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TURN CONTROL OF SUBMERGED VEHICLES

1. INTRODUCTION

The equations of motion of underwater vehicles are highly nonlinear [].J—[3]

differential equations, derived from Newtonian mechanics , which mathematically

describe the hydrodynamic and flight characteristic of submersibles. It has

been the practice of engineers to use these equations to study the hydrodynamic

forces acting on the vehicle, with the aim of Improving its design and handling

characteristics. In the critical nonlinear regions, characterized by high angle

of attack and side—slip at high speed , the vehicle motion is high coupled

(lateral to longitudinal) and is very difficult to analyze. Significant insight

into the vehicle ’s behavior can be obtained by display ing the time history of each

hydrodynamic term , which collectiveiy produce the total force and moment acting

on the vehicle from instant to instant. In many cases of interest , for a

particular maneuver (e.g., depth change, or turn), only a few of these terms tend

to dominate . The engineer is then able to deemphasize the remainder of the terms

so that he c~ia concentrate on the few dominant ones with which he can more easily

deal. In this report , it is shown how these time—history displays aid the analysis[4)

of a vehic.e vhich possesses adverse depth and roll transients in a maneuver , say

a hard tu:~~. This analysis leads to a new control strategy which markedly improves

the vehicle ’s ~-2rfor~iar.ce.

An ez~ irica1—experimental study of the turn control prob 1~m is also presented

which coafirms t.he effectiveness of the new turn control strategy . A possible

implementa:i~ ’ using bath linear and nonlinear (relay) actuation [5] is given . Also

included is a study of manual strategies used in the past. where the pilot had to
compromise between rap id i ty  of the t u r n  and adverse roll  and dep th .

1



II. PILOTED RUDDER MANEUVERS

In evasive underwater maneuvers, there is a need for performing rapid

turns while keeping roll, pitch , and depth of the vehicle as stable as

possible. In an attempt to imitate the rudder maneuvers initiated by a pilot

w ”n such evasive action is required , 3 different rudder commands are selected .

These are

MAN1(t )= 3.5 * t

0.35 *

MAN3(t)= 0.035 *

and are shown in Fig. 1, 2 and 3.

p 30

Rudder
Deflection
(deg)

15
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Computer runs were made with these rudder commands for two cases:

(a) forward speed U held constant , say , by means of a cruise control system ,

and (b) forward speed varying in the absence of a cruise control system. Also

these runs are made both in the presence and the absence of LLCS, i.e., linear

longitudinal control system (existing in the NCSC Trajectory program). For

the case where the LLCS is a comparison of the vehicle response between the

vehicle response with and without cruise control is given in Table 1.

Table 1

Vehicle Responses with LLCS Off

la

With Cruise Control (U E Const.)

Time of Max Max Max
180° Turn Roll Pitch Depth
(see) (deg) (deg) (deg)

MAN 1(t) 13.2 —53.1 —71.9 415.6

14.8 ‘-58.7 —69.0 395.1

MAN 3 (t) 15.6 —61.8 —75.8 385.8

lb
Withou t Cruise Control

Time of Max Max Max
180 ° Turn Roil  P i t ch  Depth
(sec) (deg) (deg) (c~eg)

MAN1(t )  16. 6 — 2 8 . 9  — 2 5 . 3  116.5

18. 4 — 3 1 . 9  —21.9  116.9

~!AN3(t )  19.8 — 3 6 . 6  — 2 5 . 7  72 .4

It can be seen from Table 1 tha t  a l though the  180° turn is executed

slightly faster when the speed is held constant , the values of the

L .
_ _ _ _
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maximum roll , p itch and dep th are much larger than for the case where
the speed is not held cons tan t .  In pa r t i cu la r , the maximum is nearly

twice as much as for  the case where cruise control  is not utilized .

We believe a s l igh t ly  slower tu rn ing  time wi th  grea t ly  enhanced

response s tab i l i ty  is a good t r a d e o f f .  In the remaining invest igation ,

theref ore , we will cruise contrOl is turned off during rap id turn

maneuvers.

‘ext we examine the performance of the vehicle for these pilot

rudder commands in the presence of LLCS , the linear longi tud inal con trol
system (exis t ing  in the rou t ine  AUTO of the NCSC t r a j e c t o r y  program) .

The resul ts  are given in Table 2.

Table 2

Responses of Vehicle to Rudder Maneuvers

When Linear Control  System is Activated

MAN . Time of Max Max Max Final Final
180° Turn Roll Pi tch Depth Roll Pi tch
(see) (deg) (deg) ( f e e t )  (deg) (deg)

16.8 —29 .3 —21.4 70.2 —16.6 —3.2

1~~.6 — 3 2 . 3  — 2 4 . 6  71.6 —16.6 — 3 . 4

MAN , 19.S —36.6 —26.4 72.4 —16.6 —3.5

From a comparison of Tables 2 and lb i t  is concluded that

the existing l inear l ongitudinal control system does not adequately

reduce the adverse roll , p itch and depth—change during a p ilo ted

turn. This ~.oints to the need for better coordinated control

during rapid—turn maneuvers . In Chapter III we will deal with this

problem extensively. Howeve r, let us point out that among the

three pilot commands , MAN 1(t )  not only leads to a faster turn—around

t ime , hut also the val ues of maxium um ro l l , p i tch and dep th chang e are

slighter better than for MAN
2
(t) and MAN

3
(t).

5 
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The most s table and fastes t  turn maneuver , NAM 1(t) , is thus seen to be

the best suited pilot maneuver for evasive operations. For this

pilot command , the r ap id i ty  of the turn  can be increased by reducing the

dura t ion  of the ramp , but  of course at the expense of s tab i l i ty  of

ti~e turn. In the extreme case, this command becomes the same as the step comxn—

and (cS r
S+35°) for which the 1800 turn can be performed in 14.0 seconds.

This is accompanied by a maximum roll of —43.7°; see Table 3 for the

performance under a step rudder command .

Table 3

Vehicle Response to tiard Rudder (6r=+35
°step)

U ~ constant; LLCS utilized

Time Speed Pitch Depth Roll Heading
(see) (ft/see) (deg) (feet) (deg) (deg)

0 8.7 0 0 0 0

1 8.2 0.1 0 2.3 —9.5

2 7.3 0.1 0 10.7 —27.0

3 6.5 —2.6 0.1 —43.1 —52.5

3.8 6.0 —7.3 0.5 —43.7 —55.2

5.9 —8 .8 0.6 —43.4 —57.8

5 3.5 —15.9 2.2 —34.2 —10.5

6 5. 2 —21.0 4.7 —21.7 —84.0

7 5.0 —22.8 7.9 —16.3 —98.0

8 4.8 —22.4 11.4 —18.2 —111.4

9 4 .7  -21.4 14. 8 —17.8 -124.0

10 4 . 7  — 2 0 . 7  18.1 — 1 5 . 7  —136.2

13.6 4.5 —18.1 28.7 —16.1 —179.6

20 4:4 -15:1 43:8 -16.4 -256.1

40 4 . 3  -7 .9  7 2 . 4  -15.6 -488.1

6
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III. EFFECT OF K ANt) K TERMS IN HARD TURNv 4T

The vehicle considered (henceforth called USFRPV) is neutrally buoyant and

equipped with three control surfaces , bow planes ,stern planes and rudder with

maximum deflect ions of 200, 25 ° and 35°, respectively. Table 4 shows the time

history for a maximum turn—rate maneuver where the bow and stern planes are

undeflected and the rudder is at the maximum deflection of 35°. The run is made ~y

setting XD( 1) = 0 in the program and the speed is set at 8~66 ft/s. Qne notes the

Table 4

Turn Time Histories: Stern and Bow P lan e a t Zero
Deflection , Rudder at 35 degree..

Tic~ . Pitch Rate Pitch Angle Roll Angle Yaw Angle(rt/sec) ‘. (fc/sec) Depth (ft)(sec) q (Deg/Sec) 0 (Deg) $ (Deg) 4, (Deg)

0.0 0.0 0.0 50.09 0.0 0.0 0.0 0.0
0.5 —J . 1 0.84 50.00 —10.36 —0.02 1.90 —2.84
1.0 — 1 . 2 7  1. ’~2 49.99 —15.73 0.05 2.30 —9.50
1.5 :.:9 2.16 49.98 —17.81 0.19 —1.78 —18.02
2.0 2. -. 2.42 49.97 —17.83 0.07 —10.68 —27.04
2.5 C.~. 2.~ 2 49.98 —16.63 —0.76 —23.22 —35.82
3.0 ~.2? 2.2-. 50.05 —15.19 —7 .60 ~3S.3’ —43.89
3.5 1.23 2.09 50.25 —14.40 —5.41 —97 .64 —51.11
4.0 .25 2.23 50.64 —14.23 —8.95 —43.36 —57.66
4.5 1 . 2 3  2 . 1 - .  51.28 —14.20 —12.78 —39.80 —63.89
5.0 1.4: 2.1-. 52.20 —14.05 —16.46 —33.63 —70.17
6.0 1 .57 2.2) 54.82 —13.51 —21 .88 —19 .61 —83.63
1.0 1.73 1.83 58.15 —12.58 — 2 3 . 7 8  —13.35 —97 .80

F 8.0 1.22 1.65 61.75 —11.10 —23.29 — 17 .21 — 111.32
9.0 1.1- . 1.51 65.33 —10.52 —27.61 —18.44 —123.83
10.0 l.0~ 1.49 68.82 —10.83 —22.25 —15.84 —136.03
11.0 1.02 1.3~t 72.26 —10.85 —22.09 —15.66 —148.26
12.0 1.0! 1. -.1 75.65 —10.74 —21.86 —16.33 —160 .43
13.0 0.99 1.46 78.99 —10.83 —21 .72 —16.09 —1)2.55
14.0 0.96 1.47 82.28 —10.90 —2 1 .72 —15.99 ______

15.0 0.96 1.47 85.56 —10.89 -71.79 —16.33 163.09
16.0 0.99 1.48 88.83 —10.91 —21.90 —16.60 150.88
11 .0 0.93 1.48 92.10 —10.92 —21.66 —16.33 138.66
18.0 0.93 1.68 95.38 —10.92 —22.21 —16 .35 126.43
19.0 0.93 1.48 98.68 —10.90 —22 .35 —16.36 114.19

7



undesirable depth loss and large roll excursfot . The problem is to find thc

hydrod ynamic cause and then design a con trol stra tegy for the bow , stern and
rudder planes to counter the depth and roll variations —— while still maintaining

the high turn—rate. The first concern is the depth loss. Looking at a time

history of the toal body—axis Z force and the toal pitch r~ern,nt (right hand side

of equations of motion), shown in Fig. 4, we see that depth loss does not come

from the 2 force (which is negative , indicating an upward force), but rather is

due to a negative pi tching momen t wh ich cau ses a delayed d ownw ard pitch angle.

