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I. INTRODUCTION

Since they are operated in three dimensions and because of their different body
structure and operational conditions, submarines always present a great challange for
automatic control engineers. Cspecially for submarines with extremely high underwater
speeds, it is very important to have automatic controls which can be used eflectively.

In this study, using the equations of motions in six degrees of freedom which were
developed by Naval Ship Research and Development Center (NSRDC), a linearized
submarine model was derived for both horizontal and vertical motions. It was obvious
that working with a lincar modecl is much simpler then with a complete nonlinear model.
Also the automatic control system design procedures which are used in this study require
a linear model for decoupling. Even though the linearized model does not introduce a
cross-coupling elfcct between horizontal and vertical motion, as would a real submarine,
it works in almost the same way the nonlinear model does.

In designing an automatic controller for both vertical and horizontal motions, a
MIMO ( Multi-input Muld-output ) system representing the submarine, has to be in-
vestigated. Inputs are propeller which creates the forward speed, rudder for horizontal
motion, and the bow and stern planes for vertical motion. The outputs are the three
speed components u, w, v and roll, yvaw, pitch angles around three axes of the sutmarine.
Also a ballast system can be used to mancuver the submarine but it is not included in
this study assuming the submarine is always in trim.

The pitch and yaw angles and the depth have the main importance for maneuvering
a submerged submarine. Therefore the automatic control system is designed to control
these three states.

Alter obtaining valid linear models for both horizontal and vertical motions, the
method of the automatic control design has to be chosen. One of the most popular de-
sign method is optimal control theory but it requires [eedback of both position and rate
information. This information is available for submarines which are equipped with an
inertial guidance system. [For the small coastal submarines which do not have an inertial
guidance system, a diflerent design approach must be carried out. A possible way would
be the design of cascaded compensators using only position ( such as depth ) feedback.

There is always a cross-coupling effert between vertical and horizontal motion in a

submerged submarine which is also called a squatting effect. The cross-coupling effect




is simply the rudder effect on vertical plane which makes the submarine pitch up and
change depth when a rudder angle is applied. The cross-coupling eflect is also investi-
gated in this study.




II. EQUATIONS OF MOTIONS IN SIX DEGREES OF FREEDOM
A. BACKGROUND

With diving capability, submarines difler from surface ships. They also have com-
pletely diflerent hull structures, hydrodynamic specifications and relatively complex
control and stability problems. A submarine can be operated in all six degrees of free-
dom. To mancuver usually three sets of plane surfuaces, the propulsion system consisting
of one or two propellers, and a ballast system consisting of twvo or three ballast tanks for
diflerent type of submarines are used.

To control horizontal motion the submarine has a usual rudder such as surlace ships
do. But in vertical motion, a submerged submarine needs at lcast one more control sur-
face to maintain the desired depth and pitch angle.A classic submarine has bow planes,
which can be used to keep ordered depth, and stern planes, which can be used to tilt the
submarine to an ordered pitch angle. Depending on the submarines’s specd and condi-
tion these planes can have an appreciable interaction.

Modern submarines usually have bow planes on their sails, which are called
fairwater planes. lowever, high underwater speeds reduce the necessity of bowplanes.
It is possible to keep ordered depth without using bow planes while operating with
higher underwater speeds. Since the numbers presented by NSRDC [Ref. 1: p. 88] are for
an American submarine, bow and fairwater planes were both considered in this study.

An illustrative picture of a submarine with axes, velocity and plane definitions is
given in Fig.1. The arrows are pointed in the positive motion direction.This coordinate
system is the right hand orthogonal system which is fixed in the submarinc aud moves
with it. The origin of the coordinates is located at the center of gravity with x-axis along
the center plane. The positive x direction is forward, the positive y direction is horizon-
tally to the right, and the positive z direction is down. [Ref. 2: p. 43§]

The heading of the submarine is the direction of its x-axis, and this is measured as
an angle with respect to the geographic coordinate system. The heading angle, also
called the yaw angle, is delined to be the angle between the direction of the ships x-axic
and the dircction of the x-axis of the geographic coordinate systemn. The symbol used for

the yvaw angle is .




Figure 1. A Submarine with Axes of Motion




The pitch angle of the ship is the rotation around its v-axis. It is defined to be the
angle between the direction of the ships x-axis and the horizomal reference line. The
symbol used for the yaw angle is ¢ .

The roll angle of the submarine is the rotation around its x-axis. It is measured from
the vertical reference to the direction of the submarine z-axis. The svmbol used for the
roll angle is ¢.

Velocitics for the X, v and z directions are u, v and w respectively, which can be
called velocity components of linear velocity of body axes relative to an earth-fixed axis
system.

Definitions for all symbols used in this study are given in Appendix A.

B. DERIVATION OF THE LINEARIZED MODEL

The equations of motion are derived by summing the applicable forces and momenis
in each degree of freedom: surge(x), swax(yv), heave(z), roli(¢), pitch(0) and vaw(y).
Reference | presents the standard sets of equations of motion developed for submarine
motion studies by NSRDC. These equations are general cnough (o simulate the trajec-
tories and responses of submarines in the six degrees ¢! {reedom resulting [rom various
types of mancuvers. They simulate motion of a given ship design upon insertion of the
nondimensionalizca hydrodynamic cocllicients developed for that particular design. In
addition values must be supplicd for propuision force and rudder and diving plane an-
gles. A complete set of hvdrodynamic coeflicients and other required data used in this
thesis is given on Appendix B.

The derivation of equations of motions in six degrees of freedom which are to be
linearized, was discussed in scveral earlier studies. {Rell 3, Ref. 4 .] The authors were
satisfied that these equations are valid and can simulatc a submarine’s motion effcc-
tively,

1. Assumptions

Forward speced can be taken as constant. Linearizing about the axial speed,u,
which aflects nearly every term in the standard equations, could be very complex, so the
forward speed was assumed to be constant. This also reduces the degrees of ficedom to
five.

Roll angle is assumed to be small. Under normal circumtances in submarine
mancuvering, the roll angle usually stays within £5°. Large roll angles arc only caused
by high speed plus hard over rudder. Therclore, the roll anglz can be neglected.

N




Cross-products of incrtia can be neglected. This assuinption is common to all
submarine simulations because the hull and interior layout of submarines is approxi-
mately symmetric.

All terms including H, can be discarded. Since it is assumed that the submarine
is in trim, weight of water blown [rom a particular ballast tank, I¥,, must equal zero.

All termis involving nonlincarity are neglected.

Vertical motion is decoupled from fiorizontal motion. At a result of the first five
assumptions it aiso has to be assumed that there is no coupling between vertical and
horizontal motion. '

2. Derivation of the iinear equations of Motion
a. Limearization on the vertical plane
The linearized form of the equations on vertical plane are:
1) Equation of Motion Along z-axis (\Normal Force):

i = umg = £ £Z;0 + 5 P(Zy + Zyug) + 5 P(Zyuw + X(Zsib5 + Zgpdb) (1)

where
slug . .
p=20 i mass density ol sea water,
[=41$ fi., submarine length, and
m=06.25x10° slugs , submarine weight.
All values for the hydrodynamic coeflicients are given in Appendix B.
Substituting these numbers into the equation, and alter performing the required algebra

W= —5.11¢ —1.632x107 31w +0.261uq —7.416x10™%4?5s —3.71x10™u*5b V)
2) Cquation of Motion About v-axis:

Lg= % Patg+ -g- P(Muq + My + % P(Muw + u(Mgds + Nigyob)) + Bzgd (3)

Alfter subsiituting appropriate numbers and required algebra

g= —4.975x107" —6.219x10ug +1.798x10"uw —1.5x107°u? 85 + 3.0x107°u?5b “
+2.516x107%9

If these two equations are substituted into each other




W = 0.294ug —1.728x10™ uw —6.667x10 " u?6s ~3.873x10~*u?66 —C.01280  (5)

¢ = 1.884x107%uw =6.365x107"uq —1.465x10°u8s +3.193x10™°u?6b +2.522x10720(6)

These two equations describe the state variable representation of the
linearized, vertical plane equations of motion. However they do not have the depth as
a state variable. In order to make the depth a state variable, these equations are to be
modilied by using linearized auxilary equations which are given in Appendix C. There-
fore the auxilary equation used for the modification is

" 2y= —uSin6 + vCos0 sin ¢ + w cos 6 cos ¢
Using our assumptions the linearized equation will be
Ly=—ub+w ‘

Then the modified linear equations of motion have the following form

5= —1.728x10"uz —0.706uq + (0.01283 —1.728x10u?)0 —6.667x10™*u?és M
—3.873x107u%sb

G = 1.884x107uz —6.365x10 " ug —1.465x10°ubs +3.193x10~%1?5b @
+(1.884x107°u? —2.522x107%)8

As it was mentioned before the forward speed u is not a state variable but
a constant which can be changed as desired. A complete block diagram for vertical mo-
tion is given in Figure 2.
b. Linearization on the Horizontal Plane
The lincarized form of the equations on horizontal plane are:
1) Equation of motion along y-axis (Lateral Force):

niv — mur = %- r (Y + Ypp) + -‘zl 13( Y+ Yur + Yyup)

: 9
+ -':21- 1 Yo + u? Y4, 0r) ©)

Using same set of numbers and hydrodynamic coeflicicnts, the final form
of the equation is

¢ = 1.89F — 6.3p — 0.291ur — 0.035up — 2.563x10 2uv + 7.568x10"usr  (10)




db

ds

‘4 2 "3
387x10 u 1.73x10 u
-4 2 1 ",_
6.67x10 u | s "
-5
0.706u 1.88x10u [
-3 2
013-1.73x10u
-6
3.19x10 u |
= 1 149 1
1.465x10 s o
-3
~ 1 6.365x10u 52 -3

1.88x10u -252x10

Figure 2.

Block Diagram for the Linearized Model on the Vertical Plane




I =2 (K + Kif) + 5 l‘(APup + Kar + Kp) + —1’(k,uv+ Ky, 8r) + Bzgp (11)

The final form of the equation is

p= —0.679F — 0.05845 — 8.179x102up — 9.347x10 ur —3.942210 v

12
+ 3.942x107%u?6r — 0.236¢ (12)

3) Equation of motion about z-axis ( Yawing Moment,)

Izr== = (N + Np)+ 5 f(x\,ur + Npup + Nyv) + l (Nyuv + u 1\6,67’) (13)

The final form of the equation is

F= —6.553x1072p + 6.767x107% — 6.767x102ur —4.511x10~%up — 4.076x10 >uy a4
—1.631x107%:26r

These three equations are supposed to describe a submerged submarine
motion in the horizonta' plane. The only difference from the equations for vertical mo-
tion is the equations for the horizontal motion have the order of the highest derivative
of all the variables such as v, p and r in each particular equation. [Rel. 4: p. 48]

Ilaving all of the highest derivatives in each particular equation creates
an algebraic loop problem for the simulation. To solve this problem it is possible to
manipuv'ate the cquations to climinate the highest order derivative from one of the
equations which includes the other derivative as it was done belore for the vertical plane
equations of motion. This was done very nicely for the case of two equations but does
not secem to be very attractive when there are three or more equations involved.

There are some other possible ways to solve algebraic loop problems. But
since the new version of DSL [Rel. 5] can take care of this problem automatically, it is
preferred to use those equations in simulation.

A complete block diagram for horizontal motion is given in Figure 3.
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C. VALIDATION OF LINEAR MODEL

The objective of this section is to compare the dynamics of the standard model witn
the derived linear model in both vertical and horizontal planes.

In order to compare both models they should be in the same initial state and both
models have to be in trim. Jn trim has the meaning that the submarine maintains depth
at a given speed with the desired pitch angle without using bow or stern planes. When
making lincarizing assumptions the terms which are related to trim are already ignored.
Therefore the linearized model will be in trim at all times. Because of the submarine hull
and sail structure it is required to adjust ballast tanks for given spced. The corrections
for trim which are used in the simulation for this study are obtained {rom an earlier
thesis study. [Rcf. 6: p. 184}

To validate the linear model it is preferred to obtain both the initial condition and
forced response in order to make sure that the linear model is working properly.

1. Validation of Linear Model on Vertical Plane

a. Initial Condition Response

It was expected that for small perturbations the deviations between models
should be small. Therelore initial conditions of 5° in pitch wcere tested [irst. For the linear
model it is also required to give an initial value for depth change which was defined as:

z = -uSin 0

Test runs up to 360 sec. in the speed range 5 to 25 Knots were performed
simultancously for both models. Maximum diflerences for each run were obtaincd {rom
data files and given in Table 1. The pitch and depth behaviors for both models were
given in Fig. 4-8.

Table 1. INITIAL CONDITION RESPONSE TO § DEGREE PITCH ANGLE

Maximum Deviation In
l;lgn (Sﬁ:(i Pitch Z Depth Fig.
Deg. % I't. sec. %% Feet %
1 5 0.0901 | 1.8 0.0017 {0.2 0.1050 | 0.1 4
2 8 0.0608 | 1.2 0.069 0.6 0.6740 | 0.7 S
3 12 0.0302 | 0.6 0.0113 1 0.6 1.0960 | 1.1 6
4 18 00486 | 1.0 00275 | 1o 34200 | 14 7
5 25 0.1908 18 0.1599 | 4.3 11.960 | 4.8 S

11




As can be casily seen [romn the figures and Table 1 all deviations are very
small for this initial condition. That means dynamics [or both model are nearly identical
for small perturbations.

