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SIMULATION OF SHIP STEERING

Claes K3dllstrom

Abstract

Computer simulations of ship steering are presented. The
ship model describes a tanker. An adaptive autopilot,
consisting of a Kalman filter, a self-tuning regulator

for steady state course keeping, and a turning regulator

is tested in different load and speed conditions. Straight
course keeping as well as turning is simulated. Comparisons
to a conventional autopilot based on a PID-regulator is

also performed.
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1. INTRODUCTION

Simulations of straight course keeping and yawing in
different load and speed conditions with an autopilot
consisting of a stationary Kalman filter, a self-tuning
regulator and a yaw regulator are presented in this
report. The simulations are performed on the computer
UNIVAC 1108 by use of the interactive program SIMNON
(see Elmgvist (1975)). The ship model used describes a
350 000 tdw tanker of Kockums'’ design.

The self-tuning regulator for straight course keeping is
based on least squares identification and minimum
variance control. A descrete, fixed gain PID-regulator
is also used for comparison. The yaw regulator consists
of different discrete fixed gain PID-regulators. The
reference values used by the yaw regulator are the yaw
rate and the heading angle. Either the non-filtered
measurements or the Kalman filter estimates are used by

the different regulators.

Simulation of ship steering is also discussed in Aspernds
and Foisack (1975), Aspernds and Kdllstrdm (1975),
Kdllstrdém (1976a) and (1976b). Full-scale experiments

on 255 000 tdw tankers are described in Kdllstrdm (1974)
and (1975).

Listings of the programs used are given in the Appendix.



2., SHIP STEERING DYNAMICS

The following model, which describes a 350 000 tdw tanker

of Kockums’ design,

Norrbin (1970)):

S =

is used in the simulations (cf.
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It is assumed that the number of propeller revolutions
n 1is kept constant to a specified value ng by a
regulator during all the simulations. The propeller

thrust per mass unit (T/m) is computed as:

_u (1-w)-60
J = nD
J! :J—

Vi+32
K' = -0.33 * J'2 - 0.38 + J' + 0.35 (2.2)

2
J 2 4

T=K,]':, (F) psn D°/3600
(T/m) = ——

Notice that the terms (T/m)é in (2.1) always are limited
by the value (T/m)oé, where (T/m)o is computed from (2.2)
with the stationary forward speed corresponding to

n =n_ rpm.

Input signals:

rudder command (or rudder servo position) 6c [deg]

number of propeller revolutions n [rpm]
States:

rudder angle 6 [rad]

forward velocity u [m/s]

sway velocity v [m/s]

yaw rate r [rad/s]

heading angle Y [rad]



Disturbances:
sway acceleration disturbance Wy [m/52]

disturbance of yaw angle acceleration Wy [rad/sz]

Other notations:

time constant of rudder servo T, [s]
limit of rudder turning rate 61im [deg/s]
length of ship i [m]
acceleration of gravity g [m/s2]
propeller thrust per mass unit T/m [m/sz]
wind force per mass unit Fo [m/sz]
lever arm of wind force % [m]
angle of wind direction o [deg]
conversion factor rad = deg CRG [degl

The following parameter values are used:

Tr =5 s
6lim = 2.32 deg/s
L = 350 m

g = 9.80665 m/s?

F, = 0.002 m/s?
2 =25 m

w

o = 90 deg

CRG = 57.2958 deg

The values of the other parameters are given in Dyne and
Trdgardh (1975). Two different load conditions are con-
sidered corresponding to the mean draught T = 22.3 m
(full load, forward and aft draught equal to 22.3 m) and
T = 10.5 m (ballast, forward and aft draught equal to



9.0 m and 12.0 m, resp.). The forward speed u which
corresponds to n = 87.6 rpm is equal to 15.8 knots

when T = 22.3 m and equal to 17.25 knots when T = 10.5 m.
If the model (2.1) and (2.2) is linearized, the following
transfer function relating the yaw rate r to the rudder

angle § is obtained:

K(l-+sT3)
(l-+sTl)(l-+sT2)

G(s) (2.3)
If the forward speed u is assumed to be constant and equal
to 15.8 knots, then the following parameter values of

(2.3) are obtained when T = 22.3 m:

K = -0.0161 1/s
Tl = -110.1 s
(2.4)
T, = 18.3 s
Ty = 54.3 s

The corresponding values when u = 17.25 knots and T = 10.5 m

are:
K = -0.0707 1/s
Tl = -337.1 s
(2.5)
T2 = 19.9 s
Ty = 69.5 s

Notice that the sign of the rudder angle in the model is
chosen in such a way that a positive rudder angle (star-
board rudder) gives a positive yaw rate (starboard yaw).
From (2.4) and (2.5) it can be concluded that the tanker
is unstable in full load condition as well as in ballast

condition.

The disturbance signals Wy and w, are obtained as white,
gaussian noise. The covariance matrix of the white noise

vector, which generates Wy and Wor is



R = (2.6)
0 0.53-10 10

The measured outputs from the model (2.1) and (2.2) are

§ = CRG * ¢§ + dG + e

m 1

vy = ;l + dV + ey, 51 = CMK - (v-+£lr)
r, =CRG * r + dr t e,

v, = CRG * ¥ + ¢,

u, = CMK * u

n, =n

where ey, e,, e, and e, are white, gaussian measurement
1 2 3 4

noise with covariance matrix

0.04 0 0 0
R, = 0  0.0025 0 0 (2.7)
0 0  0.0004 O
0 0 0  0.0025

The measured rudder angle Gm [degl, sway velocity of bow

vy [knots], yaw rate r_ [deg/s], heading angle Yo [deg],

m

forward speed u, [knots] and number of propeller revolutions

n. [rpm] are used by the autopilot. The conversion factor
from m/s to knots CMK is equal to 1.943844 and the lever arm
Zl is equal to 164.35 m. The measurement biases are assigned

the following values:

d6 = 2 deg
dv = 0.5 knots (2.8)
d,. = 0.05 deg/s

It should be pointed out that the model of the disturbances
is extremely simplified. A more realistic approach is given

in Berlekom, Tr&gardh, and Dellhag (1975). Notice, however,



that the disturbances applied in the simulations describe

a rather rough weather condition.

The program of the ship model, TANK3, is given in the
Appendix. Almost the same model was used in the simulations
of Kdllstrdm (1976b).



3. AUTOPILOT

The structure of the autopilot is shown in Fig. 3.1. To

obtain a good performance in all speeds, the autopilot

performs a speed scaling using the speed VS [m/s]. VS is
computed every second according to
Vg = 0.18 * n_/CMK (3.1)

i als & r u_ and n_ are measured ever
The signals §_, vy, X, ¥, U - e y

second. The Kalman filtering as well as the computation of

Vo [knots] according to

v. =v, — CMK ° £

mn 1 1 rm,/CRG (3.2)

are performed every second. Either the estimates from the

Kalman filter Vv, r and § or the measurements Vs

are used by the self-tuning regulator, the PID-regulator,

o and wm

and the yaw regulator. The rudder command ac is computed
with sampling interval 10 s or 15 s. The PID-regulator for
straight course keeping is only used for comparison. The
for

reference course wre and the reference yaw rate r

f ref
yawing as well as the rudder limit 62 are also used by the
autopilot. The complete autopilot is implemented by the

Fortran subroutines AUTP3 and STUR given in the Appendix.
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3.1 RKalman Filter

The following linear model is used when designing the

Kalman filter:

dx = Ax dt + Bu dt + dw
~ (3.3)
y(ty) = ex(t) +&(t), k=0,1, 2,...

where { w(t), tos-tscn } is assumed to be a wiener process
with incremental covariance Rldt and the measurement errors
{ g(tk) } are assumed to be independent and gaussian with

zero mean and covariance R2. It is furthermore assumed that

the measurement errors are independent of { w(t), tosi:sw 1.
The vectors and matrices of (3.3) are explained by:
T
X —[v r § 64 8, d /CMK d_/CRG dé/CRG}
u = 6c / CRG
yT = [ 6m / CRG Vl / CMK rm / CRG wm / CRG J
5 -
| ap4 a,V 0 byr 0 0 0 0
\Y Y V2
am-fji azzf 0 bﬂ? 0 0 0 0
0 1 0 0 0 0 0 0
0 0 0 - 0 0 0
A = r r
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
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=0 o o £ 0o 0o o o }
L Tr
[0 0 0 1 1 0 0 1 ]
1 ¢, 0 0 0 1 0 0
e =
0 1 0 0 0 0 1 0
e 0 1 0 0 0 0 0 |

diag (Rl) = [ rl r, r3 r4 r5 r6 r7 r8 ]
. o _ ‘ 2 2 2 2
diag (R2) = [ (06 / CRG) (ov/CMK) (or/CRG) (OlP / CRG) ]

where 60 [rad] is the rudder bias due to disturbances, 6

[rad] is equal to 6-6, and d_ [knots]l, d_ [deg/s] and

d6 [deg] are measurement biases (cf (2.8)). The total speed

d

is denoted V [m/s]. The parameters are assigned the following

values (cf Chapter 2):

CRG = 57.2958 deg

CMK = 1.943844 knots * s/m

L = 350m

£, = 164.35m

Tr =5 s

aj; = Yo/ 1-Y; "y = -0.385

aj, = (¥h -1/ U.—YQ") = -0.451

a,| = N;v,/(kgg-Niu) = -3.398

a,, = (N_ 4 ~%g) / (kp2-N:") = -1.583
by = (Y&u6-+yu|u|6)/ (1-Y:") = -0.0967
by, = (NI .« -FNqulé) / u<"2-N ") = 0.806
r, =2.5- 107> m?/s3

r, =5°107° 1/s3

-8

=8 - 10 1/s



r, =8-10° /s
r, =33 1077 1/s
re = 9 - 1078 m2/s3
ro = 3 - 10_12 l/s3
rg =8 - 10711 18
og = 0.2 deg
o, = 0.05 knots
» cf. (2.7)

o = 0.02 deg/s
r

= 0.05 d
0¢ eg J

The dynamics of (3.3) is equivalent to the linearization
of the model (2.1) when parameter values for full load
condition are used. By performing some calculations it
can be concluded that the model (3.3) is observable, if
the heading measurement 12 is one of the outputs. This
means that one or more of the measurement signals 6m’ vy
and r, can be rejected and still it is possible to obtain
good state estimates, at least if the dynamics and the

disturbances are modelled reasonably well.

The model (3.3) is now normalized using the length of the
ship L as unit of length and the time to cover the length

L, i.e. L/V, as unit of time:

dx' = A'x'dt' + B'u'dt' + dw'
1 . ~ . (3.4)
y'(tk) = G'X'(tk) + e'(tk), k=20,1, 2,...
where
|T__ 1 ] 1) L} -t 1 1 T
(x') = [ v r P 6d 60 d d d6 }
u' = 6

12
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[ ay, a, 0 b, 0 0 0 0
a,, a,, 0 b21 0 0 0 0
0 1 0 0 0 0 0 0
L 1 L 1
0 0 0 ———— — 0 0 0
Av = VT, VT,
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
| O 0 0 0 0 0 0 0
T _ L. 1
(B") = [ 0 0 0 v 'T—r' 0 0 0 0 ]
[ 0o 0 0 1 1 0 0 1
1 Zl/L 0 0 0 i 0 0
e' =
0 1L 0 0 0 0 1 0
| 0 0 1 0 0 0 0 0 |
diag (R!}) = lir Qir Ly Lr Er lir Eir Er
1 vl 372 V3 V4 V5 y3'6e y3'7 V'8

diag (R}) = [(cé/c:RG)2 (0/ (@K-V)}? (0,°L/(CRG-V) )2 (cw/CRG)Z]

The normalized variables are obtained as



\Y
' = e—a
t' =gt
v
1 —_— .
by TT%
v' = Jiv
%
r' = %:r
o=
v -
53 = 94
] —_
85 = 8,
' = ==x_d
v CMK-V "V (3.5)
L
df = Gre-v %r
[} .
df = d4/CRG
] —_—
6. = 6./CRG
5! 6./CRG
v, = L v
1 CMK-V "1
L
1 ] =
m T CRG-V 'm
] —
¢m = wm/CRG

The normalized model (3.4) is now transformed to a discrete

model with sampling interval h' = %11, where h=1 s:
x'"(t'+h') = @'x'(t") + r'u'(t') + w'(t")
N (3.6)
yl(tl) =ele(tl) + el(tl)
Since the value of h' is rather small (e.g. h' = 0.023 if

V = 8 m/s), the following approximations are not too bad:

'~ I + A'h'
I' ~ B'h' (3.7)
R

1~ BB

It can be concluded using (3.7) that the speed dependence

of @', T' and 8' in (3.6) is rather insignificant. Some

14
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~
[}

elements of the covariance matrices Rl and Ré , however,

are dependent on the speed V.

If it is assumed that V = 8 m/s, the following matrices are

obtained (no approximations):

[ 0.99163 ~1.00810-1072 0 -2.08207-107>  2.12358°10°% 0 0 0 ]
-7.59537-107% 0.96485 0 1.64706°1072 -1.70991°107> 0 0 0
-8.74514+1074  2.24515-107%2 1 1.95418°10™4 -1.32723-10°5 0 0 o0
— 0 0 0 0.81873 -0.18127 0 00
0 0 0 0 1 0 0 0
0 0 0 0 0 1 00
0 0 0 0 0 01 0
0 0 0 0 0 0 0 1
(rn?T = [—2.12358-10_4 1.70991°1073 1.32723-107> 0.18127 0 0 0 0 ]
[ o 0 0 1 1 0 0 1]
' 1 0.46957 0 0 0 1 0 0
o 0 1 0 0 0 0 1 0
0 0 1 0 0 0 0 0 ]
ﬁi = (see page 16)

diag (K}) = [ 1.21847-107°  1.03380°107°  2.33223°10"%  7.61544-10"7 |

]
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Using (3.6) the Kalman filter equations are obtained as
(cf. Astrtm (1970)):
A A
Xl(tl'tl_hl) - @lxl(tl_hlltl_hl) + Flul(tl_hl)
A
x'(t'It') = Q'(t'lt'—h') + K e¢'(t") (3.8)

Yl(tl) — el%l(tlltl_hl) + g'(t")

where
] T — [ ] 1 1 1
(¢e") " = [ €8 ey £l ew ] (3.9)
and
[ -1.29-10 2 9.73°10°2  -2.40°10 % —0.369 ]
5.31-100%4  0.481 9.61-10°%2 1.0l
1.22-107°  7.90-1073  3.12-1073  0.326
1.60°1072 -2.13-10°%  1.65°107°  1.89-1072
K = _ _ _ _ (3.10)
_5.82-10°2  3.08°10°% -1.63'10° -1.88°107 2
23.69-10"°  9.39-107°  1.61-10 %  8.17°10°
~1.40°10"% -1.56-10"3  3.01-1073 -5.78-1072
2.54-1073  2.57-107°®  3.31-107°  3.66-107° |

The speed Vg (cf. (3.1)) is used to normalize the measure-

ment vector, i.e.
(yNT = | 6 /CRG Eo V. o T ¥,/ CRG (3.11)
y m CMK-Vg 'l CRG'Vg m m .