I
I

: Z Force
900 .

~~~~
. 900

Pitch Moment Pitch
Moment

600± _4_ ( lb s—ft )

~600

FORCE (1~ s) 
-
~

—
~~

——-
~~~~~~ ::

~1
L —600

-120O~~ ~~~—12G3

—1500 i— —liQ~

2 4 6 It 10 12 14 16 18 20

Fig. 4. Z—Force and Pitch Moment : Turn Maneuver with Zero
Deflection of Stern and Bow Planes , Rudder at 35 Degrees.8
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The time histories in Fig.5 are a breakdown of the dominant terms which cause

this negative pitching moment. The obvious fix is to use the stern planes to

counter the negative moment , the bow planes to produce an upward force when the

vehicle is pitched down . In general, the bow plane s on th is par ticular vehicl e
are margina1[~’ effec tive and produce only moderate 2 force and pitch moment.

500 -r Mq moment —
I 

Cross Flow moment

0.0

-500
Moment
(ft ibs) 

1000 -~~

I

—2000 —
~~

J
—25~)0 I

2 4 6 8 10 12 14 1C 18
t irle (ace)

Fig. 5. Dominate Negative Pitch Moment Terms: Turn Maneuver
with Zero Deflection of Stern and Bo’ planes, Pudder
at 35 Degrees.

Table 5 shows the turn maneuver with bow planes in maximum rise position 6
b 

= 20 0
.

and stern plane , 6 , held at 100
. This combination reduces the drpth excursion

to an acceptable level. However , the adverse roll motion is still present. The
solution to this problem is not obvious. The negative roll excursion results
from the negative roll moment produced during 0.5 and 2.0 second time interval

(Fig. 6).

9
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Table 5

Turn tine histories: Stern planes at —10 degrees .
~ ow planes at 20 degrees and rudder at S degrees.

Tine Pitch Rate Pitch Angle Roll Angle Yaw Angle
(sec) w ( f t /sec) V (ft/see) Depth (it) q (Deg/Sec) 0 (Deg) $ (Deg) q~ (Deg)

0.0 0.0 0.0 50.00 0.0 0.0 0.0 0.0
0.5 —0.10 0. 83 49.92 2. 61 0.82 1.66 —2.81
1.0 —0.07 1.62 49.70 3.97 2.61 0.05 —9 .38
1.5 0.21 2.14 49.25 5.85 4.50 —8.61 —17.71
2.0 0.68 2.32 48.61 7.73 5.62 —22 .75 —26.60
2.5 1.07 2.24 47.87 8.31 5.34 —36.77 —35.27
3.0 1.17 2.13 47.15 7.48 3.60 —45.13 —43.28
3.5 1.05 2.08 46.57 6.04 0.83 —46.99 —50.59
4.0 0.87 2.06 46.23 4.75 —2.40 —44.37 —57.44
4.5 0.63 2.04 46.15 3.88 —5.54 —39 .09 —64.16
5.0 0.53 2.00 46.3.2 3.65 —8.16 —32.44 —70.93
6.0 0.41 1.91 47.28 3.69 —10.97 —20.36 —84.75
7.0 0.60 1.75 48.68 5.07 —10.6 —16.89 —98.24
8.0 0.61 1.63 50.13 5.89 —8.76 —18.65 —110.82
9.0 ‘3.62 1.52 51.41 5.41 —6.62 —17.25 —122.63
10.0 1.78 1.49 52.46 4.96 —2.63 —15.65 —134.26
11.0 0~~ J 1.45 53.28 4.98 —2.70 —16.10 —145.67
12.2 0. 7~ 1.!.4 53.86 4.83 —0.85 —16.22 —156.97
13.0 0 .7 9  .1.45 54.20 4.57 0.77 —16.01 —168.26
14.0 2.22 1.45 54.31 4.47 2.18 —16.47 —179 .60
15.0 0.23 1.45 54.22 4.38 3.39 —16.92 169.03
16.0 3.42 1. 47 53.9k 4.23 4.41 —17.02 157.62
17.3 0.—S 1. — S 53.56 4.13 5.27 —17.14 146.16
18.0 0.~ 3 1. 4 ? 53.04 4.09 6.02 —17.53 134.66
19.0 0.42 1.45 52.60 4.03 6.69 —17.41 123.13

10



150

( f )

—100 —

—150~~ I I I
2 4 6 8 10 12 14 16 18 20

time(sec
Fig. 6. Total Roll Moment: Turn Maneuver , Stern Plane

at —10 Degrees , Bow Planes at 20 Degrees , and
Rudder at 35 Degrees.

603 — K4T
K

V

Moment
(ft—lbs) 150 —

—450 -t
,)

—60O~~~~~~ I I I I I
2 4 6 8 10 12 14 16 18 20

time (see)

Fi g. 7. K and K4T Roll Momen t Terms : Turn Maneuver, Stern Plane

at —10 l2egrees, Bow Plane at 20 Degrees , and Rudder at
35 Degrees. 
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Fig. 7 shows the two dominant terms which contribute to this negative

moment. These terms are

Kuv
V

and

K4T (u
2
~~t

2+vt
2
~~ an 1 ~~~t

2+v
t
2 4v

~
w
~

(w
~
2_v

~
2
)

(w
~ ~~~ 

)

where

u = axial velocity

v = side—slip velocity

w = plunge veloci ty

q p itch rate

r = yaw ra te

X
tail = distance from center of mass to tail (negative value)

and

— q

v = ~~r x . 1

K is a hvdrodvnamic coefficient less than zero
V

K ,rn is a hydrodynamic coefficient greater th in zero

Because the turn is to the left (yaw rate negative) . v will be generally

negative . One could reduce the effect of the K
~ 

tern b y red uc ing the rudder

de f lec tion , thereby reducing v. But this is undesirable since it would lead

to a concurrent reduction in turn rate. However , the second term offers an

alternative solution. In the turn (Table 5) one observes that

w
~ 

> 0

V > 0
i t- t

- .  2 2
V

t 
> W

t
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It is possible to reverse the first relation while maintaining the second and

third which would create a positive roll moment with the term. Clearly, a

negative w
~ 

exists if the vehicle is pitched down to fly at a negative angle of

attack. This can be oi tained by deflecting the stern plane to a dive position .

Because there is a larger time lag between the stern plane deflection and depth

response than between the stern plane deflection and pitch response , there will

be an appre c~iable length of time ,righ t af ter the pla nes are deflec ted ,where the

vehicle is pitched down undergoing little depth change , and thus pr oducing the

desired negative w~ . If this interval encompasses the adverse roll region , then

it would be possible to use this control strategy to alleviate the large roll

excursions. The stern plane must soon be sent to a rise position so that

significant depth change does not accrue from the dive position. After several

simulation studies , involving differen t magnitudes and transition rates , an

acceptable stern plane strategy was devised. Table 6 shows the time histories

of the vehicle ’s response. Fig. 8 shows the total roll moment time history for
thi .~; maneuver and Fig. 9 shows the roll moment produced by the K and K4T terms .

Table 6. New turn t ime hist or ies : Bow p lanes a t 20 degrees
and rudder at 35 degrees.

Time S V Dep th Pitch Rate , Pitch Roll Angle , You Ang le . S. Pin.
(5Cc) (fe/sac) (ft/see) ( f t )  q 8 ~i D e f l . ,  Ss

(deg/sec) (dog) (deg) (deg) (deg)

0.0 0.2 0.0 50.00 0.00 0.00 0.00 0.00 0.00
0.5 —0.3 5 0.83 49 .91 —0.32 0.11 1.92 —2.82 10.42
1.0 —0.76 1.56 49.67 —2.45 —0.23 3.44 —9.45 20.83
1.5 —1.12 2.03 49.3’. —4.32 —1.42 4.40 —17.83 25.00
2.0 —1.33 2.25 49.05 —4.80 —2.93 6.23 —26.73 25.00
2.5 —1.40 2.32 48.87 —4.52 —4.16 8.60 —35.54 25.00
3.0 —1.34 2.34 45.79 —3.80 —4.85 10.49 —44.03 25.00
3.5 —1. 21 2.34 48.80 —2.94 —5.01 11.16 —52.11 25.00
4.0 —1.01 2.33 48.86 —2.11 —4.83 10.24 —59.75 25.00
4.5 —0.78 2.31 48.95 —1.3 1. —4.54 7.66 —67.00 23.60
5.0 —0.53 2.27 49.05 —0.55 —4.31 3.61 —73.90 22.20
6.0 —0.09 2.13 49.29 0.59 — 4.55 —6 .67  —86.79 19.40
7.0 0.12 1.95 49.62 0.84 —6.00 —13.81 —98.77 16.60
8.0 0.06 1.82 50.16 0.33 —8.21 —12 .83 —110.28 13.80
9.0 —0.06 1.75 50.99 0.10 —10.07 —6.99 —121.83 11.00
10.0 —0.01 1.72 52.07 0.97 —10.66 —4.30 —133.54 8.20
11.0 0.25 1.69 53.28 2.53 —10.12 —8.98 —145.14 5.40
12.0 0.47 1.61 54.47 3.45 —9.47 —16.04 —156.49 2.60
13.0 0.49 1.56 55.61 3.23 —9.38 —1738 —167 .71 —0.20
14.0 0.43 1.56 56.78 2.96 —9.58 —15.58 —179.07 —3.00
15.0 0.45 1.56 57.94 3.30 —9.39 —14.58 169.40 —3.00
16.0 0.52 1.54 59.13 3.77 —8.76 —15.62 157.88 —3.00
17.0 0.55 1.52 60.25 3.84 —8.03 —16.34 146.44 —3.00
18.0 0.54 1.52 61.31 3.66 —7.42 —16.09 135.03 —3.00
19.0 0.53 1.52 62 .29 3.59 —6.90 —15.89 123.61 —3.00

13
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FIg. 9. K and K Roll Moment Terms: New Turn Maneuverv 4T

as I~escribed in Table 6.
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IV. COORDINATED TURN CONTROL SYSTEM

This sec t ion presents an emp irical—experimental study of the coordina ted rap id
turn problem. Basically , the application of hard—rudder , (maximum amplitude

step) or a slight modification thereof , will accomplish this goal. This,

however, predictably results in severe excursions of roll and pitch , and loss
of depth. It Is therefore necessary to coordinate the bow—plane and stern—

plane actions with the rudder so as to eliminate or minimize these Ill—effects.