In normal cpecrational conditions a submarine never exceeds 20° pitch an-
gle. But theoretically maximum allowed pitch angle is limited to about 45°. Therefoie
three more runs were performed with 45° initial pitch to see large perturbation ellects
on system dynamics. Simulation results for 45° initial pitch angle are given on Figures
9-11. Maximum deviations for pitch angle, speed in the z direction and depth are given
in Table 2. Maximum deviation does not exceed 7% for this case as can be seen in Table
2.

Table 2. INITIAL CONDITION RESPONSE TO 45 DEGREE PITCH ANGLE

Maximum Deviation In
Run f{fg‘; Pitch Z Depth Fig.
Deg. %o Ft.'sec. % Feet %
6 S 0.8449 1.9 0.2408 4.0 18.470 3.7 9
7 8 1.1988 2.7 0.1997 2.1 9.60 1.9 10
8 12 2.480 3.5 0.9760 6.8 635.260 0.5 11

The deviations between both models for a second set of initial conditions
are much bigger but still leads to very similar dynamic behavior. This was expected as
the angle approximation

sinf =0 (15)

is not as valid as for 5° initial pitch angle. In general for both sets of initial conditions
it is observed that increasing speed tends to increase the deviations between trajectories.
b. Forced Response

Both stern and bow planes can be used in different combinations to Keep
the ordered depth and pitch angle. In order to validate the linear model it is required to
include some control plaunc commands in the simulation. Since the mechanical limit for
the planes is about 35°, test runs were performed up to this angle. It is also desired to
keep the submarine in maximum allowed pitch and depth limits. For the simulation runs
which are performed only with bow plane, 5, 15 and 35 degree plane angles were applied
after the first ten seconds.
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Because of the enorimous eflect of the stern planc on submarine pitch angle,
it was concludcd to use reverse angles for 30 seconds each and then to bring the stern
plane to the neutral condition.

Maximum deviations were obtained [rom data files by a FORTRAN pro-
gram and given in Table 3, 4 and § for bow plancs, stern planes and both planes re-
spectively.

The test simulation results which were obtained with the bow planes, are
given in Figures 12 through 20. Figures 12, 15 and 18 represent small perturbations for
three different specds and it can also be observed from Table 3 that maximum deviation
is not more than 23 ft. for depth and not more than 0.4 degree for pitch angle. Figures
13, 16 and 19 were given for 15 degree bow plane and except for Figure 19 which re-
presents the simulation with 18 Kts. forward speed, the linear model is acceptable. For
35 degree bow planes, the lincar model is valid only for lower speeds as can be seen from
IFigures 14, 17 and 20.

Table 3. FORCED RESPONSE TO BOW PLANES

Bow Maximum Deviation In
li;" (Sll:f:“; Plane Pitch V4 Depth Fig.
(Deg.) Deg. % | I't.scc.| % IFect %
9 5 5 0.0850 | 198 100046 | 3.2 | 1420 | 10 12
10 5 15 0.3751 | 29.2 | 00128 | 3.1 | 0.500 | 0.2 13
11 § 35 1.4706 | 68.2 | 0.2285 | 22.6 | 58.980 | 14.1 14
12 12 S 0.3598 | 35.6 | 0.1006 | 19.0 | 21.750 | 11.5 15
13 12 15 25177 | 82.5 | 0.68G0 | 43.2 | 148.25 | 33.1 16
14 12 35 9.0961 | 127.7{ 1.9668 | 53.1 | 382.52 | 404 17
15 18 5 0.4103 1 19.0 | 0.1743 | 19.2 | 23.650 | 14.4 18
16 18 15 51356 | 79.3 | 2.4369 | 89.7 | 557.87 | 103.7 19
17 I8 35 19.340 | 128.0] 8.1425 | 128.5] 1852.8 | 110.8 20
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Therefore the lincar model is valid for all speeds for small plane angles. And
in general, it is possible to say that for the first 120 seconds the linear model does work
well enough for large perturbations. In [fact it is not very often that a watch officer
wants to keep the bow planes full down for more than 120 seconds in a real submarine.

_ The test run results which are obtained with stern plane, are given in Fig-
ures 21 to 29 and Table 4. Similarly, deviations are acceptable for small and medium
perturbations as can be seen from the figures. The only condition for which the linear
model can not be accepted as valid, is displayved in Figure 29 which represents 35 degree
bow planes with 18 Kts, forward speed. This is expected since two important linearizing
assumption are invalid at this speed and resulting pitch ..ngles are large. As mentioned
before, the constant speed assumption for large plane angles and the sin(x) = x ap-
proximation for pitch angle are no longer valid for this run.

Table 4. FORCED RESPONSE TO STERN PLANES

Stern Maximum Deviation In
];L:)n (Sﬁi::‘; Plane Pitch VA Depth Fig.
(Deg.) Mg, % | Ft.sec.| % Feet %
18 § 5 0.0910 | 5.6 | 0.00l6 | 1.2 | 0.1030 | O.1 21
19 S 15 0.1808 | 3.8 | 0.0126 | 3.3 | 0.7400 | 0.7 22
20 N 35 0.9021 8.2 | 0.1463 | 164 | 4.6610 | 3.8 23
21 12 S 0.3673 | 5.6 | 0.1070 | 6.0 5.000 3.0 24
22 12 15 2.5750 | 13.1 | 0.8509 | 15.9 | 35.680 | 12.1 25

23 12 35 12,010 | 26.1 | 5.2815 | 42.1 | 185.53 | 33.5 26

24 18 5 1.5585 | 12.6 | 0.7962 | 14.2 | 59.4006 | 19.0 27
25 18 15 8.4160 | 22.6 | 4.8350 | 28.8 | 201.84 | 274 28
20 18 35 33619 | 38.8 | 23.068 | 58.8 | 84442 | 53.3 29

To be able to observe the cfTects of both plancs on deviations between
models, nine more runs were performed using stern and bow planes simultaneously. For
each run the samec bow and stern plane angles were applied in such a manner so they

can suppress each other’s eflect in order not to exceed submarine depth and pitch
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limitations. Figures were created but not supplied in this study since they are very similar
to the precceding results which were obtained using only stern planes. Deviations
between models for this last sct of runs are a little bit larger than the preceeding results.
Using two sets of planes means more approximations for the linear model and greater
deviations between linear and nonlincar models are expected.

Table 5. FORCED RESPONSE TO BOW AND STERN PLANES

Bow Maximum Deviation In |
Run fﬁ:‘; S Pitch Z Depth Fig.

Plane | Deg. % | Ft.'sec.| % Feet %
27 5 S 0.0943 | 6.8 | 00012 | L1 | 0.0500 | 0.05 -
28 5 15 102448 | 6.0 |0.0262 | 8.0 | 0.9030 | 0.8 -
29 S 35 1.3542 | 14.2 | 0.2891 | 37.7 | 8.0200 | 7.1 -
30 12 5 05151 | 84 01558 | 89 | 7.2100 | 44 -
31 12 15 3.6320 | 19.8 | 1.3423 | 25.6 | 53.000 | 18.3 -
32 12 35 16.329 | 38.2 | 7.1826 | 58.8 | 262.15 | 48.4 -
33 18§ 5 20117 | 16.8 | 1.0424 | 18.5 | 61.856 | 19.6 -
34 18 15 11.203 ] 31.2 | 6.6167 | 39.1 | 267.52 | 338 -
35 18 33 43214 | 51.6 | 27.816 | 70.4 | 1053.8 | 65.5 -

Obviously the lincar model docs not behave like the nonlincar model for
large plane angles and high speeds. The most important reason for this is the constant
speed assumption for the linear model. This assumption is no longer valid for large planc
angles since planes reduce the forward specd of the actual submarine. Since the aim of
this study is to validate the linear model for small perturbations, it is achieved for the
vertical plane.

2. Validation of the Linear Model on the Horizontal Plane
A submarine behaves like a surface ship for most horizontal motions.There are
some diflerences because of its submerged condition and sail structure. The main differ-
ence is in roll. A submarine rolls to inboard when a rudder angle is applicd. Also the

rudder has a squatting eflcct on the submarine which makes the submarine to pitch up
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and dive. Since the lincar model assumes that there is no cross-coupling between vertical
and horizontal motion it is not possible to compare the squatting cffect with the lincar
modcl.
On the horizontal plane, roll and yaw angles and sway speed can be observed.
Roll and vaw information are displayed on figures and tables for convenience. But the
sway response is only supplicd on tables as deviation between models.
a. Initial Condition Response
The simulations were carried out with a ce. ain roll angle as initial condi-
tion. In order to sec the small and large perturbations effects, 5 and 23 degrees initial roll
angles were chosen and test runs were performed at §, 8, 12, 18 and 25 Kts,
Since both models reach a steady state value after about 120 seconds, sim-
ulations up to 120 scconds were performed, simultaneously for both the lincar and non-
lincar modecls. Maximum deviations for each run were obtained from data files and are

given in Table 6.

Table 6. INITIAL CONDITION RESPONSE FOR HORIZONTAL PLANE

Maximum Deviation In Roli
Run No. jg;‘g‘{ Init. Roll=35 Dcg. | Init. Roll=25 Deg. | Figures
Degree %o Degree "o
36-37 5 0.0972 1.9 32292 129 MR32
38-39 8 0.0677 1.3 2.0457 8.2 0-33
d0-d] 12 0.0365 0.7 1.3490 54 R} BRX!
42-43 18 0.0332 0.7 1.1720 4.7 -3
dd-43 25 0.0252 0.5 1.016O 4.1 32-34

As can be seen [rom Tigures 30, 31 and 32, it is obvious that there is almost
no deviation on roll response for § degree initial roll ang.e.  There are some slight devi-
ations [or 235 degree initial roll angle and unlike the vertical plane, deviations arc de-
creasing with increasing axial speed. It is to be noted that the approsimation by a lincar
model has not aflected the period of rolling. Simulation results are given on Figures 32,
33 and M for 25 degree initial roll angle response.

Therefore it has been concluded that the lincar model on horizontal plane

is valid for small and large initial conditions.
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b. Forced Response

The only relevant force beside propellers is created by the rudder on hori-
zontal plane. The rudder also has an appreciable cfTect on vertical motion which is called
the squatting cflect. Even though the linear model assumes that there is no cross-
coupling effect between vertical and horizontal motion, it was decided to display depth
and pitch angle changes which were obtained by non-linear simulation f{or further study.,
Cross-coupling cffects which are obtained by non-lincar simulation at different speeds.,
are given in Figures 38, 40, 42, 44, 46, 48 and 50.

Simulation runs are abtained for three different specds and rudder angles for
this case. Plots for yaw and roll response are given in Figures 35-37, 39, 41, 43, 45, 47
and 49. Maximum deviations are given on Table 7. Again similar deviation behaviors

can be observed as vertical motion.

Table 7. FORCED RESPONSE TO RUDDER

Run | Speed | Rudder v M aximum\ 'l)c'viation In .
No. | (Kts) | (Deg.) aw Roll lig.
Ft'sec. | %6 Deg. "o Deg. %o
46 5 ) 0.0060 | 3.6 | 0.3775 | 13.7 | 0.0041 | 3.0 RAS
47 S 15 0.0487 | 9.8 | 2.0360 | 24.7 | 0.0518 | 12.7 36
48 5 35 0.2413 | 20.8 | 3.3520 | 17.4 | 0.3633 | 18.3 37
49 12 S 0.1417 | 14.9 | 2.8058 | 23.8 | 0.2880 | 18.6 R
50 12 13 0.9515 | 33.6 § 13.27 | 37.5 | 2.6034 | 56.0 39
]| 12 35 37804 | §7.2 | 42.223 | SL.1 | 10345 | 954 40
52 I8 5 0.5104 | 253 | 6.97 ] 30.3 | 1.6658 | 350 41
53 18 15 3.0963 | 51.2 | 35.065 | 50.8 | 11.262 | 78.9 42
54 18 35 10.424 | 73.8 | 106.83 | 66.4 | 34.525 | 103.6 43

As a result of this chapter it has been concluded that approximation by
lincar model is valid for small perturbations at all speeds for both motions. In addition.
it has been observed that the linearized model is still valid for large perturbations applied

over a short period of time.
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Figure 35,  Forced Response. Rudder = 5 Deg. U = 5 Kits.
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Figure 42.  Cross-Coupling Effect on Vertical Plane. Rudder= 15 Deg. U= 12 Kts.
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Figure 46. Cross-Coupling Effect on Vertical Plane. Rudder=35 Dep. U= I8 Kits.