The state estimate vector

T T (3.12)

v
d

is updated every second. The initial state estimate vector

is equal to
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A, T 1 L
(' (ty)) —[ r, % /CRG §/CRG 0 0 O o]

v
CMK-Vg m CRG*Vg T

where Vi is obtained from (3.2) and all the measurements

are from the time tO.

If
lsél > té'
la&l >ty
les] > to
or
‘5¢‘ R
where
té = 0.75
t' = 0.06
v (3.
té = 0.25
t& = 0.015,

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

A measurement signal is definitively rejected when 10
consecutive measurements are rejected. However, during
the first 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 measurement is
performed by putting the corresponding column of K

(see (3.10)) equal to zero. Notice that the values of
(3.13) are chosen very large to avoid rejectings when the

Kalman filter is tested.

13)
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The non-normalized state estimate vector is obtained as
(cf. (3.12)):

A A A A
)T = [ v or 9 84 3, d, 4 d, ] (3.14)
where
A A
v = CMK’VS-V' [knots]
CRG-V
A ——= ' [deg/s]
A A
¥y = CRG*y' [deg]
A A
6q4 = CRG'éé [deg]
A A
60 = CRG°66 [deg]
A A
dv = CMK-Vs-dé [knots]
A CRG*V_. A
dr = Ts- d];_ [deg/s]
A
d6 = CRG-éé [deg]

Notice the following expressions, too:

A A A .
vV, = vV + CMK'Kl-r/CRG [knots]

o>
I
o>
+
[eg]

[deg]
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3.2 Self-tuning Regqulator

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
<¢(t) - wref> + al<¢(t—k—l) - wref) + &g *
A f—

+ aNA<w(t_k_NA) - 1”ref) = (3.15)
2

= (Vs(t—k—l)/V0> bO Véc(t—k—l) +
2

+ (Vs(t—k—Z)/V0> b, bl Véc(t—k—2) + ... +

2
+ (Vs(t—k—NB—l)/Vo) by byp V6c (t-k-NB-1) +

A A
+ Vs(t—k—l) c, Vv (t-k-1) + Cy Vr (t-k-1) + ¢ (t)

1

where the design speed is denoted Vo [m/s] and the speed
Vg [m/s] is defined by (3.1l). The minimum variance control

is given by

[

(Yo 1 A
Véc(t) = \V (t)) B‘a Lal(lj)(t) —lpref> + s.. +F

A
+ aya (w(t-NA-Fl)-wref) -

2
- (Vs(t—l)/vo> by by V6 (t-1) = ... -
( 2

- v (t-NB)/V0> by byg V8, (t-NB) -

S

-V (t) ¢ V V(E) - ¢y ¥ £ (t) ] (3.16)
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where

Véc(t) = 6c(t) - 6c(t—l)

A A A
Vv (t) vi(t) - v(t-1)

A A A
vr (t) r(t) - r(t-1)

Notice that the speed scaling of (3.15) and (3.16) is
introduced in such a way that the parameters ajre--13Np’
bl""’bNB' cy and Cy are approximately independent of the
forward speed. This fact will, of course, simplify the

mission of the self-tuning regulator.

The following standard values are used:

NA = 4

NB = 2

k =7

T, = 10 s

Ag = 0.99

by = 1

Vo = 8 m/s

where Tg is the sampling interval and Ag the exponential
forgetting factor. Other values of k and T, are sometimes
used. The following initial values of the parameters and of
the covariance matrix P are used when the Kalman filter

estimates are fed into the self-tuning regulator:
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ay 1 [ -6.91 | [1 ]
a 5.95 i
) 0
as 3.88 1
a, -3.57 1
- p = (3.17)
by 0.48 0.01
b, 0.11 0.01
0
cy -2.10 1
| ey § | 34.73 | i 100 |

When non-filtered measurements are used instead of Kalman
filter estimates, then cy = Cy = 0, i.e. no feedforward

signals. The following initial values are then used:

a, ~7.64 1
a, 8.44 1 0
a3 1.74 1
= P = (3.18)
by 0.00834 B 0.01
| b, | 0.195 | i 0.01 |

By use of the minimum variance control (3.16) the following
criterion is minimized:
N

J.m=m (A( T.) - \2 (3.19)
: n=k+1 s ¢ref} .

If the criterion
N

2 21
A
SPA n=§+1 [(¢(nTs)"¢ref) -qu(Véc((n—k—l)Ts}> | 620

is minimized instead, a penalty on the rudder motions is

introduced by the parameter g,. However, a proper solution
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of this problem requires the solving of a Riccati equation.
A self-tuning regulator, which performs this, is used in
Kdllstrém (1976a).

If the criterion (3.20) is modified to read

A 2 2
J3(n) = <¢((n+k+l)TS]-¢ref) + qz(V6c(nTs)> (3.21)
n=20,1, ..., N-k-1

and if (3.21) is minimized at every sample event, then a
simpler regulator is obtained. By inserting (3.15) into
(3.21) and then performing the minimization, the following

control is obtained:

4
(V) /vg) ® b2
Ve, () = . V6 (t) (3.22)

4
(Vg () /v) b02 +q,

where Véc(t) is the minimum variance control given by (3.16).
If q, = 0, then minimization of (3.21) gives the same result
as minimization of (3.19) and consequently the controls
(3.22) and (3.16) are equivalent. Notice that (3.22) only

is a very small modification of (3.16) and that the identi-
fication part of the self-tuning regulator is unchanged.
However, the control (3.22) has the serious disadvantage
that no guarantee of closed loop stability is obtained in

the general case.

The minimum variance control (3.16) is approximately scaled
by [VO/VS(t))2 when the speed changes, i.e. (3.22) may be
re-written

b2 2

0 v
- (@) [ew]
Ve_ (%) = ; (o) (e | (3.23)

V
2 0 0
Dy '*(v (t)) 9,

where [Véc(t)]v0 denotes the minimum variance control when

B . . B 4 .
Vg = Vo- By introducing q2* = (VO/VS(t)) d, we obtain
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. by % N
v5_ (%) . (

; Vs(t)) (75, (6)], =

0 +q 0

b 2
_ 0
= V(Sc(t) (3.24)

*
by *t4a,

which is the actual control used in the autopilot. The

standard value of q2* is equal to zero.

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.
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3.3 PID-requlator

The following discrete PID-regulator for straight course

keeping is also implemented for comparison:

2
A%
__(_o [ A _ A
éc(nTs) - (Vs(nTs)) LkP(w(nTs) 1pref) + kD r(nTS) *
n—l A .
+ kp T izo (v(iTy) _¢ref)] (3.25)

The following standard values are used:

kP = 3
kD = 75 s
kI =0.02 1/s (3.26)
T = 10 s
S
Vo = 8 m/s

The scaling speed Vg is obtained from (3.1l). Notice that it
is possible to use the non-filtered measurements instead of
the Kalman filter estimates in (3.25). The special speed
scaling used in (3.25) 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.
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3.4 Yaw Regulator

A vaw 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 vaw regqgulator are the yaw
rate Q and the heading $, and the reference values used
are the requested yaw rate Toof 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:
2
6 (nT_) = - (__EQ___\ k |-g(nT ) - r } + 68
c' s Vs(nTs)} 4 | s 0 c
A —
l k4 [r(nTS)-ro] | < cl ro 1
Phase 2:
& (nT ) = - ——zg——*\z k [Q(nT ) —-r ] =
c' s vV (nT)/) 75 s 0
-1
(Yo N n [A N
\VS (nTS)} k6 TS lio r(lTS) rOJ + 6C
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Phase 3:
Vv 2
_ /__0_> [A _ I s
6o (nTg) = \V, (nTy) kg Lw( I
- = k. r (nT.)
Vs(nTs) 8 S
‘ k- H(nTS) - ref] r(nT ) \ < c4 r, ‘
Phase 4:
v 2
_ o) [A _ -
6,(nTg) = (VS(nTS)} kg [w(nTs) IJJref]

The scaling speed Vg is obtained from (3.1). The moving
average 30 of the rudder commands 6c is only updated during

phase 0 and phase 4:

)( (kT )"6 (kT ))I

Hl“

5 -3 (1-
6c((k+1)TS) = 8, (kTg) + (i3

k=20,1, 2, ...

The reference yaw rate rj, including sign is computed once,

when the vyaw is initiated, as

A
r0 - rref if L lPref <
or as
= if 9 0
Yo = “Tref 1 v Yref

Notice that the value of r always is positive.

ref



The conditions to jump from one phase to another read:

Phase 0 - phase 4:

by < AY o S Vo

Phase 1 - phase 2:

A
o > 0 and r - ry > —sl

or

A
r0 < 0 and r - r0 < sl

or

(time in phase 1) > Tl

Phase 1 or 2 - phase 3:

a — A A
ro > 0 an ~Coy r < ¢ wref
or
_ A
ry < 0 and -c, r >y - wref

Phase 3 - phase 4:

A
| r | < €5
or
A
g 2 0 and Y - wref > -&4
or
A
Ty < 0 and Y - wref < &5
or

(time in phase 3) > T3

28
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Phase 4 - phase 0:

(time in phase 4) > Ty

The condition to remain in phase 0 is:

TN

ref °©

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

ref
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

| Ay I>1p3

ref
and (3.27)
the actual phase is 3 or 4

or if

! Alpref > l1)3’

the actual phase is 1 or 2,

and one of the two conditions

A (3.28)

> 0, v =Y >0

o ref

and

A
ry < 0, ¢ - wref < 0

is satisfied.

If neither condition (3.27) nor condition (3.28) is ful-

filled, the new value of ¢ref is used, but no other changes.
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The following parameter values of the yaw regulator are

used:

k; =5 c, =60s
k, = 200 s cy, =50 s
ks = 0.005 1/s E3 = 60 s
k4 = 200 s Ty = 30 s
ke, = 200 s Ty = 100 s
k6 = 8 T4 = 300 s
k7 = 2 ¢1 = 0.35 deg
k8 = 200 s by = 2.5 deg
€, = 0 deg/s Yy = 2.5 deg
€5, = 0.02 deg/s V0 = 8 m/s
€3 = 1 deg Ts = 10 s

Y = 0.05

A special indicator My is used to describe the actual yaw
phase, i.e. My =0, 1, 2, 3, 4 corresponds to phase

0, 1, 2, 3, 4 respectively. Notice that 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. SIMULATIONS

To make it possible to compare the steering quality of
different autopilot structures, a loss function is now

introduced:

AVA ]

1
L T

T

2 2]
é[[w(t) Vpag)  tA(8(1) mg ) | at (4.1)
where me is the mean value of the rudder angle 6 and the
weighting factor A is equal to 1/12 or 0. The duration of
a simulation is denoted t. The loss function is approximated

by:
2 2
{[w(nh) =V, of) *2(8(nh) - mg ) } (4.2)

where Nh = 1 and the sampling interval h always is equal to
1l s.

In the sequel the mean wvalues mg and mw, and the standard
deviations Og and o, ,, of the rudder angle 6 and the course

v

error y—viy resp, will be presented as well as the loss

’
function gjf Notice that the rudder angle & and the heading
angel ¢y without measurement noise and without measurement
bias are used. If nothing else is remarked, the standard
values given in Chapters 2 and 3 are used in the simulations.
Several plots are often shown in the same figure, and the
plots are then slided in relation to each other. The corre-
sponding straight line is the level zero. Notice that the

initial forward speed is denoted Ug-
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4.1 Kalman Filter Testing

Simulations of straight course keeping (wref = 0 deg) with
the self-tuning regulator using estimates from the Kalman
filter are presented in this section. The performance of
the Kalman filter and the self-tuning regulator for
different load conditions and different speeds are shown

in Figs 4.1 - 4.6.

In Fig. 4.7 the initial covariance matrix of the self-tuning
regulator is given as (cf.(3.l7)):

diag (P) = [ 10 10 10 10 0.1 0.1 10 500 ] (4.3)

The only measurement signal used by the Kalman filter in
Figs. 4.8 and 4.9 is the heading angle. The first three
columns of the filter gain K (cf.(3.10)] are cancelled in
Fig. 4.8, while the following filter gain, designed correctly
for the case of heading measurements only, is used in

Fig. 4.9:

KT = [ -0.481 2.4 0.39 0.072 -0.0716 0 0 O] (4.4)

The process noise is increased in Fig. 4.10 by use of the

following covariance matrix (cf.(2.6)):

3.2 + 1074 0
R = _ (4.5)
w 0 2.12 - 10710

A modified filter gain is used in Fig. 4.11. The tuning rate
A A

of the state estimates 60 and dv is increased by changing

two elements of Rl:

r. =1.2 = 10
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The corresponding filter gain is [cf.(3.10)]:

[ Z9.27-1075 8.82°107%  -2.40"107%  -0.367 -
6.30°10"% 0.481 9.65°10 2 1.02
1.69°107° 7.86°107° 3.14°10°° 0.326
1.66°107%  -2.90°107° 5.65°10° 6.51-10"2
S e 2.08°1073  -5.63"1073  -6.49°10 2 -0
~1.267107% 2.00°102  -6.69°107°  -5.06°10""
1.63°10°°  -1.68°107° 3.02°1073  -5.77°1072
2.54°107° 7.61°107° 1.24°107° 1.41°1074 |

All the simulations are summarized in Table 4.1. The reason
why A =0 (cf.(4.l)) when the initial speed u, is equal to
4 knots is that the course keeping is much more important

than the rudder deviations at such a low speed.

