y 0.00 £+ 0.02 deg

u 14.0 + 0.2 knots €8 0.0 = 0.6 deg

vV, = 0.226

1
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EXPERIMENT A5
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Date 1976-04-22 Forward draught 8.5 m

Time 11.57 Aft draught 12.5 m

Duration 24 min Wind direction N (5; see App. A)
Position N 11046' W 18°28' Wind velocity 4 m/s (gentle breeze)
Vref 180 deg Wave height Low swell from N

Tuning time before the experiment started: 30 min.
NCl =1 NC2 =1 k =7 qg=20

Tg = 10 s Vo = 7 m/s IVVC = 1

Final values:

a, 6.67

as 4,55

ayl - -3.59 P unknowm

bl 0.49

b2 0.17

¢y -1.40

Cy. 149.73]

?l + a, + ag + ?4 = - 0.37 A

60 = 0.9 deg a, = 0.15 knots dr = 0.000 deg/s

Statistics (mean value and standard deviation)

S¢ 0.66 * 1.17 deg Pg 14.4 +
o 2.16 £ 1.10 deg €y -0.01 #
V=Vyef 0.014 + 0.219 deg €y 0.00 £
n 69.7 t 0.4 rpm €y 0.00 %
u 14.0 + 0.1 knots ¥ 0.1 <

Vl = 0.162

0.1 MW
0.02 knots
0.01 deg/s
0.02 deg
0.6 deg
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EXPERIMENT A6

Date 1976-04-22 Forward draught 8.5 m

Time 15.05 Aft draught 12.5 m

Duration 24 min Wind direction NW (4; see App. A)
Position N 11001' W 18©30' Wind velocity 4 m/s (gentle breeze)
Vpref 180 deg Wave height Moderate swell from N

Self-tuning requlator using estimates from the Kalman filter.

Tuning time before the experiment started: 30 min.
NCl1 =1 NC2 =1 k =7 q=20

Ty, = 10 s Vg = 7 m/s IVVC = 1

Final values:

EN ’—7.23} [ 4.73 |
a, 6.42 -5.79 10.88

a3 4,21 -0.95 -4.87 12.01

ay| _ (-3.31] _|2.24 -0.33 -6.36 4.68

bl 0.55 -0.15 -0.06 0.44 -0.22 0.04

b2 0.16 -0.14 0.11 0.01 0.03 0.01 0.03

cy -0.79 -0.86 1.17 0.27 -0.62 0.00 0.00 0.82

e, [41.84 17.43 -18.10 =-20.57 19.53 -1.15 =-0.58 12.97 886.31]
?l + a, + aj + a4 = 0.09 ) X

60 = =-0.3 deg d, = -0.24 knots d,. = 0.000 deg/s dsg = 1.4 deg

Statistics (mean value and standard deviation)

(e -0.73 £ 1.32 deg Pg 13.9 + 0.2 MW

6 0.63 =+ 1.27 deg €y -~0.01  0.02 knots
V=VYref -0.051 £ 0.290 deg €y 0.00 + 0.01 deg/s
n 69.1 + 0.5 rpm €y 0.00 £+ 0.02 deg
u 13.5 + 0.1 knots £§ 0.0 z 0.6 deg
vV, = 0.232
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EXPERIMENT A7

139

Date 1976-04-22 Forward draught 8.5 m

Time 16.09 Aft draught 12.5 m

Duration 25 min Wind direction W (3; see App. A)
Position N 10°947' W 18°929' Wind velocity 4 m/s (gentle breeze)
Vref 181 deg Wave height Moderate swell from N

Self-tuning regulator using estimates ‘from the Kalman filter.

Tuning time before the experiment started: 30 min.

NCL = 1 NC2 = 1 k =8 q=0
TS = 10 s V0 = 7 m/s Ivwe =1

Final values:

a|  [-7.00 " 5.91

a, 6.36 ~7.08  12.98

aq 4.36 -1.24 -5.93 15.13

a| _|-3.64] L _|270 -0.15 -8.00 5.8

by 0.48 ~0.16 -0.05 0.43 =0.21  0.03
b, 0.09 ~0.15  0.14 =-0.03  0.05 0.0l
c;| |-1.89 -0.88  1.10 0.4l =-0.64  0.02
le,|  |39.41] 16.96 -13.50 -26.26 21.56 ~-1.22
a; + a, + aj + a, = 0.08

5, = -0.2 deg év = 0.18 knots  d_ = 0.000 deg/s

Statistics (mean value and standard deviation)

6a -0.17 £ 1.19 deg Pg 14.2 =
) 1.33 + 0.98 deg €y 0.01 =%
Vv=V¥ref 0.034 £ 0.260 deg Er 0.00 =
n 69.5 t 0.3 rpm €Y 0.00 £
u 14.1 £ 0.1 knots £§ 0.0 +«
vV, = 0.187

1

0.03
-0.02 0.80
-0.80 11.86 848.17)

0.1 MW
0.02 knots
0.01 deg/s
0.02 deg
0.6 deg
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EXPERIMENT A8

Date 1976-04-23

Time 08.56

Duration 24 min

Position N 07934' w 16©32'
Vref 144 deg

Forward draught 8
Aft draught
Wind direction
Wind velocity

Wave height .

.5 m
12.5 m
NW (5; see App. A)

4 m/s (gentle breeze)

19

Self-tuning regqgulator using estimates from the Kalman filter.

Tuning time before the experiment started:

NCl = 1 NC2 =1 = 4
TS = 15 s Vo = 6 m/s IVVC
Final values:

?al' -8.29] r 1.72

a, 5.98 -1.87 3.80

ay 4.34 -0.31 -1.99 4.23
ayl - -2.58 P = 0.59 0.01 -1.99
bl 0.50 -0.08 0.01 0.15
b2 0.18 -0.04 -~0.01 0.04
cy -2.32 -0.37 0.48 0.17
e, [39.92) | 2,99 -5.18 -1.70
aq + a, + aj + a, = - 0.55

60 = 0.1 deg dV = 0.08 knots dr

Statistics (mean value and standard

S¢a 0.17 £ 1.46 deg

e} 1.63 = 1.26 deg
V=Vyeaf 0.027 £ 0.309 deg

n 69.2 t 0.4 rpm
u 13.9 + 0.1 knots
vV, = 0.274

30 min.
qg=20
1
1.54
-0.07 0.01
0.01 0.00 0.01
-0.29 0.01 0.00 0.41
3.09 -0.36 -0.02 6.79 386.28]
= 0.001 deg/s dg = 1.4 deg
deviation)
Pg 14.1 = 0.1 MW
€y 0.00 £ 0.02 knots
€ 0.00 £ 0.02 deg/s
€y 0.00 £ 0.03 deg
Eg 0.0 + 0.6 deg
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EXPERIMENT A9

Date 1976-04-23 Forward draught 8.5 m

Time 09.59 Aft draught 12.5 m

Duration 25 min Wind direction NW (5; see App. A)
Position N 07©22' W 16023" Wind velocity 4 m/s (gentle breeze)
Vref 144 deg Wave height -

Self-tuning regulator using estimates from the Kalman filter.

Tuning time before the experiment started: 30 min.
NCl =1 NC2 =1 k =5 qg=20

TS = 15 s V0 = 6 m/s IvvC = 1

Final values:

a; [-7.36] [ 1.94

a, 5.86 ~2.14  4.28

a, 4.03 ~0.24 -2.39 4.78

a,| _ |-2.62| ,_|o0.61 o0.18 -2.19 1.59

by 0.51 ~0.10 0.0l 0.17 -0.08 0.02

b, 0.16 ~0.05 -0.01 0.05 0.01 0.00 0.02

o;| |-1.97 ~0.38 0.44 0.11 -0.18 0.01 0.01 0.48

o, |36.59) | 3.78 -6.25 -3.29 4.98 -0.49 0.04 7.39 414.76]
ay + a, + aj + ay = - 0.09

5, = 0.1 deg d_ = 0.22 knots  d_ = 0.001 deg/s dg = 1.4 deg

Statistics (mean value and standard deviation)

P 0.05 = 1.24 deg = 14.0 ¢+ 0.1 MW

6 1.48 £ 1.12 deg €y 0.00 £ 0.02 knots
Y=Yyref -0.022 + 0.301 deg €p 0.00 £ 0.02 deg/s
n 69.0 + 0.4 rpm ey 0.00 £ 0.02 deg
u 13.8 t 0.1 knots £§ 0.0 % 0.5 deg
v, = 0.219

1
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EXPERIMENT AlQ

Date 1976-04-23

Time 11.32
Duration 33 min

Position N 07°05' W 16°10°'

Vref 144 deg

(69

Forward draught 8.5 m

Aft draught

12.5 m

Wind direction NW (5; see App. 4),
Wind velocity 3 m/s (light breeze)
Wave height -

Self-tuning regulator using estimates from the Kalman filter.

Tuning time before the experiment started:

NCl =1 NC2

TS = 10 s V0

Final values:

[a;]  [-9.56]

a, 6.81

ag 4.39

3l = -1.97 P =
bl 0.53

b2 0.26

cy =2.25

C)) 140.29 |

al + a2 + a3 + a4
80 = 0.2 deg év

Statistics (mean

P 0.08
I 1.34
V-Vyref 0.013
n 69.0

u 13.7
vV, = 0,337

i

=1

= 6 m/s

[ 6.46

-8.35 17.84

-0.32 -10.89
2.47 1.20

-0.14 -0.18

-0.13 0.10

-1.04 1.30

24.78 -35.21

= - 0.33

0.06 knots

20.44
-9.56
0.54
-0.04
0.53
-8.89

~

dr

value and standard

+
S
t
+
+

1.62 deg
1.45 deg
0.344 deg
0.4 rpm

0.1 knots

6.24
-0.23
0.07
-0.83
17.37

30 min.

a=20

0.03

0.01 0.02

0.02 -=0.01 0.95

-0.31 -0.44 13.63 998.99 |

= 0.000 deg/s dg = 1.3 deg
deviation)

Pg 14,1 + 0.1 MW

€y 0.00 £ 0.02 knots

Er 0.01 £ 0.02 deg/s

€y 0.00 £ 0.03 deg

€s 0.0 + 0.6 deg
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EXPERIMENT All

139

Date 1976-04-23 Forward draught 8.5 m

Time 13.06 Aft draught 12.5 m

Duration 24 min Wind direction NW (5; see App. A)
Position N 06©948' W 15057°' Wind velocity 3 m/s (light breeze)
Vref 145 deg Wave height -

Self-tuning reqgulator using estimates from the Kalman filter.