In this section , a control strategy , and later a feedback system, will be

developed experimentally to achieve a coordinated rapid turn . The system will

be called ‘TU RN CONTROL SYSTEM ’.

= 35° : Open—Loop

The development of roll control is given In two phases. In the first

phase , we seek an open loop strategy to decrease the roll, dep th change ,
and pitch. In the second phase (page 25 ) we will implement the ideas of the
open loop strategy into a feedback mode . Since the vehicle is slightly
asymmetric , i.e. , responses to positive and nega tive r udder are no t iden tical ,
(see Tab~ e 7) the control strategy is to be found for these separately.

TABr,E 7

Demonstration of Need for Separate Analysis for

positive and Negative Rudder Trajectories.

ft Final Final Maximum Final
Pitch Roll 

_______ 
Roll Depth (ft)

+33~ -~ 3° -16° -44° 119
—35° —30 ° 1M ° 48 ° 149

Exp~-r inents were performed , initiall y , to determ ine the effect of

different bow and stern plane step—inputs upon vehicle response. A summary of

some of the runs is given in Tables 8 and 9

TABLE 8
= +35° (40 second runs)

EFFECT OF BOW-PLAN E (S 0)

Final Fin al Maxi mum Final
Pitch(deg) Roll(deg) Roll(deg) Depth(ft)

+10° —16 —16 —45 83

—10° —30 —16 —42 147

+20° — 7 —15 —44 39

IL —20° —34 —75 —39 164

15
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EFFECT OF STERN-PLANE 
~~b 

=

6 Final Final Maximum Final
____ 

Pitch (deg) _~~~~~~~~~~) Roll (deg) _D~~~j~_ (f t )
—5 —9 —16 —45 78

+10 —50 — 17 —34 169
—10 4 —17 —45 31

+25 —67 — 9 —19 86

—25 32 —22 —37 —86

TABLE 9
= —35° (40 second runs)

EFFECT OF BOW—PLANE (6 = 0)

Final Final Maximum Final

____ 
Pitch (deg) Roll (deg) Roll (deg) Depth (It)

+10 —22 18 49 111

—10 —37 17 47 175

+20 —16 17 49 66

—20 —42 16 44 190

EFFECT OF STERN PLAN E 
~
6
b 

= 0)

Final Final Maximum Final
e~ ) R oli (deg) Ro1i (deg) D~~~ h (I t )

—1-- 18 50 104

19 36 20.1

— 0 18 49 54

±25 —71 10 22 208

—25 31 23 41 —83

Fr o:~ th e ,~hove tables , it is seen that :

1. A ;trge positive initial stern plane deflection can reduce or even

eliminate the roll.

2. A small negative stern plane deflection can he used to control the

steady—state pitch.

3. A positive bow deflection of +20° wou ld he lp  reduce undesirable change
in depth.

Using the data In Tables 8 and 9 , and after mu ch experimentation , the bow
and stern p lane Inputs in Fig . iOa and lOb were determined.

16
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20- J )

Deflection Bow Deflection
(deg) \

Stern Deflection

s s5 10 \ i s  - - 35 40
time (see) ~ ~

Fig. lOa. Control Strategy For 6 = + 35°

Deflection Bow Deflect ion

\
\ 

Stern Def l ection

ti~~~~ sec)

Fig. lob . Control Strategy For 6 = ~~~~~~

The response to the above manuevers are listed in Tables lOa and lOb .

Fur ther , this response is compared to that obtained for the following simple
trajectories in Tables ila and lib .

17
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TABLE lOa

6 +35° (Our Strategy)
8.66 ft/s

TIME SPEED PI TCH DEPTH ROLL HEADING
(see) (ft/see) (deg) (ft) (deg) (deg)

0 8.7 0 0 0 0
1 8.0 —0.2 —3.3 3.5 —9.4

2 7.0 —2.7 —0.9 5.7 —26.7

3 6.1 —4.7 —1.2 9.9 —44.0

4 5.4 —4.8 —1.2 10.1 —59.8

5 5.0 —4.3 —1.0 4.0 —73.9

6 4.7 —4.5 —0.8 —6.0 —86.9

7 4.5 —5.9 —0.4 —13.2 —98.9

8 4.~+ —8.1 0.1 —12.7 —110.4

9 ~.3 —9.9 0.9 — 7 . 2  — 1 2 1 . 9

10 A .3 — 10 .6 1.9 - 4.4 —133.6

11 A .3 10.1 3.1 — 8.6 —145.2

12 ~.3 -9.5 4.3 -15.6 -156.6

12.8 .~..3 — 9 . 4  5 . 2  — 1 7 . 8  —165.6

13 ~.3 —9.4 5.5 —17.7 —167.8

i c  — .3 —9.6 6.6 — 1S .7 —179.2

15 - . 3 — 9 . 4  7.8 — 1 4 . 6  —190 .7

20 4 .3  — 6 . 4  13. 1 — 1 6 . 0  — 2 4 7 . 9

40 4 .3  — 1 . 1  2 2 . 1  — 1 6 . 0  — 4 7 6 . 6

T 18
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TABLE lOb

6
r 

= 
~~~~~~~~~ (Our Strategy)

TIME SPEED PITCH DEPTH ROLL HEADING
(see) (tr / sec) (deg) (ft) (deg) (deg)

0 8.7 0 0 0 0

1 8.0 —0.4 —0.3 —0.1 9.4

2 7.0 —3.9 —0.9 0.8 26.5

3 6.1 — 7 . 7  —1.0  — 4 . 6  43.5

4 5 .4  — 9.0 — 0 . 5  — 8 . 3  59 .3

5 5.0 — 8 . 8  0 . 2  — 4 . 8  73 .7

6 4 .7  — 8 . 7  1.0 5.7  86.7

7 4.5 —9.8 1.9 16.6 98.8

8 4.4 —12.0 2.9 19.0 110.2

9 4.3 —14.4 4.3 13.1 121.7

10 4.3 —15.8 5.9 7.6 113.5

10.4 4.3 —15 .9 6.6 7.3 138.3

11 ~~~. 3 —15.6 7.7 9.6 145.4

12 4 .3  — 14 . 7  9 . 6  16.8 157.0

13 4.3 —14.2 11.4 19.8 168.5

14 4.3 —14.0 13.2 1 7 . -) 180.~
15 4.3 -13.5 14.9 16.9 191.7

20 1.3 — 8.9 2 2 . 6  17.6 2 4 9 . 4

40 4.3 —0 .9 34.1 17.9 478.1

19 
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Table 11. Comparison o~ Control Strategies

TABLE a

6 = ~~3 5 D
r

Max Pitch , Max Roll , Max Depth , Heading
Time Time Time 180° Time

No Control —23.6 , 7.2 —43 .7, 3.8 119.0 , 40 13.6

+25 —42.6 , 40 —13.1 , 37.6 100.8, 40 14

= —2 5 33.4 , 30.8 —39.6 , 3.4 —115.8 , (0 13.6

USF — —10 .6, 10 —17.8, 12.8 22.1 , 40 14

TABLE b

6 = 35 C

r

Pitch , ~lax Roll , ~-~ix  D e p t h , Heading
Time Time Time 180° Time

No Contr . : 1 — 3 0 . 4 , 7 . 4  4 8.5 , 1.8 148.1 , 40 13.4

—2 5 — 5 3 . 5 , 40 18.2 , 3~~.2 128.1. !,Q 14
0

—2 5 31.6, 26.2 1 1.3 , 3.2 -105.3 , 40 13.8

12SF — 1 5 . 9 , 10.4 17~ Q , 1~ 34.1 , 40 14

20
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1. Ne control system (I.e., ~ 0, = 0)

2 .  6 = 25°, = 20° steps

3. 6 —25° , 6
b 

= 20° steps

All of these simple strateg ies are inferior or totally unacceptable compared

to ours.

The roll response of our control st r~ite gv is compared to the roll responses

of the above strategies in Fig.”. (Note: Al though the roll for the simple

stra tegy 2 may look accep table , the corresponding depth response is disasteroiisly

bad —— the  vehic le  dives  c o n t i n u a l l y . )

10

roll an;lc
(deg) 0 , . . ‘

, .

10 ‘ 20 ‘ 
~3O 40

I I

time,’(sec) ‘
~

I 

•—10 . — ,
I I~

I : 
_ _ _ _

I
—20 / 

-

0

—30 .
,~ 

— -- ~ no cont ro l

- -  = +2 5 ° , 6 = +2C °s b
6 ~

- —25 ° , 6 = +2 0 °
- 

_ _  b— 40 USF

10

5

10 
tIme (see) 

40

Fig.ll. Comparison of Roll Responses
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~r 20° : Open—Loop

To tc:~t th” versatility of our strategy , (large positive stern plane

aeflec tion ot. short duration followed by a small negative stern plane deflection

together with a constant positive bow plane deflection for the duration of the

~u n )  we next examine the case of a +20 ° hard rudder. The s te rn  and bow plane

inputs devised fer this case a re  shown in Fig . l2.

D e f l e c t i o n  

:

Fi g. l2a .  Control  S t r a t egy  For 6r 
= +20°

20

Def l ec t i on  \
(deg) \ Bow Deflection

Stern  De f l ec t i on
10

5’ ‘10 15 ~ ~1 3~5 46

Fig. l2b . Control Strategy For (S
r 

= —20°

22

- -—--— ~~~~~~~~~--~~~-- .  . -.-



.—---- _
--

The responses to these t r a j e c t o r i e s  are l i st e d  in Tables  12a and 12b.

TABLE 12a

= +20° (Our S t r a t e g y )

Time Speed Pi tch Dep th Roll Head ing
(see) ( f t/ s e e)  (deg) ( f t )  (deg) (deg)

0 8.7 0.0 0.0 0.0  0.0

1 8.3 — 0 . 4  — 0 . 3  2 .5  — 5 . 7

2 7 .8  — 4 . 2  — 0 . 9  1.6 —17.1

3 7.1 — 9 . 1  — 1. 1  0 .5 — 2 9 . 9

4 6 .5  —12 .5  — 0 . 5  1.7 — 4 2 . 6

5 6.1 —14.0  0.8 2 . 7  —55 .0

5 .4  6.0 — 1 4 . 1  1.39 2 . 17  — 5 9 . 9

6 5.8 -14.0 2 .4  -0 .4  -66.9

7 5 . 7  —1 3.5  4 .1  — 8 . 0  — 7 8 . 2

8 5 .5  — 1 3 .2  5 .8  — 16.0  —88.9

9 5 .5  —1 3 .4  7 .6  
~~~~~ 