From the simulations it can be concluded that the performance
of the Kalman filter is very good for the initial speeds

15.8 knots and 10 knots in full load condition as well as in
ballast condition (cf. Figs 4.1 -4.4). Notice, however, that
the tuning rate of the state estimates 80 and SV is rather
small. The performance of the Kalman filter for the initial
speed Uy = 4 knots (Figs 4.5 - 4.7) is not as good as for
larger speeds, but quite acceptable. The small tuning rate
of év' however, is emphasized. Another difficulty is that

the limited rudder turning rate has not been considered in

the Kalman filter. This means large values of the residuals
1)

6
requested, which is the case quite often when the speed is

€ (see Figs 4.63 and 4.73j) when large rudder changes are
low. To avoid incorrect rejectings of the rudder angle
measurements, the test value té (cf.(3.l3)] must be chosen

that large, that the checking is quite meaningless.
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If the only measurement signal used by the Kalman filter is
the heading angle, the state estimates Q, é, $, S and gO are
nevertheless good, which can be concluded from Figs 4.8 and
4.9. The difference between cancelling the corresponding
columns of K (Fig. 4.8) and designing a correct K (Fig. 4.9)

is very small.

The quality of the Kalman filter estimates is only decreased
very little, when the standard deviations of the process

disturbances are doubled (see Fig. 4.10).

Finally a filter gain designed for increased tuning rate

A A
of 60 and dv is tested in the simulation of Fig. 4.11. It
can be concluded that the tuning rate of év still is small,

although an improvement is obtained compared to Fig. 4.1.

The final parameter values of the self-tuning regulator are
summarized in Table 4.7 of the next section. Some examples
of the performance of the Kalman filter during yaws are

shown in Section 4.3.
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K is given by (4.6).
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4.2

Straight Course Keeping

170

Simulations of straight course keeping with the self-tuning

regulator using non-filtered measurements are shown in
Figs 4.12 - 4.25, where
22.3 m and k, TS and g
speeds, Uy = 15.8 knots

the mean draught T is equal to

are varied. Two different initial

and u, = 4 knots, are used. The

initial parameter values and the initial covariance matrix

are

or

or

-10.92
10.38

4.717
- 4.871

0.8884

0.2482 |

[ -13.88
12.85
7.866
- 7.302

0.6101

- 0.01241 |

-8.105
8.189
2.845

-3.605

0.4698

| 0.2522 |

[ 100
100
100
P =
100
1
[ 100
100
100
P =
100
1
[ 10
10
10
P =
10
0.1

0.1

(4.7)

(4.8)

(4.9)
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or

[ a; T [ -9.47 ] [ 1 ]
a, 9.67 10
a, 3.55 10

= P = (4.10)

a, -4.42 1
by 0.150 0.1

[ b, | | o0.266 | i 0.1 |

]

Notice that cq c, = 0. The speed Vs (cf (3.1)) is computed

according to

vV, =V (4.11)

The simulations are summarized in Table 4.2. When u, = 15.8

knots, it can be concluded that the lowest value of VK (0.75)
is obtained for k = 7, Tg = 10 s and q§ = 0. These values are
also chosen as standard values. Notice, however, that k = 6,
TS = 10 s, q§ =0 (Vg = 0.76) and k = 5, TS = 15 s, q§ 0
(VK = 0.79) are good alternatives. It can also be concluded

that the performance of the self-tuning regulator is not
improved when qﬁ # 0. When uy = 4 knots, the best choice is
k = 8, TS = 10 s, qﬁ = 0. The only difference compared to
the standard values is that k = 8 instead of k = 7.

The performance of the self-tuning regulator using estimates
from the Kalman filter, when the speed is decreased and
increased, is shown in Figs 4.26 and 4.27, resp. A summary
is given in Table 4.3. The standard parameter values are
used, but the speed Vs (cf (3.1)) is computed according to

VS = um,/CMK (4.12)
Notice that the parameters of the self-tuning regulator are
changed very little and that the performance of the regulator
is very good in both cases. This may be an indication that

the speed scaling introduced in the self-tuning regulator is

acceptable.
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T g Ug 6£ Mme Og mw oy VK b\ Fig.
[m] [rpm] | [knots] | [deg] | [deg] | [deg] | [deg] | [deg] | [deg?]
22.3|22.1772 | 15.8 45 | -4.47 | 5.60 | -0.11| 0.85 3.34 1/12 | 4.26
22.3187.6 4 45 | -1.85| 9.36 | -0.07 | 0.71 7.81 1/12 | 4.27
Table 4.3 - Summary of straight course keeping simulations (wref = 0 deg) with

the self-tuning regulator using estimates from the Kalman filter,
when the speed is changed significantly. The speed VS is computed
according to (4.12).

Simulations of straight course keeping with the self-tuning
regulator and the PID-regulator, when the Kalman filter
estimates as well as the non-filtered measurements are

used, are shown in Figs 4.28 - 4.53. The initial speed Ug
is equal to 15.8, 10 or 4 knots and the mean draught T is
equal to 22.3 or 10.5 m. A summary is given in Tables 4.4,
4.5 and 4.6, where also simulations from Section 4.1 are

included.

The speed scaling used in the PID-regulator is (VO/VS)2
(cf (3.25)). 0= 6.3 m/s when VS = 5 m/s,
VO = 4 m/s when VS = 2 m/s, the speed scaling VO/VS may be
4.43, 4.48 and 4.53).

scaling used in the self-tuning regulator is also (VO/VS)2

By putting V and

simulated (cf Figs 4.38, The speed

(cf (3.24)), since q§ = 0. It is, however, possible to
obtain the speed scaling VO/VS instead, if q§ = 0.6 when
VS = 2 m/s (cf Figs 4.37,
4.42,

5 m/s and if q§ =
4.47, and 4.52).

3 when VS =
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The simulations show that 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. This is true for each of the three
different initial speeds. When Kalman filter estimates are
used, the performance of the self-tuning regulator is
significantly better than the performance of the PID-regu-
lator in full load condition (T = 22.3 m). However,

when T = 10.5 m, the difference between the two regulators
is hardly noticable. When non-filtered measurements are
used, a comparison between the self-tuning regulator and
the PID-regulator is rather confusing; sometimes the
self-tuning regulator is to prefer in front of the PID-
-regulator and sometimes vice versa. However, the
performance of the self-tuning regulator seems to be
somewhat better compared to the PID-regulator when

T = 22.3 m., It can also be concluded that the self-tuning
regulator using Kalman filter estimates always is signi-
ficantly better than the PID-requlator using non-filtered
measurements, and that the PID-regulator using Kalman
filter estimates always is significantly better than the

self-tuning regulator using non-filtered measurements.

In general, the rudder deviations are decreased when the
speed scaling VO/VS is used instead of (VO/VS)Z. When

uy = 10 knots, the speed scaling VO/VS is to prefer if

T = 10.5 m, but the speed scaling (VO/VS)2 is to prefer
if T = 22.3 m. When uy = 4 knots, the speed scaling

(VO/VS)Z, with one exception, is preferable.

The final parameter values of the self-tuning regqulator
for all the simulations presented in Sections 4.1 and 4.2
are shown in Table 4.7. It can be concluded that the
values don't change very much when the speed and the

draught are changed.
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Fig. 3 29 a3 3 by by S €y L a;

4.1 -6.53 5.67 3.43  -2.,56 0.50 0.15 -1.65 36.28 | 0.01
4.2 -6.93 5.70 3.58 -2.97 0.53 0.20 -1.64 34.93 | -0.62
4.3 -6.49 5.76 3.61 -2.94 0.47 0.12 -2.08 38.72 | -0.06
4.4 -6.28 5.61 3.45 -=2.90 0.53 0.20 -1.60 33.07 | -0.12
4.5 -6.34 5.31 4,01 -3.24 0.36 =0.01 ~-3.42 43.48 | -0.26
4.6 -5.60 5.11 3.79 -3.37 0.51 0.1r -2.56 35,57 | -0.07
4.7 -5.32 3.33 3.83 -2.29 0.08 -0.04 -4.32 67.13 | -0.45
4.8 -7.26 6.10 4,11 -=3.01 0.53 0.18 -2.07 37.39 | -0.06
4.9 -7.20 5.95 4,06 -2.96 0.52 0.18 -2.36 35.55 | -0.15
4.10 -6.20 5.46 2.80 -2.02 0.48 0.23 -1.97 42.28 | 0.04
4,11 -6.53 5.69 3.46 -2.55 0.50 0.16 -1.69 35.92 0.07
4,12 | -12.15 13.10 2.62 =4.14 0.83 0.22 - - -0.57
4.13 | -10.68 11.86 2.18 -3.63 0.86 0.28 B = -0.27
4.14 | -11.18 12.08 1.01 -2.77 0.62 -0.02 . = -0.86
4.15 | -14.45 15.38 4,81 -5.94 0.47 0.10 - - -0.20
4.16 | -13,80 15.07 5.55 -6.78 0.54 0.06 - - 0.04
4,17 | -12.66 12.82 5.84 -5.88 0.61 0.15 - - 0.12
4.18 | -12.76 17.64 -3.86 -1.75 0.09 0.23 - B -0.73
4.19 | -12.31 11.34 6.77 -5.95 0.52 0.09 - - -0.15
4.20 | -11.43 11.22 6.52 -6.29 0.55 0.05 - B 0.02
4.21 -9.91 9.11 6.43 -5.67 0.53 0.03 = = -0.04
4.22 -9.47 9.67 3.55 =4.42 0.15 0.27 - - -0.67
4.23 | -9.24 10.28 2.30 -3.86 0.26 0.20 - - -0.52
4.24 | -9.62 10.96 2.09 -3.97 0.38 0.19 - - -0.54
4.25 -8.08 8.55 2.24  =3.24 -0.14 0.33 - - -0.53
4.26 -7.57 5.76 3.81 -2.39 0.47 0.15 -1.32 36.42 -0.39
4.27 -6.19 5.42 3.26 -2.81 0.52 0.19 -2.09 35.16 | -0.32
4.29 -8.21 9.19 2.44  =3.46 0.04 0.17 B . -0.04
4.32 -6.75 7.14 1.31 -1.84 0.09 0.27 B - -0.14
4.35 -7.66 8.77 2.25 -3.46 0.07 0.18 - - -0.10
4.37 -4.,63 3.26 3.31 -=2.00 0.45 0.07 -1.25 22,26 @ -0.06
4,40 -6.16 6.76 1.02 -1.71 0.08 0.29 - - -0.09
4,42 -3.63 2.94 2.47 -1.84 0.52 0.09 -0.64 12.48 | -0.06
4.45 -8.35 9.41 1.83 -3.31 0.04 0.19 = o -0.42
4.47 -4.61 1.90 3.01 -0.66 0.53 0.20 -2.54 28.74 -0.36
4.50 -6.38 8.24 0.59 -2.56 0.22 0.31 - - -0.11
4.52 -3.46 1.72 2.61 -1.01 0.64 0.25 -2.87 21.31 @ -0.14

Table 4.7 - Final parameter values of the self-tuning regulator.
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Fig. 4.12 - T = 22.3 m, ng = 87.6 rpm, Uy = 15.8 knots,

6£ = 10 deg, self-tuning regulator using non-filtered

measurements (k = 4, TS = 15 s, q; = 0, Vc = 8 m/s).
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4.13 - T = 22.3 m, n, = 87.6 rpm, u, = 15.8 knots,

62 = 10 deg, self-tuning regulator using
non-filtered measurements (k =5, T_ = 15 s,

S
q; =0, Vc = 8 m/s).
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Fig. 4.14 - T = 22.3 m, n, =87.6 rpm, uy = 15.8 knots,
6£ = 10 deg, self-tuning regulator using
non-filtered measurements (k = 6, TS = 15 s,

q; =0, V, = 8 m/s).
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Fig. 4.15 - T = 22.3 m, ng = 87.6 rpm, Uy = 15.8 knots,
6£ = 10 deg, self-tuning regulator using
non-filtered measurements (k = 5, T_ = 10 s,

s
qz =0, Vc = 8 m/s).
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Fig. 4.16 - T = 22.3 m, ng = 87.6 rpm, u, = 15.8 knots,
6£ = 10 deg, self-tuning regulator using

non-filtered measurements (k = 6, TS = 10 s,
q; = 0, Vc = 8 m/s).
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Fig. 4.17 - T = 22.3 m, ng = 87.6 rpm, uy = 15.8 knots,

6£ = 10 deg, self-tuning regulator using
non-filtered measurements (k = 7, TS = 10 s,
q; =0, Vc = 8 m/s).
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Fig. 4.18 - T = 22.3 m, ny = 87.6 rpm, uy = 15.8 knots,
62 = 10 deg, self-tuning regulator using
non-filtered measurements (k = 8, Ts =10 s,

q; =0, Vc = 8 m/s).
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Fig. 4.19 - T = 22.3 m, ng = 87.6 rpm, Uy = 15.8 knots,
6K = 10 deg, self-tuning regulator using
non-filtered measurements (k = 5, Ts = 10 s,

g5 = 0.05, V, = 8 m/s).
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Fig. 4.20 - T = 22.3 m, n, = 87.6 rpm, ug = 15.8 knots,

62 = 10 deg, self-tuning regulator using

non-filtered measurements (k = 6, TS = 10 s,
* —

q} = 0.05, vV, = 8 m/s).
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Fig. 4.21 - T = 22.3 m, n, = 87.6 rpm, u, = 15.8 knots,

6£ = 10 deg, self-tuning regulator using
non-filtered measurements (k = 6, TS = 10 s,
q; = 0.1, V, = 8 m/s).
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Fig. 4.22 - T = 22.3 m, n, = 22.1772 rpm, u, = 4 knots,
6£ = 45 deg, self-tuning regulator using
non-filtered measurements (k = 6, TS = 10 s,
q; =0, V, = 2 m/s).
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Fig. 4.23 - T = 22.3 m, ng = 22.1772 rpm, uy = 4 knots,
6£ = 45 deg, self-tuning regulator using
non-filtered measurements (k = 7, TS =10 s,
q; = 0, Vc = 2 m/s).
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Fig. 4.24 - T = 22.3 m, ng = 22,1772 rpm, u, = 4 knots,
6£ = 45 deg, self-tuning regulator using
non—-filtered measurements (k = 8, TS = 10 s,

q; = 0, Vc = 2 m/s).
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Fig. 4.25 = T = 22.3 m, ng = 22.1772 rpm, Uy = 4 knots,
62 = 45 deg, self-tuning requlator using
non-filtered measurements (k = 6, T_ = 10 s,

S
qg = 0.05, V_, = 2 m/s).
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Fig. 4.26 a = T = 22.3 m,

n, = 22.1772 rpm, u, = 15.8 knots,
62 = 45 deg, self-tuning regulator using
estimates from the Kalman filter.
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Fig. 4.27 a - T = 22.3 m, n, = 87.6 rpm, u, = 4 knots,

62 = 45 deg, self-tuning regulator using
estimates from the Kalman filter.
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Fig. 4.28 - T = 22.3 m, ng = 87.6 rpm, ug = 15.8 knots, 62

= 10 degq,

PID-regulator using estimates from the Kalman filter.
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Fig. 4.29 a - T = 22.3 m, n, = 87.6 rpm, u, = 15.8 knots, 62 = 10 deqg,
self-tuning regulator using non-filtered measurements.
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Fig. 4.30 - T = 22.3 m, ng = 87.6 rpm, ug = 15.8 knots, 6£ = 10 deg,

PID-regulator using non-filtered measurements.
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Fig. 4.31 - T = 10.5 m, ng = 87.6 rpm, Ug = 15.8 knots, 62 = 10 degq,
PID-regulator using estimates from the Kalman filter.
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Fig. 4.33 - T = 10.5 m, ng = 87.6 rpm, u, = 15.8 knots, 6£ = 10 deg,

PID-regulator using non-filtered measurements.