60
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Iil. AUTOMATIC DEPTH AND PITCHI CONTROL

A. DESIGN SPECIFICATIONS

After a valid lincar model is delined, any type of design method for lincar systems
can be used. It is assumed that the submarine which is considered in this study has no
inertial guidance system. That means rate information is not available and the only
states to be used as feedback are depth, pitch and speed. Due to this limited instrumen-
tation the controller will have to use cascaded filters.

Since a submarine mancuvering capability depends highly on the axial speed, it is
very hard to satistv some certain specifications for this Kind of control svstems. But
basically it is acceptable if the control system can achicve 10 ft. depth change in 120
scconds and 100 ft. Jepth change in 240 seconds. Also more than 2 feet overshoot is not
desirable for small depth changes and overshoot must stay within 3% for large depth
changes. Deviation from ordered pitch must stay within 2 degrees.

FFor the control svstem to be designed, plane angle limits which arc about 35 degrees,
have to be taken into the consideration. A depth and pitch control system which requires
more than 35 degrees plane angles to get the ordered depth or pitch is clearly not
realizable.

B. DESIGN
The lincarized equations of motion for the vertical plane are obtained and given in

Chapter 2. They arc repeated below for convenience

T =
-

7285107013 —0.706ug + (0.01283 —1.728x1072 120 —6.667x 1071 ds

-1.
. 6
—3.873x 107460 te)

g = 1.884x107 1 —6.365x10 g —1.465x 10 485 +3.193x 10700260

17
+(1.884x 107512 =2.522x107%)0 ("

A signal flow graph can describe the corresponding input/output relations for these
equations. Inputs will be the bow and stern plane angles and outputs of intercst are
depth and pitch for vertical motion and such a flow graph is given in Fig. 51 where

a=-=387x10-%2

h=—1.73x10"u

¢ =—1.465x10 %¢




{7s Depth

Figure 51. Signal Flow Graph for Vertical Equations of Motion

d==0.67x10-4¢
e=3.19x10-*%2
[==0.36x10"u
g = 1.88x10-*2 —-2.52x10-3
h=0.706u
i=0013-1.73x10""%2
= |.88x10-%u
1. Decoupling
In order to design a cascade compensztor with a single loop technique, one must
have the independent input-output relations for each input and output [Ref. 7] In
other words it is necessary to obtain two transfer functions for depth and two transfer
functions for pitch which have the stern and bow planes as inputs.
Applying Mason’s gain rule to the signal flow graph given in Iig.44 the input-
output relations will be as follows [Ref. 8: p. 83).
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depth ‘ as? + (eh— af)s +ei — ag

— = 18)
oh (4 S (W= g = kh)s? + (g — ki)s (
depth _ ds + (ch=df}s +ci—dg (19)
os P (f+ b)s (0= g = kIys® + (gb - ki)s
pitch _ es — be + ak (20)
6b S —(f+ b)s? + (b — g — ki)s + (gb — ki) ‘
pitch - ¢s — be + dk 21
6s & (F+ b)st+ (b — g — ki)s + (gh — ki)
Substituting the corresponding numbers into these equations
depth _ _~3.87c10™ %% 2. 1x107"i’s = 9.33x107"0 + 175w 1070 22)
0h 5 48.09x1073us® + (2.52x107° —2.11x107 %6 )s® +4.1 2510 s
depth _ —6.67x107 %25 —6.1x10™%3s — 1.87x107%2 43.78x 107" 23)
05 5 48.09x1073us® + (2.52x107° =2.116107%u%)s? +4.12x10 s ‘
pitch - 3.19x10"%2s —1.75x107°%° : (24)
0b 3 48.09x103us? + (2.52x107% =2.11x107 %05 +4. 125107
pitch ~ 1468510 1?5 —1.28x107% 29
s - o

s’ +8.09x107us? + (2.52x107° =2.11x107%0?)s +4.1 20107

Transfer functions which are dealing with depth, have fourth order characteristic
equations and they are type one systems with the same denominator. On the other hand.,
transfer functions for pitch are type zero and have third order characteristic equations
with the same denominator. Also all trans{er functions have the same poles except one
at the origin. So it is expected that they might show similar frequency response and it
may be possible to use only one cascade compensator to compansate the whole svstem.

In order to make further analysis on these transfer functions, the axial speed, u
has to be defined as a number. It is always possible to design'the control system for a
specific speed and cheek the validation of design [or a certain speed range. Since slower
speeds make it harder to get desired depth and pitch angle, it is not very efficient to use

an automatic control for less than 5 Knots. A possible approach would be to use 10
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ft:sec. ( 5.9 Kts.) as axial spced. If the designed control svstem works for this speed, it

will probably work for the higher speeds.
2, Design

With 10 ft.'scc. axial specd, transfer functions become

depth _ __ ~3.87x107%? —2.1x107%s — 9.33x107°
0 +8.09x107%5° +0.41x107°s% +4.12x107%s

depth —6.67x107%5 —6.06x10"3s + 1.91x107*
ds s* +8.09x107%% +0.41x1073s% +4.12x10 55

i

pitch 3.19x10~%s —1.75x107°
ob  §3 48.09x107 %% + 0.41x107%s +4.12x107°

pitch ~1.465x107 —1.28x107°

ds 53 48.09x107%5% +0.d1x107%s +4.12x107°

It is more convenient to rename these transfer functions such as

depth
guls)=—7%—
depth
gl2(s) = Ss
_ pitch
gals) = b
_pitch
& °) - Ss

Then the transfer function matrix becomes

g1i(s) &i2(s)
G(s) =
) [&'21(5) 822(5)]

Using cascade compensation and a diagonal compensator matrix

gnls) O ]

Gds) = [ 0 &e22(5)
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(29)

(30)
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(32)

(33)

(39)
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The corresponding control model is sketched in Fig.52. The equivalent transfer
function matrix will be

(36)

£11(5)€en1(8)  £12(5)8c22(5)
Geg = G(5)G (s) =
! (5)Cds) [gZI(S)gcll(s) 822(8)&22(5)]

Characteristic equation roots for these transfer functions are given in Table 8.
Only one transfer function has roots in right half plane which is g ,(s).

Table 8. CHARACTERISTIC EQUATION ROOTS FOR VERTICAL MOTION

Transfer Function Roots

2uls) -0.392 £ j0.188§, -0.001 + j0.043
2,(3) -0.030 £ j0.260, -0.0646, 0.043
gx(s) -0.014 £ j0.022, -0.078

2:(5) -0.008 + j0.028, -0.0065

The open loop Bode diagrams and root locus plots are given on Figures 53 to
60. As expected transfer functions for depth have similar frequency response with a small
positive phase margin. Also both of them have root locations on the right half plane.
On the other hand transter functions for pitch show similar behavior, They are also
stable with 50 and 60 degrees phase margin. The only transfer function which is stable
for all gains is g,,(s) as can be seen from Iig. 60.

IFrom the root locus diagrams one can easily see that, except {or g,.(s), the other
three transfer functions have many root locations on the right half plane which might
make the cascade compensation design required. Since g,(s) has characteristic cquation
roots in the right half plane and also the root locus diagram shows one root location
branch that extends along the positive real axis, it is clearly unstable. In particular
£x(s) might not nced any compensation other than a gain adjustment.

The effect of bow planes un pitch angle and the effect of stern planes on depth
are rather small compared to the eflect of bow planes on depth and stern planes on
pitch. So it is considered best to focus on the transfer functions g,,(s) and g, while car-
rving out a design procedure. Even if the designed compensators for these two transfer
functions are not satisfuctory for the other two equations, the total system response

might be sufTicient.
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Figure 52. Cascade Compensated Control Model for Vertical Motion

Since the transfer functions for the vertical plane have poles in the right half
plane, they do not represent minimum phase systems. For a non-minimum phase system
it is more complicated to achieve a design which mects the required specifications.
However it is possible to start with a very basic design and improve it alter observing
compensator cllects on the system behavior.

IFrom the requirements mentioned before, the settling time will be more than
100 seconds and the damping coefticient { is about 0.5 for sufficient damping. Using the

formula for sccond order approximation
3|
=— 7
L {w, 7

Solving for w, and substituting numbers

4

©n=05x100 ~

0.08 (38)

The gain crossover f{requency for the uncompensated system is about 0.2

rad'sec. as can be scen from Fig. 54. Then the gain which is to be used for the first
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Figure 53,  Root Locus Plot for g,,(s) .



3SHHd
0’0 0°09- 0'02l- 0081~  O'OK2-

0°00¢-

............

e

TYYTRE (R TYTTVRE ITYTTIT I

FUTTUTIRY TIPS SUSTITry SN STTCTOr STPTSTINY VNRE PTre selevsenr I ey 3
..... R 8
covasrre frorertrasdeoranens 5

P TIXTI T TTTORTTLS ITTTYTIT: RITYYYYY

FREGUENCY (RAD. PER SEC!

OPEN LOOP BODE FOR DEPTH/DB U-10

0’0 0°0) 0'ne 0'0 v'02-
(83) 30NLINSWM

Figure 54. Open Loop Bode Plot for g,(s) .




2 :

X

°

S

g

[ -]
o N
é 8 /(
o 6 60
£ X

8

¢

a

3

0

¢ T

8 :

9 [ ]

-0.20 -0.1% -0.10 -0.05 0.00 0.0% 0.10
REAL AXIS

Figure 55.  Root Locus Plot for g,,(s) .

73



OPEN LOCP BODE DIAGRAM
OEPTH/DS U - 10 FT./SEC.

A

JSHHd
0'081-

sasesrarsds OIS NUUUVOR RN NN . e TGN 8

.
A T ILITTY “RYIRTY P ITTY RTRTRTIY HTTRRNTY NETITITIr NG RITIT (TTTTNrE NIy T 5
H

. revsany weeemssargran
asenen . [YTITTT TRYTYRIYY TYTIRY TTIIYIY 10 Messesaes
caneiadl rarnr o
p—
H
FETTTIITTS TYTTRRYPYY TYTYTTINT: TIVIRYTAYS FURTSRRENY FITCTRYY TRTTSVIT YRR TYRRST FRTRRITTE: SPTSY 8 IVTTTT T PYTTRTEIN

[YTTIITTY NYTYY YT TIRTITITE: TITSVPYYR TYTPTTRRY - sesease XY TIYTYRYTIY TYPITTYRR-SRNIRRRRY

Lt L L LI TR T YT Ty T LYY TPR Y TON- TP PP YT PRY FRTTIY [XTTTYVIVT-PPRTTYTY T ITSYTPY YRS INPTYIRTNN 3

H
CCLTITRTRT IRYTITYNLY SYYRTRLTE SITTITY N IRYYYIIITY

CITTTINY T IR RT TR IYTITIYY AYTTYTTFATTY '3

Pooenasnen svesessesharasaaces

Seorcananadicnsrnsuidesceesi i rarisssediciteerdrcssosenfennranney
.

{

TS TS TI TS RTTITTIET) TTTOPYOT IORUNRPIN IOPOPPIPISPttIRN S0314141 1] TININUNTE IIPIITPIN PROSPIIN &

edeanvaecidronnennas
H

SRR SUUTE SRTTIRY SRUIOOE SO 5 SRR FSUPUIN FSORTRIN- JOURUN RUPHIIOE RPN B

10”

009 0°0% 002 00 0'02- 0°0r-  0°09-
(80) 30NLIN9UNW

Figure 56.

Open Loop Bode Plot for g,,(s) .

74




NE SISTIn POLES qﬂl

i TEE

PITCH/DB U = 10 FT./SEO’?{PR P NE rAsne

0:00 Rty

R -
o L ]
s
e
e
s
: %
o

4

&g o

£ i
g
?
e
¢
a
¢
R
? o .

-0.20 <0.15 -0.10 -0.05 0.00 0.0% 0.10
REAL AXIS
Figure 57. Root Locus Plot for g,(s) .

75




OPEN LOOP BODE DIAGRAM
PITCH/OB U = 10 FT./SEC.

JSUHd

0'0 0°09- 0°0Zi- 0°'001- 0°0h2-

(80) 30NLINSWYM

H s 3 H
¥ )
0°09 0'0% 0oz 0°0 0°0z-

0°0%-

FREOQUENCY (RAD.

Figure 58.

Open Loop Bode Plot for g,,(s) .

76




PITCH/DS U = 10 FT./SEC BN e raisme

‘.

]

-] 4

.

s :

e

K

g

o
2
8 %
8 Femetorarmn).
E

4

?

e

v ]

§

] :

? :

R :

? L]

~0.20 <0.15 -0.10 -0.08 0.00 0.05 0.10
REAL AXIS

Figure 5§9. Root Locus Plot for g,(s) .