— 9 9 . 2

10 5. 4 — 1 3 . 3  9 . 4  — 1 6 . 7  109.5

ii 5 . 4  — 1 2 . 5  11.3 — 1 4 . 9  —119.8

12 5 .4  —1 1.0  13.0 — 1 . 4 . 7  — 1 2 9 . 9

13 5 . 1  — 9 . 3  14.6 — 14 . 9  —139.8

14 5. 4 — 7 . 7  16.0  — 1 4 . 8  — 149 .5

15 5 . 4  — 6 . 3  1.7. 1 —14.8 —159.3

16 5 . 4  — 4 . 9  18.0 — 1 4 . 8  — 169.0

17 5 . 4  — 3 . 7  18.6 — 1 4 . 9  —178.8

17.2  5 . 4  — 3 . 5  18.7 — 1 4 . 9  —180.7

2~~.O 5 .4  — 0 . 6  19.4 — 1 5 . 2  — 2 0 6 . 2

2 0 .2  5 .4  — 0 . 4  19 .4 — 1 5 . 2  — 2 0 8 . 2

40.0 5 .4  10.6 — 2 . 6  — 1 5 . 7  —408 .4

23
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TABLE l2b

= —20 (Our S t ra tegy)

Time Speed Pitch Depth Roll Heading
(see) ( f t/ s e e)  (deg) ( I t )  (deg) (deg)
0.0 8 .7 0.0 0.0 0.0 0.0
1.0 8.3 —0.5 —0.3 0.9 5.6

2 . 0  7 .8  — 5 . 0  —1.0  4 . 3  16.8
3.0 7.1 — 11.1 — 0 . 9  4 . 9  29.0
4.0 6.5 —15.6 0.1 1.9 41.5

5.0 6.1 —17.6 1.8 —0.5 54.1

5 .6 6.~ —17.8 3.1 0.5 61.4

6.0 5.9 —17.8  4 .0 2 . 6  66.2

7 . 0  5 .7  - 17 .3  6 .3  11.7 7 7 . 6
8.0 5.5 — 1 7 . 2  8.6 20 .9  88.4
8. 8 5 .5  — 1 7 . 5  10.5 23 .1 96.8

9 .0  5 .5  — 1 7 . 6  11.0 2 2 . 9  98.9

10.0 5 . 4  — 1 7 . 8  13.0 20 .5  107.3

11.0 5 .4  —16 . 9  16.1 17.5 120.0

L .O  5 .4  — 1 5 . 2  18.6 17.0 130.3

5.4 — 1 3 . 3  20 .9  16.8 140.3

14.0 5 . 4  — 11 .3  2 2 . 9  16.6 150.2

15.0 5. 4 - 9 .5  2 4 . 6  16.6 159.9

lc .C 5.1 — 7. 8 26 .0  16.8 169.7

17 .0  5 .4  — 6 . 3  2 7 . 2  17.0 179.4

2 0 . 0  5 . 4  — 2 . 5  2 9 .2  17.6 208.8

40.0  5 .4  —10. 1  11.1 18.7 408.6

24
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As observed in the preceding d isc uss ion , the inclusion of a large positive

stern plane deflection at the beginning  of a hard rudder maneuver , effectively

r~ duces or el imina tes the snap rol l , ( f o r  +35° rudder , snap roll was reduced

f r o m  —43.7° to —17.8° when compared to uncoordinated hard rudder). After the

(initial) large positive stern plane d e f l e c t i o n , and i t s  g radua l relaxation to

zero , a small nega t ive  value is r e q u i r e d  f o r  the  d u r a t i o n  of the  m a n e u v e r  t o  c o n t r o l

and ma in ta in  d e p t h .  ( f o r  the  +35° rudder  case , the dep th  change , 119.0 f t  w i t h  no

coord ina ted  con t ro l , was reduced to 2 2 . 1  f t .  by our s t r a t e g y ) .

Also consider the case of +20° hard r u d d e r .  Our c o n t r o l  s t r a t e g y  f o r

this ease results in a max roll of —18.6 °  and a maximum d e p t h  d e v i a t i o n  of

— 8 . 5  feet. The corresponding values for the uncontrolled case , i.e. when the

+20 ° is not  accompanied  by s t e r n  (mci how d e f l e ct i o n s , are — 3 2 °  and 67 ft.

This improvem ent  is q u i t e  s ig n i f i c a n t .  I t  may also he noted t h a t  a 180° turn

is achieved  f or  the  two c a s es  (+35 °6 , + 20° 5 ) in 14 -o~~~eid and 1 7 . ?  secondr r
re .j ~e ct i v e .v .

C l e ~ ed Loc~
A f t e r  conp le t ioo  of p hase 1, w i t h  c o n t r o l  s t ra t e g i e s  determ ined fo r

±3 5 ° rudder  ~noaever , the a c t u a t i o n  of bow and s te r n  p l ;u i e  i n p u t s  is e x a m i n e d

in a f eedback  ~on f i g u r a t i o n .  This  i n c o r p o r a t i o n  of the  c o n t r o l  s t r o N ’ ) ~v i n t o

a c l o s e d  lc: -’ th e  s u b r ou t i n e  Al TO c o n s t i t u t e s  p u lse t w o  of r o l l  c o n t r o l

dcv e1opnen~~.

The r~~~’se~i feedhac~ s~ stem consists o t  two s u i 1 ~s’,’ .- c e ~~s:

2 ..— ~o ~e Act oat ed Subsy s t e n :  1 h i cons i s  t 5 0 1  t W O  ~ ~ i v e  re

b oc . ed b y the  vehicle vac.. — r:i t &  . They g en e r a t e  ( i ) a c o m p o n e n t

fo r  t h e  st e r n  p lane , and ( i i)  3 component 
~b I o r th e l~ow plant ’ . R E L

fu r n i s h e s  toe  short  d u r a t i o n  +2 5°  s t e r n  p l a n t ’ d e f l ect  ion it  t i n ’  b e g i n n i n g

of the  n a n c t t ’ver , and REL b a c o n s tan t +20° how p l a n e  d e f le c t  ion  t or  t h e

e n t i r e  d u r a t i o n  of r h . - r ap id t u r n  m an u e v e r .

L inea r  Subsys tem:  This  consists of t h e  long i t u din a l  c o n t r o l  s y s t e m

previously existing in the NCSL t r a j e c t o ry  p rogram a u g r n e n t e d  hv the  ~u t  p u t

of a leaky integrator , excited by dep th er ror , to the s t e r n  p l a n e  (see

F ig .  13). The i n t e n t  of the a u g m e n t a t i o n  is t o  c o n t r o l  ~‘ehic le  d e p t h  d u r i n g

rap i d — t u r n  as wel l  as to  f i n e — t u n e  i t  (back to the ordered va lue) in t h e

steady—state.
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Fig.  13 .  Turn Control System by A u g m e n t in g  the LLCS
(Linear Control System) by Stern and hew P lane
Relays and a Leaky Integrator .
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~‘ Actuated  Subsystem

The heading rate is the sampled quan tity because the roll is in t ima tely

related with large heading rate. We will use this signal to actuate the stern

and bow p lane’s in order to control the roll. In particular , the componen ts

and ‘
h 

are produced by pos i t ive  relays shown in Fig.l4.

ó ( s t e rn—p lane d e f l e c t i o n)
S

3

- L5 -O~~~~ ~~ 2 l .5
input  to stern-plane relay

‘.a) Relay fo r  S t e rn- Plane I n p u t
3

~h 
(bow—p lane  d e f l e c t i o n)

3

_ .11
-1.75 1.75

yaw rate

(h) Relay for Bow Plane Input
3

Fi g.14 . Posi tive relays for  gene ra t i ng
componen t 3 to s t e rn  and bow—plane i n p u t s .
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The inpu t to the bow p lane relay is the heading rate its ell because a large

positive bow deflection is required throughou t the duration of the rapid turn .