5 [""5] 205

+Z

+/0

20'1

JA

NANEAYS

[\~
VARSI ARS,

2

+/0

1.5€2 1.8E3

] L d d
INRVAGNAVEAYY
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4.3 Yawing

Yawing simulations with the yaw regulator, using either the
Kalman filter estimates or the non-filtered measurements,
are shown in Figs 4.54 - 4.95. The initial speed uj, is equal
to 15.8, 10 or 4 knots and the mean draught T is equal to

22.3 or 10.5 m. Course changes Ay of 2, 4, 45 and 120 deg

are requested and the reference ygsfrate L is equal to
0, 0.1 or 0.3 deg/s. The rudder limit 6£ is always equal to
45 deg. Examples of Kalman filter estimates during yaws

are shown in Figs 4.57, 4.58, 4.65, 4.66, 4.88 and 4.93.

A summary of the simulations is given in Table 4.8.

It can be concluded that the performance of the Kalman filter,
when the draught and the initial speed are varied, is approxi-
mately of the same quality during yawing as during straight
course keeping (cf Section 4.1). Notice, however, that the
estimates 30, év, ér and 86 are disturbed rather much
during yaws. This implies that the correct yaw rate is not
always kept when the yaw regulator uses the Kalman filter
estimates. Of course, an incorrect yaw rate is always kept
when non-filtered measurements are used, since the yaw rate
measurement is biased in the simulations. A straightforward
way to improve the Kalman filter is to skip the updating of

A A A A
60, dv’ dr and d6 during yaws.

The only parameter of the yaw regulator, that is changed
when the speed is changed, is 52. The following relation is

found empirically:

v

= -0 *
€2 T\ V. ©2
s
where V0 = 8 m/s and c; = 50 s. This relation is used in

the simulations of this section.
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Self-tuning Self-tuning _
o, Ug reg.and-yaw reg.and'yaw c, Awref T oof Fig. | Remarks
reg. using reg. using
[m] [rpm] [knots] | Kalman filter | non—filtered | [s] [deg] | [deg/s]
estimates measurements
22.3 | 87.6 15.8 x 50 2 0 4.54
22.3 | 87.6 15.8 x 50 4 0.1 4.55
22.3 | 87.6 15.8 x 50 4 0.3 4.56
22.3 | 87.6 15.8 x 50 45 0.1 4,57 | x)
22.3 | 87.6 15.8 x 50 120 0.3 4.58 | x)
22.3 | 87.6 15.8 x 50 4 0.1 4,59
22.3 | 87.6 15.8 50 45 0.1 4.60
22.3187.6 15.8 x 50 120 0.3 4.61
10.5 | 87.6 15.8 x 50 2 0 4.62
10.5 | 87.6 15.8 x 50 4 0.1 4.63
10.5 | 87.6 15.8 x 50 4 0.3 4.64
10.5 | 87.6 15.8 x 50 45 0.1 4,65 | x)
10.5 | 87.6 15.8 x 50 120 0.3 4.66 | x)
10.5 | 87.6 15.8 x 50 4 0.1 4.67
10.5 | 87.6 15.8 x 50 45 0.1 4.68
10.5 | 87.6 15.8 x 50 120 0.3 4.69
22.3 | 55.443 10 x 63.25 2 0 4.70
22.3 | 55.443 10 X 63.25 4 0.1 4,71
22.3 | 55.443 10 x 63.25 4 0.3 4.72
22.3 | 55.443 10 x 63.25 45 0.1 4.73
22.3 | 55.443 10 x 63.25 | 120 0.3 4,74
22.3 | 55.443 10 x 63.25 4 0.1 4.75
22.3 | 55.443 10 x 63.25 45 0.1 4.76
22.3 | 55.443 10 x 63.25 | 120 0.3 4.77
10.5 | 55.443 10 x 63.25 2 0 4.78
10.5 | 55.443 10 x 63.25 4 0.1 4.79
10.5 | 55.443 10 x 63.25 4 0.3 4.80
10.5 | 55.443 10 x 63.25 45 0.1 4.81
10.5 | 55.443 10 x 63.25 | 120 0.3 4.82
10.5 | 55.443 10 x 63.25 4 0.1 4.83
10.5 | 55.443 10 x 63.25 45 0.1 4,84
10.5 | 55.443 10 X 63.25 | 120 0.3 4.85
22.3 | 22.1772 4 100 2 0 4.86
22.3 | 22.1772 4 100 4 0.1 4,87
22.3 | 22.1772 4 100 45 0.1 4.88 | x)
22.3|22.1772 4 x 100 4 0.1 4.89
22.3 | 22.1772 4 x 100 45 0.1 4.90
10.5 | 22.1772 4 100 2 0 4.91
10.5 | 22.1772 4 100 4 0.1 4.92
10.5 | 22.1772 4 100 45 0.1 4.93| x)
10.5 | 22.1772 4 x 100 4 0.1 4.94
10.5 | 22.1772 4 x 100 45 0.1 4,95

The Kalman filter estimates are shown.

Table 4.8 -

Summary of yawing simulations. The initial reference course
is

lpref ref
requested after 100 s. The rudder 1limit 62 is egual to

45 deg.

is equal to 0 deg and the course change Ay
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It can be concluded from the simulations that the performance
of the yaw regulator, when Kalman filter estimates are used,
is very good for different load conditions and speeds, with
one exception: the performance when T = 22.3 m and Uy = 4
knots is rather bad (cf Figs 4.86 - 4.88). Maybe it is
possible to increase the yawing quality in this case by
introducing more speed dependent parameters of the yaw
regulator. Notice, however, that the forward speed u, is
decreased to the approximate value 1 knot, when T = 22.3 m,
0= 4 knots, Awref = 45 deg and e = 0.1 deg/s (cf Fig.

4.88 e). It is, of course, rather difficult to obtain a

u

good performance in such an extremely small speed. When the
initial speed U is equal to 10 knots, rather large rudder
deviations are required compared to the case when uy = 15.8
knots. This is necessary, however, to obtain a good

performance.

The performance of the yaw regulator, when non-filtered
measurements are used, is not at all as good as the case

when Kalman filter estimates are used. The rudder deviations
are in general very large due to the noisy yaw rate measure-
ments. It is probably possible to improve the performance by
decreasing the values of the gain factors of the yaw regulator.
See Kdllstrdm (1976b). It can also be concluded that it is
highly desired to filter the yaw rate in some way, if the
measurements are very noisy. If the resolution of the

heading measurements is good, it is also possible to perform

a difference approximation to obtain a yaw rate estimate.
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5. CONCLUSIONS

Simulations of straight course keeping and yawing of a

350 000 tdw tanker in full load condition as well as in
ballast condition and with three different initial speeds
(15.8, 10 and 4 knots) are presented in this report. The
disturbances applied are equivalent to a rather rough
weather condition to obtain decisive comparisons. The
steering is performed by an autopilot, which consists of

a Kalman filter, a self-tuning regulator and a yaw regulator.
A PID-regulator is also implemented for comparison. It is
possible to use either the Kalman filter estimates or the

non-filtered measurements in the different regulators.

The performance of the Kalman filter is very good in full
load condition as well as in ballast condition, when the
initial speed is 15.8 or 10 knots. The quality of the
filter estimates is decreased, although quite acceptable,
when the initial speed is 4 knots. A difficulty is that
the limited rudder turning rate has not been considered
in the Kalman filter. This means rather poor estimates of
the rudder angle when large rudder deviations are requested,
which is the case quite often when the speed is low. The
performance of the Kalman filter is approximately of the
same quality during yawing as during straight course
keeping. Notice, however, that it is suitable to skip the

updating of the bias estimates of the filter during yaws.

The simulations show that 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 significantly
better than the performance of the PID-regulator, if the

ship is full-loaded. However, the difference between the

two regulators is hardly noticable in ballast condition. It



is not possible to make any conclusions when non-filtered
measurements are used by the self-tuning regulator and

the PID-regulator, since the simulation results are rather
confusing. However, the self-tuning regulator using

Kalman filter estimates is always significantly better
than the PID-regulator using non-filtered measurements,
and the PID-regulator using Kalman filter estimates is
always significantly better than the self-tuning regulator

using non-filtered measurements.

The performance of the yaw regulator, when Kalman filter
estimates are used, is very good for different load
conditions and speeds, with one exception: the performance
is rather bad when the ship is full-loaded and the initial
speed is 4 knots. One explanation is that the actual
forward speed is increased to the extreme value 1 knot
during one of the simulations. When non-filtered measure-
ments are used instead of Kalman filter estimates, the
performance quality of the yaw regulator is significantly
decreased. The reason is, of course, that the yvaw rate
measurements are very noisy. In such a case, it is highly
desired to filter the yaw rate signal in some way, to
obtain a better performance. Another possibility is to
perform a difference approximation of the heading angle
measurement to obtain a yaw rate estimate. This requires,
however, a rather good resolution of the heading

measurement.
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APPENDIX - PROGRAM LISTINGS

gONNECTING SYSTEM CON14

EAUTHOR, C.KALLSTROM 1976~03=24
€

TIME T

£
WIATANKIE=SETANOIS1B*NQI1
W2ATANK3B=E2ANOIS18*NOIZ
EE1ATANK3A=E3ANOISIR
EE2ATANK3IR=E4LANQISTR
EE3ATANK3B=ESANQIS1R
EE4ATANK3IR=EOANOISIA
DELMAAUTE=DELMATANK3R
DELTAANAUTRA=DELMNATANK3A
VIRAUTRE=VIMNATANK3A
RAAUTE=RMNATANK3E
PSIMAAUTA=PSIMATANK3R
PSIAAUTR=PSIMNATANK3E
UKAUTR=UMATANK3R
ANAAUTR=NMATANK3A
DELCATANK3R=DELCOAAUTR

F

§CC1:0,

SCC2:0,

scc3:0,

§CC4:0.

NOIT21,.,E~>5

NQIZ2:1.E-5

£

END



CONTINUOUS SYSTEM TANK3

FAUTHOR, CL.KALLSTROM 1976=03-17

£

FKOCKUMS CONVENTION OF THE RUDDER SIGN
£

INPUT DELC W1 w2 EE1 EEZ EE3 EE4

EDELC = RUDDER COMMAND ADEGH

Fwil = STATE NOISE AM/(S*S)H

Ew2 = STATE NOISE A1/(S*S)A
FEE1 = MEASUREMENT NOISE ADEGR
FEE2 = MEASUREMENT NQISE AKNOTSA
EEE3 = MEASUREMENT NQISE ADEG/SH
FEE4 = MEASUREMENT NOISE ADEGR

QUTPUT DELM DELMN VIMN RMN PSIM PSIMN UM NM
E

FDELM = RUDDER ANGLE ADEGR

FDELMN= RUDDER ANGLE MEASUREMENT ADEGA

EVIMN = BOW SWAY VELOCITY MEASUREMENT AKNOTSR
FRMN = YAW RATE MEASUREMENT ADEG/SA

FPSIM = HEADING ADEGA

FPSIMN= HEADING MEASUREMENT ADEGA

FUM = FORWARD SPEED AKNOTSA

PNM = NJMBER OF PROPELLER REVOLUTIONS ARPMA

STATE DEL U V R PSI

FDEL = RUDDER ANGLE ARADR

FU = FORWARD VELOCITY Am/SH
Ev = SWAY VELOCITY AM/SA

R = YAW RATE a1/SE*100
FPSI = HEADING ARADR

DER DDEL OU DV DR DPSI
INITIAL

U=ud/cmK
SGL=SART(Gw*L)

F1=(22.3=-TT)/11.8
F2=(TT=10,57/11.8

=NQ/60.
VO1=SN*#(17.25%F1+15.8%F2)/(1.,46%CHMK)

TS1 = 1/7S
T$2 = TS1/CRG
DL1 = DOL/CRG

XUDSXUDT*F1+XUD2*F2

XUDL=XUD®L
XUUSC(XUUT*FT+XUU2%F2) /XUDL
XVRE(XVRI*F1+XVR2%xF2)/XUpD
XRR=(XRRI*FI+XRR2*xF2)I %L/ XUD
XUVEXUVVV/ (G*L*XUDL)
XUUDD=(XUDpT1*F1+XupD2*F2)/XUpL
XT=X1T/xub