Tuning time before the experiment started:

NCl =1 NC2 =1 k=6

" 10 s V0 = 6 m/s IVvC

Final values:

[a;]  [-9-16] [ 5.17

a, 6.39 -6.49 13.13

a, 4.29 -0.84 -6.88 14.72
a | _ |-1.86 p— | 241 0.01 -7.29
by 0.46 -0.11 =0.12  0.39
by 0.22 -0.07 0.04 =-0.04
c; -2.60 -0.95 1.32 0.35
c,]  |37.18] 15.49 -16.91 -15.74
ay +a, + aj ta, =- 0.34
80 = 0.2 deg év = 0.06 knots ér

Statistics (mean value and standard

P -0.06 * 1.79 deg

o} 1.33 £ 1.61 deg
V=Vyeaf -0.033 £ 0.400 deg

n 69.2 t 0.4 rpm
u 13.9 * 0.1 knots
vV, = 0.428

1

1

5.08
~-0.16
0.08
-0.75
15.85

30 min.
qg = 0.05
0.03
0.00 0.02
0.00 -0.02 0.83
-0.33 -0.51 12.37 860.40|

= 0.001 deg/s dg = 1.5 deg
deviation)

P 14.2 % 0.1 MW

€y 0.00 £ 0.02 knots

Er 0.00 £ 0.02 deg/s

Ey 0.00 £ 0.03 deg

¥ 0.1 = 0.6 deg
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EXPERIMENT Al2

Date 1976-04-23 Forward draught 8.5 m

Time 14.09 Aft draught 12.5 m

Duration 26 min Wind direction N (5; see App. A)
Position N 06°©35' W 15948' Wind velocity 3 m/s (light breeze)
Vref 145 deg Wave height -

Self-tuning regulator using estimates from the Kalman filter.

Tuning time before the experiment started: 30 min.
NCl =1 NC2 =1 k =6 q=20.1
Ts = 10 s V0 = 6 m/s IvwvC =1

Final values:

a,]  [8.73 " 5.36

a, 7.02 -6.80 13.38

a 4.66 ~0.84 -6.55 14.33

a | _|-3.33| L, _|2.47 -0.08 -7.15 4.95

by 0.29 ~0.10 -0.10 0.37 -0.16 0.03

b, 0.08 ~0.10 0.09 -0.05 0.06 0.00 0.03

c;| |-2.89 -1.01 1.34 0.26 -0.58 -0.01 0.01 0.92

o, [44.49] 18.54 -24.21 -13.08 17.88 =-0.34 —0.27 12.52 915.41
a; + a, + aj +ta, = - 0.38

5, = 0.3 deg d_ = 0.07 knots d_ = 0.000 deg/s dg = 1.3 deg

Statistics (mean value and standard deviation)

P 0.05 £ 1.69 deg Pg 14,2 £ 0.1 MW

6 1.48 + 1.41 deg €y 0.00 + 0.02 knots
V=Vref 0.013 + 0.444 deg € 0.00 * 0.02 deg/s
n 69.2 t 0.4 rpm €y 0.00 + 0.02 deg
u 13.7 £ 0.1 knots £ 0.1 = 0.7 deg
Vv, = 0.435

1
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EXPERIMENT Al3

Date 1976-04-23

Time 15.16
Duration 24 min

Position N 06©23' W 15939'

Vraf 145 deg

199

Forward draught 8.5 m

Aft draught 12.5 m
Wind direction N (6; see App. A)
Wind velocity 3 m/s (light breeze)

Wave height e

The speed was reduced during the experiment.

Self-tuning regulator using estimates from the Kalman filter.

Tuning time before the experiment started: 30 min

NCl =1 NC

Ts = 10 s V0

Final values:

2

a, ] [-9.65]

a, 6.81

as 5.19

al = -2.67 P =
by 0.36

b, 0.20

¢ -1.29

LC) [44.29
a, +a, +a3+a,

~

6, = 0.3 deg dv

=1
= 6 m/s
[ 7.06
-8.75 17.57
-1.40 -8.71
3.37 -0.36
-0.21 -0.20
-0.11 0.08
-1.21 1.57
128.62 -39.14
= - 0.32
= 0.18 knots

k=6 qg = 0.2
IVVC = 1
19.02
-9.28 6.54
0.70 =-0.30 0.06

-0.17 0.20 0.00 0.05
0.52 -0.89 0.00 -0.01 1.01
-13.65 22.95 -0.80 0.14 11.93 1037.62]

d_ = 0.000 deg/s dg = 1.3 deg

Statistics (mean value and standard deviation)

50 0.24
6 1.65
l\b'—q)ref 0.016
n 66.7
u 13.6

H H H H H

1.84
1.69
0.420
5.2
0.3

deg
deg
deg
rpm
knots

Pg 13.1 = 2,0 MW
€y 0.00 + 0.02 knots
Ey 0.00 £ 0.01 deg/s
ey 0.00 + 0.02 deg
€S 0.0 * 0.6 deg
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EXPERIMENT Al4

Date 1976-04-24 Forward draught 8.5 m

Time 09.00 Aft draught 12.5 m
Duration 24 min Wind direction -

Position N 02057' W 13906' Wind velocity 0 m/s (calm)
Vyef 149 deg Wave height Swell

The number of propeller revolutions n was temporarily reduced
immediately before the experiment started.

Self-tuning regulator using estimates from the Kalman filter.

Tuning time before the experiment started: > 120 min
NCl =1 NC2 =1 k =7 g=20
TS = 10 s V0 = 6 n/s IvVvC = 1

Final values:

[a | [-21.78] " 9.74

a, 26.83 -13.35 27.01

a, ~2.30 6.72 -23.68 32.92

ag| - | -3-17| 5 _ | -0.71 8.66 -16.41 10.76

by 0.50 0.06 -0.29 0.41 -0.19 0.0l

b, 0.44 ~0.09 0.11 -0.07 0.05 0.00 0.004

o, ~0.54 -2.04 2.77 =-0.52 -0.50 0.00 0.01  1.32

o, L 74.46] | -0.41 12.41 -12.94 5.35 0.09 -0.21 22.80 866.35]
a; + a, + as + ay, = - 0.42
6, = -0.6 deg d, = =0.01 knots d_ = 0.001 deg/s dg = 1.5 deg

Statistics (mean value and standard deviation)

P -0.61 + 1.66 deg Pg 14.6 * 0.1 MW

6 0.90 + 1.43 deg €y ~0.01 £ 0.02 knots
V=Vyef -0.017 = 0.111 deg €y 0.00 £ 0.03 deg/s
n 69.7 t 0.4 rpm €y 0.00 + 0.03 deg

u 13.5 + 0.1 knots £§ 0.0 %= 0.5 deg
vV, = 0.242

1
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EXPERIMENT A1l5

219

Date 1976-04-24 Forward draught 8.5 m

Time 10.09 Aft draught 12.5 m
Duration 25 min Wind direction =

Position N 02045' W 12057' Wind velocity 0 m/s (calm)
Vref 149 deg Wave height Swell

Tuning time before the experiment started: 30 min.
NCl =1 NC2 = 0 k =7 q =20
Tg = 10 s Vg = 6 m/s IVvC = 1

Final values:

Pal" [~7.76] ™ 3.74 i

a, 5.70 -5.01 11.78

ag 4.43 0.55 -8.18 14.43

a,| = -2.61 p=|1.11 1.15 -7.13 5.49

b2 0.17 -0.02 0.05 -0.22 0.21 0.00 0.02

=0 L‘l‘8L~ —0.86 1.03 0.34 -0.53 -0.02 0.01 0.45

a; + a, + aj + a, = - 0.24

60 = -0.6 deg dV = 0.07 knots dr = 0.000 deg/s d6 = 1.6 deg

Statistics (mean value and standard deviation)

6¢a -0.68 *0.82 deg Pg 14.4 ¢
6 0.88 £0.70 deg €y 0.00 ¢
VvV ref 0.015 £ 0.158 deg £y 0.00 =
n 69.4 £0.3 rpm €y 0.00 ¢
u 13.3 £0.1 knots £§ 0.0 =

vy = 0.081

0.1 Mw
0.02 knots
0.03 deg/s
0.04 deg
0.4 deg



220

'S¢

"@C 51 g1

(W) M4

Jods, - 4

930 . | €- TO (S1)IdSIY (Bl)IdSIY dH

(8)1dS1Y=-(1) 1491V 10




21

bop

*S2 - gl ‘21 "G

TTE"IN

82 OT- 80 (1L)IdSIY (hi)IdSIU (Z1)1d918 (C1)1431U-C1) 1d4SI¥ L0



222

mN "Bc . 51 ‘81 'S
M) ML

.E_'

ARt

IO . 8°0 ®h°C- TO 10 @0 SYA3 (TITHSIY (1)TSIV-(1)1dSIV L0V



223

™E

N\A D&%I(Dbl’f}gp

‘l S PN AR T e /ﬁx%ﬁ

SOt . @°0 h°C- CO ZTO ID 980 ITSd3 T3 (S)IdSIY (h)1dSIU=C1)idEIV 10d



CODEN: LUTFD2/(TFRT-7110)/01-587(1976)