The inpu t to the stern plane relay , however , is a signal produced by the washo ut

filter (Fig. 15 ) which produces a transient pulse just long enough to actuate

the reky for a few seconds at the beginning of the turning maneuver. It should

also be noted that the relay is enabled for a duration dependent upon the

sever i ty  of t he  tu rn ing  ra te .  That is , the  hi gher  the turning rate , the longer

the  dev ia t ion  for  which the  relay y i e l d s  a +25° s t e r n  p lane s igna l .

The desi gn of the f i l t e r  is d i scus sed  b r i e f l y . For +35 ° rudde r  i npu t  the

heading r~~~ ..~ is shown in Fig .  16.

____________
I A ( 0 . 1 5 c -0 . O 5)  ~s3

—____________ - 
-0 .l 5A -ll—e z

Washout  F i l t e r

F ig .  15. Wa shout F i l t e r

5 10 15 20

t ~tr~ ( . ; er )

—D

h eading F~ct~-
(deg/sec)  —10

-15

Fi g. J6 . ~; R e - . pcnis ’

28 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ .- ~~~~~~~~~



The open ioop snap ro l l  con t ro l  s t r a te gy  had showit t h a t  th e  s t e r n  plane must

s l a v  at +2 ° from approximately 2 sec to  abou t 5 seconds. We therefore demand

the following approximate behavior from t h e  I l i t e r  to a step input (consider

the heading r a t e  to he l i ke  a delayed step Input , for the moment — see F i g . 14 ) .

Response  spec i t  i c a t i o n ~. for  a f i r s t  o r d e r  h i l t e r  to  a u n i t  S t ep

Peak at 2 sec

Decay to ~~
1 

= 0 . 3 7  f r a c t I o n  i t 7 Sec

Time c o n s t a n t  = 6 set ’

Pole 0.15

~~t e , I d \  State Fesponse = 0 . 3 1  i r . l - t  io~.

The tran ster n i t  ion n e st  t h e r e f o r e  be of t h e  form :
cs ~ 0.05H ( s )  = 

~~~~ 15

= c~ +

where  we — 
~~e t e r :~ b e  a s ui t a b l e  value f o r  c . Consider t h e  d e l ay e d  s t e p

C 1 —s= 
~.+O . + ~~

or i r  . 
~~~~ 12 h.’:

— 1 - S i 5 ( t— H 1 ,
= ~~~~ ‘ ‘ ~: t t ( t — . )

arc’:~ e .~~~~ ion is  i. ed to  d e 1 i~~. th~ .nrr . ’t t actlv ;i t ing

si .:n-i l :o s: rr ~ f.nie r e l ~~v , the ~~~ io n  was t n c o d . ’ ..i i nto i— d o m a i n , anti

Inc  . . . . in a di f f. r ’n..’&’ e pta  t inn . Th is  . ‘nt i t ~~ n : . - F,t t 0 1  is p u t  In 1 lie

a~ a f l l t ’ r , and is  ca l led  t i .  ‘wa ,ho t t  I i i t & ’ r ’ ~~~~

L , ( t ) . l 5 e —  0 .O’ )
y C - - - - -o. ~ : -

z

‘Jk~ I )  Q ~~~~~ P * PS I DOT

V 1) —Mi X (k)  ~ C * PSI DOT

wher e  * - --0.1 .Q c C~~~~1

~ i , . Y. — O.~l5I

* NOTE: ,~ [Sc(-N*DT he. ~i~i~;c t h e  s .1h r on t inc AU tO a c a l l e d  on lv em’.• eve F’ . I ~~ ON
h i t t -gr~~ I C-I n e t
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I, i nea r  S11~ , s \  -. em
A l e ak y  integrator is incorporated into the’ c o n t r o l  sys tem to include an

a ccu m u l a t i v e  depth e r ror  cor rec t ion  to the  s t e r n  p lane .  S p e c i f i c a t i o n s

for  the i nt e g ra t o r  are show .r in Fig.  17.

The d i t t e r e n c e  equation i n t r o du n e d  in c u b r o ut in t - Ai. T O [4 ]  is given below V ’l .
oS4 (k+l)  = Q * S4 (k)  + P ZERR( k + l)

whe re

= 
-0.05.~ = O .O O9A

Z
e 

= e .~ 0 .009 = 
Z 

~~~~~~0 .009 ,~
s + O . O ~ I T o  

— 

l — Q z 1
__ J

~~~ 1~~. Le~~~’: I nt e g r at or : Fro n  Z to Sle rn :,rlane

- :nn~~.er i .:.~- n€ ’r : r  ed by t h e  p o s i t iv e  ho’.,’ p lane r elay  a n t  ivated by

t h e  i-c - r

I~ z 3 n : r o l  (su ~:~.t!  ( - ‘a o! cor r .~ live n n a e v e r n  f r o m  t h e  r e l ay

I :~~~ar  ~on t r o i  svtoip m u  t a l ly  pre ’sen~ i n  s.ihro t ’. iii.’ A lTO)

a:~d s r e rn  1 1, 1, 10 i 1 t f 1 c ~- L t ~~i r s!r~~
,
~ i~ i n  F i . ~. 13 and 19 or

5 a;’2 — — . Th .’ + .. “ hard :u .Id- t ‘un.; -.~- I .  r o d ,  1. - ‘ . s ~ t i  ~~~~‘. 
r.z ii

I r i- n  ~‘ . -n . I ,vs:. n . the r i  1 t ’ . sp ’an. ’s f- i’ l—~ Y’ .,ni ~. ‘0 h a r d n i _ i c r

w i t h  t h e  t : t  .r’, . l r i c  c.’nrr i i t  i v ; i t . ’d arc c o n p : r t e ’d to t hose  obtain ed (a) with out

‘o .  s t e r n  p l.t:1 ’ or low plane control and (h) w i t h  our o p e n — l o o p  control strategy.

These are shn~’n in 1’~( g. 20 and 21.
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20 11\ 

_

Deflection 
,

~ 
\(deg) 

_____ Bow Def l e c t ion

10 Stern Def lec t ion

- 

10 20

t ime (sec)

Fig. 18. Generated Stern and Bow Maneuvers
fo r  +35° Rudder

20

I~~f lec~ on
(d e.~)

\ Row Deflection

10’ S tern  D e f l e c t i o n

liY 20 30 40
t ime (sec)

Fi g. 19. Generated Stern and Bow Maneuvers
fo r  +20 ° Rudder
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10 20 ~ 40

(d e g)  
-10 

(see ) 

-
-

—20 I 
,

‘ Cont  rol  Sy st e m

- - - Con t ro l  S t r a t egy

No Cont  rol.
—30

FU .  20 , R o l l  Responses  f o r  +20° R u d d e r

10 20 31) 40

-10 

1 ime (

—20 ( ‘ ou t  r o l  Sy s t e m

- C o n t r o l  S t r a t e gy

N o C o n t r o l
-30

\ !
-40

Fig. 21 , Roll . Responses for 435° R u d d e r
12
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The responses  of our c o n t r o l  s’n~’t e m  to  ±35° rudde r  d e f l e c t i o n  and +20°

rudde r  d e f l e c t i o n  are l i st e d  in Tab le  l3a and 13b and ‘ l a h i e  14a and 14b respectively .

TABLE l3a
- ‘  + . 15° ( A ut o m a t i c  C o n t ro l )

T I M E  SPEED PITCH DEPTH ROLL HEADING
(sec) ( f t / s e c)  (deg) ( f t )  (dug)  (deg)

0 8 .7  0 0 0 0

1 8.1 —0.4 —0.3 3.6 —9.5

2 7. 1 — 2 . 2  — 0 . 8  3.7 —26.8

3 6.1 — 4 . 5  — 1 . 1  7 . 5  — 4 4 . 2

-~ 5. 4 — 5 . 2  —1. 1  9 . 4  — 6 0 . 0

5 5.0 — 4 . 9  — 0 . 8  5 . 2  — 7 4 . 3

6 ~.7 —5 .0 —0.5 —3.4 —87.4

7 4 . 5  — 5 . 8  — 0 . 1  -11.8 — 9 9 . 5

8 — 6 . 9  0 .4  — 1 6 . 4  — 11l.~
-7 .3  0 . 7  -16.8 -115.7

9 — .3 — 7 . 9  1.2 —i (~.2 — 1 2 2 . 6

12 ~.3 -8.5 2 .1  -14 .3 -134.1

10.~ - . 3  -8.5 2 . 5  - 13.9  -138.8

11 . , 3  -8 .4  3. 1 - 1 i . 0  — 1 4 5 . 7

12 ~- . 3  — S . 0  4 .1  - i~~.3 —157 .1

13 ~~. 3 — 7 . 5  5 . 1  — 1 6 . 1  —168.5

1-4 . , 3 — 7 . 3  6 . 1  — 1 5 . 7  — 1 7 9 . 9

15 ~ .3  — 7 . 1  7 . 0  — 1 5 . 3  — 1 9 1 . 3

20 ~+ .  3 — 6 . 2  11.3 — 1 5 . 6  — 2 4 S . 5

4 . 3  — 3 . 2  23 . h — 1 5 . 9  — 4 7 7 . 4

33
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TABLE l3b

= —35° (Automa t i c  Contro l )

TIME SPEED PITCH DEPTH ROLL HEADING
(sec) ( f t / s ee)  (deg) ( f t )  (deg) (deg)

0 8.7 0 0 0 0

1 8.0 —0.4 —0.3 —0.2 9.4

2 7.1 — 3 . 3  — 0 . 9  3.2 26.5
3 6.1 -7 . 4  — 1 . 1  — 1 . 6  43 .5
4 5 .4  — 9 . 5  — 0 . 6  — 7 . 5  59.3

5 5.0 —9.5 —0 .2 —6.5 73.7

6 .+ .7  — 9 . 3  1.1 2 . 3  86.9

7 4.5 — 9 . 7  2 . 1 14.0 99 .2
8 4 . 4  —1 0.8  3.1 21. 2 110.7
8 . 4  4.4 —11.4 3.6 2 1.7  115.3

9 4 . 3  — 1 2 . 3  4 . 4  2 0 . 2  122.2
10 ~. ,3  -13.3 5.8 16.1 133.8
10.6 -..3 — 13.5 6.7 14.8 140.8

11 ~.3 —13.5 7.4 14.9 145.5

12 £,.3 -13.0 9.1 16.7 157.2

13 4 . 3  — 1 2 . 4  10.7 l7 , S  l6~t . 7
14 - ‘- .3 —12.0 12 .3  17. ’t 180.2

15 ~~~. 3 -11.7 13.8 17.0 189.4

20 -- .3 —10.5 21.0 17.4 249.L.