YVD=YVDI*F1+YVD2*F2
YVDL=YVD*L
YRUT=YRU/YVD



YRUUT=YRUU/ (SGL*YVD)
YUV=S(YUVI*F1+YUV2*F2)/YVDL
YUUVS(YUUVI*F1+YUUV2*F2)/ (SGL*YVDL)
YVV=(YVVI*FI+YVV2#F2)/YVDL
YRAV=EC(YRAVI*F1+YRAVZ*F2)/YVD
YARVE(YARVI*F1+YARV2*F2)/YVD
YUUDS(YUUDT*F1+YUUD2*F2)/YVDL
YTD1=YTD/YVD

KTY1=KTY/YVD

NRDL=NRD*L

NRDLL=NRDL*L
NRUS(NRUT*F1+NRU2*F2) /NRDL

NRUUS (NRUUT*FT1+NRUU*F2)/ (SGL*NRDL)
NUVS(NUVI*FT1+NUV2*F2) /NRILL
NUUV=(NUUVAI*F1+NUUV2*F2)/ (SGL*NRDLL)
NVVE(NVVI*FET+NVV2%F2) /NRDLL
NRRS(NRRI1*F1+NRR2%F2) /NRD
NRAV=(NRAVI*F1+NRAV2*F2) /NRDL
NARV=(NARVI*FI1+NARVZ*F2) /NRDL
NUUDS(NUUDT*FT1+NUUDR*F2) /NRDLL
NTD1=NTD/NRDL

KTN1=KTN/NRDL

XF=FW/xUD
YF=FW/YVD
NF=FWxLV/NRDLL

JJ1=(1=W)/ (N*pD)
DISPLSDISPI*F1+DISP2*F2
TTISN*N*D*D*DxD/DISPL
Ju=u01*J4d1

JUPSJJ/SARTC(1+4U*yd)
KKT==0,33%JJP*JJP=~0,38%JyP+0,35
TMOSKKT*(1+JJ*JJ)»TT1
LL1=CMK*L1

ALF1=ALFA/CRG

OUTPUT

DELM=CRG*DEL
DELMS=SC35*DELM+S(36
DELMN=DELM+D3+EE1
DMNS=SC37*DELMN+SC33
D35=SC39%xD3+S5C40
ViisCMK*Y
VMS=SC4T1*Vim+S5C42
VAIM=LLI*R/100.+VM
VIMS=SCa3*VImM+SC4a
VIMN=VIM+D1+EEZ2
VIMNS=SC4S*VIMN+SC4LE
D1S=SC47*D1+SC48
RM=CRG*R/10U,
RMS=SC49*RM+SCS50
RMN=RM+D2+EE3
RMNS=SCOT*RMN+SCS2
D2S=S(C53*D2+SC54
PSIM=CRG*PSI
PSIMS=SCS5*PSIM+SC56
PSIMNSPSIM+EE4
PSMNS=SCS57*PSIMN+S(S8
UM=CMK*U
UMS=SCHI*UM+SC60
NM=NO



DYNAMICS

RR=R/100,

APSI=ALF1-PSI
SINWSSINCAPSI)

J=sU*JgJy1
JP=J/SART(1+J*y)
KT==0e33%JP*JpP=0,38%JP+0,35
TH=KT*(1+J%J)*xTT1
TM1=IF TM<TMO THEWN TM ELSE TMO
TMD =TMI1*DEL

Uz2=i*u

AV=ABS(V)

AR=ABS (RR)

RU=RR*U

RUZ2=RUWY

Uv=uywy

ugvsuxuy

VAVSVXxAY

RAVERR*AY

ARV=AR*®V

U2D=U2*DEL
DDELT==TST*#DEL+TS2*DELC

DDEL=IF DOEL1<=DL1 THEN =pL71 ELSE IF DDEL1>DL1 THEN pL1 ELSE pDEL1

DU=XUU*U2+XVR*V*RR+XRR*RR*RR+XUV*UV*VAV+XUUDD*UZD*DEL+XT*TM~XF*COS(APSI)

SL=YRU1*RU+YRUU1*RUZ*YUV*UV*YUUV*U2V+YVV*VAV+YRAV*RAV
DV=YARV*ARV"YUUD*UZD'YTD1*TMD+KTY1*TM-YF*SINN+W1/YVD*SL
SL1=NRU*RU+NRUU*RUZ*NUV*UV*NUUV*U2V+NVV*VAV+NRR*RR*AR
DR=(SL1+NRAV*RAV+NARV*ARV-NUUD*U2D-NTD1*TMD+KTN1*TM+NF*SINW+W2/NRD)*1OO.

DPSI=RR
60:9.80665
CMK:1.943844
CRG:57.2958
L:350.
ud:15,.8
TT:22.3
TS:5.0
DLL:2.32 F2 PUMPS
XUb1:
Xuoz:
XUu1:
Xyuz:
XVR1:
XVRZ:
XRR1:
XRRZ:
Xuvvv:
Xuop1:
xupp2:
X1T:
YVD1:
YVDZ:
YRU:
YRUU:
YUVT:
Yuve:
YUuv1l:
Yuuve:
YVv1l:
YvvE:



YRAVT:
YRAVZ:
YARVT:
YARV2:
Yuunis:
YuubZ:
YTD:
KTY:
NRD 3
NRUT:
NRUZ:
NRUUT:
NRUUZ:
NUVT:
NUVZ2:
NUUVT e
NULVZ:
Nvvie.
NVVZ2:
NRRT:
NRRZ:
NRAV1:
NRAVZ:
NARV1:
NARVZ:
NuuD1:
NUUD2:
NTD S
KTN:

Fuweile
Lv:2S.
We

D:
DISP1:
DISP2:
L1:164,35
ALFA:(0,
NUIB7.6
D1:1-
p2:0.1
03:2.
SC35:1.
SC36:0,
SC37:1,
SC358:0.,
§C39:1.
$C40:0.
SC41:1,
SCAZ:U-
§Cc43:1.
SC44:0,
SC45:1.
§C46:0,
SC47:1.
SC48:4U,
$C49:1-
§c¢50:0,
§C51:1,
SCS52: 4.
$C53:1.
SCS54:0.
$C55:1,
SC56:0,



SC57:1.
SC58:U.
§C59:1,
$C60:0,

EiND
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A INTERACTIVE SIMULATIGH PROGRAM
FOR Q0w fuwcEaR SYSTEHS

Al PRYGRARN

AUTHO]  AILDING ELMAVIST
REVISED, CaKALLSTRUY 1976=03-24,

KEFoRENCE

-

Ae ELUSvIST: SIANOiv = AN IWTERACTIVE SIMULATION
PROGRAIM FOR KCALINEAR SYSTEMS =
JSER'S ANUAL

LATa BASE

- -

/PoiUbe/ IPSEUDC )
1FSEul= PSEuLN CUDE AREA

JUARTAS/ VARSC D,IPNTSC ),ITYPESC )
VvarRS = IDENTIFIER TABLE
LPHNTS = ADDRESS TABLE
1TYPES= TYPE TABLE

1: TIHE
2: STATE
3y 1uPUT
47 OUTPUT
S5t INIT
6% DER

7% HE4

5 TSANMP
91 PAR
1us VAR

JdAaLdes/ vAaLUEC )
vaLUE = VALUE TABLE AND LITTERAL TABLE

ISYSTLHF/ ~ASYST,ASYSTSC DYsIVARSC »2),INFSYSC ), LENTRY( »3)
~ASYST=- WUMBER OF ACTIVE SYSTEW®S
ASYSTS= SYSTEA IDEWTIFIERS FOR ACTIVE SYSTEMS
IVARS = DEFINING THE POSITION OF THE VARIABLE
TABLE FOr EACH SYSTEGR
LUiFS(8S= SYSTE® TYPE
Tr CORNECTING
2 CoNTINUOUS
31 VISCRETE
4: CONTINULOUS C(FORTRAN)
53 DISCRETE (FORTRAN)
LENTRY= EWNTRY PQINTS FOR EACH ACTIVE SYSTEM
C »1): INITLAL=SECTIOWM
Or THE WUMBER OF A FORTRAN=SYSTEM
( »2): QUTPUT= OR CONNECT=SECTION
{ 23): DYMANRLICS=3ECTION

JEATCOG/, TEVAL,TERRATYPE,SYSIR,NEXTSY,NS
LEvAL = POLNWTER IY VARIABLE TABLE
IeRK = ERRUR I40ICATOR
TYPE = SYSTEY TYPE FROM SUBROUTINE LIDENT



SO GO OO0 0 OO0 oo

nr'»nnrvnnhr)rar;nr;nnnnnr:ﬁr‘nnr‘snﬁnrunnr‘,ﬁnnonnnnr;nnnonncr:

[V IN & I o

YCONT' OR 'DISCR!

SYSTE™ IDENTIFIER FROM SUBROUTINE IDENT
WUMBER OF EATERNMNAL SYSTEMS

NUMBER OF ELEMFNTS IN THE ALLOCATION AREA

HTRINTZNTRDERSNTRSMP

ENTRY POIMNT FOR INITIAL COMPUTATIONS
ENTRY POINT FCR COMPUTATIONS OF pERIVATIVES
ENTRY POIXNT FOR SAMPLING

ACTUAL ENTRY POINT FOR CALCUL

IPATS/ wXCowXpakKXC ) pCDXC dsKXIC ) KTSAMPC )

NHMBER OF STATES IN CONTINUOUS SYSTEWNS
NUMBER OF STATES IK DISCRETE SYSTEMS
PCLWTERS TO STATE VYARIABLES

POIWTERS TO VER=- AMND MEW=VARTIABLES
POINTERS TO INIT=-VARIABLES

POILTERS TO TSAMP=VARIARLES

(SEC INTRAC)

(SEE INTRAC)

oYSIp -
NEXTSY~=-
NS -
FENTRYS/
NTRIGT=-
NTRDER=-
HTRSHP=
/ENTRY/Z LENTRY
LENTRY=
wXC -
A D -
KX -
DX =
KX [ =
KT1SAMpP=-
FCOHLINF/
[AC T vE Yy
/E588/ MESS
MESS -

MESSAGE INDICATOR

F31tin/ NGSYSTIOVFLO:IPLCOH;IEXIT;IWARN:ICOMPU:LDARK
ebOCOTALLPCOM,INIDRA

50SYST-
UVFLG =
IFLCQw=
LEX1IT =

LirARN =
ICONPU=-
LEARK =
NOCULT=

LLPCOit=
INIDKA=

TRUE IF 150 SYSTEW DEFINED

TRUE IF CGVERFLOW CHECK PERFORMED

TRUE IF PLOT=COMMAND SHOULD RE WRITTEN
TRUE IF THE EDITOR IS TO MAKE
AUTOMATIC EXIT (SYST)

TRUE IF WARWINGS SHOULD BE WRITTEN
TRUE IF MESSAGE ABROQUT COMPUTATIONS

IN QUTPUT=SECTION SHOULD BE GIVEN

TRUE IF nOT VISABLE LINES AT SAMPLINGS
TRUE TF CONTIMUATION OF THE SIMULATION
1S »0T POSSIBLE

TRUE IF ¢OMWANDS SHOULD BE ECHOED ON THE LP
TRUE TF IMITIALIZATION OF DRapw

IPLT/ RPLT,INADRC JsIAADR,PLTCOMC )

FSTUNARY

/DATCOO,

FSHuVAaRy

LPLT -
IVADK -
IRALR =
PLTCON=

WUMBER OF PLUT=-VARIABLES
POINTERS TO VERTICAL VARIABLES
FCINTER TC HORIZOMTAL VARIABLE
BUFFER FOUR PLOT=COMMAND

NSTVsIVARSC JD,185YSS(C )

FSTY =
IYVARS =
ISYSS =

FILE,
FILE
OUTF -

1 <

;‘:SH‘I'AR
WSHVAR=

NUMBER OF VARIABLES TO BE STORED
POINTERS TO VARIABLE HMAMES
POIMNTERS TO SYSTEM IpENTIFIERS

TF

STURE FILE WAME
MINIetAL TIME INCREMENT

NUMBER OF SHOWED VARIABLES SINCE AXES

IR HAINsDHANIINS DV

HEEIN -

DF -

RORIZONTAL WMIMIMUM
HORLZONTAL VALLUE PER CENTIMETER



mh(.r;(‘-.ﬁnr;nr)nnnr;ur:nnnﬂrnnr‘,(:nnmnnnnnn(‘;nﬂr‘.nﬁﬁ(‘.nnﬁ

O, O Oy Ol O

TS Y 3y K O

e TESE SN B

VIl = VERTICAL B IwIMUM
(TR - VERTICAL VALUE PER CENTIMETER

JERK&EL/ EPS»=EIGKHTC )
EPS - ERROK BQOUID
CEIGHT= ERRURK VEIGHTS

ipba/ 1alG
1hiG = SPECIFIES INTEGRATION ALGCRLTHN
i HALPC
i RK
i RKFIX

[N AR R 7

i ARKS/ 11 ARK s o B s THRKZDTHRK
I"ARe = TRUE IF MARKS VANTED
FFE SPECIFIES W“rICH MARKS
THRK TInE FOR “EAT MARKS
ETMRK = TIME DISTANCE RETWEEN MARKS

JUSER/ LSTOPALDARKsLCALUS,NRESUM/LFIRST,NOPLOT
LSTCP = TRUE IF SIMLLATION SHOULD Bt STOPPED
LUARK = TRUE IF DLARK LIKE
LCALUS- TKUE IF THE SUBRCUTIEM USRSUB SHOULD BE CALLED
NKESLit= wUMRER OF DISCRETE SYSTEMS THAT HASN'T
PRODUCEN A pISCONTINUITY
LFIKST- (RUE IF SYSTS CALLED FIRST TIMES
HOPLUT= IF TRUE WC FLOT

/DESTI o/ ISYST,IFART
i5YSYT = SYSTEM nNUNBER
IPART = PART MUMEER

[L5YSTo/ 5YST
1 SYST = SUNBER OF EXTERMNAL SYSTEHS

/A Lubl/ ALl
Calih = wlUeded OF ELEMEMNTS In THE ALLOCATIGN AREA

[TLvEs T

1 = THE SIMULATION TIME
/STATES/ X ()

X - STATES OF CONTIKUOUS SYSTEMS
JDERS/ LX)

b - DERLVATIVES OF THE STATES

JCHFY ARSI LOLEsIASYSTAISYTYP/LERR,IVARTFIVARZSIVALT/IVALZ
LreLENTRTI,LENTR2,LENTRS
GCBE = COMPILER »ORE
13 3YSTEM HEADING

c:

3T DECLARATIONS

4

5% InITIAL=SECTIOuW
o OLUTPUT-SECTION
7e OoYNAMICS—-SECTION
&t COMNECT=SECTION
G EHD

1E5YST= 1NDEX FOR ACTUAL SYSTEH
1SYTYP= SYSTEw TYPE

e COLECTING

2 COHTIWIQUS

353 DISCRETE
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Wl AVARTAES I oW
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c

lerRrk =
LvarT =
IVahe =
Ivact -
ivape -
L -
LENTRY =
LENTRZ=
LESGTR3-

FiiAPRTL war( ,2)

HAD .