THE SEA STRATUS EXPERIMENTS, APRIL 1976
PART II

CLAES KALLSTROM

Lund Institute of Technology
Department of Automatic Control
September 1976



THE SEA STRATUS EXPERIMENTS. APRIL 1976

PART 1I

CLAES KALLSTROM



TABLE OF CONTENTS

Page
PART I
1. INTRODUCTION . 6
2. MEASUREMENT EQUIPMENT 8
3. AUTOPILOT 10
371 Kalman Filter 12
3.2 Self-tuning Requlator 17
3.3 PID-regulator 21
3.4 Yaw Regqulator 22
4. DISCUSSION OF THE EXPERIMENTS 27
4.1 Kalman Filter Testing ' 28
4.2 Straight Course Keeping 32
4.3 Yawing 37
4.4 Experiments for Identification 38
5. CONCLUSIONS 40
6. ACKNOWLEDGEMENTS 42
7. REFERENCES 43
APPENDIX A - NOTATIONS 44
APPENDIX B ~ STANDARD PARAMETER VALUES 50
APPENDIX C -~ PROGRAM LISTINGS 56
APPENDIX D - EXPERIMENTS 67
Al 79
A2 89
A3 ; 99
A4 109
A5 119
A6 129

A7 139



PART

I

A8

A9

AlO
All
Al2
Al3
Al4
Al5
Alé6
Al7
Als8
Al9
A20

A21

A22
A23
A24
A25
A26
A27
A28
A29
A30
A3l
A32

A33

Page

149
159
169
179
189
199
209
219
229
239
249
259
269
278

288
298
308
318
328
338
348
358
368
377
386
396



A34
A35
A36

Bl

B2

B3

Cl

c2

C3

C4

C5

Cé

D1

D2

D3

El

E2

E3

E4

Fl

F2

F3

F4

Page

406
416
425
435
441
447
453
463
473
483
493
503
513
523
533
543
552
561
571
580
581
582

583



EXPERIMENT A22

288

Date 1976-04~-25 Forward draught 8.5 m

Time 11.14 Aft draught 12.5 m

Duration 24 min Wind direction SE (l; see App. A)
Position S 01©39' W 09950' Wind velocity 13 m/s (strong breeze)
Vref 141 deg Wave height -

Self-tuning regulator using estimates from the Kalman filter

The rudder angle & was not used by the Kalman filter.

Tuning time before the experiment started: 30 min.

NCl =1 NC2 =1 k =7 qg=20

TS = 10 s V0 = 6 m/s IVvvC =1

Final values:

a;]  [-8.04] [4.01 1
a, 6.23 -4.83 10.86

a, 4,52 -0.07 -6.92 13.00

a| = -2.99( p = 1.10 0.75 -6.22 4.74

by 0.51 -0.07 -0.17 0.33 -0.10 0.03

b, 0.16 -0.04 -0.04 -0.04 0.12 0.00 0.02

cq -1.89 -0.51 0.67 0.17 -0.32 -0.01 -0.01 0.81

C5 ] 135.94 | | 7.52 -9.92 -5.56 8.39 0.02 =-0.21 15.47 744.94]|
a; +a, +ag + a, = -0.28

60 = 1.8 deg dv = 0.27 knots dr = 0.000 deg/s dg = -

Statistics (mean value and standard

éc 2.32 t 0.95 deg
) 3.82 = 0.80 deg
V=Vref -0.006 *+ 0.204 deg
n 68.9 + 0.3 rpm
u 12.8 + 0.2 knots

V] = 0.117

deviation)

Pg 14.5 * 0.1 MW

&y 0.00 £ 0.02 knots
ey 0.00 £ 0.03 deg/s
£y -0.01 £+ 0.03 deg
86 =
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EXPERIMENT A23

Date 1976-04-25 Forward draught 8.5 m

Time 13.28 Aft draught 12.5 m

Duration 25 min Wind direction SE (1; see App. A)
Position S 02°02' W 09°33"' Wind velocity 13 m/s (strong breeze)
Vref 141 deg Wave height e

Self-tuning regulator using estimates from the Kalman filter

The sway velocity v, was not used by the Kalman filter.
Tuning time before the experiment started: 30 min.

NCl =1 NC2 =1 k=7 q=20

T. = 10 s Vo = 6 m/s IVvwC =1

Final values:

aj|  [F7.24 ~ 6.02 .
a, 6.33 ~6.95 13.83

a, 4.12 ~0.65 =-7.97 15.99

ag| o [F3:37] o _| 179 0.91 -7.59 5.5

by 0.50 0.01 -0.32 0.46 -0.14 0.04

b, 0.12 0.02 -0.02 -0.15 0.18 0.00 0.03

o |-1.82 ~3.79 3.37 1.52 -0.74 -0.03 -0.07 6.8l

c,|  [37.53] -41.09 26.99 19.96 1.18 -0.25 -1.28 112.93 2271.61
a,; + a, + aj + a, = -0.16
80 = 1.6 deg d_=- d_= 0.001 deg/s dg = 1.4 deg

Statistics (mean value and standard deviation)

S¢a 1.71 £ 0.94 deg Pg 14.5 + 0.1 MW

6 3.18 £ 0.72 deg €y -

V=VYref 0.015 £ 0.217 deg €y 0.00 £ 0.03 deg/s
n 69.0 t 0.3 rpm ey 0.00 + 0.03 deg

u 12.6 + 0.1 knots £§ 0.0 * 0.5 deg

v, = 0.121
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EXPERIMENT A24

Date 1976-04-25 Forward draught 8.5 m

Time 14.30 Aft draught 12.5 m

Duration 25 min Wind direction SE (1; see App. A)
Position S 02013' W 09926' Wind velocity 14 m/s (moderate gale)
Vref 141 deg Wave height -

The yaw rate r was not used by the Kalman filter.
Tuning time before the experiment started: 30 min
NCl =1 NC2 =1 k =7 qg=20
TS =10 s V0 = 6 m/s IVvwC =1

Final wvalues:

'éll [-8.40] [ 5.59 |
a, 7.15 -7.19 15.43

as 4.96 -1.02 -8.40 18.01

ayl = |-3.79 p— |28 -0.11 -8.85 6.35

by 0.51 -0.12 -0.32 0.74 -0.30 0.07

b, 0.13 0.02 -0.07 -0.17 0.24 0.00 0.05

N -1.76 -1.70 2.40 0.56 -1.35 -0.04 -0.08 1.82

c,|  [40.37] 38.35 -57.33 -13.04 30.46 =-0.15 0.43 0.22 1378.53]
a; + a, + aq + a, = - 0.08

80 = 1.4 deg A, =0.15 knots d_=- dg=1.7 deg

Statistics (mean value and standard deviation)

. 1.34 £ 1.25 deg Pg 14.5 £ 0.1 MW

) 2.96 + 1.06 deg £y 0.00 + 0.02 knots
V=Vref 0.130 = 0.317 deg €y -

n 68.9 + 0.3 rpm €y 0.00 + 0.05 deg
u 12.5 + 0.1 knots £§ 0.1 %= 0.5 deg

vV, = 0.248
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EXPERIMENT A25

Date 1976-04-25 Forward draught 8.5 m

Time 15.33 Aft draught 12.5 m

Duration 25 min Wind direction SE (l; see App. A)
Position S 02023' W 09°18'  Wind velocity 14 m/s (moderate gale)
Vref 141 deg Wave height =

Self-tuning regulator using estimates from the Kalman filter

After 9.5 min of the experiment, the heading angle y was not any
longer used by the Kalman filter.

Tuning time before the experiment started: 30 min.

NCl =1 NC2 =1 k =7 q=20

Ts = 10 s V0 = 6 m/s IVvvC =1

Final values:

a]  [-8.06 " 4.58 1
a, 6.68 ~6.04 12.90

a, 4.51 0.24 -8.04 14.45

a,| _ [-3.45| . _|1.53 0.89 -6.95 4.97

by 0.48 -0.08 -0.12 0.34 -0.13  0.04

b, 0.13 ~0.11 0.08 -0.04 0.07 0.01 0.03

o| |-1.96 ~0.27 0.54 0.11 -0.38 =-0.01 =0.01 0.97

o, [41.91 10.37 -15.36 -1.46 6.10 -0.01 ~0.29 17.04 790.91|
a; + a, + aj + a, = -0.32

80 = 1.2 deg d, = 0.17 knots  d_=0.002 deg/s dg = 1.8 deg

Statistics (mean value and standard deviation)

The residual values are computed for the part 9.5 = 25 min.

6a 1.25 + 0.90 deg Pg 14.9 + 0.1 MW

6 2.97 = 0.70 deg Ev 0.01 £ 0.02 knots
VVref -0.034 + 0.240 deg €y 0.00 £ 0.02 deg/s
n 69.6 t 0.3 rpm €y -

u 12.5 t 0.2 knots £§ 0.1 £ 0.5 deg

vV, = 0.126
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EXPERIMENT A26

Date 1976-04-26

Time 08.58
Duration 27 min

Position 8 05925' W 07903"

Vref 144 deg

328

Forward draught 8.5 m
Aft draught
Wind direction SE (l1; see App. A)

Wind velocity

Wave height

12.5 m

6 m/s (moderate breeze)

Self-tuning regulator using estimates from the Kalman filter.