77

e



JSEHd
0'021-  0°081-  0°0)e-  0°00E-  0°0Bg-

reeeasues

TR

sevcanes

cenresnees:

vaerenel

sertarrcsgiesensees aneewes . [ITYITYTE TYTYY TOVIR FITINTITN 3

HYTITITEY NUTTIPRS UPIIPIeY BN asane senvensengranancrsafescas e ISTTITN o

10

R Am A e A A J

sessrereidisarnsnes, ceesiduasencane

YT asstraasrsrnsiane sresemiaiBeninsertrioctresarabiriieniys

seesronecy

X TYYIT

LLTTYPTRN TYTYRT PPN TS sedrescrsrefascnnsenaeraceccns

FEXTYTIEY: TECTYRITTS YRRYPRT )

Py b a2

N

sesacreand

ITTITIN

esasenane

csasscane

FTTIITIN)

1

T ey alsisasareciistnraces . v EITTITIIRTIIRS

nafiresatessfeisecines

10"

cren TS
srvaeenny

ssesganen

sagesnssenss

[ITTIITTNS

LR FEYYTRTTRY PRRY)

sessesnas

LYY TYTTY PO feomanes e crpsssans YT LT RXTY R LTT TTYR T ROus secmanansd seadenan
H ' M

ereevacay

Y

LR IR AL

adieserenseduserscrettan avseore P L 11 VUK FURURNIN STTYY N

OPEN LOOP BODE DIAGRAM
PITCH/DS U - 10 FT./SEC.

107

——os
-
.

.
IXY EYTRYRTIY 1N

¥y T rear

0°0F

o
gd cesmennne
e

e- PR,

o' 0'0
(80) 30NLINIUH

AN

FREQUENCY (RAD. PER

Figure 60.  Open Loop Bode Flot for g,ls) .

18




compensator, has to be less than one in order to get the desired response. This gain
constant is called K1 and taken as 0.1 for the first trial.

In order to increase phase margin a first order lcad compensator is to be added
to the forward path. Such a compensator has the form

(39)

4

._p (s+2)
S I (s+p)

The multiplicr p’z is required to keep error coeflicient constant. |Ref. 2 ]
Using cascade compensator design techniques the best choice for the first trial
on g,, will be
1 s+01 _  (+0.D

= = '()
En =31 5+1.0 10 s+ 1.0 (40)

Multiplving with K1 the total compensator is

s+ 0.1

Ge=3T1.0

(@1)

The root locus plot and open loop Bode diagram for the compensated system
are given on [Fig.61 and I'ig. 62, The compensated svstem has about 75 degree phase
margin which is obviously more than the specified requirements. This excess nhase
margin may cause a request for the large planc angles which it is not possible to supply.
Since it is always possible to usc limiters on plane angles it is concluded to lcave the
designed compensator as it is and use it for preliminary design procedures.

Since g.,(s) is already very reasonable well damped, no compensator will be uscd
and K2 will be taken as 1.0 for the first trial.

The next step is to put the compensator in the actual lincar svstem and obscrve
the response of the system. But before doing that the simulation program has to be up-
dated in order to get more realistic results and accuracy.

a. Limiters
The mechanical limit for both planc deflections is 35 degree. But it is not
desirable to use full plane angles for higher speeds. Also it is possible to limit planes ard
the error signals. The test runs which are achicved with limited plancs led to unaccepta-
ble plane behavior such as very small deflections. Under these sct of circumstances it
was concluded to limit the error signal such as:
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changes where there is no need for a limiter.

lim =35

lim =23

lim =15

when u < 15 {t/sec.
when 15 < u < 30 [t/sec.
when u > 30 fXsec.

Obviously this limiter does not have any effect for less than 1S it depth

b. Actuators
The lincarized model does not include the dynamics of the plane actuators,
which are force and moment producers. The actuator dynamics werc ignored in the
modcl comparison part of this study. In order to have an accurate modcl for the design
procecdure, an actuator model has to be added to the svstem dynmamxs. Such an actuator
model was developed by [Ref. 6 | and represented as

G s+ 0647

)

The complicte model which is used m the sumwlatyon pregram s gnemm I g

63.
{ Oepth
Ordered § - Limter || 2013Xs* 1) '
Depth (s+10) $40.667 LINEAR
Ordered ) MODEL
> 2 :
Pitch 5+0.667 Pitch

Figure 63

Block Diagram for Compensated Linear Model in Vertical Motion
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3. Simulation

The simulation program is written based on the discussed subjects above. The
first run was made with the preliminary design gains, poles and zeros. Then required
corrcctions were made in order to meet the design specifications. ‘The DSL simulation
program with the final parameters is given in Appendix F.

Test run results which were achieved with diflerent sets of parameters are given
in Figures 64 to 74. Lach run is explained briefly below:

Run No. It

The simulation program was run with the first set of parameters for 10 i, depth
change and 10 f{t;scc. axial speed which is the lower limit for this compensation. With
K1=0.1 the required bow plane angle was very large and overshoot was 25%. This run
does not meet the specified requirements.

Run No. 2:

In order to get reasonable plane response it is decided to reduce K1 to the value
of 0.01. This time the maximum bow plane dellection is 26 degree but the time required
to reach 10 feet depth change is a little longer than the specification. This run is also
discarded.

Run No. 3:

A third approach would be to change K1 to 0.015. The result was quite satis-
factory except the 40 degree maximum bow plane angle. The main reason for this farger
plane request is the excess phase margin on the system. The one possible way to reduce
phasc margin is to shift the cascade compensator one decade up i the frequency do-
mam.

Run No. d&:

Using the new compensator with one zero at 1.0 and onc pole at 10.0, the results
arc satislactorv. As can be seen from figure 66 the maximum required bow plane angle
is 10 degrees, the time to complete 10 ft. depth change is 78 scc. and the overshoot is
10%. This excess overshoot is the pavofT for reducing the phase margin but since it
makes only one foot dillerence, it is acceptable.

Run No. §

It is desired to check the system response for large depth changes. The simu-

lation program was run for a 100 ft. depth change. Maximum required bow plane angle




is 34 degrees and overshoot is 5%. At this point it scems that the compensated linear
model for Gepth control is acceptable.

It is also required to check the pitch response of the svstem. Test runs were
performed with zero depth and some certain pitch angle change. Because of the how
plane cffect (which tries to keep the submarine at the same depth) there was a steady
state crror on pitch angle. Since this pitch error relates very closcly to K2, it is concluded
to increase K2 to 2.0.

Runs No.6 and 7:

To make sure that there is no negative effect on depth behavior of the system
created by the new K2 parameter, two more runs were achieved with K2=2.0 for 10 and
100 feet depth change. Since there was only a slight change on overshoot, the new K2
value is accepted and used for further study.

Run No. 8

In order to check the pitch response of the compensated system, a -5 degree
pitch command was ordcred while the depth change command was zero.  Systesn has
rcached the ordered pitch angle in 46 seconds and because of the bow plane eflect, it
scttled on -d degree. Increasing K2 might decrease this steady state error but at the same
time it might crcate more overshoot and instability problems on depth behavior of the
svstem,  Since a 1 degree error is in the specifications limits, K2 = 2.0 will be used for
further study.

Runs No. 9 and 10:

‘The next step is to check the designed system for a certain range of speed. For
15,2 ft./see. (9 Kts. ) two runs were performed with 10 and 100 ft. depth change. As it
can be seen from Fig.s 69 and 70 there is 12% overshoot for 10 {t. depth change and 3%,
for 100 ft. depth change. Increasing the speed has a positive cffect for large depth
changes while having a negative cfTect for small ones.

Runs No. 11 and 12:

The axiol speed was increased to 12 Kts. The system reaches the ordered depth
in shorter time and has only 2% overshoot for 100 ft. depth change.

Runs No. 13 and 14:

Two more test runs were performed with 18 Kts. axial speed. As can be scen
from Iig.s 21 and 22 the compensated control model is still valid and, in fact, works
better with only 176 overshoot for lurge depth change.

Finally it is considered that the designed automatic control for the linearized

vertical motion using cascade compensator design techniques is satisfactory and should
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be checked with actual non-linear model. After designing another cascade compensator
for the horizontal motion, both models will be checked in order to sec whether the design

is completed or necds some alterations.
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Compensated System Depth Response K1 =0.015, K2 = 1.0
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1V. AUTOMATIC STEERING CONTROL

Turning characteristics ol a surfaced submarine are very similar to a surface ship.
But the situation in the submerged position shows big differences. Sail structure can be
considered the main difference and the main source of rolling. But roll control is not
considered in this study since the main purpose was to control depth change which is
caused by the rudder.

In Chapter 2, three equations of motion were lincarized and derived for the hori-
zontal plane. Same cquations will be used to design a steering control for a submerged
submarine. But the algebraic loop problem has to be solved before using Mason’s gain
rule.

Three lincar equations for horizontal motion are
i = 1.89F — 6.3p — 0.291ur — 0.0351up — 2.563x102uv + 7.568x 10~ 125r  (43)

p= —0.679f — 0.0584s — 8.1 79.\‘10_3up —~9.347x10 ur —3.942x10™ iy

a4
+ 39925107267 — 0.236¢ )

i= ~6.853x107p + 6.767x107" = 6.767x107ur —4.51 110 up — 4.076x10wr
~1.631x1075 ¢ (45)

Substituting the highest derivative terms into each cquation and after a great deal
of algcbraic work

F = —0.43Tur + 0.027up — 5.06x 107y + 6.49x10™%28r — 2.3894 (46)
p=0.021ur = 9.8x10up ~3.384x 10 1y + 1.249x10°15r — 0.378¢) (47)
F==7.2x107 0 + 7.8x10 7 up —3.888x10 31w — 1.595x107° 1267 — 4.09dx 107 (d¥)

A. DESIGN SPECIFICATIONS

In general, the required time to achieve a course change in a ship depends on
The forward speed,
The difference between previous and commanded course,

Applied rudder angle,

e

Rudder arca,
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5. The length and hull structure of the ship.

The submerged condition is also a very important aspect since the required turning
time is about three times greater for a submerged submarine than a surfaced one. lispe-
cially at lower speeds, it is very hard to achicve the desircd course for a submerged sub-
nmarine.

It is concluded that for the speeds which are less then 10 Kts., a control system must
achieve every 10 degrees course change in 30 seconds. This allows 9 minutes to complete
a 180 degrees turn and it is very reasonable for a low speed submerged submarine. For
higher speeds this time limit would be 20 seconds. It is also considered that more than
2.5 degrees cvershoot is not acceptable,

The mechanical limit angle for rudder is also 35 degree and has to be considered in
the design process.

B. DESIGN
 The cascade compensation method will be used [or the horizontal motion. Since the
aim of this chapter is to design a basic steering control, the roll response will not be in-
vestigated. The yaw response to the rudder is the only input-output relation of interest
at this point. Figure 75 repiesents a contro! model for the horizontal motion.

A signal flow graph is given on Fig. 76 for the linearized cquations of horizontal
motion. The corresponding numbers for symbols in the flow graph are given below:

a=0.43Tu

b=0.027u

c=—-5.0x10"%u

d=06.5x10-4¢

e=-=2.39
S=0.021u
g=—9.8x10"3

h=-3.4x10"%u
i=125x10-%u?
Jj=-0.378
k=-~7.2x10"u

I =-=7.8x10"u
m=-3.9x10-*u
n=-1.6x10"u
o= ~4.1x10"?
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Ordered Submarine Yaw
o 6, | ¢
p

Yaw

Figure 75. Cascade Compensated Control Model for Horizontal Motion

1. Decoupling
Since this signal flow graph creates 13 loops to be handled, it is considered to
take u as 10 ft./sec. at the beginning of the calculation in order to reduce the amount
of required algcbraic work.
Applying Mason’s gain rule to the signal flow graph given in Fig.76, the input-
output relation for yaw will be as follows

yaw o _ —1.6x107%" —5.4x107%s] —6.8x107%s — 6.5x107°
55 4+ 0.1755° +0.3885s> +0.0225% —5.77x107>5

= Iy =
Qr p

(49)

In factorized form, the same equation will be

G = —1.6x107(s + 0.1176 + j0.6222)(s + 0.1176 — j0.6222)(s + 0.102) (50)
P s(s 4+ 0.0387 4 j0.6152)(s + 0.0587 — j0.6152)(s + 0.06U2)(s — O.0U25)

As can be seen from the transfer function, there is a real pole in the right half
plane which is very near to the origin. The characteristic equation roots are ,

—0.058+/0.615 |

—0.01840.020

-0.1

—0.022

9



Figure 76.  Signal Flow Graph for Horizontal Equations of Motion

The root locus plot and open loop Bode plot for G, are given in Fig.s 77 and

78.
The root locus plot shows that there is a very small gain range wherc the systcm is sta-

ble. The Bode plot also agrees that the system is unstable with 15 degrecs negative phase !
margin and there really is a small gain range over which the system will be stable with
a small damping.

Since it is obvious that a gain adjustment will not be enough to get the desired

response out of the system, the cascade compensation will be requiced. In order to
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increase phase margin a first order lead compensator is to be added to the forward path.
Using cascade compensator design techniques, the first trial would be

0.1 s+ 001 (s +0.01)
&=00l s+ol 10500 (1

There will be no gain adjusment at this point.

The Bode plot for the compensated system is given in Fig. 79. The phase margin
is 40 degrees and that is about the maximum phase which can be acquired with only one
cascade compensator. The root locus plot shows that the compensator has moved a lot
of root locations to the left half plane and it is given in Fig. 80.