4 . 3  — 7 . 0  4 .3 . 2  1 7 . 5  4 7 9 . 7

‘14



‘I’ABLF. I4~i

= +20° (Automati.. Control)

TIME SPEED PITCH PH’ II! Rnl .~ HEADING
(se e) (t/sec) (deg) (It) (deg) ( J e ’g )

0 8.7 0 0 0 0

1 8.5 —0.5 0 2.2 5.7

2 7.9 —3.3 — 0.2 —0.7 —17.5

3 7.! -8.2 -0.2 -0.3

4 6.n - 12 . 2  0.5 2.2 -~~3. 7
5 ~~~. 1 -l !~.6- 1.8 .. I

6 .8 —15.9 3.5 3.7 —68 .7

6.8 5. +. —1 6 .2 5.0 1.1 —1~~.0

7 5.6 —16.2 5..’. 0 —8(1.3
8 5..’. -15.9 7.4 — 1 . 3  -91.2

9 5.4 —15.3 9.5 — 15.5 —10 1.7
10 5.3 -14.7 n.h -18.8 -111.8

11 5 . 3  — 1 3 . 9  13.~’ — 1 7 . 0  — 12 2 . 0
12 3 . 3  —12 .7  15.6 — 1 4 . 8

13 5 . 3  - 10.9 17.4 - 14.1 -141.9
1-~ 5.3 —8.9 19.0 —1 4 .2 —151.6

15 5. _ —7 .1 20.4 — 1~..3 — 161.2

1f ~ ~
.. .. — 5 .  ‘

~ 21. !. — 14 . — 1 7 0 . S
17 5.~ —3 .9 22 .2 -I L- .7

0 3.6 ~0.1 2 t .0 -15. 3 -20” .7

40 5.4 11 .2 —4.5 -10 .2 -610.9
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TABLE 14b
= —20° (Automatic Control)

TIME SPEED PITCH DEPTH ROLL HEADING
(see) (ft/see) (deg) (ft) (deg) (deg)

0 8.7  0 0 0 0

1 8.5 — 0.6 0 1.3 5.7

2 7.9 —4.1 —0.2 7.3 17.2

7. 2 —10 .5 0 —6.5 29.6

4 6.1 —15.8 1.1 —1.8 42.4

5 6.1 —18.9 3.0 —2. 2 55.2

6 5.8 —20.5 5.3 —2.4 67.8

7 5.6 —21.1 7.9 1.5 79.7

7.4 5.5 —21.2 8.9 4.3 84.2

8 5.1. — 21 .1 10.1’ 9.5 90.9

9 5.3 —20.8 11.5 18.4 101.6

10 5.3 —20.6 10 .3 21 .8 112 .1
1u .6 5 .3 —20.4 18.1 20.9 118.3

11 5 .3  — 2 0 . 1  19.3 19 .7 1 2 2 . 5

11 5 .3 —19. 1 22.2 17 .1 132.8

1! 5 .3 — 17.3 25.0 16.2 143.0

11 5.3 —15.3 27.5 lh .l 152 .9

13 -13.3 29.9 ft. 1 161 .7
3. - -11. 4 11.9 16.3 172.4

10. ~ —10.1 32.9 lo . ‘1 150.2

III 3. 4 - 5. o .17 .4  1 7 . 3  211.6

24.8 5.4 —0.1 1~ .2 17. tl 258.7

40 5 . 6  10.3 2 3 . 4  18.9 410.7
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I t  mus t be emp has ized  tha t  the imp l e m e n t a t i o n  of the new stra tegy

poses some un ique l y d i f f i c u l t  problems . To name a few , a) it canno t be
implemented via a l inear con t ro l l e r , b) i t  mus t  cone in to  p lay selectively,

i .e.,  onl y when r e l a t i ve ly hard rudder is applied , and c’
~ tile duration

of the act i v a t i o n  of the posit ive re lays  (see Fig. 12) has to be control led

in correspondence with the amp litud e of the hard rudder .  As can hr

observed f rom Tables 14a and l3a (showing maximum rolls of 46% 70 and _lS..8
0

for  _ 3 5
0 and _ 2 0 0 

step rudders , respectively) , our automatic control

system needs some f i n e  t u n i ng .  From Fig.  20 and 21 i t  is seen tha t

the s t e rn  p lane component  f o r  +350 and +20 0 rudder steps are

very si i~i 1ar; they should no~ be , and the d u r a t i o n  of pos i t ive  s t e rn

p lane for  the  +20 0 rudder  s tep should have been shor t e r  t ha t  i t  i~
Fur t i -e r  ~-. ork  must  be done to redes ign  the washioot f i l t e r  of Fig.15 so

as to ‘a e t t er  ad jus t  the  dura t ion  of pos i t i ve  maxima of the  s t e r n  p lane

coi~2c n 2 n t  -3 . However , i t  is f e l t  t h at  the  basic c o n f i gu ra t i on

~ro~~~ e:~ is a d e ou o t e  f o r  a c h i e v i n g  the new t u r n  c o n t r o l  s t r a t egy

in a :~~~.31~ac1: ~ioJ e.
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APPENDIX A

VEHICLE PARAMETERS

(Data Cards Inputted to

NCSC Trajectory Program)
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0 3 3 L  i~~~~. S P  I SZCO 0.00 90
0 5 3 5 7  57012
05351 ‘.V7’HS 3 .61 0 0 000 O u f l c O  0000 00000  C 0 0 0 0  0 0 0 0 0  000 ( 1 0 00 000
05372 71,7: 0.200 1000 .
0537 ’ R~ C 02 0 0 0 0 0 O—1—1 1—1—1—1
053°0 00 .0 7i .23 02o .O 1000. ~0f. .0 000 .0 7 .030 25 .00 .1 0.05 0.00

t 0 5 0 0 2  (‘3 5 0 0 . 0  3 . 0 0 0
osL

~
o p~ fl0 ÷35.0 2 4 . 2 5  3 5 . 0 0  ÷26 .0 35 .00 ÷20 .0 0005. 0001. . 1605  0 .00

054.2~ (‘3 5 0 0 . 0  2.000
05450 3~~ S 003.0 24.25 25 .00 000.0 —0 2 .00—7.~~U 0 5.00 25 .00 . 160 5  0.000
05441.0 (‘S 500 .0 10 .00
0 5 4 5 ”  (‘ ‘OP 40 2 . 4  75 .00 0.000 8.606 246.2 402.1 11 .11 0.000 0.000 0.uOO
05650 POOP 500 .5- 0.000
051470 0~ F 0,000 0.000 0.000 0.009 0.000 0.O0(’ .0023 .007.5 .)i05 0.000
0 5 4 8 0  0FF 500 .0 0 .000
0 5 6 0 0  O L F O G  0.0 000 . 0 1.0 —25. 07 .0 —25.0 17 .0 20.0 200.0 20.0
0 5 5 0 0  O L F O
0 5 5 1)  SLUG
0552 0 BL O G
0 5 5 3 0  R L FGG 0 .0  0 .000 1.2 — 1 0 .  0 04 .  — 1 0 .  0 0 7 .  — 3 5 .  5 0 0 . 0  — 3 5 .
055 1.~ r.LUG 500. -35.0 -

05550 R L F G
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~rRIS PAGE Is BZST QUALITY PRACTICABII
FROM COPY FURIUSIIEJ) 1’0 DDC .. -

05560 RI  IC
0 5 5 7 0  S1~~GG 0 . 0  0 0 0 .0  1.2 + 2 5 . 02 .0 + 2 5 . 0 010. — 2 . 0 50 0 . 0  — 2 . 0
05580 SLUG
05500 s~ ro
0560 0 SL FG
05610  P L F G
0 5 6 2 0  P L U G
0 5 6 3 0  PLUG
0 564 0  P L UG
05650  NT 02
05b60 [2 - I .2867 .1824 0.000 0.000 0.000 0.000
05577 >~T 10. 25 — 12. 520. 000 0.000 0.000 0.090
05680 A [.IA -0.10 -0.13 0.090 0.000 0.000 0.000
0 5690 12-L O T 0.000 0.030 0.001) 0.000 0.000 0.000
05707 T 1) LS P 500 .0 5 7 0 . 0 0 .000 0 .000  0 .000  0 .0- 3 0
0 5 7 10  V T 11.33 5.1.93 0.000 0.000 0.000 0.000
0 5 7 2 0  0 2 3  [25 _ 4 .5~~Q 25 .00
05733 2511 ) 0 .505-
0 5 7 0 1  P~ 2 - P1 U ( S )  0 . 03 - )  0.000
0575 0 SLF(; 1 0.0 —25.0 07. —25. 1 3 .5 —03.5 200. —0 7 .5
057 7- 5- S~J 0
05777 O L ( ’ 1 ;
0 5 7 3 0  7
05797 0.0 —20.0 05. —20 . 10 .0 +20 .0 200. ÷20 .0
& 0 S 0 3  ~0 F 3

0 5 5 2 0
3 .7 210 . 0 1. 2 —25. 07.0 —25. 14.0 0 .5 200.0 02 .5

OSSL O :...~
7 - .- ’