A 10

ERRURE FLAG

INDEX FOR LOWER B8OUND IW VARIABLE TABLE
INDEX FOR UPPER RBQOUNDp IN VARIARLE TABLE
POIANTER 1IN THE VALUE TABLE

POISTER 1 TAE LITTERAL TABLE

POIWTER I™ THE PSEUDO CODE AREA

FOLTER TO INITAL=SECTION

FOINTER 170 GUTPUT- QR CONMECT=SECTION
POINTER T OYNAMICS~=SECTION

SPECIFIES WHICH STATES THAT BELONGS
TO EACH DISCRETE SYSTE#H

FCVLDY LSK PALSANMPS( )

LSAtP =
LSAMPS=

TRUE IF SAMPLING IS TO Bf PONE
SPECIFIES WwHICH SYSTEMS THAT IS TO BE SAMPLED

[LLITa/ FPSCaVARSNMVAL,X

ap3c -
MV AR -
H¥YAL =
R -

WUMBER OF ELEMENTS 1IN PSEUDO COpE AREA
NUMBER OF ZLEMENTS In VAKIABLE TABLE
NUM3ER OF ELEMENTS IN VALUE TABLE
HAXIdM WUMBER OF STATES

/SI1urn/ T1eT2s0TsLCONTLIARK

Ti=
Te=
DT=
Lot =

LriAKE =

START TImne

STUP TIJE

TIME INCREAENT

LOGICAL VARIABLE TOC INDICATE IF CONTINUATION
OF SIVULATIQON IS WANTED

LUGICAL VARIABLE INDICATING IF WARKS 1S WANTED
VURING THE PLOTTING

lARSIAY/ Al rri2ed1sVe

1] -
P -
Y _

Ve -

LAST HORIZOWTAL wINIMUM (AXES)
LAST HORIZOwWTAL mAXIMUM

LAST VERTICAL MINTAUN

LAST VERTICAL ™MAXIMU™

FAKLNF/ LXJdrIydsxAXsYAX

LAKIATY
AR A YA X

= URIGC FOR AXES (TEKPGINTS)
- LENGTH OF AXES (CM)

SUBRUUTINE RERUIRED

IS
S IEa
SIANSY
SIvd

ISYSIAF! Inu

/:"'S:/ Ind

ON/ALLCuﬂ/IDD(3)
W FPSCOOES Toun

11¢1500)
e C10uddspln2CS00)
3C30LW)

C151) 2 pu6(25)
25(4),DUNSC2)

(32

V(SS)IDU.'Q(‘OAI)
GCIS1) L 0lM10(107)

ON JEXTCOMS IpuUN

uN SENTRYSY, Lou

O fENTRY/ Idui7

Ui /PnTSY Ivdia(7?)
AW /LCWINE/ I

Uis JERCINF/ IDYY
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SUBROQUTLWE 3YSTS
AUTHOR, C,RALLSTRCOH 1976~33=24,

DIMEMSICOHN S(8&)
COAMGRNIVESTIN/LSYST AL DU
COMAON/NSYSITS/RKEYST
COMMQN/ HALLOC/ S
CUMMINSSAVEARILIS(7)

quST:Z
LS=5A

v TO C1,22,18Y357

CaLL SWOISEC'NOLSAT»0561)#8)
EETU'\'!I
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SuerROUTLIVE AUT
SYSTedr pEFLRLTION OF Anw AUTOPILCT FORK SHL1P.

AUTHUR, CL& ALLSTRGM 1976=03-18,
REVISEDs CoKALLSTROM 1976=06=01,

SUCRUGUTLHE REGULIRED
AUTP3
STUR
ICENT
InPU
OuLIPLT
TIANF
PAR
PARV
VAR

VARV
CIVENSIUn winSTCG) s AMEASC4) »aSUNC4)2SC(34) PP (1Q)
COGMUN 7DESTL/ IDUA,IPART
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TESTC(A) sBRsPVU,RLV,ARKVD ,VCCNST,UMIN,VEMAXA VO, TRECTD) »
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IRESKATRALAIK QX s TMiXo TWVC,INV, IPEGVAIAKVAILOS, IREGYT/IREGPIPID,
ISTrv nsrvgeliCleC2rKeIREGY,» IYiuws I TIY,IT3Y,174Y,1PK,IPC,IPR,
EPSCad s vV s PV PPLSS) L ERSTIT(2) #EDFLA2) »VLOST (2,
Eiv 1 C2) s Clis EDELTALEPST 2, VLOS2sEMNMZ .
FMEASUM(al) s lVVTa
KCE)+PSLA) DD C(R)20DOLDAVYV(L) P VV2oVOV,VUY2/AKY #
PFCTsPFUZsLELOLDZVOLDZROLDFDATC46) sSEINTI/RRFIAINTZ,
AILTarSTD,STV,SLT,SL2eSL3,SL4srSL5ADURCTIC)
IRKALAEVvAINERSCA) s IRY T2 IR, HCruAR,NPAKIPNDATeiDAT,
Wb e T lRY P ITT 12 ITLH321TI0M4sIF,T1sdsL

GC TS (iudrlUs300abu0s500,000,700,800) 4 IPART

Caclk IDERTOYDISCR',YAUT')

RETUWKN

CaLl InNFUTCOELY,'DELWY)

CALL TNPUTULOELTA(1)»'DELTA")
CALL InPuT(y1(1) V)

CALL T 9PUTC(R(TY, M)

CaLl InPCT(PSIMA'2ST0Y)

CALL InRPUTAPSII,"RSTI'Y)

caLll InwPUTCLs'dt)

caLl IwPdTlans’ant)

13



CALL
CAiL

CALL
CalLlL
CAaLL
CALL
Chll
CALL
CALL
Ciklb
CALL
CALL
ChLL
CALL
CaLlL
CALL
CALL
CALL
(ALL
CALL
CaLl
CaLL
CALL
CALL
CaLl
chLL
CALL
CALL
CALL
ChLl
cavl
ChLL
CAaLL
CrilL
calL
CiLL
ChLL
ChaiLl
CALL
CaLL
ChLL
oA
CoLL
ChLL
Chrl
Civl
CaLt
Gril
CALL
ChoLil
ChriLL
Criil
Crui
ChrLlL
Chil
CALL
CALL
Chul
cALL
ChLL
CALL
ChLL

QUTPUT(UELCC,'DELCC")

TSaMP{TS,'TS")

FAR(UT,'0T")
PA<(PREF1,"PREF1")
PAR(PREFZe'PREF2")
Pak(Rus*RUY)
PARCTS,'TO"Y)
PAR(DLIm, ' DLIMY)
FAR(BB,'3R")
PARCEVUS'PVLY)
PARC(RLVS"RLY")
FARCARVOA"AKVOY)
PARCUVCUNST, " WVCONSY)
FARCVICING "ViINY)
PAK{VMIALs "V AXY)
PAR(Vu2VOT)
PARCRLA"RL")
PARCBLLA'D DY)
PAR(GE,'321)
FAR(ART,TAKTY)
Fak(anzs'ak2')
PARCAK3,YAK3')
PAR(FSIMX1,'PSIATY)
PAR(FSIinX2,'PSIAZ")
PAR(FSIMX3,"PSTIX3")
PARCEPSTY,'EPSTYY)
PAR(EFPSCY,'EPS2Y")
PARCEFS3Y,'£pPS3Y")
FARCCIY,"CIY")
PAR(CZY,'C2Y")
PARCCIY,'C3Y")
FPARCAATY 2 "AKTY )
Far{an2ystaxzy")
FAKCAKIY,'AK3Y )
FARCARGY,» "ARAY )
PARCAKSY,"AKSYY)
FPARCARGY,"ARAY D)
PARCARTY S "AKZY ")
PARCANBY s AK3YY)
FARCBULTTD")
FARCEV,'BV!)
PARCALA e A LAMY )
PARCALREGK,'"IREGK")
PURCALKEL, "IKAL'Y)D
PARCALRMX e PIKHXY)
PAKCALFpAe"TwiX")
PARCALIVVC,"IVYCY)
PARCAIVYSYIvYY)
PARCALREGV,"IREGV")
PARCALAK A" TuKy'")
PARCALRYT,YLIRYTY)
PARCALREG,'IREG")
FARCAIPIDAYIPID')
FARCALST,'1STY)
PARCLMAZYNATY)
PARCARB, "HE")
PAR(ANCI,"NCTYD
PARCANCZ,"E2')
FARVAK, 'k ")
PARCALREGY,'IREGY")
FARCALYAwWe'IYAW")
PAR(ALT Y, 'LT1YY)

14



Cl

30¢

CALL
CAlL
CALL

Chki
Chrli
CALL
CALL
CALL
CALL

CALL
CaLL
CrLL
cattb
tnlLL
Catl
cacl
CaLL
CALL
CALL
GCALL
LALL
CALL
CALL
Chll
caLl
ChLbL
Chel
caLl
CAaLl
CALL
CALL
Calt
Crib
CaLl
CALL
CALL
CALL
cALL
CaLLl
CALL

ChiL
CriL
CALL
CALL
CALL
CALL
caLl
vail
CALL

PARCALTEYL,'IT3Y")
PARCRITL&Y,,"IT4Y )
FurChalLus'ILO")

FPARV(AMSLsb4r,'mSUY)
PARV(AKK, 32, "AKK DY)
PARVCTEST »a4s'TEST")
PARVCTHUZTL,YTHS')
PARV(PPU,TL,'PPUY)
PARY(SC,34.15C")

VARCDELCSA'UELCS")
VARCDELES,"DELES")
VAR(VES,'YCS )
VAR(VES,"VES')
VARCYIES,"Vv1ES')
VARCRZS,"RES")
YAR(PSIES,'FSIES')
VAR(PREFS,YPREFS')
VARCRREFSA"RREFS")
VARCVESTSA'"VESTS ")
VARCYVS, "WyS)
VAR(DUES,'DUES!')
VARC(DTES.'"U1EST)
VARCEZ2ES,"DEESY)
VAK(D3ES,'D3ES!)
VAR (AGORS,T10DY ")
VARCEGELSA'EDPELS")
VARCPV L' PY')
VAR(CH,"CHY)
VAR(EPSIZA'EPSIZ2Y)
VARCVILOSZ2, 'y 082")
VARCEMZ s "Erm2 ")
VARCALIV VI, IVYTY)
VAK(EFSIms"EPSIWY)
VAR(SPS1iv0'SPSTIAY)
VARCEDELT,YEDELT")
VARCSOELTAYSDELT!)
VAKCENN, YENE YY)
VARCyL1#"vL1 ")
VARCVLZ2 VL2 Y)
VAR(FLL,"FLLY)

VASVIAMEASs4, " MEAST)
VARV OTHs13s"THY)
VARV(EPS,4,'EPS1)
VARV (PPLA1C,VPPD!)
VARV(EPSIT,2,'EPIT")
VARV(EDEL#2,'EDeEL')
VARV (vLCST,2,"VLST")
VARV (ENITT 22, YENMTY)
VARV (hinSUMrd,s " WMSLFHT)

RETURD

cT=1.

FREF1=U.
FREFZ=45,
KO0
TE=100004y.
vlL1v¥=3>5,

H8={,

8Jé

FYUST,



>
>
1l

fl
LN wve

>
iy — .

o

A S

i

-
DI VAR RN S

-
-_ = e D

i :)‘:
VR K
CEYES
(=6

-

e

A . —
i1

WON T U WA
.~ <
n

.
¢
—

|

\_
3
H
e
E

— A kT
X [}
o y

7
>

)
Y
Al

R
*

ML RYT
SIwER
SIFIY
S 18T=

3
o
L
[T A
- aa @

o 0
O -
n

i

. »
r-«_ll”\ U
P i
v ITVY
I T3y
PN
RILU=E

T
~
N VSR &

'y

JUNYNY o N T

A

S o

I -«
[URRNAY]
N

1.

-
L
b
(VR

LR
—rt
-

Iu
:)‘4
U

| a

1
s

Ja
j-
[
'J-
L)
=
L]
=l

=

b £

b

Do~y e

LWL IR W O N

el

ny

[y

R ol v W
[ SR

(W
(VS
Lsi
j

JosbEea
Gl E=y
P5e=5
L2yl =2

H
U

™o
i
[V

A

-



ARK(&8)=2.,562E=3
AKKLG)=,,23%5¢
ABKK(10)=0,3541
AFERCT1T1) =4 ,45RE=3
nKR(Te)=9, 206FE-5
AKKC13)==9,173E-5
AKK(14)=7 ,462F=3
PEK(19)==5.8864E~4
AKR(T18)=7,36(F=6
AKK(17)=~3.960E=2
AXKKCTE)=0.1157
AKK(19)=3  &q9E=3
AKKC2L)=1,717F-3
AKK(g1)==1,692E=3
AKK 22)=5 LB2E=4
AKK(23)=2,932E-3
AKKC(c4)=2 ,5U7E~0
WKK(25)==(,5298
AKK(26)=1,¢57
AKK(Z27)=yu,3351
AKECZ8)=1,843E=2
Ak (29)==1,827€E=-2
AKKCSC)=9,205E=3
ARR(31)==5.871E~¢
sKK(32)=2,5998=5
TEST(1I=u, 07l
TEST(g)=u, Lyt
TEST(3)=J,u33
TEST(4)=y, Ll
The{1)=1d,.0
THLU(EIS=12.9
THL(S)=3,¢6

THO(4) =,

THG(S)Y =045
Tho(e)=g.30
Thiu(7)==5,3
THU(B)YSue, &
TRE(FY =0,

TROCTUI =0,
PECC1I=TC0U,
FRUCZ)I=T00L.,
PPC(3)=1000U.
PPUCAI = Lyt .