The sway velocity v,, the yaw rate r and the rudder angle & were not
ilter. The correct filter gain K was used.

used by the Kalman

Tuning time before the experiment started: 30 min.
NCl =1 NC2

TS = 10 s V0

Final values:

_al' [-7.72]
a, 6.23
ag 4,27
3| = -2.95 P =
bl 0.49
b2 0.10
cy -2.20
eyl [34.95]
al + a2 + a3 + a4
80 = 0.2 deg év

=1

9.67
-10.89
~2.76
3.77
~0.03
0.05
~7.91
-33.47

6 m/s

-0.17

k =7
IVVC = 1
19.94
-8.52 21.97
-0.40 -10.60  7.64
-0.44 0.73 =-0.25
-0.05 -0.20 0.23
7.29 3.69 -2.26
16.16 19.07 7.24
d, = - dg = -

qa=20
0.04
0.00 0.03
0.07 -0.06 12.53
0.27 -1.59 128.31 2165.90

Statistics (mean value and standard deviation)

50 0.24
& 1.83
b=Vref 0.030
n 69.7
u 13.4

vV, = 0.120

H H H H H

0.89
0.72
0.230
0.4
0.1

deg

‘deg

deg
rpm
knots

14,9 £ 0.1 Mw

0.00 t 0.03 deg
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EXPERIMENT A27

Date 1976-04-26 Forward draught 8.5 m

Time 10.58 Aft draught 12.5 m

Duration 22 min Wind direction SE (l1; see App. A)
Position S 05°46' W 06°47' Wind velocity 7 m/s (moderate breeze)
Vref 143 deg Wave height o

The sway velocity v,, the yaw rate r and the rudder angle 6 were
not used by the Kalman filter.

Tuning time before the experiment started: 30 min.
NC1l =1 NC2 =1 k=17 g=20
Ts = 10 s Vg = 6 m/s IvwC =1

Final values:

a;]  [7.76] [ 8.62 ]
a, 6.63 -9.82 17.35

ag 4.48 -2.84 -6.15 17.88

ayl - |=3.73 p = 3.91 -1.25 -9.09 6.79

by 0.45 -0.11 -0.26 0.61 =-0.22 0.05

b, 0.08 0.03 -0.05 -0.17 0.22 0.01 0.03

cy -3.32 -5.54 5.46 2.32 -1.75 0.04 -0.04 7.35

Cy) [41.43 | 2.63 -23.88 2.03 21.41 -1.46 -1.31 75.43 2667.92|
a; +a, +az+a =- 0.38

80 = 0.3 deg év = = ér = - éé = -

Statistics (mean value and standard deviation)

Sq 0.30 * 0.92 deg Pg 14.4 + 0.1 MW
o) 1.84 + 0.79 deg €y -
V=VYref 0.043 = 0.197 deg €y -
n 68.9 £ 0.4 rpm €y 0.00 £ 0.03 deg
u 13.2 £ 0.1 knots £§ =

vy = 0.111
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EXPERIMENT A28

Date 1976-04-26 Forward draught 10.9 m

Time 12.52 Aft draught 12.9 m

Duration 24 min Wind direction SE (l; see App. A)
Position S 06°06' W 06032 Wind velocity 4 m/s (gentle breeze)
Vref 143 deg Wave height -

Self-tuning regulator using estimates from the Kalman filter

Tuning time before the experiment started: 30 min
NC1l =1 NC2 =1 k =7 qg=20
TS = 10 s VO = 6 m/s Ivwe =1

Final wvalues:

a;]  [8-13] [ 3.92 1
a, 6.65 ~5.51 12.92

a 4.67 0.54 -8.61 15.22

as| _ |[-3.33] ,_|1.55 0.86 -7.45 5.55

by 0.47 0.07 -0.34 0.33 =-0.07 0.02

b, 0.10 0.02 0.02 =0.17 0.16 0.00 0.02

of| |-l.94 ~0.75 1.00 0.19 -0.48 -0.01 0.01 0.79

e, [39.40] | 1.67 -2.97 -2.81 3.37 1.03 -0.40 13.89 682.35]
a; + a, + aq + a, = ~-0.14

8, = 0.3 deg d_ = 0.19 knots d, = 0.001 deg/s dg = 1.5 deg

Statistics (mean value and standard deviation)

P 0.16 * 0.95 deg Pg 15.0 + 0.1 MW
6 1.72 + 0.87 deg €y 0.00 £ 0.02 knots
V=Vyeaf 0.006 = 0.239 deg € 0.00 £ 0.02 deg/s
n 69.9 < 0.4 rpm €y 0.00 £ 0.03 deg
u 13.5 = 0.1 knots £5 0.0 = 0.5 deg

Vl = 0.132
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EXPERIMENT A29

Date 1976-04-26 Forward draught 10.9 m

Time 13.58 Aft draught 12.9 m

Duration 24 min Wind direction SE (l1; see App. A)
Position S 06°18"' W 06©24' Wind velocity 3 m/s (light breeze)
Vref 143 deg Wave height =

Self-tuning regulator using non-filtered measurements

Tuning time before the experiment started: 30 min.
NCL =0 NC2 = 0 k =7 g=20
Ts = 10 s V0 = 6 m/s Ivwe =1

Final wvalues:

a,]  [F9.74] [ 1.46 T

a, 8.98 ~1.98  6.56

ag| _ | 6.22 o |F0.10 -5.46 10.48

ay| |-5.25 0.85 0.59 -5.04 4.00

by 0.29 -0.01 -0.34 0.47 -0.11 0.05

b,|  |-0.06 | 0.07 -0.07 -0.30 0.33 0.00 0.04]

a; + a, + aj +a, = 0.21

§ = 0.1 deg 4 = 0.17 knots d_ = 0.001 deg/s d, = 1.6 deg

v r 4]

Statistics (mean value and standard deviation)

P -0.01 £ 1.51 deg Pg 14.6 + 0.1 MW
6 1.53 + 1.27 deg €y 0.00 £+ 0.02 knots
V=Vref 0.001 = 0.324 deg € 0.00 ¢ 0.02 deg/s
n 69.5 t 0.4 rpm €y 0.00 =+ 0.03 deg
u 13.4 + 0.1 knots £§ 0.0 + 0.5 deg

V] = 0.295
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EXPERIMENT A30

Date 1976-04-26 Forward draught 10.9 m

Time 15.12 Aft draught 12,9 m

Duration 25 min Wind direction SE (l1; see App. A)
Position S 06©32' W 06013'  Wind velocity 5 m/s (gentle breeze)
Vref 143 deg Wave height -

PID-regulator using estimates from the Kalman filter.

kp = 3 ky = 120 s kI = 0.02 1/s

TS = 10 s V0 = 6 m/s IVVC = 1

The parameters were manually tuned before the experiment started.

Final values:

5, = 0.0 deg d_ = 0.16 knots d_ = 0.001 deg/s dg = 1.5 deg

Statistics (mean value and standard deviation)

Sa -0.10 + 0.89 deg Pg 14.6 + 0.1 MW

<) 1.44 =+ 0.71 deg €y 0.00 £+ 0.02 knots
V=VYyref -0.026 = 0.256 deg Er 0.00 + 0.02 deg/s
n 69.6 t 0.4 rpm €y 0.00 * 0.03 deg
u 13.5 t 0.1 knots £§ 0.0 = 0.5 deg
vy = 0.132
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EXPERIMENT A3l

Date 1976-04-26 Forward draught 10.9 m

Time 16.05 Aft draught 12.9 m

Duration 24 min Wind direction SE (1; see App. A)
Position S 060°42' W 06°06"' Wind velocity 3 m/s (light breeze)
Vref 143 deg Wave height =

PID-regulator using non-filtered measurements.

kP = 2 kD = 100 s kI = 0.02 1/s

TS = 10 s V0 = 6 m/s IvwCc =1

The parameters were manually tuned before the experiment started.

Final values:

60 = 0.0 deg dV = 0.11 knots dr = 0.001 deg/s d6 = 1.5 deg

Statistics (mean value and standard deviation)

Sc 0.22 % 2.41 deg Plo 14.5 + 0.1 MwW

6 1.67 + 2.05 deg £y 0.00 £ 0.03 knots

V—VYref -0.103 £ 1.085 deg €, 0.00 £ 0.02 deg/s

n 69.4 t 0.6 rpm €y 0.00 * 0.03 deg
13.4 + 0.1 knots €g 0.0 = 0.6 deg

u
V) = 1.672
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EXPERIMENT A32

386

Date 1976-04-26 Forward draught 10.9 m

Time 19.31 Aft draught 12.9 m

Duration 25 min Wind direction S (1; see App. A)
Position S 07°20' W 05©38" Wind velocity 9 m/s (fresh breeze)
Vref 142 deg Wave height N

Self-tuning regulator using estimates from the

Kalman filter.