Since the root locus and Bode plots show very reasonable damping and stability,
it is considered that the compensated system is ready for the simulation. The DSL sim-
ulation program which is used for the validation of the linear model (Appendix E), is
updated with the designed cascade compensator. This program is given in Appendix G
including requircd modifications.

2. Simulation

The same plane actuators which were used for the stern and bow planes, are
used for the rudder in the simulation program. But since the input is totally different, it
is necessary to design a dillcrent criteria for the limiter. The first run was made without
any limiter, then using trial and error, the best limiter choice is appeared to be:

lim =0.070 whenu < 12 Kts.
lim =0.050 when 12 < u < 18 Kts.
lim =0.035 when u > 18 Kits.

The complete model which is used in the simulation program is given in Fig. 81.

Test run results which were achieved with difTerent sets of speed and course, are
given in Figures 82 to 90. The roll responsc is also given in order to make sure that
submarine does not exceed maximum allowable roll limits. Each run is explained briefly
below:

Run No. 1:

Using 6 Kts. forward speed and 10 degrees course change, the maximum re-

quired rudder angle was 82 degrees. Therclore it is necessary to use a limiter on the error
signal.
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Figure 81. Block Diagram for Compensated Linear Model in Horizontal Motion

Run No. 2:

Using the limiter which was mentioned above and for 15 degrees course change,
the maximum required rudder was 33 degrees. It takes 46 second to get 15 degrees course
alteration with only 2.5% overshoot.,

Run No. 3:

This time the system is tested with the same speed for a 90 degiee course change
which is one of the commonly used comniands in a submarine. It takes 214 sec. to ex-
ccute this conunand which is in the specified limits. The overshoot is 1.5%5 and maxi-
mum required rudder angle is also 33 degrecs.

Ru No. 4

In order to get the speed range in which the compensated systein stays in the
required specifications, the forward speed is increased to 10 Kts. For a 15 degree course
change the time to execute the command is 22 scc with 1.9 feet overshoot.

Run No. §:

IFor 90 degrees coursc change with 10 Kts. fcrward speed the time to execute the
command is 103 sec. with 1.5% overshoot. Maxiinum required rudder angle is still 33
degrees. As can aiso be seen from Fig. 86 the maximum roll is about 3 degrees.
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Runs No.6 and 7:

These runs were made with 15 Kts. forward speed for 15 and 90 degrees course
changes. While the required time decreases with incrcasing speed, the overshoot in-
creases. But the results are still in the specification limit as can be seen {rom Fig.s 87 and
88. The maximum rou angle is 5 degrees for 15 Kts. forward speed which is also rea-
sonable. The maximum required rudder angle is 23 degrees for this case.

Runs No. 8 and 9:

These runs were made with 20 Kts. forward speed also dictated the speed range
for the compensated system because it becomes too oscillatory alter 20 Kts. which is not
desirable. It is necessary to add another cascade compensator to the forward path in
order to get enough damping for specds higher than 20 Kts. It is to be noted that using
a limiter also helps to keep the roll angles small. In this case the maximum rudder angle
is only 16 degrees because of the limiter eflect. With this limited rudder angle the maxi-
mum roll is only 8 degrees. Even though it is not intended to control the roll, the limiter
supplies an indircct control on the roll response.

Finally it is considered that the designed automatic control for the linearized
horizontal motion using cascade compensator design techniques, is satisfactory for the
speed range of 6 to 20 Kts. This design should be checked in the actual non-linear sys-

tem.
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Yaw and Roll Response to 10 Degree Course Change. No Limiter
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Figure 85.  Yaw and Roll Response to 15 Degree Course Change. U = 10 Kts.
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Figure 89.  Yaw and Roll Response to 15 Degree Course Change. U = 20 Kts.
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V. VALIDATION OF THE COMPENSATED NON-LINEAR MODEL

The main purpose of this study was to show that it is possible to design a
compensator based on the lincarized version of a non-linear model and then to com-
pensate the actual non-linear model with this designed compensator. In the previous
chapters the required compensators were designed for the lincar models on vertical and
horizontal motions. These compensators had to be checked with the actual non-linear
model to sce that the system will really work with them,

The complete DSL simulation program for the non-linear model was alteady written
and uscd by Rell 3 and Ref. §. 1t is also used for this study to compare lincarized models
with the non-linear modecl. In order to check the validity ol automatic control svstems,
the DSL simulation program is to be modified including the compensator and limiter
algorithms in it. The modified version of the DSL program for the compensated non-
lincar modcl is given in Appendix 1.

A. SIMULATION .

For the test runs to check the designed compensators, the same limiter valucs are
used. Since the actuul and commanded velocities ( U and UC ) are two dillerent pa-
rameters and U is always somewhat less then UG, it is concluded to take actual speed
U as the paramcter for the limiters. This will give more accurate plane deflections de-
pending on actual forward speed.

The non-lincar simulation program was run at 6, 10, 12, 15 and 20 Kts. for various
depth, pitch and yaw commands. A diving submarine can give hundreds of mancuver
variations in three dimensional motions. Since it is not possible to include all of them:
only the most common conunands and the commands which were used in Chapter 2,3
and 4 arc included for comparison purposes.

The trim valucs for the ordered speed arc carclully calculated from Rel. § and im-
plemented in the non-linear model.

Test run results which were achicved for different scts of speeds and conumands are
given in Figures 91 to 106. Each run is explained brielly below:

Runs No. 1-4:

The simulation program was run for 10 and 100 ft. depth changes at 6 Kts. com-
manded forward speed. As can be scen from Fig. 91 the non-lincar model completes a
10 ft. depth change 10 sec. alter the lincar model does. 1t completes a 100 {t.  depth
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change 20 scce. after the lincar model and overshoots for both case are on the specifica-
tion limits. There is also a 1 ft. steady state error for both cases.

At the same speed the simulation program was run for 1§ and 90 degree course
changes. As can be seen {rom Fig. 92 the non-linear model takes about 100 seconds to
achieve a 15 degree course change with no overshoot and a slight undershoot. Also the
required time to make a 90 degree course change is more than 360 seconds for the non-
lincar modcl. These two case are also non-acceptable.

The main rcason for this failure is the decreasing forward speed due to the plane
deflections. The forward speed, depending on the amount of the rudder deflection, ac-
tually drops up to 4 Kts. while achieving a course change mancuver. The same thing also
happens for a depth change mancuver due to the siern and bow planes. The
compensators were designed [or actual 6 Kts. and higher specds and they do not mect
the specifications for less than 6 Kts, forward speed.

Under these circumstances no more investigations were made at 6 Kts. At this point
it is concluded to operate at 10 Kts.

Runs No. §-8:

As can be seen in Fig. 93 the non-lincar model completes a 10 ft. depth change in
42 scconds with | f. overshoot at 10 Kts. 1t completes a 100 [t. depth change in 106
sceonds with 3.5% overshoot. These numbers satisfied the required specifications and
' 2v arc nearly the same as for the lincar model with a little time lag.

As can be seen in Fig. 94 the non-linear model makes a 15 degree course change in
25 seconds with 0.8 degree overshoot which is less than the lincar case. For a 90 degree
course change the time is 205 seconds with no overshoot. Again due to the rudder drag
force, the time to reach the commanded course is much larger but more realistic than the
lincar <ose. Since the constant speed assumption which is used for the lincar model is
no longer valid for large perturbations, this is rcally expected. On the other hand the
dre1 - ad cascade compensators can still control the actual non-lincar system cliectively
ene - and in lact, with less overshoot which is very important [rom the point of this
stud:

Runs No. 9-i2:

In o cr to have an idea about specd deviation due to the planc deflections, four
runs were performed for 10 and 100 feet depth change and 15 and 90 degree course
change ¢ 10 Kts. As can be seen in Fig. 95 there is an appreciable difference between
the drag lorces crcated by rudder and bow;stern planes. ‘This is expected since the rudder
has a lot more surface than the other plancs. I'or a 15 degree course change the forward
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speed drops abruptly to 9.3 Kts. and goes back to it’s original value in a relatively small
time. For a 90 degree course change, the forward speed drops up to 9 Kts. and stavs al.
most constant for about 150 seconds which is the greatest cause for the slower course
change rate.

Runs No. 13 and 14

Since the lincar modcl assumes no cross-coupling between vertical and horizontal
motion, these runs are performed only for the non-linear model. Cross-coupling eflects
on depth and pitch angle are shown in Fig. 96 at 10 Kts. for 15 and 90 degree course
change commands. For both commands, the submarine stays in the § feet depth and 2
degreces pitch error limitations.

Run No. 1§

Onc of the most diflicult mancuver for a submarine is to change depth while
achicving a course command. Results of such a maneuver are given on Fig. 97 and Fig.
98. A simulation run for simultancous 90 degree course and 100 ft. depth change com-
mands, shows that the time to reach 90 degree course change is about 40 seconds longer
than the usual condition but it docs not atlect the depth change. Because of the rudder
cilect only a small depth error appears until the submaring scttles on the desired course,

As can he scen in Fig. 98 the non-lincar submarine’s roll and pitch responses are
somewhat non-regular but still in reasonable limits for this case. The forward speed de-
viation due to the plane drag forces is also given in Fig. 98. Speed drops up to 8.3 Kts.
and this gives an explanation for lower course change rate.

As a result {or this run, even though the designed control systems interact, they can
work well simultancously,

Runs No. 16 and 17:

In order to be able to compare fixed rudder effects on depth and pitch angle, two
simulations were performed for 15 degree and 35 degree fixed rudder commands in the
same fashion as in Chapter 4 at 12 Kts. Ior 15 degree rudder the pitch and depth errors
stay in specificd limits but {or 35 dcgrec rudder these crrors are not allowable. Simulation
results for this case are given in Fig. 99.

Runs No. 18 and 19:

Figure 100 gives the simulation results for a 15 and a 90 degree course change at 18
Kts. lor both lincar and the non-linear modcls. The yaw response for 15 degree course
change is almost the samce as the response for 10 Kts. with a little more overshoot and
oscillation. On the other hand the non-lincar model shows a better response with less
overshoot for both cascs.
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Runs No. 20 and 21:

Figure 101 gives the simulation results for a 10 and a 100 fcet depth change at 1§
Kts. Surprisingly there is almost no difference between linear and non-lincar model for
the 10 feet depth change. But for the 100 lt. depth change the non-linear model has a
faster response than the linear model. This is unusual and created by diflercnt limiter
behaviors on bow planes at this specilic forward speed.

Runs No. 22 and 23:

In a real submarine a depth change command usually comes with a pitch command
in order to reduce the time to get the desired depth. Figure 102 gives the results of such
a command [or 100 [eet depth change with 5 degrce down pitch angle at 6 and 15 Kts.
IFor both cases the submarine reaches the desired depth 35 seconds before the case for
which no pitch command is given. But as a trade-olT the overshoots are over 10%. Also
the pitch command has to be reduced to zero before the desired depth is reached in order
to avoid too much overshoot and a steady state error on depth. This is done 10 [eet
before the desired depth is reached. for 6 Kts and 50 feet before for 15 Kts.

Runs No. 24 and 25:

Finally the compensated non-lincar system was checked at 20 Kts. Fora 18 and a
90 degrce course change, the yaw responses of the compensated submarine are given in
Fig. 103. Once again the non-linear model gives a better but siower responsc then the
linear modcl. FFor the 15 degree course change the yaw responses of both models become
too oscillatory duc to the high speed. But the compensator still works well cnough to
control the submarine.

Runs No. 26 and 27:

Figure 104 gives the compensated submarine depth responses for a 10 and a 100 fect

'dcpth change at 20 Kts. There is a 0.8 fect steady state error for both cases which is
created by the system dynamics due to the high speed. The control svstem design is
based on 10 ft./sec. ( 6 Kts.) forward speed. At 20 Kts. the transfer functions which
describes the submarine dynamics might have very diflerent characteristics. Conse-
quently it is concluded that the upper speed limit for this design is 20 Kts. In fact, the
control system works up to 25 Kts. without exceeding design specification limits.

The compensated submarine pitch responses for the same runs are given in Fig. 105,
The linear and non-linear models show very similar pitch behavior and pitch angles do
not exceed the given 2 degree limit even for this high speed.

As a result of this chapter it has been shown that the designed automatic control
system for the lincarized model can also work effectively on the actual non-lincar model.
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Figure 91.  Compensated Submarine Depth Responses at 6 Kts.
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Compensated Submarine Depth Responses at 10 Kts.

123




15 DEG. COURSE CHANGE UC = 10 KTS.

18
T

—

o 1 | N 1 1 1 i
) 100 200 300
TIME (SEC.)

90 DEG. COURSE CHANGE UC = 10 KTS.

YAW (DEGREE)

Figure 94.  Compensated Submarine Yaw Responses at 10 Kts.




SPEED (FT./SEC.)

SPEED (FT./SEC.)

180 182 184 158 188

15.8

18.0 16.4 188

1

FORWARD SPEED DEVIATIONS UC = 10 KTS.

" === FOR 10 FT. DEPTH CHANCE
5 Y FOR 18 DEG. COURSE CHANGE
- -"".
1 ! ! 2 3 1 \ )
(-] 100 200
TIME (SEC.)
FORWARD SPEED DEVIATIONS UC = 10 KTS.