PPUC5) =9,
rEG(e)=T,
FRUC?)STu00D,

PRPUCE)=00u,
PRPUCSI=y,
PRCCICI=u,

p0 310 I=1,53,2
sccly=1,

sC(I+1)=0C,

KETURI

TS=T1
IREGK=AIREuN+( .1
IKAL=SRINALY G,
IKFMASALEK Xt
IFXSaliix+0.1
IVyCsalvy(tu,
IVVEAIV YU
IFEGYTALREGV+(, 0
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vy

224

(o)

Lo SN o' BN o)

%

FEUe3418060 %5,
FREF=PKEF

LF(T JGE. TU1) PREF=PREFE

PSIREF=PRLF

IF(PSIREF LT, G.) PSIREF=PSIREF+3A(,
KREF=(.

IF{Y LJwE. T31) RREF=RO

3

CAcl nUTP3

PSIE=RPS[(2)

IF(PSIE 5T, 9835.) PSIE=FSIE=360,
Lo 5us I=%+610

L=Iw(I+i)/c

FPUCI)=PR(L)

IFCILO) 51¢+510,510

IFCITIME=ILG) 51445124514

FLL=C.

SUlil‘l:lJ-
SLUid=u.
stid=i.,
sbmé=C.
SLA"IS=C‘-

FLL=FLL+T,

SL1=FSLlr=PrEF

IFCSLT WLEs =150.) SLI=sL1+360C,
JTFCSLT 6T 182.) SL1=SL1~360.
SUMT=Surn 1+35L1

SLMESSUM2+SLTI*SL1

SL3=30n340ELR

SUMG=SUNMGHUELI ADEL M

SUMS=SUrS+rP/ (K *L*CUS(CGR*SLT))

vELCSSSC(I I *BELCU+SC(2)
CELES=SC(3)*0ELTAC2)+SC(4)
WCEESC(S) v (1) +8C(H)
VESSSC(7)*v (2)+SC(B)
vIESESC(F)*»y1(2)+s5C( ()
RES=SC(TT)*R(Z)+5C(12)
PEIES=SCU12)*FSIE+SCC(14)
FREFS=SC(ID)*FREF+SC(16)
AREFS=SSCCI7)*  REF+SC(18)
»Est‘SC(1v)*\EST+SC(¢u)
YOSSC(21d*vv/CRY+8C(22)

SUESSSC(L3)%0ELTAC+SC(24)
CITES=SC e8I *p1+5C(26)
VEESESC(27)%Dg+SC(ZR)

G3cd=8C(e9) *03+S5C(35)
uiOub=SC(31)*FLuAT(MuDYAw)+sc(32)
EOELSSSC(3B)*EDELTA+SC(34)

uC 520 1=1.4

af EASCLI)=v EASC(I)
ArSUMCIY=FEASLMCL)
wIVVI=Tv v

RETUR

TS=T+0T
HETURL
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SUATAFLL
St/ FLL=cFS1hxEFrdLr

<
Gy
LA ¢4t
S 4
non

SPSIM=SGRT(YPSIN)

,_
-
—
-
e

1men y

]
IFAVEELT Lut,. 40 SCELT=ESCRT(VOELT)

o Emsbas /i rel
% Shciel FlptrenamvDELT

=vicdrainiktucl*epiL T
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76

18

4]

* % % % % H X % F F % F X * % X % X *

SUBROUTLNE AUTP3

ALTCGPILOT FOR ShiP, INCLUDING KALMAN FILTER.
SELF=TUwliso RKEGULATOR AND PIDp=REGULATOR FOR
STRAIGAT CUURSE KEEPINGs AND YAw REGULATOR,

KLTHUR, CL.KALLSTROM 1976-02-22.
KEVISEDs C.KALLSTROM 1%76=-04-01.

SUBRCUTINE REGWUIRED
STUR

CCuliGii /DaTh/ ITIME,LIDELCAMODYAWSIDEXP,ISTBD,IPORT,
IFLAGPIPRINTAINAUT,IKX,MEAS(L) s
DELCC,DELTAC2),V1(2)sRC€2),PSIC2),DELU,DELCOM,DELTAS,L,AN,
PsVESTsPSIKEF,RREFADLIMAV(2),DELTADSD1,02,D3,THC(10)
CORICK e PLAPIZ,AL ALY 2AT11,A122A142A15,8212R22,A24,R25,
R31¢n32sA36sh38,ALL,AL5,B11,621,B31,B41,AK(8,4),
TEST(“)IBBIP\IE;RLVIA'\VD[VCONST;VMIN’VMAXIVOITHD(1D)l
PPOCTU) 7 RL/BG2U2,AK1 4R 2/ AK3/PSINXT1,PSIMX2,PSIMX3,
EPSTY,EPS2Y,EPS3YsCI1YsC2Y,C3Y,AK1YSPAK2Y P AKIY AKLY,
ﬁKSYlAKOYIRK?Y;AKSY,&D;BV,ALAM»DELAMP,PSIO,AKID’
IREGKIIKALIIKHXIIHXIIVVCIIVVlIREGVIIAKVIILOSlIREGYTIIREG'IPIDI
ISTrumeiggs N1, iC27KsIREGY,IYAWLAITIY,IT3Y,ITAY,IPK,IPC/IPR,
EPS(4) vV ,FV,PP(55),EFSIT1(2)+EDEL(2),VL0S1(2),

Enl1C2) s ChsEDELTASEPSIZ2/VLOSE ERNMZ,
FEASLIM(&E) , IV,

2 (&) sPSCa)sDDC3) s DOLDAVYVI(L)2VVR2,VOV,VEV2,AKY .
PFOV,PFUZ,LELOLD,VOLD/ROLDFDAT(46)»SINT/RRFPAINTZ,
FlinTerSTOsSTVASLT1,S5L2,SL3,SLArSLS,DUNCTI0),
IRKsIKEV,INEASCau) yIRYTHIR,NCANAB,HP,KT1oNDATANDATT,
MUTe N T A LAY rIT1WT eI TLri3eITI s IPAIrdsL

CUMFUTE THE SWAY VELOCITY V(1),
VET)SVIiCI) =ALTRR (1) *CGR/CKM
IFCINAULTY) ouslGeli

ILITIALLIZE LF InNAUT=T,

IVVI=IVvC

vV (1) SUR ORI
VV2SVVV O *yuv ()

VvEST=U

VAV (22=vvyv ()

VAV E3)SanaG, 1 ExChe

vV 4)SVCGnST
TECVVVOIVVTI)=vIn) 1Torl6,14
TFCVy VIV I)=ViAXRY 18,18,16
IVvvi=Ivil+l

GC TG 12

VVEVUV(Ivy)

VOVEVG/ v

VCvesviyxy Ly

LIRK=SIREBR

1EX=0

PELCCHS U
LELCu=U.

IFCIKAL) SUlHCecl

IF(MEASCTY) 22022026
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52 "F(L‘_,G(ﬁ)/ Shabir 5h
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cuv Ty Ja
Yy =1

58 I R A
“ P) L L
Lt ol L= e
Phkanlel= .
2 PEASL(L) =0
¢
2. shlLu= o,
s Clssvral g
<S(27=P53i i
PRU3IERPSLCTY
PSLAIERP LT
A=,
Big)=6
cLd)=u,
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C
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53
i>e

a2

O e
[

™ —= ) 3Oy

<

(97

Y
L]
[AY]

FP(L)=u.

CauT e

cO 6 1=l
ThCI)=Tny(l)
ENELTA= L.

STOS ] a=wsd

cP312=U.

L0S2=u,

El\"lz:g.

STVET =3V

I18TBC=y

iPORT=U

IP=IPR

IMALT=YU

IFCIREGRK) Clueduius?3
LFCIRK=LREUK) ToueldGedui

LGOP wITh Sa~PLIG INTERYAL IREGK,

JRK=]
FCIKALY 1400198102

saLitan FILTEKR,

SLS=CGR*pELCOr

SLISATI®AC ) +A12%3(2)+A14%K(4)+A15*X(5)+311*3L5
SLZTACI =K (1) +A22%x (2I+A2axX(4)+A25%x(5)+521%5L5
SL3=A3T=x (1) +432#%xC2)+x(3)+A3L* K (L) +A35%xX(5)+B31%5L5
ALGTAGAXX(4)+ha45%x (S)+B6q4x5L5

:‘\(1)=$|.|

»(2)=8L72

#(3)=30L3%

2{4)=SLa

ERPSCII=SDRELTACII*CER=A(4H)=X(5)=X£(3)

FRESC2) =y 1 (1) *CRkr/yNV=K(1)=X(2)*ALT/AL=X(6&)
FRSC3)=R (M) *CoR*AL/VYV=X(2)=%X(7)
EFSC4)=PSIC 1) *Cur=X(3)

IFCEPS(4) LLEe =FPT) EPS(4)=gpS(4)+PI12
IFCEPSCa) o5T. P1Y) EPSCu)=Eps(4)=-p12

FFCIKX=LR XY 106,703,108
IeX=IKL+T

8 16 I=1ra

I#EASCL)=]

GO T 1e2

S lew 1s1e4

IF(MEAS(L)) 112,112,118
IFCARSCEPS(I))=TEST(I)) 11&,118,114
ITEAS(CL)SI EASCIY+1
FEASUMCLI)ISAEASUR(I)
IFCIAEASCI)=1X) 1201164116
mEASC(L) =1

1vEASCLI=C

CONTI:edt

L0 134 114

IFCAEASCIDFYIMEASCIV)) 1300130,134

b0 132 Q=043

LFCCS J2d, 8) .ax-D, (FEAS(C1Y L,GT, 7)) GG TO 132
IF(Cy oZd, ) 4ADe (MEASC2) oG6T. 3)) GG TO 132
iFCCY 8@, 7) JAsD. (FEAS(3Y ,GT. 9)) GO TG 132
(i) =X () +ar(inrl)*EPS(I)

A 23



156

COmTINUE
CoONTILUE

IF(XKC3) oaLTe Ua? ¥ (3)=4(3)+P12
[FUA(3) .iaE, FPI&) £K(3)=X(2)=pl2

V(2)sViusx (1) /CK

R(2)Y =NV AC2)Y/ CALNCGR)
P§1€2)Y=x(3)/CGR
DELTA(Z)=(AC4)+Xx(3))/CGR

1 (2)=Vae (ACT)+XL2)*alL 1/ al) /CKM
JELTAU=A(5)/CGR

S1=VVRXIB) /A CKY

D2SVVRA(T7)Y/ CALXCAR)

o3=4C(8)/CGR

cOWPUTE THE FORwARD SPEED VV,

IF(IREGV) T6Lelourlbl
1FCIREV=1HEGY) 1302142,160

IKEV=T]

P3C1)y=PaIl(Ivv)

ey C1)=SoELTACIVYI=uDOLD
SOOLLEVELTACIVY)
SLISFLOAT(LRKEGK*IREGV)
SL2=pR*s 1 sLixop (2) /7 CAL*EL)
SL3= . TPYeSL2%3 2
WhRVSPVRSLE/ZLA

SL4=PS(1)=F3(4)

PF(SLA oLE. —i804) SLG=sSLG+36(.
TF(SLG 6T 1FR3.) 3L4=SL&=34U.
§iL5=¢53(3)=Ps(E)

IFC(SLS «LEs =i%ue) SL5=3LS+360.
IF(SLS .GT. 180.) SL5=SL5-340.
SLI=AKY

IFCIAKY LGT, ) SLT1=AKVU

N2 N2H+SLI*(SLA+3 ,*5L53=SLZ2*VV2)
Py=(Pu=aky *ARYRSL3) /KLY
pS(4)=pP3(2)

PS(S)y=pP3(2)

PS(2)=r3C1)

sp(Zy=on (1)

IF(uve) Téarlu3s143
Vi (1)=8unT(uv)

20 Ty a0
Jed(1)=-1,
VEST=V YV (172 /70KT

LYV E2)SUxTnGg

SV (3)Zanku. TE*CKH
yivy () =y 00T

IFCVVVELVyY 1) =vitlid) 152,158,150
TFAVVY CIvu 1) =VilaR) 154,154,152
TVv1=Ivyi+]d

U Ta 1438

yhvEwyv (Ivy 1)

JLVEVE/ W

AR R A VAV INE AVRURY

Co Ty dau

ireEv=IRev+Hl

24



C CCrmruTe The LuSS FUNCTIONS,
¢
160 ITFCILGS) 1riesibdest1de
162 1LUS=U
Cr.={;,
v 1od 11,2
EPSLT1(Ll=0,
EBELCI)=d,
VILOST(I)=0L.
164 Erwt(1)=4,
IN-Y¢} Cr=Cr+1.,
SLA=(Ch=1,)/Ck
o 160 1=1.2
SLZ=PSICL)~PSIREF
IF(SL2 .LE. =18uU,) SL2=SL2+360.
ITCSLZ aT. 18040 SLE=SL2=360,
ERPSITULI=SLI%EPSITCII+SL2/CN
FUEL(TJ)=SLY=EDELCI)+DELTACI)/CN
VLOS1(I)=SL1*VLOS1(I)+(SL2*SL2+ALAW*(DELTA(I)-EDEL(I))*
* (CELTACL)=e0EL (I)))/CH
iHa Ev T CI)I=SLI*ERAT (L) +P/ (CK¥*xUxCOSCSL2*CGRI *C )