Tuning time before the experiment started: 120

NCl =1 NC
Ts = 10 s Vo
Final values:

_alq (-10.51]

a, 9.96

ay 4.86

3l = -4.33 P
bl 0.49

b2 0.12

¢y -0.69

_ch_ |_ 70.44 |

al + a2 + a3 + a4
60 = 0.2 deg d,

2

=1 k =7
6 m/s IVVC =
" 6.87
-13.89 43.74
8.32 ~-44.87 64.19
-0.76 14.64 -27.68
0.26 -1.20 1.50
-0.03 0.26 -0.52
-0.82 1.24 -0.28
| 14.47 -31.32 3.88
= - 0.02
0.06 knots dr

Statistics (mean value and standard deviation)

P -0.01
IS 1.65
V=Vref -0.082
n 69.9
u 13.6

Vl 0.136

H H H+ H H

0.98 deg
0.82 deg
0.223 deg
0.5 rpm
0.1 knots

min.
q=20

1

14.46

-0.55 0.05

0.31 -0.01 0.02

-0.19 0.00 0.01 0.85

11.30 1.55 0.18 18.10 894.76|
= 0.002 deg/s dg = 1.7 deg
Pg 14.9 + 0.1 MW
€y 0.00 * 0.02 knots
€y 0.00 £ 0.02 deg/s
€y 0.00 £ 0.03 deg
£§ 0.1 £ 0.5 deg
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EXPERIMENT A33

396

Date 1976-04-27 Forward draught 10.9 m

Time 09.34 Aft draught 12.9 m

Duration 51 min Wind direction SE (l1; see App. A)
Position S 09©039' W 03051' Wind velocity 10 m/s (fresh breeze)
Vref 145 deg Wave height =

Tuning time before the experiment started: > 120 min
NCl =1 NC2 =1 k =7 q=20
Ts = 10 s V0 = 6 m/s IVvwC = 1

Final wvalues:

a; [-13.33] 8.89

a, 16.86 -16.40 b5l.67

ag -2.60 8.49 ~54.21 81.12

al - -1.14 P = -0.17 18.64 -36.86 19.72

bl 0.41 0.22 -1.14 1.51 -0.59 0.04

b2 0.23 0.01 0.12 -0.38 0.27 0.00 0.01

cy -0.39 -1.92 2.54 0.28 -1.08 =-0.02 =-0.01 1.31

Cs) | 100.94 | -1.67 4.54 -13.71 11.25 0.63 0.25 21.26 887.07J
a; + a2 + aq + ay = - 0.21

60 = - 0.3 deg dv = 0.11 knots dr = 0.003 deg/s = 1.5 deg
Statistics (mean value and standard deviation)

8¢ -0.24 + 1.18 deg Pg 14.4 + 0.3 Mw

& 1.28 £ 1.03 deg €y 0.00 £ 0.02 knots
V=Vref 0.0l6 £+ 0.181 deg €. 0.00 £ 0.02 deg/s

n 69.0 t 0.6 rpm €y 0.00 + 0.03 deg

u 13.2 + 0.2 knots £§ 0.0 + 0.5 deg

V, = 0.149

1
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EXPERIMENT A34

Date 1976-04-29 Forward draught 10.9 m

Time 11.04 Aft draught 12.9 m

Duration 48 min Wind direction SE (l; see App. A)
Position S 17941' E 04042" Wind velocity 10 m/s (fresh breeze)
Vref 148 deg Wave height High sea from SE

Self-tuning regulator using estimates from the Kalman filter

Tuning time before the experiment started: > 120 min
NCl =1 NC2 = 1 k =7 q=20
Ts = 10 s V0 = 6 m/s IVvwC =1

Final values:

a, ~9.25] " 4.73 .
a, 10.23 -8.55 25.21

a ~0.26 4.03 =23.61 32.40

a | _|-0.85] ,_|0.20 6.87-13.42 6.92

by 0.48 0.03 —-0.49 0.74 -0.30 0.02

b, 0.21 0.00 -0.11 0.13 =-0.02 0.01 0.0l

¢, ~0.03 ~0.61 1.02 -0.14 -0.27 =0.01 0.00 0.4l

o, [103.99] 10.91 -15.66  2.62 3.53 -0.02 -0.15 7.18 447.56
a + a, + aj + a, = -~ 0.13

8, = - 0.3 deg d_ = 0.17 knots d_ = 0.001 deg/s dg = 1.5 deg

Statistics (mean value and standard deviation)

éq -0.33 + 0.95 deg Pg 29.6 * 0.1 MW
6 1.18 + 0.96 deg €y 0.00 £ 0.03 knots
V=Vpef 0.001 £ 0.251 deg € 0.00 * 0.03 deg/s
n 87.6 £ 0.5 rpm €y 0.00 £ 0.06 deg
u 15.8 t+ 0.1 knots ¥ 0.0 + 0.4 deg

Vl = 0.138
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EXPERIMENT A35

Date 1976~04-29 Forward draught 10.9 m

Time 14.45 Aft draught 12.9 m

Duration 45 min Wind direction SE (l1; see App. A)
Position S 18°30' E 05°15° Wind velocity 11 m/s (strong breeze)
Vref 143 deg Wave height High sea from SE

PID-regulator using estimates from the Kalman filter

kP = 3 kb = 140 s kI = 0.02 1/s

Ts = 10 s Vo = 6 m/s IVVC = 1

The parameters were manually tuned before the experiment started.

Final values:

-

60 = 0.0 deg dV = 0.14 knots dr = 0.001 deg/s éé = 1.4 deg

Statistics (mean value and standard deviation)

oS¢ 0.01 % 1.66 deg Pq 14,7 + 0.3 MW
6 1.46 =+ 1.55 deg Ey 0.00 £ 0.03 knots
V=Vref 0.008 £ 0.295 deg €y 0.00 ¢+ 0.04 deg/s
n 68.6 t 0.5 rpm €y 0.00 £ 0.04 deg
u 12.1 £ 0.1 knots €s 0.0 £ 0.4 deg

Vl = 0,317
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EXPERIMENT A36

Date 1976-04-29 Forward draught 10.9 m

Time 15.54 Aft draught 12.9 m

Duration 47 min Wind direction SE (l; see App. A)
Position S 18°40' E 05023" Wind velocity 11 m/s (strong breeze)
Vref 143 deg Wave height High sea from SE

An incorrect measurement of the yaw rate r was obtained after about
36 min. This measurement was skipped by the Kalman filter.

Tuning time before the experiment started: > 120 min
NCl =1 NC2 =1 k =7 g=20
TS = 10 s V0 = 6 m/s IVVC = 1

Final values:

?al" [-11.12] " 6.28 T
a, 12.52 ~10.88 36.77

ay 1.53 5.02 -38.68 57.22

ag| - | -3.00] ,_| 0.02 12.66 -23.82 11.65

by 0.59 0.00 -0.88 1.50 -0.63 0.05

b, 0.29 0.01 -0.28 0.37 =-0.09 0.01 0.02

o 0.45 -0.89 1.07 0.71 -0.92 0.01 0.00 1.14

c,| | 89.21] | 17.26 -39.46 31.87 -10.04 0.56 0.04 17.74 774.32
a; + a, + ajg + a, = - 0.07

6, = 0.1 deg d_ = 0.08 knots d_ = 0.001 deg/s dg = 1.5 deg

Statistics (mean value and standard deviation)

5. -0.05 + 1.08 deg Pg 14,7 = 0.1 MW
6 1.48 = 1.01 deg €y -0.01 £ 0.02 knots
V-Vyef -0.058 £ 0.206 deg € 0.09 £ 1.49 deg/s
n 68.5 £ 0.3 rpm €y 0.01 £+ 0.05 deg
u 12.1 + 0.1 knots Eg 0.0 £ 0.4 deg

V) = 0.143
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EXPERIMENT Bl

Date 1976-04-26 Forward draught 10.9 m

Time 20.13 Aft draught 12.9 m

Duration 26 min Wind direction SE (l1; see App. A)
Position S 07928' W 05932'  Wind velocity 6 m/s (moderate breeze)
Vyef 142, 143, 142 deg Wave height -

The data were punched on paper tape every second. A yaw rate estimate

is computed every second by the difference approximation

2or) = BbE) = i(E=5)
d 5

Final values:

80 = - 0.1 deg év = 0.12 knots ér = 0.002 deg/s éé = 1.7 deg

Statistics (mean value and standard deviation)

r 0.002 £ 0.022 deg/s
r 0.000 + 0.009 deg/s
fd 0.000 * 0.014 deg/s

nes 69.2 rpm
u ~ 13.7 knots
PS ~ 14.9 MW



436

%

L al )

E T

SL0NX . 8°0 h°C- ZD 10 90 Zuu3 (9)IdI8 (h)IdIB8=(1)idI8 10



433

SO

::u__:.

$7330

"8 "1 "1 'Q

— e - A - - A o L LR st

e "9 2°0- HO0 THC B0 CHUI (L) 1410 (9)1dIB-(1)1dIB L0

9°'9-




H38

A~ = A
Vv

AL ~ 4
Chl = 4v

<

(W)Y

A

&

L 3

930 . 8°0 &°C- 20 10 60 mhiN3 (6)1d18 (8)1418-(1)1d18 L0




439

cfl\u 0:&.,‘.’,1\ ) ) l\ow OQ— ) .M X .o
:_:U..C

AT AT ey

030 . 91 S3- OhD O6Z0 00 1WA (C)IdIB8 (2)1dIB8-(1)IidI0 L0



440

<

<o

4

un

ETN

$/73030 . "0 4°8- W80 ZOO 60 iS40 (2) 1410 (9)1418-(1)1d18 L0W




Hy)

EXPERIMENT B2

Date 1976-04-27 Forward draught 10.9 m

Time 08.48 Aft draught 12.9 m

Duration 25 min Wind direction SE (l1; see App. A)
Position S 09°31' w 03©57'  Wind velocity 8 m/s (moderate breeze)
Vref 145 deg Wave height ™

The data were punched on paper tape every second. A yaw rate esti-

mate is computed every second by the difference approximation

;:d(t) = w(t) - u)(t_S)
5
Final values:
60 = -0.4 deg dv = 0.06 knots dr = 0.002 deg/s d6 = 1.6 deg

Statistics (mean value and standard deviation)

r 0.003 + 0.023 deg/s
r 0.000 * 0.007 deg/s
id 0.000 + 0.014 deg/s

n~ 70.1 rpm
u s~ 13.3 knots
Ps ~ 15.2 MW
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EXPERIMENT B3

Date 1976-04-29 Forward draught 10.9 m

Time 12.59 Aft draught 12.9 m

Duration 26 min Wind direction SE (1; see App. A)
Position S 18°07' E 04°958' Wind velocity 15 m/s. (moderate gale)
Vref 145 deg Wave height High sea from SE

The data were punched on paper tape every second. A yaw rate esti-

mate is computed every second by the difference approximation

" _ p(t) = ¢ (t-5)
rd(t) =
5
Final values:
60 = - 0.3 deg dV = 0.15 knots dr = 0.000 deg/s d6 = 1.4 deg

Statistics (mean value and standard deviation)

r 0.001 + 0.034 deg/s
r 0.000 % 0.011 deg/s
£d 0.000 £ 0.021 deg/s

n~ 87.4 rpm
u=~ 15.9 knots
PS ~ 29.5 MW
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EXPERIMENT Cl

Date 1976~
Time 22.11
Duration 41 mi

04-20

n

Position N 20°22' W 18°31"

Vref 180, (184), 195
175, 180 deg
rrof 0.05, 0.1 deg/s

4

The sign of the sway velocity

Self-tuning regulator and yaw

453

Forward draught 9.0 m

Aft draught 12.0 m
Wind direction N (5; see App. A)
Wind velocity 9 m/s {(fresh breeze)

Wave height -

v, was incorrect during the experiment.

regulator using estimates from the

Kalman filter.