R & ——— FOR 100 IT. CEPTH GHANGE
R FOR B0 DEG. COURSE CHANGE

U N A

L T il 1 1 1 L 1

0 100 200 300

TIME (SEC.)

Figure 95,

Deviations from the Commanded Speed for Non-Linear Submarine




CROSS-COUPUING EFFECT ON DEPTH UC = 10 KTS.

DEPTH ERROR (FEET)

L 1 1 1 1 ) 1

Q 100 200 300
TIME (SEC)
1
CROSS—COUPUING EFFECT ON PITCH UC = 10 KTS. .

1.0

PITCH ERROR (OEGREE)
03

100 200 300
TIME (SEC.)

Figure 96.  Cross-Coupling Effects for the Non-Linear Submarine at 10 Kts,
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VI. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
WORK

A. CONCLUSIONS

The linearization of given non-linear diflerential equations of motion in six degrees
of freedom, designing two automatic control systems using cascade compensator design
techniques for vertical and horizontal motion of a submarine and finally investigating
cross-coupling eflects due to the rudder deflections were the main concerns in this study.

It has been shown that using linearized equations to design an automatic control for
the actual non-linear system is possible for the submarine problem. Also cascade com-
pensation, using a single loop technique, which was mainly the Bode plot design in this
study, is possible and practical for automatic pitch, depth and yaw control of small
submarines.

The designed control systems for both planes satisfied the design specifications for
a speed range from 8 to 20 Kts. That mecans the compensated system is rather insensitive
to speed deviations. Therefore all problems related to gain switching, like cluttering and
discontinuitics in plane angles, are avoided. This is especially important because the
forward speed changes significantly during maneuvers.

The implementation of the designed compensators into hardware has the following
desirable featurcs:

1. Minimal Instrumentation: Since rate information is not required, no inertial guid-
ance system is necessary, Only a regular gyro for course and simple sensors for
depth and pitch angle are needed.

2. Low Cost, Weight and Size: The simplicity of the compensator transfer functions
makes them casily realizable in physical hardware at low manufacturing cost.
Weight and size requirements are very small, another important factor especially
for small coastal submarines. A wide speed range is covered by one fixed
compensator and no changes in parameters are necessary.

3. Reliability: The automatic controller can be realized with a set of physical com-
ponents with a well known high reliability. High component reliability and a small
number of components will generally result in a high system reliability.
B. RECOMMENDATIONS FOR FURTHER WORK

1. The designed control system in this study can keep the pitch and depth errors in
rcasonable limits for small rudder deflections and course changes. But larger dellections
still create an appreciable amount of depth and pitch error at high speeds which is not
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desirable {or near surface opcrations. It might be worthwhile to improve this design to
get a sullicient control on cross-coupling eflects for all kinds of hcavy maneuvers. This
can be done using dilTerent sets of parameters for the compensators and limiters and’or
increasing the numbers of compensators for the vertical control of the submarine.

2. In some operational conditions it is very important to reach a desired depth as
soon as possible in a submarine. Therefore an additional pitch angle command is given
which has an enormous eflcct on depth change rate. For the present design it is possible
to give both depth and pitch command at the same time but the watch oflicer has to
decide where to change the pitch command to zero. Otherwise, depending on the forward
speed and commanded pitch angle, the submarine might not stay on desircd depth.

The present design can be modified using a new algorithm which can decide where
and in what fashion to dccrease the pitch angle automatically in order to get desired
depth and stay there without any unacceptable overshoot and steady state error.
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APPENDIX A. DEFINITIONS OF SYMBOLS

SYMBOL

m

u

A\

u,

X

DEFINITION

A dot over any symbol signifies dilferentiation
with respect to time.

Buovancy force which is positive upwards.

Mass of the submarine including the water in the

free {loating spaces.
Overall length of the submarine.

Linear velocity of origin of body axes rclative
to an earth-{ixed axis system.

Component of U along the body x-axis.
Component of U along the body y-axis.
Component of U along the body z-axis.
Command speed.

L.ongitudinal axis of the body [ixed coordinate
axis system.

Transverse axis of the body fixed coordinate
axis system.

Vertical axis of the body fixed coordinate axis
svstem.
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Xy

Jo

ob

or

ob

Distance along the x axis of an earth-fixed
axis system.

Distance along the y axis of an earth-fixed
axis system.

Distance along the z axis of an earth-fixcd
axis system.

Component of angular velocity about the body
fixed x-axis.

Component of angular velocity about the body
fixed y-axis.

Component of angular velocity about the body
fixed z-axis.

The z coordinate of the center of buoyance
( CB ) of the submarine.

Angle of attack.

Angle of drift.

Deflection of bow or fairwater planes.
Deflection of rudder.

Deflection of stern planes.

The ratio %‘- .

Pitch angle.
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W Yaw angle.

v Roll angle. 1
N Mass density of sca water. .
v, Weight of water blown [rom a particular

ballast tank identified by the integer assigned
to the index i

w Angular velocity.
t Time.
X, Location along the body x-axis of the center

of mass of the i* ballast tank when this tank is
filled with sea water.

(F,), Propulsion force. .
1, Moment of inertia of a submarine about the .
X-axis.
I, Moment of inertia of a submarine about the
y-axis. !
- » . . 3
I, Moment of inertia of a submarine about the !
z-axis.
All K’s Non-dimensional constants cach of which is assigned

to a particular force term in the equation of motion
about the body x-axis.

All M’s Non-dimensional constants each of which is assigned
to a particular force term in the equation of moation -
about the body y-axis.
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Al N's

All X’s

AllY's

AllZ's

Non-dimensional constants each of which is assigned
to a particular force term in the equation of motion
about the body z-axis.

Non-dimensicnal constants cach of which is assigned
to a particular force term in the equation of motion
along the body x-axis.

Non-dimeusional constants each of which is assigned
to a particular force term in the equation of motion
along the body y-axis.

Non-dimensional constants each of which is assigned

to a particuiar force term in the equation of motion
along the body z-axis.
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APPENDIX B.

HYDRODYNAMIC COEFFICIENTS OF SIMULATION

A. AXIAL FORCE

XQQ
XUDOT

XuU
XDSDS
XWWN

-0.000200

= .0.000150

0.0
-0.002500
0.0

B. LATERAL FORCE

YP.P!
YRDOT
YwP
YP

YV

YVS
YVAVN

0.0

= 0.000090

0.007500
-0.000700
-0.021000

0.0

= 0.0

C. NORMAL FORCE

ZRR
ZWDOT
ZQ

ZUU
ZW
ZI/\\III
ZQN
ZDSN

-0.001500
-0.007500
-0.004500
-0.000100
-0.011000

6.0

0.0

0.0

EQUATIONS
XRR = -0.000090
XVR = 0.011000
XVV = 0.006500
XDBDB = -0.002600
XDR2N = 0.0
YPQ = 0.000200
YVDOT = -0.011000
YR = 0.003000
YUU = 00
YDR = 0.006200
YRN = 00
YDRN = 0.0
ZRP = -0.000900
ZVR = -0.008000
ZQDS = 0.0
ZVV = 0.000650
ZDS = .0.005000
ZWW = 00
ZWN = 00
Z+VP = 0.0
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XRP
XWQ
XDRDR
XVVN
XDS2N

YPDOT
YV/R/
YRDR
YV/V/
YWV
YVN

ZQDOT
ZWiQ!
ZVP
ZW!W/
ZDB
ZVS
ZWAWN

0.000250

= -0.007500
= -0.002800

0.0
0.0

-0.000300
-0.007300

= 0.0

-0.060000
-0.065000
0.0

-0.000200
-0.006000
-0.007000
-0.030000
-0.002500
0.0
0.0




D. ROLLING MOMENT

KPP/ = -0.0000008
KRDOT = -0.000007
KR = -0.000040
KV, v/ = -0.000900
| QYA = 0.003500

E. PITCHING MOMENT

MRR = -0.0005500
M+RP = 00
M/W/Q = -0.002000
- MVP = 0.000900
MW/W/ = -0.005000
MDB = 0.000500
MQN = 00
MDSN = 00

F. YAWING MOMENT

NPQ = -0.0004000
NVDOT = 0.000300
NR = -0.003000
NLU = 00
NDR = -0.003000
NVN = 00
G. OTHERS

Al = -0.001000
LC = 415.0

IX = 7.311x10-¢

KQR
KVDOT
KP =

MRP =
MWDOT =
MQ =
MUU
MW

M/W/ =
MWN =

NPDOT
N/V/R
NRDR
NV/V/
NWV
NVAVN

A2
ML
IY

-0.000100 KPDOT
-0.000250 KWP
-0.000035 KUU
-0.000700 KDR

0.000150 MQDOT
-0.000200 MVR
.0.002500 MQDS
0.000040 MVV

0.003000 MDS
0.0 MWW
0.0 MWAWN=

-0.000007 NRDOT

-0.004500 NWP
0.0 NP
0.014000 NV
0.015000 NRN
0.0 NDRN

-0.000950 A3
0.0087445 BZB
5.68067x10-4 1Z

143

-0.000003
0.000250

0.0
0.000070

-0.000400

-0.002000
0.0
0.015000

-0.002500

0.0

0.0

-0.000500

-0.000200

-0.000005

-0.007500
0.0

0.0

0.001950

= 0.0010114

5.6867x10-4




APPENDIX C. STANDARD EQUATIONS OF MOTION

A. AXIAL FORCE

m(t — vr + wq) = % ¢ [)(wq2 + X+ X,,rp]
p , .
+ 5 PLX+ Xpr + Xyqwg]
P Xt + Xow? + X, W' ]

PuP[[ Xgys, % +X 338565 + Xgpap0b* ]

N

vvn(" = l)vz

+
N[b N"b NIB N"b N"b Nl‘o

PXyon(n— Dw?

+

Pu Xgsgml = 1)5;
+ l 2an!om(" - 1)53
- X I¥;sin@

+ (Fx)l’
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B.

LATERAL FORCE

m(v —wp + ur) = -g-l‘[)'p"-!' Y5

+ £ LY,00 + Yypplpl]
+ &P v+ Yo wp+ ¥ Jm’+#ﬁm
Tl R LN TR
+ -FZL l’[ Yur+ Y.,M,ulrlér + Yup]
+%4ﬂgm-1wr
. 2 . 2, 21
+ £ 1] Vi + Yo+ Yypl67 + w31

PPu® Ysubdrér

WYy = 1)

1
Pyl = DHG? + w72

+

Py, mv

b2 4l
+w :
I“( y),, G (—w) sin wt

L
2
+2
+3
+2p
+32
+ -‘21- Yon(n = Dy
+£
+3
L
2
+ L2
+3
+ Y, W;sin¢ cosd
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c.

NORMAL FORCE

m(W — uq + vp) = '% r'zq

+ -‘2-'- r [Z,,r2 + Z,,,'P]
+ Lz'. PLZo + Zyvr + Z,yop + AZ,,vp]
+= l’[ M9 + Zigastllql0s + Zoyyq T ™ ' I0? + w')2 "ﬂ]
+£ PZ o~ ug
2t s 2
" -'2’- P Zyubol + Zyts? + w1 71Z,8* ]
- P[ Zy b5 + Zgy3b]
[Z,,,(n = Duw + Zypupaln = Dwi(v? + )2 |]
Pu?Z,,(n = 1)ds

v 4wl
(rz)" ——— v sin w¢

Nlb Nl'b Nl'b N|3

+ 3 W,cos ¢ cos @
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D.

- e— -

ROLLING MOMENT

. ' p ;L g .
I+ (= L)qr = 5 UK + Kyar + KiKyppplpl]
+ —;— I CKup + Kur + Kiv + K, pwp)
+ -g- P [l\’,,,,uz + Kuv + K,le(l.v2 + wz)';'l]

+ lavaw

ol wfs

+= P’ K, or

+ Bzg sin ¢ cos

147



PITCHING MOMENT

1, + (g = L)rp = -‘52’- PLMG + My + Myrp + AM,rp]

+ % l‘[M,uq + Migs,tlglos + M (v + "-‘2)%14]
+ -‘zl PLM o + Myvr + M,vp]

+ -’2'- £ Mon(n = g

L [+ 5 Mg+ w31
5 [ Myl + Mond(s? 4+ w371 4 24,57

+ 5 PLM,85 + Myyb] .