0 5 0 3 3
0 5 1 7 7  -~ 2 0 . 0  0 2 3 . 0 1.0 — 20 .  010. —20. 15.00 20.00 200 .00 10
o sso :  ~~~~

c - So : ”  - -

c -5: ~~ :)o 2 ) . 7 ) ’ . . I E
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THIS PAGE IS B~S~ ~UAL1TY F
CTt C~~ LI

FROM COk ’i FUh24 1 ~~~~ fU ~~~

0001.) / / Z IJO1 7 IeUE .013 ( , , , n0 %3 ,6o ,~~0 ,5) ,’ K A U T Z ’ ,C[ . AoS .- o ,N oT I r v ~ Z uo1 7 ’4
0 0 3 2 0  / i O T [ P Z  FXEC FTG1C1C ,L Ifl5~ ’USF .0U.P051.0.$I)0BECr ..LI~~: L I b ’
00 030 f / F O R T . ’ O Y S I N  00 *

0~~350 C
000 5~ C
0006 3 C
0 0 0 7 3  C
00080 C
0 0 0 0 0  C
00110 C
001 1- )  C
00 12 3  C . -

00130 I M P L I C I T  R E 3 L ÷ 2  ( A — H , 0 — Z )
00 11.7 REAL ~~L F I O , SEC , T IIR , F 0R
00150 C
00110 D IM E O SI ON T E A ( C ) ,f ;s I  L(1 5) ,R(501 ,6)
00170 DI~~EN S I0~ ~ur- : (501 ,2 )
07’. 17 Df t I E NS ’ON Fl R ( 5 0 1 , 2 ) , S E C (  50 1), T HR( 50 1)
00103 CD)):)T1 / U ~ S,5 L’/P D D ( l S S b )  , I PPD ,N0[IS

Cc:-i::ON / 1 ’ 2 I r - .2 / C U T T . SZ 000 ,ZPO L E ,SZC ,01;C ,Sr’H ERR ,PIIPO LE ,00M 1,Dlj,.12
002 :0 CG~ (-)ON /N)1t1t ;/CC ,SM7OAI ,PSIP Q L ,DT T ,S151 l S I
0 0 2 2 7  C U P ’ ) O N  / , ‘0 I  - 3 / I S T O U T
0025-’ C

0 0 2 3 0  co :i~~o’~ X ( 3 - 0 ) ,X f l ( 3 0 ) ,T I T I E ( 1 ? ) ,
0 3 2 3 0  .5 fl~~(12 ) ,DS(12) ,i’ [1( 1 2 ) ,P0OP (12) ,O U F ( 12 ),C1 . I P ( 1 C ) ,
00273 6 BLFC ( 2,25- ),SLFG ( 2,21)) ,RLF G (  2 , 2 0 )  ,P L 1~~(2 , 20 ) ,
1 . 2~~ C 17I~~3 ) ,-O ..0 ,~( & ) ,X T ( C ) ,T~~L S T ( G ) ,T B L S r ( G ) , V T ( 0 . ) ,v O L ( u ) ,

0 E~’.5 ,E2 - S ,f l ’ S I 0,OT ,T It ’ E ,s T C 0 r ~~,1’ A2 - ( 11) ,
0 1.1, I C0’~( 7 ) , I R E C ( S )  ,I 1 , I’.VOPT , I C’IK , I P AD (S ) ~~~

7 1 7 1 0 - •

933~~ C 2- ’. ’ 0 ’7 !PRIN /PR I(52l ,12) ,PflIN T (20),TLOI1(1 2) ,J P L O T ,IPt.OT ,IRNU:-l
03331 C C) ( ’ -~0N / s T 2 - / . s ro P
0 3 3 - 2- C P’ ’)-0~ / I L L 1  5- X S P
0071 -; C. LL 00E~ 1 0 ( 1  L L M , U P R P M )

0 3 3 ’ 7  1: 1 A D ( 1,2 0 ,Thfl- - 1 1 0 ) T I T L E
0 -0501  2 2  :-J 5-~~’T ’ 1 2 . )
70 332 .~~iT0(5 ,30 )TITLE00L .’~ 33 F C O - ) ~~0 1 i , 5Y , ] ? A 6 )
( ‘3010  - ‘ [ A 5 - ( 5 ,0 0 ) S l O O f r-1 ,00 TT ,DT , ISC O ’J , I P L O T , INEOI ’T , I [ ‘ 7 0 7

NSTOP*STO7’T-:
PEA2(5 ,1.1 ) I F l~~’~P,sZC0 (0.0 R E A D ( 5 ,5 2 6 ) I S T U U T

0 0 1 - ’7 5 15 - 30 R ) ) -L T (~ - 5 ,I 2 )
0 0 . 5 - 0  .1  FOP: -7 -S T ( Ox , I 2 ,OX ,F 1 fl .5 )
00 . 73 oo F O R 3 I A T ( 7 x ,F 6 . 7 ,S x ,F6. 2 ,3X ,F6 . 2 ,7X ,I1,7X ,I2 ,8x . I 2 ,E X ,I 2 )
0-7~~F0 I I R I T E (6,50) 10F’1 ,00TT ,DT ,I S C O N ,IPLOT _ I NT OPT ,lPU:7’11
00690 WRITE (6,53 )I F I X S P ,SZC
0 0 5 7 3  WP.ITE (6,527)ISTOUT
00510  5 2 7  F0R ~1A T ( / , 3X ,’~,Ts -7f lMm OUTPU T OPTIO N ~ ‘ ,I2 ,3x ,’ 0~ s T ; - o . OUT .’ ,/ )
00520 51 IORMAT(//,6X ,’I rI x SP — ‘,I 3 ,3X ,’SZEI1(( C(.OIT’\NT ~ ‘ , [1 0 . 2 )
005,0 50 FORMAT (//6X ,’STOP T I’I ~‘,F8 .2,5X ,’I’oI 7T INTF:N ’.’AL ~ ‘,U 7 .2,
00540 A 5X ,’II JT EGFI AT IO ’l I_ T o p .~‘,17 .3,//CX ,’Cflr71R0 L lo r lo\ ’ .’L I1U LTIPLE = ‘ ,
0 0 5 5 0  8 13 ,5X ,’PLOT OPTION ~‘,I 2 ,5X , IUTLGRA T lnN OPTIO N ~~,I2 ,
00560  C 5X ,’IPUNCH ~‘,I2)
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THIS PACE IS B~~T , ‘l ’ IT? FRACTICA~L1
FROM ~~~~~ ~~~~~~~~~ lu ..~ C _ ..

0 0 5 7 0  N O W S” l
00 5 2 0  K PR l NT ~ 0 UT T / DT + 0 . 0 5
00 5 90
006 0 0 IC IIK-0
006 10 R R R- 3 5 .
00670 DTT=1O .007-’DT
006 30 PSI POL—DEX P (— .15•DTT )
0 0 6 4 4 0  SA M RA T ” 0 . 01) c)
00650 S fl ’) P S 1-0 .0 t ’O
0 0 6 0 0  CU M1 ..0 . 000
000 1.) CC—1 5.
00503 SZ E RR ~ 0 .O
00620 SPIIERR= 0. r.
[ 3 7 3 0  Z P O L E — 1 . 07 7 -0 .0 100.DT
0771.) PHPO LE=1 .C ’ ’ O — O . O l ’ O
0 , 7 7 1  CALL I ’ H~- ‘- ! - ( I D U M ,UPID ’ 4 4 )
0 3 7 3 ’  C
0)7 . ... C
0 3 7 5 0  60 ‘ .~~: - : . 7~~ 4
0 0 7 5 - 0  T I 0 E ~~F L O A ) ( ’ , l O L . i T ) * D T
0 0 7 7 - 2  C
3 3 7 0 3  C
0 2 7 0 0  C
0 3 2 7 2

Ir (~.7’~ oT /Kpo; .: .~.)-o,u T . t:F .NCou~ T) G ’Ji( ’lll
- - 

~~ _ L

( ‘05 5 -  ~~~~~ = I N T ( 9 )

0 0 7 2 0
SP = r - ( ’ I ’, T ( 2 )

0 2 7 1 3
0C~~~ R(J ,3 fr - O OlFi T( 5)
0 3 1 2 3  R(J ,0 ) - ~5 - 0 I ( J ,2 )
0 3 0 ( 1  ~‘ (J ,5 )~~:~ ) I ( . , 3)

C ’ T 1 . r I j . j,O )
F 1 4 J ,1 ) = P ’ I o r ( 1 2 )

00970  F I R ( J ,fl” P 0 I-j ( 9 )
S E C ( J )  r p O )  ) .t ( J O )

00-30 ’ ) T UI R( .J ) —P ~ l o t  (1:
010 - 01  I F ( I S T C U T .~~-2 . 0 ) G 0 T’) 52 1.
01010  5 2 3  F v ~ 5 A 1 ( / / ,
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THIS PAGR 111 BEST ~)0.~L 1TY 5-J~~~111k~L~
FRoM CQr~ r 4 ~~.1~~~L.D ~~~~~~~