17 IFCIPK JGT. ) IPRINMT=1
GG TO duu

IRK=IRK+

G
P

IFCIDEAP) ¢(G12201,7C0

[
p

LCOP v 1Th 3AsPLING IWTERVAL IREGYT FOR YaW TEST,

IFCIRYT=IREGYT) 2356+202+208

BNy CTO IO
-
-1

[
N

I#YT=1
SLI1=PSIREF=PFOI

PFUI=P3IREF

IFCHODYAR) 2C64,20680350

PATA PFOR2=PSIREF=SL1

IFUSLT oLEe =180.) SL1=S5L1+36C.
LFCSLT L3Te 964J.) SLI=SL1=36C.
1FCABSUSLT) =PSTI®X1) 5GC,500,302

;Uo IFEYT=IRYT+1

;Db IFCNQDYAW) S0U,S530,300

E LOUP wlTH SAGPLING INTERVAL 1REGY FOR YAwING,
;Ou 1FCIRY=IRESY) 39usr30c¢r392

;Jz IrRY=1

SLI=PSIREF=PFUL
PFOC=PSIREF
IFCSLT JiEe =18i.) SLI=SL1+36C.
IFCSLT .3T. 180.) SLI=SL1~360.
SLE=PS1(ILYAW) = PSIKEF
IF(SLZ ZLEe =130.) 3L2=S5L2+360,
IFCSLZ .oT. 189, SL2=SLZ~36y.
IFGA00TYRAw) 30%,30%,3u4
3Uus IF(agS(SL1)=PEI X3) 320,320,306
3006 IFCHGDYRu=2) 314,314,308
30e AOBYARST
3065 IFCSL2) 31us3700312
31 ARPFERREF
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6

60 To S&u
KK F==KR&FF
o0 TG 32u
IFCRRF) 375,315,318
[F(SL2) 30n,320s520
TECSLZ) 32ued20r,306

ARF=RREF*RASS{RRF)/RRF
SL3=r(IyaL)=RFEF

IFC(obYau) 52cs3227324
IF(HSS(SLW)'PSINXZ) 538,338,326
IF{MuDYau=2c) 328,832,325

LR Yin=n) 336,339,339

QuYar =

(TILit)==IREQY

ITLIM1=1T4r T+IREGY

1FCRRF +GEe Us oAiiDa SLY .6T. =EPS1Y) 60 TO 330
IF(RAF .iTe Us oAND. SL3 LT, EPS1Y) GO TO 330
(FCLTIMI=1T9Y) 332,352,330

CODYAWSL

nINT2=d,

IFCRRF «GE« Us sanNDe =CE2Y®RCIYAW) LLT. SL2) 60 TO 334
TFCRRF oLTw e aAD, =C2Y*R(IYAW) ,GT. SL2) GO TO 334
IFCRODYau=1) 345,340,350

LODYARSE

[TIMs==1RESY

ITIM3=ITIN S+iFEGY

1FCABS(R(IYA)) LLT. EPS2Y) GC TO 3238

IF(RRF «saEse Ua s AinD . SL2 v GT. -EPS-SY) GO T0 338
IFCRRF aicTe e wAsD,. SL2 LT, EFS3Y) GO TO 338
LTFCITIM3=1TAY) 360,360,322

SOUY AW T

ITIK4==1REGY

ALNTG4=d,

ITLMe=ITI: 4+ IRECY
1FUITIMA=IT4Y) 37U.37C,400

YAW PHASE 1,

SLA&=AK4Y*SLS
SLSSAES(LTI*REF)

LF(SLs .aT. 5L5) SLA=SLS
{F(SL& .iTa =SLS) SiL4==SL5
CELCOMS=v{iV2*SLG+EDELTA

50 Tu Seu

AW PHASC <d.

DELCUIS=Vive*x(aAKSY XS 3+akAYXaINT2) +EDELTA
AlNTZSALNTE+SLI*FLCATCIREGY)
50 T¢ 35¢

YAl PHASE S,

SLGSAKTY*SL2+AKEY*ROLIYAW)
SLITABES(U3Y*RRF)
IF(SLE GT. Su3) SL&=SLD
IFCSLE oiTe =SLO) SLa==3
DELCCT==V0veRSie

A 26
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GG Ty 369

Yaw PHASE 4,

DELCOY==VLv2* (ARTY*SLEZ+AK2Y*R{IYAW) +AKSY*AINTS)

ALNTU4=ALNT4+SL2*FL OAT(IREGY)

TF(DeLCWd LT, DLIM) DELCOM=pILIF
ITF(DELCU wLT. =uiLI%) DELCOM==DLI"
Ge Tu duu

IRY=IRY+

GC TO Yio

1 ITIALLZIwG CF STRAIGhT COURSE KEFPING,

JEivUl =1
SLTI=PSI(LST)-FPSIREF
LFOSLT JLE. =7180,) SLI=5L1+3617,

TFCSLT WG6T. 1&0.) SL1SSLTI=360.
CC bUe 151ey

LAETCLY=5L1

J=J+1

LG 4us I=jryd
U“T(I)=\.'.
DELOLO=CcoELTH
VOLD=Vv(1ST)
KCLD=ROIST)

P COYAw=y
Slh:'T:(:c

GC Tu 242

LCUP wi1iTHd SpeiFLIne INTERVAL IREG FOR
IFCIR=IRECGY) 560,57245647

Lk=1

SLI=PSI(IST)~FSIREF

IFCSLY JLE. =180.) SL1=SL1+300,
IFCSLT 2aTe 1804) SLI=SL1=361).
IFCIRID) 504,506,520

SLz=v(I&8TY=-VUILD
SL3=R(IST)=ROULD
VELD=viIST)
ROLD=RCIST)
GAT(1)=8L"

LFARC=T1) 514,506,508
IFCRCT) 512,512,508
JENABHLRK+ S
DETCIISSLZA VY
IFCNC=T) S94+,574,510
JEABTSKK+ D
DAETCIISSLS

GG TU 374
JENASFExK+D
CETCII=5L3

STRAIGHT COURSE

KEEPING.

CALL STUR(JAT,Th,PP'CUR,RL;NA:NABrWPrK1’NDATINDAT1;NU1rN1)

SLESVUVEXPL/(EU*EL+QR2)
CELCOM=SL2*DaT (NLTY+DELULD

A 27
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GOy O

uthow;-vtv2*<Ak1*SL1+AK2*R(IST)+AK3*SINT)

SIRT=SI.T+SLT1*FLULT(IRER)

IFC(DELCSM o GT. DLIM) DELCOM=DLIM
[F(DELCY™M -LT, =DLIM) DELCOM=-DLIN
LFCIDEXP) 531,531,800

LFCIP1G) 532,332,534

DELOLD=0ELCGH

G¢ TG 60U

IR=Ir+1
GC TU 9\_:0
CC@MPUTE THE ™MEAN PUDDER COMMahD EDELTA

IFCMUDYrW) 6ULAroLLLI0LE
TF(MEDYna=4) E0Urbub,60s
EDELTA=&DELTA+(STD+SD)*(GELCUN-EDELTA)
STu=(1.=3D)*STD/(1.,~30+5TD)
IFINGEYrn) ELEr806.50
EFSIZSEPSIc+(STV+BVI*(SL1-ERSIZ)
SL2=0cbkCOF—ELElLTA
SL3=SLT*SLT+ALAMYIL2*SLC
YLUSESVILUS2+(STv+aV)I*(SL3=V L (52)
SLR2=P/ CCKe*y*COSC(SLI*CGR))
ERIT2SEN2+(STV+aV)®x(SL2=EN#2)
STV=S(1a=8v)&ST1V/(1.=3V+STV)

a0 TO ol U

[DERNTIFICATION EXPERLMENT,
IFCIR=IAEC) T2Ur?C2r7(d

1R=1

IFCIST3D+IPORT=1) 712,734,710
IFCISTIBLY TUEA7TG,7006
CELJI=SDELARP

GC To 712

SELO=S=DELANP

50 To 712

UEL';’:':' ?

15TBo=u

1FORT=U

sL1=PSIC1)=PSIU

IFCSLT LiLEe =18C.) SL1=8L1+360.
LFCSLT .GTe 1804) SLI=ESL1=360.
DELCOUFSDELU=ARTIO*SL

GC T 53y

IREIRYT
5CTO J0U

IhoIlCaTe RUpLDER ChHANGE.

DELCUSOELCUN
LCELC=T

IFCIPC W07 w2 IPRINIS]

IFCIRPR) Y59,999.9502

AND THE LOSS

FUNCTIONS,

28
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EEVEA

Tub

799

IFCIP=LPR) SuUbeTubo599
17=1

IFRINT=1

L0 TO 99

IP=Ipti

RETURM
EhD

29



SUtﬁi:ouTl'

SELFTLNI
AT

RD
EXPLULITS

AUTHUR 2

THE ALGCARITHNA

CoRaALLSTRGH

£ STURCDAT e THoPIDU  # XL ArNEBsNPARTANDAT,NDATT,NUTLNT)

LEAST SGUARES IPENTIFICATION
ADMITS FEEDFURWAKRD AND

6 FEGULATUR BASED CR
U VARTANCE CUNTRGL.
SYIUMET=Y OF F.

1976=0c=1¢.

BASED ON THE HMODEL

is

YCT) 44 (10 %Y (T=K=1)%, o tA(NAI XY (TmK=NA)=
SUk (U(T=K=1)+5(1)* U (Tok=20+,, . +B(nB)*U(T=K=-8B=1))+
CCTI eyt (T==T04C(2)*y2(T=K=1)+,, , +CINCI*VNC(T=K=1)+EPS(T)

AT
uF
BE

THE

usS(T)=

APPLIED

FACH STEF Tnt LEAST SQUARES ESTIMATES OF THE PARAMETERS

FODEL

THE CONTROL VARIABLE UCT) TO
COMPUTED FROM

ARE CuliPUTED,
AT TI#g T 1S THEN

Ar (1) Ry (T)+, 0 o +AE(NAY XY (T=NA+1)

SECTI)RUS(T=1) =, e a=BECHB)XUS(T=NB)
CEC1I*y1(T) =0 e=CEINCI*VYNC(T)

APERE RE»B3E AxD CE AKE THE PARAMETER ESTIMATES

At JS T
WHEH ‘-SI

FEEDFORWARD SIGuALS v(T)
SIG=AL il

E SCALED COUNTROL SIGwAL I.E,., uS=BU*U

ALGORITH® FRCCESS OUTPUT Y(T) aND THE
READ AT TIME T AND THE CONTROL
TIYE T IS THEN COMPUTED

G THt THE
ARE

TC ¢E APPLLED AT

DAT= VECTOR OF DIFENSLGN Watap+t(K+42)*(KC+2) =2 COMTAINING

PRUCESS QuTPUTS Yo, SCALED CONTROL VARIABLES U

A0 FELD FORFWARKD SIGNALS V ORGANIZED AS FULLOWS
DATCT)=YLT) RETURNED AS Y(T)
DATCZY=YLT=1) RETURIED AS Y(T)
DAT(3)=YALT=2) FETURWED AS Y(T=1)
QAT (Hati 1))=Y (T=K=wA) RETURKNED AS Y(T=K=nA+1)
DATCwa+rt2)=58S(T=1) RETURWED ASs US(T)
DET(NA+R+3)=S(T=2) RETURKED AS US(T=1)
DATCin*ro+t2xK+2)=SUsS(T=K=rR-1) RETURMED AS US(T=K=NB)
DATCHAtrc+2xK+3)=vi(T) RETURNED AS US(T=K=NB=1)
DAT(Na+ld+2%K+4)=V [ (T=1) RETURKED AS V1(T)
DAT (it +3xg+42=v1(T=-K=1) RETURNED AS V1(T=K)
LAT(na+no+ (Kez) = (NC+1)=1)=VHC(T) RETURWED AS VI(NC=1)(T=K=1)
CAT Clupten+ (k+2) % (HC+E)=2) =y C(T=<=1) RETURNED AS VNC(T=K)

TH-

VEUTOR
ESTItATES GRGANIZED AS

UF DLIMEwWSION NP=MA+NB+NC COWNTAINING THE PARAMETER

FCLLOWS

THC1)==pECT)
THZI==AE(2)

TACKA)Y==AE (LLA)
TH{LA+1)=BE(T])
THLP A+Z)=BE(2)

THOLA+YNEI=RE(ivE)
TH(RA+NE+TI=CECT)
Trlin+ie+e)=CE(Z)

30



0 Cs

MOV CC GO T OO O Ty Oy

DT O OOy

3

()

TA(HA+Yw2 T L) =CE(NG)

P= COVARIANMCE SATRIX STORED AS FOLLOWS
PCII=P(101)
PC2I=P(271)
F(3)=pP(2re)

PCLI*(I=1)/2+44)=P(Ll,J)

PCuPx(jP+1)/2)=F(NFsnNP)

bUr= Duiiy VECTOR UF DIMENSION KNP

RL= SASE DF EXPONENTIAL WEIGHTING FACTOR

NA= NUNBER QF A=PARAMETERS  (maX 10, MIN O0)
M3= LUMEER OF B8=PARAMETERS (AX 10U, ®IN Q)
v 0= HUMEER OF C=PARAMETERS (®MAX 10, MIn 0)
Vo =hidageR OF TIME LDELAYS Iiv THE MODEL

(Mex ((46=NA=-NB+2)/ (WC+2))=2 » MIN )

HAb= WA+.B

pP= wario+ine C4aX 100 MIN 1)

K1= K+1

NDAT= wad+(K1+1)x(wC+2) =2

NOmTT= WiaT+1

PUT= nA+K+?

NT1= ul+s

SUBROLTIHE REQUIRED
NOME

DIMENSICN DATC(LE)»TH(1U) ,P(55)DLM(T10)

RES=0AT(1)=0AT (1Y)

DENCA=T,
DO 12 L[=i,uP
R=G

LO 1d Jd=T,nP

L=Ix(1=1)/2+J

IF (J.GTL1) Lsdx(Jd=1)/2+1

M=K+

IF (J.STawA) ni=f+K1

IF (JU.8TnWA8) u=2xK 1+ (J=NAB) *(K1+1)+7AB
KSR+P (LY*OAT ()

pUMCL)=R

M=K+ 1

IF (L.8TewA) ii=14K1

IF (1,6T7,8NAa8) M=2*K1+4(I=NABY*(K1+1)+NAB
BENOASDENOM4R*DAT (M)
RESSRES~VAT () *TH(])

DO 24 1=9,uPF
REpUM (L) /T0EROT
TACI)=TR{I)+R*KES

Q240 J=1l.1
LE1x(1=1)/2+J
PCLIS(P (L) =n*xid 1 (J))/RL

R=Ul

0) 3J I=T4:4P

L=1

IF (I.0T.uwn) L=L+K

IF (I.aT.nnt) LEmARTKTI+(K1+1)*(1~MAB)



ASH=TrR(II*DaT(L)

LU 32 r=dsnund
LENOATTI=]
VAT(L+7)=0okrT(L)
saT(adl)=x

fRETUrN

iy

32