+ —’2)- P Mn(n — Duw

+ % l’z\!an(n - wl(? + Wz)%l

P

5 Ll My(n = 1)5s

+
+ Bzp sin 0

+ 3 W, cos ¢ cos @
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r'

YAWING MOMENT

I+ (I, = L)pq = % PLNG + Npgpg + Nop ]

1
+ -% r [x\-”,m‘ + Niygetdrior + .'\s"h.',l(v2 + u.-z’ﬁ'lr]
+ -%- I°C Npup + Ny + Nypwip ]
+ % r Npy(n = Dur

-3'-1 [4\,,,,14 + Nuv + N IVI‘I(" +w ) l]

-,2:-1 u 1\ Oor
+ % \6,,,(11 - 1)or
% Nyy(n = Duv
1
-g— Nyt = (w2 + wh)2)
+—’2,-[ Ny v

+ Y Wix,sin¢ cos 8
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G. AUXILARY EQUATIONS

d=p+ysing

. g—1ycosfsing
0=
cos ¢

- r+ésin¢
cos ¢ cos @

v

Xo = u cos 6 cos Y + v( sin ¢ sin 0 cos Y — cos ¢ sin ¥)

+ w{ sin ¢ sin ¥ + cos ¢ sin 6 cos )

Yo = ucos 8 sin ¥ + v( cos ¢ cos ¥ + sin ¢ sin 8 sin )

+ w( cos ¢ sin @ sin Y — sin ¢ cos ¥)
ig=—usin @ + vcos @ sin d + wcos  cos ¢

(Fp= -g— Pl ay + agn + ayn’ ]
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APPENDIX D. SIMULATION PROGRAM FOR LINEARIZED
VERTICAL EQUATIONS OF MOTION

IN THE VERTICAL PLANE.

ITLE SUBMARINE EQUATIONS FOR THE VERTICAL PLANE

*  AXIAL SPEED
CONST U=8. 445
INITIAL
DS=0. 0
DB=0. 0
DERIVATIVE
DB=0. 0*STEP(0)
DS=0. 0*STEP(0)
THETA=INTGRL(0. 08726,Q)
DEPTH = INTGRL(.O0,ZDOT)
Q=INTGRL(. 0,QDOT)
ZDOT=INTGRL( -0. 736 , ZDDOT)
Y1=-1. 728E-3*U*2DOT
Y4=-0. 706*U*Q
¥5=(0. 0128-( 1. 728F.~3)*U*U)*THETA
Y2=-6. 667E-4*U*U*DS
Y3=-3. 873E-4*U*UNDB
ZDDOT=Y 14+Y2+Y34Y4+Y5
YO=1. 884E~5*U*2DOT
Y9=-6. 365E -3*UiQ
Y6=3. 193E-6*U*U*DB
Y7==1. 465E - 5*U*U*DS
Y8=( (1. 884E-5)*U*U~-2, 522E -3)*THETA
QDOT=YO+Y8+Y6+Y7+Y9
DEP=INTGRL(. 0, ZDOT)
CONTROL  FINTIM=360
PRINT 1. ,THETA,DEPTH,ZDOT
SAVE  0.1,W,2DOT,THETA,DEP
GRAPH(DE=TEK618)TINE, THETA,DEP
LABEL INITIAL CONDITION RESPONSE in.PITCH=5 DEG.
GRAPH(DE=TEK618)TINE, 2DOT
LABEL INITIAL CONDITION RESPONSE IN.PITCH=5 DEG.

*
*
*
*
T
*
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THIS PROGRAM SIMULATES THE LINEARIZED SUBMARINE EQUATIONS

U=5 KTS.
U=5 KTS.




APPENDIX E. SIMULATION PROGRAM FOR LINEARIZED

HORIZONTAL EQUATIONS OF MOTION

THIS PROGRAM SIMULATES THE LINEARIZED SUBMARINE EQUATIONS

*
* IN THE HORTZONTAL PLANE.
v
*

IITLE SUBMARINE EQUATIONS FOR T!'® HORIZONTAL PLANE

*  AXIAL SPEED

CONST U=30.4

INITIAL
DR=0. 0

DERIVATIVE
Y1=1. 89*RDOT
Y2=-6. 3*PDOT
Y3=-0. 291*U*R
Y4=-0. 035*%U*P
Y5=-2. 563E-3*U*V
Y6=7. 568E -4*U*U*DR
VDOT=Y1+Y2+Y3+Y4+Y5+Y6
Y7=-0. 679*RDOT
Y8=-0. 0584*VDOT
Y9:=-9. 347E-3*U*R
¥10=-8. 179E-3*U*P
Y11=-3, 942E-4*U*V
Y12=3. 942E-5*U*U*DR
Y13=0, 236*PHI
PDOT=Y7+Y8+Y9+Y10+Y114Y12-Y13
Y14=-6. 553E-3*PDOT
Y15=6. 767E ~4*VDOT
Y16=-6. 76 7E~3*U*R
Y17=-4.511E-6*U*Pp
Y18=-4. 076E-5%U*V
Y19=-1. 631E-5*U*U*DR
RDOT=Y14+Y15+Y16+Y174+Y18+Y19
P=INTGRL(. 0,PDOT)
V=INTGRL(. 0,VDQT)
R=INTGRL(. 0,RDOT)

* PHI=INTGRL(O. 43633,P)
PHI=INTGRL(0. 0,P)
XI=INTGRL(.O,R)

DYNAMIC

IF(TIME.GE. 10) DR = 0.611
IF(TIME.GE. 40) DR = -0.611
IF(TIME.GE. 70) DR = 0.0

DRDEG = DR¥57. 296

ROLDEG= PHI*57.296

YAWDEG= XI*57. 296
CONTROL  FINTIM=360




PRINT 1.,V,YAWDEG,ROLDEG
SAVE 0.1,V,YAWDEG,ROLDEG,DRDEG
GRAPH(DE=TE¥618)TIME, YAWDEG,ROLDEG

LABEL FORCLD RESPUNSE TO 35 DEG. RUDDER
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U=18 KTS.




APPENDIX F. SIMULATION PROGRAM FOR THE COMPENSATED

* %

SYSTEM IN VERTICAL MOTION

THIS PROGRAM SIMULATES THE COMPENSATED SUBMARINE MOTIONS
IN THE VERTICAL PLANE.

%
ve
*

TITLE SUBMARINE SIMULATION
PARAM K1 = 0.015

PARAM K2
PARAM UC

2.0
10.4

PARAM ZOR= 100.
PARAM POR= 0.0
L

DERIVATIVE

PITCH=INTGRL(O. 0,Q)

DEPTH = INTGRL(.0,ZDOT)
Q=INTSRL(. 0,QDOT)
ZDOT=INTGRL( -0. 736, ZDDOT)
Y1=-1.728E-3*U*ZDOT
Y4=-0. 706+U*Q
Y5=(0.0128~( 1. 728E~3)*U*U)*PITCH
Y2=-6. 66 7E-4*U*U*DS
Y3=-3. 873E-4*U*U*DB
ZDDOT=Y1+Y2+Y3+Y4+Y5
Y0=1. 884E-5%U*ZDOT

Y9=-6. 365E-3*U*Q

Y6=3. 193E-6%U*U*DB

Y7=-1. 465E-5*U*U*DS

Y8=( (1. 884E-5)*U*U-2. 522E~3)*PITCH
QDOT=Y0+YB+Y6+Y7+Y9
DEP=INTGRL(. 0, ZDOT)

ZER = ZOR - DEPTH

PER = POR - PITCH

ZERR= LIMIT(-LIM,LIM,ZER)
PERR= LIMIT(-LTM,LIM,PER)

DYNAMIC

IF(UC.LT. 15.) LIM = 35.
IF(UC.GE. 15.) LIM = 25
IF(UC.GE. 25.) LIM = 15.

*COMPENSATOR GC11

C11 = -K1*ZERR
ci2
DB

LEDLAG(0. ,1.0,0.1,C11)
REALPL(O. ,. 667,C12)

*COMPENSATOR GC22

C21 = -K2*"PERR

DS = REALPL(O.,.667,C21)
DSDEG = 57.296*DS

DBDEG

57.296*DB
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- PITDEG = 57. 296%PITCH
CONTROL  FINTIM=360

SAVE 0. 1,DEPTH,2DOT,PITDEG,DSDEG,DBDEG
PRINT 1. ,PITDEG,DEPTH,ZDOT,DSDEG,DBDEG
GRAPH(DE=TEK618)TIME,PITCH,DEPTH

LABEL 100 FT. DEPTH CHANGE U=6 KTS.
GRAPH(DE=TEK618)DBDEG,DSDEG

LABEL 100 FT. DEPTH CHANGE U=6 KTS.
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APPENDIX G. SIMULATION PROGRAM FOR THE COMPENSATED

*  THIS PROGRAM SIMULATES THE COMPENSATED SUBMARINE MOTIONS

SYSTEM IN HORIZONTAL MOTION

* IN THE HORIZONTAL PLANE.

TITLE
L4

PARAM
PARAM
PARAM
PARAM

SUBMARINE SIMULATION FOR THE HORIZONTAL PLANE

DERIVATIVE

DYNAMIC

Y1=1. 89*RDOT

Y2=-6. 3*PDOT

Y3=-0. 291%U*R

Y4=-0. 0354UsPp

Y5=-2. 563E-3*U*V

Y6=7. 568E-4%U*U*DR
VDOT=Y 14Y2+Y 3+Y4+Y5+Y6
Y7=-0. 679*RDOT

Y8=-0. 0584%VDOT

Y9=-9. 347E- 3%U*R
Y10=-8. 179E-3*UsP
Y11=-3. 942E - 4¥UHY
Y12=3. 942E - 5%U*U*DR
Y13=0. 236*PHI
PDOT=Y7+Y8+Y9+Y104Y114Y12-Y13
Y14=-6. 553E-3%PDOT
Y15=6. 76 7E-4"VDOT
Y16=-6. 767E-3%U*R
Y17=-4. 511E-6*UsP
Y18=-4. 076E-5%Usy
Y19=-1. 631E-5%U*U*DR
RDOT=Y14+Y15+Y16+Y17+Y18+Y19
P=INTGRL(. 0 ,PDOT)
V=INTGRL(. 0,VDOT)
R=INTGRL(. 0 ,RDOT)
PHI=TNTGRL(O0. 0, P)
XI=INTGRL(. O,R)

IF(U.LT. 20. 3) LiM=0.070
IF(V.GE. 20. 3) LIM=0.050
IF(U. GE. 30.4) LINM=0.035
ERR = ORYAW - XI

LERR= LIMIT(-LIM,LIM,ERR)

*COMPENSATOR GC11

LC1A = -K1*LERR

k...




ILC1B = LEDLAG(0.,100.,10. ,LC1A)
DR = REALPL(O.,.667,LC1B)
DRDEG = DR*57. 296
ROLDEG= PHI*57.296
YAWDEG= XI*57. 296
CONTROL  FINTIM=360
PRINT 1.,V,YAWDEG,DRDEG,ROLDEG
SAVE 0.1,V,YAWDEG,ROLDEG,DRDEG
GRAPH(DE=TEK618)TIME , YAWDEG,ROLDEG
LABEL 15 DEGREE COURSE CHANGE U=18 KTS.
GRAPH(DE=TEK618)TIME ,DRDEG
LABEL RUDDER RESPONSE TO 15 DEG. COURSE CHANGE

U=18 KTS.




APPENDIX H. SIMULATION PROGRANM FOR NON-LINEAR
EQUATIONS OF MOTION

*THIS PROGRAM SIMULATES NON-LINEAR EQUATIONS OF MOTION IN SIX DEGREES
*OF FREEDOM FOR A SUBMERGED SUBMARINE

*r

TITLE NONLINEAR SIX DEGREE OF FREEDOM SUBMARINE SIMULATION

PARAIM UC = 18.58

¥”*

*BALLAST TANKS CONTAINS FOR DIFFERENT AXIAL SPEEDS

k1

*FOR 5 KTS

*ARAM AT = -0.800E-5
*ARAM FT = 0.800E-5
ARAM AU = 1.400E-5
*FOR 6 KTS

*ARAM AT = <«1.03E-5
*ARAM FT = 1.03E-5
*ARAM AU = 2.500E-5
*FOR 8 KTS

wARAM AT = -1,85E-5
*ARAM FT = 1.85E-5
*ARAM AU = 4.50E-3
*FOR 9 KT8

*ARAM AT = -2.35E-5
*ARAM FT = 2,35E-5
**ARAM AU = 5.70E-5
*FOR 10 KTS

PARAM AT = -2.85E-5
PARAM FT = 2.85E-5
PARAM AU = 7.00E-5
*FOR 12KTS

*ARAM AT = -4.138E-5
“ARAM FT = 4.138E-5
*ARAM AU = 9.77E-5

*FOR 18KTS
*ARAM AT = -8.400E-5

*ARAM FT = 8.400E-5
*ARAM AU = 1.80E-4
*FOR 25KTS

*ARAM AT = -9,080E-5
*ARAM FT = 9.080E-5
*ARAM AU = 2.100E-4

%"

*PRECALCULATED COFACTORS

¢

PARAM DEL=. 18901E-16, COFAA=, 212502E~-14, COFAB 0.0, COFAC
PARAM COFAD = 0.0, COFAE = 0.0, COFAF = 0.0, COFBA
PARAM COFBB=.153152E-14, COFBC=0.0, COFBD=-. 186106E-10, COFBE
PARAM COFBF=.17543E-12, COFCA=0.0, COFCB = 0.0, COFCC =. 11665E

un
t OO0
H,pPOOCO

1
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PARAM COFCD = 0.0, . COFCE=~-. 999506E-13,COFCF = 0.0, COFDA = 0.0
PARAM COFDB=-.905797E-16,COFDC=0. 0, COFDD=. 294191E-11, COFDE = 0.0
PARAM COFDF=-. 224359E-13,COFEA=0. 0, COFEB = 0.0, COFEC=-,. 58035E-18
PARAM COFED = 0.0, COFEE=. 19562E-13, COFEF = 0.0, COFFA = 0.0
FARAM COFFB=.162929E-17, COFFC=0.90, COFFD=-,318591E-13, COFFE = 0.0
PARAH COFFF =, 179521E-13