NCl =1
T = 10 s
s
Final wvalues:
’_al |'—7. 27
a, 6.10
ay 2.67
bl 0.48
b2 0.08
¢y -0.09
\_02_ 95.45
al + a2 + a3 +
60 = 1.0 deg
Sc = 0.7 deg

NC2 = 1 k = 7 g=0
Vo = 7 m/s IVVC = 1
[ 8.21 T
-8.63 16.92
-4.06 -8.26 27.23
b | 47 -0.08-14.92 10.58
-0.26 -0.15 0.8l -0.39 0.06
-0.17 0.12 0.00 0.06 0.02 0.03
-1.04 1.14 0.61 -0.57 0.06 0.02 0.92
29.03 -5.28 -71.52 49.66 -2.97 -0.80 15.36 1100.32
a, = = 0.57
d, = -0.18 knots d_=0.000 deg/s dg = 1.4 deg

(Initial wvalue:

1.1 deq)

Statistics (mean value and standard deviation)

n 69.5
u 14.2
Pg 14.4

£ 0.5 rpm
£ 0.3 kn
£+ 0.1 MW

ot

S

€y 0.00 £ 0.03 knots
Er 0.00 * 0.01 deg/s
£y 0.00 £+ 0.03 deg
€g 0.0 % 0.4 deg
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EXPERIMENT C2

Date 1976~-04-22 Forward draught 8.5 m

Time 18.25 Aft draught 12.5 m

Duration 33 min Wind direction NW (4,5; see App. A)

Position N 10016' W 18029' Wind velocity 6 m/s (moderate breeze)

Vref 180, (176), (147), Wave height Moderate swell from N
143 deg

Beit 0.1 deg/s

Self = tuning reqgulator and yaw regulator using estimates from
the Kalman filter.

NCl = 1 NC2 = 1 k = 8 q=0

T, = 10 s Vg = 6 m/s IVvC = 1

Final values:

"al-l [-10.20] " 12.68 T
a, 11.11 -15.73 39.39

a, 2.38 -3.62 -32.48 73.15

ay| | -3.34| ,_| 6.95 9.07-37.59 22.09

by 0.54 -0.35 =-0.60 2.11 -1.14 0.08

b, 0.26 -0.19 0.16 0.04 -0.03 0.01L 0.02

£y -0.71 -2.11 2.63 0.97 -1.48 0.05 0.01 1.21

e, | 65.62] | 50.22 -17.07 -114.61 81.47 -4.60 -0.60 11.50 1304.89|
a] + a, + aj + a, = -0.05

5, = -1.2 deg a, = 0.04 knots a_ = -0.011 deg/s dg = 1.7 deg
Sc = 1.2 deg (Initial value: 0.3 deg)

Statistics (mean value and standard deviation)

n 69.3 £ 0.5 rpm €y 0.00 £ 0.02 knots

u 13.7 + 0.2 knots €y 0.00 + 0.01 deg/s

Pg 14.0 £ 0.1 MW £y 0.01 £ 0.02 deg
Eg 0.1 + 0.6 deg
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EXPERIMENT C3

Date 1976~-04-26 Forward draught
Time 21.16 Aft draught
Duration 63 min Wind direction
Position S 07©939' w 05°24' Wind velocity
Yref 142, (148), 162, Wave height
(159), (131), 122,
(134), 142 deg
Yref 0.05, 0.1 deg/s

433

10.9 m

12.9 m

SE (1; see App. A)

7 m/s (moderate breeze)

Self-tuning regulator and yaw regulator using estimates from

the Kalman filter

~

The estimates 6}, d&, éé and d4' were

not updated during the

6

experiment.
NCl =1 NC2 =1 k =7 q=20
TS =10 s V0 = 6 m/s IVvwC =1
Final values:
"al" [-10.55] " 8.37 7
a, 12.90 -15.05 45.05
ag -0.97 6.78 -44.53 67.66
ayl = -1.57 P = 0.16 14.52 -30.18 16.19
b1 0.38 0.23 -1.19 1.57 =-0.60 0.05
b2 0.17 -0.04 0.24 -0.47 0.30 -0.01 0.02
cy -0.54 -1.78 2.64 0.15 -1.09 -0.03 -0.01 1.26
[cz‘ | 89.70] | 1.83 -4.92 5.09 -1.17 0.59 0.04 22.65 961.96
ay + a, + aj + a, = -0.19
8, = 0.0 deg d_ = 0.21 knots ér = 0.002 deg/s éé = 1.7 deg
Sc = 0.8 deg (Initial value: 0.0 deg)
Statistics (mean value and standard deviation)
n 69.8 + 0.7 rpm €y -0.01 + 0.02 knots
u 13.4 £ 0.2 knots €y 0.00 £ 0.02 deg/s
Pg 14.9 £+ 0.1 MW ey 0.01 £ 0.06 deg

£§ -0.1 £ 0.5 deg
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EXPERIMENT C4

Date 1976-04-27 Forward draught 10.9 m

Time 10.53 Aft draught 12.9 m

Duration 49 min Wind direction SE (l1; see App. A)
Position S 09°953' W 03040' Wind velocity 11 m/s (strong breeze)
Vref 145, (147), 165, Wave height -

(159), (129), 125,
(126), (131), 145 deg
Tyef 0.1, 0.2 deg/s

Self-tuning regulator and yaw regulator using estimates from the

Kalman filter.

The estimates 86, éé, éé and aé were not updated during the ex-

periment.
NCl =1 NC2 =1 k =7 qg=20
Ts =10 s VO = 6 m/s IVC = 1

Final values:

[él' [~15.46 8.33 ]
ay 18.76 -15.68 51.68
ag -1.80 9.50 -57.08 84.40
a | = -2.39 p = -1.80 20.73 -37.65 19.44
by 0.40 0.18 -1.20 1.69 -0.69 0.04
b2 0.19 -0.06 0.17 -0.36 0.26 0.00 0.01
Cy 0.29 -1.67 2.09 0.81 -1.35 0.00 -0.02 1.46
chﬁ 108.85 | 6.98 -15.94 16.67 -9,62 0.67 -0.57 22.66 971.56
a; t a, tay ta, = -0.89
5, = - 0.4 deg d, = 0.10 knots d, = 0.003 deg/s dg = 1.5 deg
§, = -0.5 deg (Initial value: -0.1 deq)
Statistics (mean value and standard deviation)
n 69.1 £ 0.8 rpm €y 0.00 £ 0.03 knots
u 12.5 + 0.4 knots Er 0.00 + 0.02 deg/s
Py 14.5 + 0.4 MW Ey 0.00 £+ 0.06 deg
Es 0.0 + 0.6 deg
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EXPERIMENT C5

Date 1976-04-27

Time 14.10

Duration 27 min

Position S 10027' W 03014°

IPref 1441 (150)1 1491
(147), 139, 144 deg

Tyef 0.1 deg/s

Self-tuning regulator and yaw

4a3d

Forward draught 10.9 m

Aft draught 12.9 m
Wind direction SE (l; see App. A)
Wind velocity 8 m/s (moderate breeze)

Wave height -

regulator using estimates from

the Kalman filter.

NCl =1 NC2 =1 k =7 g=20

TS = 10 s V0 = 6 m/s IvvCc = 1

Final values:

Fal' [-10.07] 8.3l i
a, 8.90 -13.48 35.98

as 5.69 3.24 -29.55 47.87

8| = -4.90 P = 2.41 6.81 -21.85 13.31

bl 0.41 0.13 =-0.89 1.18 -0.41 0.05

b2 0.05 0.00 0.14 -0.44 0.33 -0.01 0.03

cy -1.54 -1.08 1.49 0.26 -0.68 -0.01 -0.01 1.09

G, L 48.49| | 23.69 -42.91 0.47 18.03 1.56 =0.45 17.22 1078.29|
a; + a, + aj + a, = -0.38

60 = 0.1 deg dv = 0.13 knots d. = 0.002 deg/s dg = 1.5 deg
Sc = 0.4 deg (Initial value: 0.3 deg)

Statistics (mean value and standard deviation)

n 69.7 £ 0.7 rpm
u 13.2 £ 0.1 knots
Pg 14.7 + 0.2 MW

€y 0.00 £ 0.03 knots
€y 0.00 + 0.02 deg/s
ey 0.00 £ 0.03 deg
£§ 0.0 = 0.6 deg
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EXPERIMENT C6

Date 1976=-04-27

Time 14.51

Duration 72 min

Position S 10034' wW 03009°

Yref 144, (145), 1l4se,
142, 144, 145, 143,
144 deg

Yref 0.1 deg/s

Self-tuning regulator and yaw

Forward draught 10.9 m
Aft draught 12.9 m
Wind direction S (1; see App.