01810  SUBROU S 111 2 L I N E F ( X ,S,RA ,C ,T I1) ,CT)
0 1 E 2 0  I MPL I C I T  N E A L~~ (A—H ,O— 1)
01530 CO MHON ISTO/MSTOP
018’40 C h Ull C0DPUTLS TIl E VALUE OF A U UNCT I O M , ~, AND ITS SL O PI , S,
O L S O  C AT T~~(T I N E + f l T )  10671 A PF. I C E W I S U  L I : F r . 2 -  I J E S C O I P T I U I : , RA ( 2 ,4 O ) .
0 1 8 5 - 0  C RA ( ’ ,÷)  C ONTA IO S INC T I ? - IF—Rr3E A K PO I N T S .
0 ) 5 7 0  C P . A ( 2, ’) C O U I O I 1 : 3  T I E  1u !C T I O . 1  V ,\ L IJF A l  T IlE T I ’ S — B R E A K  F O I N T .
0180 0 C 5 - EFO RE RE T UOO I0~ THO 11) NCT ION 5 7 . ’ i SLOPE A 5 -F. DI V I 0 0 0  6Y C . C .
o i&oo c x is Co:IPUT ED ‘. 5 ) 0 1 OF V A R I . t,0 L E AT T I ) ) : . ) )
01900 C S IS C 07-I P NT F D VA LU E OF 1115 - SLOPE AT T i l l ) ’  (IT
01 0 1 5 - C
nI~~2” U h A  IS A rRAY U (-NTAU ’IM2 ‘ ‘ [ A S ( ’ O I M T S  17:1055 7’’.[) I ’ NAT CS A RE I N UNITS
0:030 c I -N H CH 1- - N E T  CF O I V I 7  0 OY C TO GET tF -1 rlOI - l A t E  UN ITS FOR X . IF
01902 C U N I T S  IN RA ( 2 ,*) AP I L O N IS , C S) OUL fl 01 U A P I t . N . IF (HITS IN
0 195 C k.’, (2 ,* - ) t.R E OPi l, C SHOULD BE U NI TY  (00710 IN PR0P1) .  —
0 1 9 5 - 0  C
0197-0 P I U f -~~5 1 C ’ ) i  ~.5 (2 , 1)
0 135 ’)  1 — T I ’ ÷ DT
010)0 5-
02~ O C
0 2 3 1 - 3  C C = - 1 . / C

7
(‘3 16

3 7 7 0 . 1  I r ( T . LE. P A ( 1,I ) ) G O TO 20
1” C C N T I H 7 E

1 = 0 5 7 0 ’
0 2 0 7 3  2

‘“‘ — I — I

02:~~ X—C-7 —~~0. , U- ; 1)~~ . • (  T—1 (A ( 1 , M l ) )

:: -

0 2 7 3
c :_ - :  —

2

0 2.. C
C . ’ - C

6 2 1 3 ’  EMS

L 

46



THI S PAGE IS BEST Q1iALITf P?JkC’ttCA.~L*
YRu~4 C4M-7~ :- 1:-i~ i.. d~.L~-r~ OJ3C

0 2 2 2 0  S U B R O U T I N E  AUTO (X ,xP)
0 2 2 3 0  5-
02244’) I M P L I C I T  R E A L * 8  ( A — H , O — Z )
02250 C
0 2 2 0 0  COM M ON / - [ 1 IN2 / O UTT ,S 7 E R R ,Z P0L{ ,SZ C ,D R C ,5PUE11N ,PI1POLE ,DU7-~1,DUM2
02270 COMMOLI / P R I N 4 / C C ,SAf K t T ,P SI  PO L ,DTT ,Si1-1 PS I
02 2 20 COP.’IOH P A D D ( 7 2 ) ,
0 2 2 0 7  A 0 B ( 12 ) ,P 2 - ( 1 2 ) ,DR( 12 ) ,PRO ( ’ ( 12 ) ,OF F( 12 ) ,C L I  P( 10) ,
02303 0 B L F G ( 2 ,20 ) ,SI.F G (2 ,2 0 ) ,R L F G ( 2 ,2 0 )  ,PLFG ( 2 ,2 0 ) ,
0 2 3 1 0 C B R I ( 6 ) ,’, L F A ( 6 ) ,X T ( 6 ) ,T P, L S T ( 6 ) ,T 2 - ! S P ( L ) ,V T ( 6 ) ,V O L ( 6 ) ,
0 2 3 2 0  0 E P A , ED S , L1 I ’S I D , CT , T I 7 1 E , S T O P T M , U~ f l ( 11) ,
0 2 3 3 0  E UT , 1 5 - P l C  7), I P F C ( b ) , Ii, IN’ .’O PT , 1 0110 , I P A P ( S ) , NST
0 2 3 4 2 -  C
02 350 C
0231- 0 D IME1J S I07 ~ X (1),XD(1)02570 O W E N S  10:1 A B ( 5 )  ,0 0 ( 5 ) ,A S ( 5) ,Bs ( 5)
5 - 2 3 0 6  UAT A A S I—1.5 ,— .2 ,O.,.2 ,1 .5/, Bs / — 2S .0,0 .,0.,0., 2 6. /
623 , 1;  D A T A  A N / — 2 . , - 1 .7 S , 0 ., 1. 75 , 2 . / , f lB / — 2 0 ., 0 ., 0 ., 0 ., 2 0 . /
021.5-) DATA C71 , C f l 7 / . 2 , 3 ./ , CS 1 ,C S 2/ . 1, . 5/
0 2 7 .10 7
02442 ’ 1’

.2
0 2 0 5 2  C 5- T C’ - ’ A T I C  5 - 7 1 2 .  CK C O N T R O L A I O K  i~0W P L A N E , 51107 PLA N E ,
0 2 7 . 5 7  -2 0L , 2 - -30 7 , C. 2- - 5 -~-l TO CONi (:OL DEPTH , PITCH , OI F T 7 ~A C I : ,
0 2 4 7 :  C ~t ’ .7 5 5 - l E D

C

5 - 2 5 3 2  -

0 2 5 1 3  -

0 2 1 0  IF(IC11(.i .h3.20)I2O’I1~~ICON(1) /101 . 1 5 = 7 .
5 - 2 5 - ”
:2 5 : :  o = T ! ’ ’E , 3. 7T .1 .1
0 2 0 ) 7  1 F ( ; 2  .1:) .0 .23)G0 TO 2344

2 2 ( 2 7

05 - LI:
025-v 5 - ~~~ ’ S ( _ ’,’ 2 0 )

0 2 5 — 3
(‘ 2 0-53  ~15= ’1S J37 .296
02660 22 . C C 1 1 I ’ , I .

GO TO ( 10 , 10 , 50 , 10 , I O , 50 , 1O , 1O , 00 , 10 , 10 , SO , 10 , ’0 , 5o , 10 , 1O) , I C OI4 J.
0 2 0 0 3  10 THU:0=DS (0) —
026’r ZE PII = 017 ( :, ) — X ( 1 2 )
01723 ZPOLE-- O .qSO
0:710 IF(TI ?l : .LE . 1.O )07FIIl -- O .0
0272: S Zr5 - 2= ZPO IE *SZ FI7 II.JLfl2
02730 DSO R[ )  - P ’ ; ( 7)  * TII LR R ÷ 05-U: ) • X t I ( 8 )
02740 DBORD=—PN (7 )~~ZERR+Dfl (8)*XD (12)0275’) D S 0 R D 3 ” S Z C ~~SZE11 R
0270- ’) l r ( I C 0 7 ] ) . U Q .2 0 ) f l S c~ p~ DSOr ,o .DS0 RD3
02770 GO TO (20 ,30,5O ,2C ,30,50 ,20 ,30,80 ,2 0 ,30,EC , 70 ,30 ,50 ,20,30), ICON1
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THIS PAGE IS BEST QUALtTy PBACflCj~L~
FROM .2ur~ ~ i l .~A L~ ,j ~)Q

t
027 80 2 0 USO R D DSCR[) - 000RI ) 0
02700 CO TO 440 =O 2 SO O 30 CO N T I N U E
02810
02820 IF (DABS (ON000T) .GT.N7(2)) 0011001 —05I6,N (DB (2),906NOT)
02830 XD ( 15) =I)017Pfl1
0281.0 X(15)=X(15)~~UT -flNBPO T
02850 C
02860 X (15)  =X ( 1 5) i - x 1 7 .
0 2 5 7 0  I r ( D A B s ( x ( 1 5 ) ) . GT .D B ( 3 ) ) x ( 1 5 ) — P S I G I : ( p B C S ) ,x ( l s ) )
02883 C
02390 40  DOSFIOT (PS000 — X(16) ) * D S ( 9 )
02900 IF (DAPS (1U)SPOT) . c,T.DS(2)) [15 - 2 - 31 =I S ICM(D S (2 ) ,D7;CDOT )
0 2 9 1 L  XDU6 )—0 7’SPOT
0 2 9 2 - 0  X L 1 6 D T I D S D O T
02 933  C

0 2 2 5 )  PRC=X 1b~~57 .2 9 6
0290-0 ~(1 6 )=XL i ’ “1.10
0 2 9 7 5 -
0 2 9 5 ’  C
02930 (10 TO ( g 0 , 90 , 50 , 50 , 50 , 53 ,50 , 50 , 10 , 00 , 5 - fl , SO ,OSO , O5O , 5O , 0S O , 0 5 0) , I C O
03033 5 .1
‘ 115 - 10 ~,3 ‘~~J E 0 0  PN ( .~) — X ( 9 )

PROR” = - 2 0 1 / )  • P S I E R R  + P R ( S )  * XP(9)
0.[=L .

0 5 0 1 . 7  (10 T 6 C 3 - , .1, 70 , 7O , 7C , &O , C O , 60 , 80 , E0 , E O , 7 O , 70 , 70 , ( - ~~, 0 G P ,O 6 0 ) ,  I C O N )
A S .~~- : ;o: ,oo= : 7 -~~ - C 2 5 ( 7 ) — ( ~~F 1 ( - ~) — X ( 1 1) )  + ( ‘ F F ( 5 ) ” ) . 7 7 1 1)
0 3 2 - 0 0  13 310237 • 7 2 - l O R D  — ) . ( 1 3)  I
630 77 IF C 6.533 ( 2 - N ’ l  JT  ) .CT . DR( 2 ) 2  Pt ’ P . D OT = 2 - 2 1  IIU(r-N ( 2 ) , D P I - l O T )

01 )  =(‘1 02 - 7 T
5- 3 2 5 - 7  X C I l ) 5 - A ( 1 ) ’ 0 T ’ P f l 5 - 0 0 T
0) 10:
0~~j 3 3  ! F ( I C O H ( 1 ~~. L T . 9 ) G O TO L J G
C ( 1~~ 0~~~0 1I ) =  ~ ‘5 - O 0-~~ ( L )  —

3313 3 ) 1 5 - i ) = X’ I ~~ + 1  T* XD(19)
0317.
0 3 2 3 3  5 - 0 0
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