Wind velocity
Wave height -

requlator using estimates from

the Kalman filter

NCl =1 NC2 =1 k =7 qg=20

TS = 10 s V0 = 6 m/s IVvC =1

Final values:

-aﬂ' ';ll.BI] - 9.13

a, 11.45 -19.56 63.44

ajz 4,34 12.93 -67.50 95.10

a| - -4.95 P = -2.45 23.89 -41.28 20.14

bl 0.37 0.33 ~1.71 2.28 =0.91 0.07

b2 0.08 -0.11 = 0.49 -0.78 0.40 -0.02 0.02

¢y -0.96 -1.62 2.83 =0.97 =0.24 -0.03 0.00 1.16

c5) | 61.38) | 12.86 -22.71 -4.52 13.10 1.31 -0.45 17.41 984.2§d

al + a, + aj + a, = -0.47

60 = -0.1 deg dV = 0.19 knots dr = 0.001 deg/s dg =

Sc = =-0.2 deg  (Initial value: 0.2 deg)

Statistics (mean value and standard deviation)

n 69.0 + 0.4 rpm €y 0.00 £ 0.02 knots

u 13.0 £ 0.1 knots €y 0.00 £ 0.02 deg/s

Pg 14.4 £+ 0.1 MW €y 0.00 £ 0.03 deg
£§ 0.0 = 0.6 deg

12 m/s (strong breeze)

1.5 deg
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EXPERIMENT D1

Date 1976-04-19 Forward draught 8.5 m

Time 13.38 Aft draught 12.5 m

Duration 83 min Wind direction E (7; see App. A)
Position N 28009' W 15°17' Wind velocity 5 m/s (gentle breeze)
Vref 205, (201), 200, Wave height Low swell from ESE

(183), 180, (184),
204, (202), 200 deg
rraf 0.1 deg/s

The forward speed u was measured by Sperry's log. The sway velocity
v, was not measured during the experiment. The water depth was
a%out 100 m during the last 15 min of the experiment. The rudder
limit was 15 deg during the experiment.

Self-tuning requlator and yaw regulator using estimates from
the Kalman filter.

The sway velocity v, was not used by the Kalman filter.
Tuning time before the experiment started: > 120 min.
NC1l =1 NC2 = 1 k=7 q=20

TS = 10 s V0 = 8 m/s IvvC = 3 Vc = 7 m/s

Final values:

'éi‘ [ =7.32] ™ 105.55 |
a, 6.37 -109.01 130.35

as 3.37 -21.87 -8.40 68.77

ay| - | —2.70 p = 23.83 -10.89 =-38.41 25.71

by 0.38 0.50 -1.62 2.56 -1.48 0.26

b, 0.02 1.22 -1.26 -0.17 0.16 0.12 0.15

cy 1.41 -112.05 111.66 22.33 -19.14 -2.19 -2.54 135.86

Gy |112.69 1859.95 1907.60 198.28 -179.47 -55.06 —51.19 2527.61 48427.16|
?l + a, + aj + ?4 = =-0.28 A A

EO = 1.3 deg dV = - dr = =0.002 deg/s d6 = 0.9 deg

6c = 1.5 deg (Initial value: 0.6 deg)

Statistics (mean value and standard deviation)

n 9.6 £ 0.6 rpm €y N
u 14,2 £ 0.2 knots €y 0.00 £ 0.01 deg/s
Py 14.7 =+ 0.1 MW £y 0.00 £ 0.02 deg

€s 0.0 = 0.9 deg



514

oot es ey e . @ g
TTE T _ l - - - - 1 w
A»\\ X \Q - S

YIS
: s/ -

:EL( w y \QQ.O
A

I € T0 (S1)1d10 & ADOK &M (81)1dI0 @M (9)1dI0 (8)1d1I0=¢1)1410 L0



S15

‘901

W) W4

bp P
mu g
M.‘_NQSN na -

{Q\& U x Aﬂ.ﬁu

%8 .09 . en - & . e
o
=

ﬂ_“ ﬁ *__‘ U L
Q:wﬂ_ _ﬁ c__— "_:Qli r Wl 3™ ol LT T LY . ll...‘“— 19T, mu
|
__
I i
*- - v v —— - v 4
I

83 8- 00 (11)1d10 <hi)iIdIO (Z1)1dI0 (€HIdIG=C(1)14I0 L0



L. . S D . S .
(W) M4

Sl

4
Y

- ,.lf»i:a(.

4
[ ]
4
'@

SIONX . 8°9 &°C- 1D (2)TJ10~1d10 L0



513

"981

(M) WY

|ﬂ.~ og» . r.

SL0W

o 8°0 K°C- 1B ()1dI0~C1)1dI0 1OV



512

081 .. 88 99 ) N ‘ T4 . ‘8

(W) WML

43

<<

$/7080 . "0 4°0- 980 48D IEO 60 CS43 CHu3 (221410 (8)1d10~C1)14i0 LOVW



519

‘901 D - ‘3 2n ) ‘82 ‘!
(M) W]}

3

(se0-4) x50°0

(53~ 4) » 500 = - ——

ABC . 0°0 h°C- €O Z0 (D OO0 aSd3 AT (811410 (8)14I0-C1)1dI0 10



520

01
(W) ML 4
£3
72-P
\
: |
.(\
il
p
930

_Z—J,_ﬂ: _; pag s r,.L.) N X :T.-Tw
R RTI

« 31 39- G0 OhD OI0 00 1843 1MUI (C) 1410 (Z)IdI0~C1)14i0 L0

_: | |
:E , ..__.__”ﬂ_ Eﬁgﬂ,ﬁﬂ?a _S_.

—_.)VB

S

]
&
>~

¥



521

981 ) 8 09 . ‘2n ‘8¢ . L |
IR 1)

I 0 & O 2 - © s + < ®
" ,WO }f)‘\r\‘ il - *l\”‘llngﬂ.

$°1 3°9- 90 #0 00 (9)Z410 (9)Z4i0 (CITL10-¢1) 1410 L0




PLOT DIP1(1)+D1P2(7) DI1P2(8) DIP2(9) DIP2(19) DIP2(11) DIP2(12) DIP2II)

521

TiME (M)
180.




EXPERIMENT D2

Date 1976-04-2
Time 14.21
Duration 40 min
Position

lpref 180 deg
Yref 0.1 deg/s

1

N 16954' W 18°30'

Forward draught

Aft draught

Wind direction
Wind velocity

Wave height

523

8.5 m

12.5 m

N (5; see App. A)

10 m/s (fresh breeze)
2 m

Self-tuning regulator and yaw regulator using estimates from

the K

alman filter

Tuning time before the experiment started: 0 min

NC1

T
S

Final

1

[V

[¥}]

o T o
NOHON s W N

Q

‘0

o> o
|—l

Ol

1 NC2 =1
10 s Vg = 7 m/s
values:
~7.57 3.34
5.86 -3.76 7.08
4.14 -0.75 =2.95
-2.95 p = 1.44 -0.47
0.51 -0.10 -0.04
0.12 -0.09 0.04
-1.69 -0.56 0.8l
139.59. | 7.71 -10.70
a, + aj +a, =- 0.52
0.5 deg dv = 0.18 knots
0.4 deg (Initial value:

IvvC

7

7.69
-4.09
0.24
-0.01
0.38
-6.14

A

d
r

0.0 4

1

3.41
-0.09
0.07
-0.62
7.67

eq)

0.000 deg/s

q=20
0.02
0.01 0.02
0.00 -0.02 0.74
-0.33 -0.27 10.77 636.32]

Statistics (mean value and standard deviation)

S¢q

6
V=Vre
n

u
Vi

0.56 =

1.96 =
£ -0.063 =

69.7 +

14.2 +
0.255

1.34
1.25
0.319
0.5
0.2

deg
deg
deg
rpm
knots

€y

d5 = 1.4 deg
4.7 = 0.1 MW
0.00 £ 0.02 knots
0.00 * 0.01 deg/s
0.00 = 0.02 deg
0.2 + 0.6 deg
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EXPERIMENT D3

Date 1976-04-30 Forward draught 10.9 m
Time 15.35 Aft draught 12.9 m
Duration 68 min Wind direction S (1; see App. A)
Position S 22943' E 08025! Wind velocity 9 m/s (fresh breeze)
Vref 144.3-147.0 deg Wave height -

(Sailmaster,

Course Correction)
Tyef 0.1 deg/s

Self-tuning requlator and vaw regulator using estimates from
the Kalman filter.

Tuning time before the experiment started: 0 min
NC1l =1 NC2 =1 k =7 q=20
TS = 10 s Vo = 6 m/s IvvC =1

Final values:

a -8.247 [ 2.47 ]
a, 6.08 -2,79 7.74

a 4,67 -0.60 -5.55 11.39

ay| - [-2.61] L, _|1.15 0.41 -5.33 4.13

bl 0.52 -0.06 -0.24 0.46 -0.15 0.04

b2 0.16 0.01 -0.07 -0.08 0.16 0.00 0.02

cy -1.30 -0.04 0.34 -0.25 -0.09 -0.03 -0.02 0.60

Cy | 146.13 | 13.22 -18.44 -6.72 10.98 -0.76 0.32 13.50 701.56_
a; +a, + aj t a, = -0.10

6o = -0.5 deg d_ = 0.13 knots d_ = 0.001 deg/s d, = 1.6 deg
Bc = -0.4 deg (Initial value: 0.0 deg)

Statistics (mean value and standard deviation)

d¢ -0.60 £ 1.08 deg Pg 15.4 £ 0.1 MW
6 1.09 £ 0.97 deg ey 0.00 + 0.02 knots
V~Vref 0.005 + 0.284 deg Ey 0.00 + 0.02 deg/s
n 69.9 t 0.4 rpm €y 0.00 + 0.03 deg
u 13.4 + 0.3 knots e§ 0.2 + 0.5 deg

Vv, = 0.178
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EXPERIMENT El1

Date 1976-04-30 Forward draught 10.9 m

Time 09.00 Aft draught 12.9 m

Duration 89 min Wind direction SE (l; see App. A)
Position S 21°©35' E 07°34' Wind velocity 11 m/s. (strong breeze)
Vref 146 deg Wave height -

Open loop experiment for identification

Tuning time for the Kalman filter before the experiment started: 0 min.

& mp = 37 5 deg kig =0

TS = 10 s IvwvC =1

Final values:

~ -~ ~

50 = =-0.3 deg dV = 0.07 knots dr = 0.005 deg/s &6 = 1.5 deg
Statistics

Mean value | Stand. dev. E Mean value | Stand. dev.
5c deg -0.28 3.77 ||z deg/s | 0.003 0.047
5 deg -0.30 3.80 ||r deg/s |  0.000 0.037
n rpm 69.65 0.55 |lr-r  deg/s |  0.003 0.023
u knots 12.54 0.10 €, deg/s | 0.001 0.027
P MW 15.42 0.08 ||~V _ ¢ deg 1.369 3.432
v knots -0.026 0.253 ||V-¥_ . deg 1.370 3.432
v knots 0.001 0.211 |{v=¢v  deg 0.000 0.027
v-v  knots -0.026 0.148 |l¢, deg 0.000 0.043
v, knots -0.007 0.09 |16 deg 1.12 3.52
v knots 0.001 0.088 |[s deg -0.27 3.54
v;=v; knots -0.009 0.042 |[6-6  deg 1.38 0.64
e, knots 0.001 0.029 |le, deg 0.11 0.68
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EXPERIMENT E2

Date 1976-04-30

Time 11.03

Duration 19 min

Position S 210956' E 07049'
Vref 143 deg

Forward draught 10.9 m

Aft draught 12.9 m

Wind direction SE (l; see App. A)
Wind velocity 14 m/s (mod. gale)
Wave height -

Open loop experiment for identification '(5°9/5° zig-zag ‘test)

Tuning time for the Kalman filter before the experiment started: 0 min.

6amp = 5 deg kid =0

TS = 10 s Ivvec =1

Final values:

~ ~

§, = 0.4 deg d_ = 0.00 knots ér = -0.001 deg/s d; = 1.3 deg

6
Statistics )
Mean value r_Stand. dev. Mean value } Stand. dev.

6 deg -0.93 4,73 deg/s 0.005 0.093
6 deg ~-0.87 4,77 deg/s 0.004 0.088
n rpm 70.53 0.79 deg/s 0.002 0.018
u knots 12.48 0.35 deg/s 0.001 0.023
P MW 15.66 0.08 deg 3.545 10.617
\4 knots -0.047 0.526 deg 3.546 10.611
v knots -0.038 0.509 deg -0.001 0.051
v-v  knots -0.009 0.120 deg ~0.002 0.076
Yi knots -0.012 0.127 deg 0.60 4.74
vy knots -0.017 0.155 deg -0.83 4.68
v~V knots 0.005 0.040 deg 1.43 0.49
£, knots 0.005 0.028 deg 0.45 0.64
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EXPERIMENT E3

Date 1976-04-30 Forward draught 10.9 m

Time 13.00 Aft draught 12.9 m

Duration 90 min Wind direction S (2; see App. Ad)
Position S 22°18' E 08°05' Wind velocity 9 m/s (fresh breeze)
Vyef 146 deg Wave height -

The rudder limit was 15 deg during the experiment.

Closed loop experiment for identification using additive rudder

disturbances.

Tuning time for the Kalman filter before the experiment started: 1 min.

éamp = 5 deg Kig = 2

TS=IOS IvvC = 1

Final values:

8, = - 0.3 deg év = -0.03 knots d_ = 0.002 deg/s dg = 1.5 deg

Statistics _
Mean value {Stand. dev. | Mean value% Stand. dev.

6,99 99 0.12 | 4.29 x deg/s{ 0.001 ! 0.057
6 deg ~0.42 6.21 r deg/s | 0.000 |  0.053
5 deg -0.43 6.17 r-r  deg/s | 0.002 0.021
n rpm 70.03 0.68 £, deg/s‘ 0.000 | 0.024
u knots 12.89 0.21 iper deg 0.273 | 2.211
P MA 15.37 0.08 V=Vper o9 0.272 2.220
v knots ~0.021 0.290 v~y  deg 0.001 0.034
v  kots ~0.002 0.253 e, deg | 0.001 0.053
V-V knots -0.019 0.136 6 deg 1.09 5.59
vy knots -0.014 0.076 & deg -0.41 5.85

3 knots -0.004 0.076 §-5  deg 1.50 0.95
vy=v; knots ~0.010 0.040 g deg 0.10 0.98

e,  knots 0.002 0.032
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EXPERIMENT E4

Date
Time

Duration
Position

Vref

Open loop experiment for identification

1976-04-30
14.43
26 min

S 22036' E 08°18'

146 deg

Forward draught

Aft draught
Wind direction

Wind velocity

Wave height

53

10.9 m

12.9 m

S (l; see App. A)

11 m/s. (strong breeze)

Tuning time for the Kalman filter before the experiment started: 0 min.

6
amp

T =
S

= 10
10 s

deg

Final values:

A

~

k

id
IvvC

=0
=1

8y = 0.1 deg d = 0.0l knots ér = 0.001 deg/s aé = 1.4 deg
Statistics

I| | Mean value | stand. dev. I| Mean value |Stand. dev.
6, deg |  -0.52 859 | deg/s | -0.001 | 0.061
5 deg -0.57 8.17 r deg/s ~0.002 0.054
n rpm 69.81 0.70 r-r  deg/s 0.001 0.024
u knots 12.69 0.20 e,  deg/s 0.000 0.026
P, M 15.34 0.08 Vlper de9 1.393 3.058
v knots ~0.013 0.332 bV de9 1.395 3.061
v knots 0.003 0.285 y-0  deg ~0.001 0.040
v-v  knots ~0.016 0.155 e, deg ~0.002 0.063
v, knots ~0.017 0.073 3 deg 0.92 7.35
v,  kuots ~0.006 0.080 5  deg -0.48 8.00
v,-v, knots -0.010 0.040 5-5  deg 1.40 2.45
e,  knots 0.002 0.043 e deg 0.36 | . 2.49
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EXPERIMENT F1

Date 1976-04-19 Forward draught 8.5 m
Time 09.03 Aft draught 12.5 m
Duration 60 min Wind direction E (6; see App. A)
Position N 29°11' W 14946 Wind velocity 3 m/s (light breeze)
Vref 204.4 - 204.5 deg Wave height -

(Sailmaster)

The rudder limit was 15 deg during the experiment.

Self-tuning regulator using estimates from the Kalman filter

The sway velocity v, was not used by the Kalman filter.
NCl =1 NC2 =1 k=17 q=20
TS = 10 s V0 = 8 m/s IVVvC = 3 Vc = 7 m/s

Final wvalues:

a; -7.05

a, 5.88

aj 3.03

au| - -1.67

by 0.46

b, 0.06

cq 3.88

LGy [152.75]

a; + a, + aj + a, = 0.19

60 = 0.4 deg d, = - dr = =0.001 deg/s dg = 1.3 deg
Statistics
Mean value of 6 = 1.71 deg n~ 69.8 rpm
Mean value of V=V of T -0.002 deg u~ 1l4.4 knots
v, = 0.038 P, ~ 14.7 MW
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EXPERIMENT F2

Date 1976-04-19 Forward draught 8.5 m
Time 10.20 Aft draught 12.5 m
Duration 49 min Wind direction E (7; see App. A)
Position N 280954' W 14055 Wind velocity 3 m/s. (light breeze)
Voef 204.1 - 204.3 deg Wave height -

(Sailmaster)

The rudder limit was 15 deg during the experiment.

kP = 3 kD = 75 s kI = 0.02 1/s

T, = 10 s Vg = 8 m/s IVVC = 3 Vo = 7 m/s
Standard parameter values were used.

Statistics

Mean value of & = 1.86 deg n =~ 69.6 rpm
Mean value of y-vy = -0.016 deg u ~ 14.4 knots

ref

0.259 P_~ 14.7 MW

V2 s
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EXPERIMENT F3

Date 1976-04-29 Forward draught 10.9 m

Time 17.00 Aft draught 12.9 m

Duration 57 min Wind direction SE (l1; see App. A)
Position S 18°949' E 05©31' Wind velocity 11 m/s (strong breeze)
Vref 147 deg Wave height High sea from SE

The rudder limit was 15 deg during the experiment.

NCl = 1 NC2 = 1 k = 7 q=0

Ts = 10 s VO = 6 m/s Ivwec =1

Final values:

fa;]  [F11.47]

a, 13.11

aj 0.48

ag| o | -2.31

bl 0.58

b2 0.31

cy -0.07

c,| | 79.27]

ay + a, + aj ta, = -0.19

5, = 0.2 deg d, = 0.13 knots d_= 0.001 deg/s dg = 1.5 deg
Statistics
Mean value of 6 = 1.67 deg n= 69.1 rpm
Mean value of w—wref = =0.073 deg u=s 12.1 knots
V2 = 0.160 Ps ~ 15,1 MW
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EXPERIMENT F4

Date 1976-04-29 Forward draught 10.9 m

Time 18.04 Aft draught 12.9 m

Duration 54 min Wind direction SE (1; see App. A)
Position S 18°949' E 05931' . Wind velocity 11 m/s (strong breeze)
Vref 147 deg Wave height High sea from SE

The rudder limit was 15 deg during the experiment.

kP = 3 kD = 140 s kI = 0.02 1/s
TS =10 s V0 =6 m/s IVwWeC =1

The parameters were manually tuned before the experiment started.

Final values:

~

§. = 0.0 deg év = 0.14 knots d_ = 0.000 deg/s d, = 1.5 deg

0 6
Statistics
Mean value of 6§ = 1.54 deg n =~ 69.7 rpm
Mean value of y-y¢ = =-0.009 deg u =~ 12.2 knots

ref

0.304 P_ =~ 15.5 MW

v2 s