*HYDRODYNAMIC COEFFICIENTS AND SUBMARINE CHARACTERISTICS

ve

PARAM LC = 415.0, ML = ,0087445, Al -0.001, A2 = ~,00095, A3 = .00195

PARAM IX=7.3114E-6,1Y=5.6867E-4, 1Z = 5.6867E-4

PARAM XUDOT =-.00015, XVR = .011, XWQ = -.0075, XVV = ., 0065, XWW =.002
PARAM XDRDR =-.0028, XDSDS=-.0025,XDBDB=-.0026, XQQ =-.0002, XRR=-. 00009
PARAM XRP = .00025
PARAM YVDOT =-.011, YWP

. 0075, YV =-,021, Y1VlivV=- 06, YR
PARAM YVIR1 =-.0073, YP

. 0007,YRDOT=. 00009, YPDOT=-.0003, YDR

. 003
. 0062

PARAM MWDOT
PARAM NRDOT

-. 0002, MDS =-.0025, MDB =,0005, MiWl
-5.E-4, NPQ =-4.E-4,NPDOT=-7.E-6, NV

0.0, MVP =, 0009
-.0075,N1V1v=.014

PARAM YPQ =,0002, YWV =-,.065

PARAM ZWDOT =-.0075, 2ZVP =-.007, 25 =-.0001, W =-.011, ZW1Wl=-,03
PARAM ZVV =065, Z2Q =-.0045,2W1Q1=-. 006, ZVR =-.008, 2RR =-.0015
PARAM ZDS  =-.005, ZDB =-,0025,2QD0T=-.0002, Z1Wl1 = 0.0, ZWW = 0.0
PARAM ZRP  =-.0009

PARAM KPDOT =-3.E-6, KQR =-.0001,KRDOT=-7.E-6, K1P1P=-8.E-7, KV =-.0007
PARAM K1V1V =-.0009, KP =-3.5E-5, KR =-4,E-5, KVDOT=-.00025,KVW=. 0035
PARAM KDR  =7.E-5, KWP = 2.5E-4

PARAM MQDOT =-.0004, MRP =,00015, MS =4.E-5, MW =.003, MIWlW=-,005
PARAM MVV  =.015, MQ =-.0025,M1W1Q=-.002, MVR =-, 004, MRR=-.00055
PARAM NR =-,003, N1VIR =-.0045, NP =-2.E-6,NVDOT =. 0003, NDR =-.003
PARAM NWV =015, NWP =-, 0002

PARAM BZB  =1.011413E-3

INCON YADOT = 0.0, RODOT = 0.0, PIDOT = 0.0
INCON DS = 0.0 , DB = 0.0, DR =0.0

CONTRL FINTIM=360. ,DELT=. 01,DELS=.5

PRINT 1.,V,YAWGRA,ROLGRA,DEPTH,PITGRA

INITIAL

LC2 = LC¥¥2

12X = 12-1X

IYX = IY-IX

1ZY = 1Z2-1Y
DYNAMIC
b
o IF(TIME. GE. 10) DR =0.611
Ry IF(TIME. GE. 10) DB =0.611
W IF(TIME. GE. 40) DR =-0. 611
W IF(TIME. GE. 40) DB =-0.611
v IF(TIME. GE. 70) DR =0.0
W IF(TIME.GE. 70) DB =0.0
e
DERIVATIVE

”"w

*PRECALCULATION FOR EQUATIONS OF MOTION

e

PA1 = XDRDR*U*U*DR*DR/LC
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A
PA2 = XDSDS*U*U*DS*DS/LC
PA3 = XDBDB*U*U*DB*DB/LC
PB = YDR*U*U*DR/LC
PC2 = ZDS*U*U*DS/LC
PC3 = ZDB*U*U*DB/LC
PD = KDR*U*U*DR/LC2
PE2 = MDS*U*U*DS/LC2
PE3 = MDB*U*U*DB/LG2
PF = NDR*U*U*DR/LC2
PA = PAl + PA2 + PA3
PC = PC2 + PC3
PE = PE2 + PE3 §
ABV = ABS(V) %
ABW = ABS(W)
ABP = ABS(P)
ABQ = ABS(Q)
ABR = ABS(R)

VViiW= VoV + W

AVW = SQRT(VVWW)

ABWP=FCNSW(W,~1.,0. ,1.)

ABVP=FCNSW(V,~1.,0. ,1.)

SA1 =+LC*(XQQ*Q**2 + XRR*R**2 + XRP*R*P)

SA2 =+(ML*V*R + XVR*V¥R + XWQ'W*Q -ML*W*Q)

SA3 =+(XVVAVi*2 + XWW*W**2)/LC ~ SIN(PITCH)*(AT+FT+AU)

SAL =+(A1%U**2 + A2¥U*UC + A3¥UCH*2)/LC .
SB1 =+LC*YPQ#P*Q |
SB2 =+(YWP*W*P + YVIR1*ABR*AVW*ABVP +ML*W*P - ML¥*U*R)

SB3 =+(YWV*W*V + Y1VIV¥AVW*V)/LC + SIN(ROLL)*COS(PITCH)*( AT+FT+AU)
SB4 =(YR*R +YP*P +YV#V/LC)*U

SC1 = LC*R*(ZRR*R + ZRP*P)

SC2 =+(ZVP*V*P + ZVR*V*R + ZW1Q1*ABQ*AVWFABWP + ML¥U*Q - ML*P¥V)
SC3 =+(ZWWAWI*2 + ZVVHVir#2 + ZWIWIFWFAVW + U*Z1IW1*ABW + U*U¥*ZS)/LC
SC4 = ZQ*U*Q + ZW*U*W/LC + COS(PITCH)*COS(ROLL)*( AT+FT+AU)

SD1 =+(KQR*Q*R + K1P1P*ABP*P) - IZY*Q*R

SD2 = (KWP*WP-BZB*SIN(ROLL)*COS(PITCH))/LC

SD3 =+(K1V1V#V*AVW + KVW*V#W + KS*U*#*2)/LC2

SD4 = ((KP*P + KR*R)/LGC + KV¥V/LC2)*U

SE1 = (MRP*P + MRR*R + IZX*P)*R

SE2 = ((MVR*R + MVP*P)*V + M1W1Q*AVW*Q - BZB*SIN(PITCH))/LC

SE3 =(MVVHVirie2 + MWWHWIrR2 + MIWIWCAVWW +MIW1*USAVY + Uier2#MS)/LC2
SE4 = MQ*U¥Q/LC + (MW*U™W -(175.S5*FT-219. 5%AT)*COS(PITCH)*. ..
COS(ROLL))/LC2

SF1 = (NPQ-IYX)*P*Q

SF2 =+(NWP*W*P + N1VIR*AVW*R)/LC

SF3 = (NWV*W + N1V1V*AVW)*V/LC2

SF4 = (NP¥*P+NR¥*R)*U/LC+(NV*U*V+( 175. 5%FT-219. S*AT)*COS(PITCH)*. . .

SIN(ROLL))/LC2
SA = 5A1 + SA2 + SA3 + SA4
SB = SBl + SB2 + SB3 + SB4
SC = 8Cl + SC2 + SC3 + SC4
SD = SD1 + SD2 + SD3 + SD4
SE = SE1 + SE2 4+ SE3 + SE4
SF = SF1 + SF2 + SF3 + SF&4
ZA = 5A + PA
ZB =SB + PB
ZC =58C + PC
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2D =SD + PD
ZE = SE + PE
ZF = SF + PF

L
“EQUATIONS OF MOTION
%"

UDOT =( COFAA*ZA+COFAB*ZB+COFAC*ZC+COFAD*ZD+COFAE*ZE+COFAF*ZF)/DEL

VDOT =(COFBA*ZA+COFBB*2ZB+COFBC*ZC+COFBD*ZD+COFBE"*ZE+COFBF*2F)/DEL

WDOT =(COFCA*ZA+COFCB*ZB+COFCC*ZC:-COFCD*2D+COFCE*ZE+COFCF*ZF)/DEL

PDOT =(COFDA*ZA+COFDB**ZB+COFDC*ZC+COFDD*ZD+COFDE*ZE+COFDF*2F ) /DEL

QDOT =(COFEA*ZA+COFEB*ZB+COFEC*ZC+COFED*ZD+COFEE*ZE+COFEF*2F)/DEL

RDOT =(COFFA*ZA+COFFB*ZB+COFFC*ZC+COFFD*ZD+COFFE*ZE+COFFF*2F)/DEL
¥

*AUXILARY EQUATIONS
%

ZODOT =-U*SIN(PITCH)+V*COS(PITCH)*SIN(ROLL)+W*COS(PITCH)*COS(ROLL)
PIDOT = Q*COS(ROLL)-R*SIN(ROLL)

YADOT = (R*COS(ROLL)+Q*SIN(ROLL))/COS(PITCH)

RODOT = P+YADOT*SIN(PITCH)

INTGRL(UC,UDOT)

INTGRL(O. ,VDOT)

INTGRL(O. ,WDOT)

INTGRL(0. ,PDOT)

INTGRL(0. ,QDOT)

R = INTGRL(O. ,RDOT)

OvELC
neunnn

DEPTH = INTGRL(O. ,20DOT)

* ROLL = INTGRL(O.43633,RODOT)
ROLL = INTGRL(O.0,RODOT)

* PITCH = INTGRL(O. 7854 ,PIDOT)
PITCH = INTGRL(O.0,PIDOT)
YAW = INTGRL(O.,YADOT)
DBGRA = DB*57.296
DSGRA = DS*57.296
DRGRA = DR*57. 296

PITGRA= PITCH*57. 296

ROLGRA= ROLL*57. 296

YAWGRA= YAW*57. 296
SAVE 0.1,V,DEPTH,YAW,PITGRA,ROLL,ZODOT
GRAPH(DE=TEK618)TIME ,DEPTH, Z0DOT,PITGRA
LABEL NI.PITCHO.04RAD. U=18.58 FT/SEC. NO PLANES
GRAPH(DE=TEK618)TIME,ROLL, YAW,V
LABEL INI.ROLL=0.1 RAD. U=18.580 FT/SEC. NO PLANES
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APPENDIX 1. COMPENSATED NON-LINEAR MODEL

.
*THIS PROGRAM SIMULATES THE COMPENSATED NON-LINEAR SUBMARINE IN SIX
*DEGREES OF FREEDOM

[

TITLE COMPENSATED NONLINEAR SIX DEGREE OF FREEDOM SUBMARINE SIMULATION
PARAM KH = 1.00

PARAM K1 = 0.015

PARAM K2 = 2,0

PARAM UC = 18. 69

*ARAM ORYAW=1.5726

PARAM ORYAW=0.2618

*PARAM Z0R=10.

zARAM POR=0.0

*BALLAST TANKS CONTAINS FOR DIFFERENT AXIAL SPEEDS
‘i

*FOR 5 KTS

*ARAM AT = -0.800E-5
*ARAM FT = 0.800E-5

*ARAM AU = 1.490E-5

*FOR 6 KTS

*ARAM AT = -1.030E-5
*ARAM FT = 1.030E-5

*ARAM AU = 2. 500E-5

*FOR 8 KTS

*ARAM AT = -1.85E-5
*ARAM FT = 1.85E-5
*ARAM AU = 4, 5E-5
*FOR 9 KTS

PARAM AT = =2.35E-5
PARAM FT = 2.35E-3
PARAM AU = 5.7E-5
*FOR 12KTS

*ARAM AT = -4, 138E-5
*ARAM FT = 4. 138E-5
*ARAM AU = 9.77E-5
*FOR 18KTS

*ARAM AT = -8.400E-5
*ARAM FT = 8.400E-5
*ARAM AU = 1.80E-4
*FOR 25KTS

*ARAM AT = -9.080E-5
*ARAM FT = 9. 080E~5
*ARAM AU = 2.100E-4

L]
fPRECALCULATED COFACTORS

¥*

PARAM DEL=.18901E-16, COFAA=. 212502E-14, COFAB = 0.0, COFAC
PARAM COFAD = 0.0, COFAE = 0.0, CQFAF = 0.0, COFBA
PARAM COFBB=. 153152E-14, COFBC=0.0, COFBD=-. 186106E-10, COFBE

N
eop
(oo
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PARAM COFBF=.17543E-12, COFCA=0.0, COFCB = 0.0, COFCC =.11665F-14
PARAM COFCD = 0.0, COFCE=-. 999506E~13,COFCF = 0.0, COFDA = 0.0
PARAM COFDB=-.903797E-16,COFDC=0. 0, COFDD=. 294191E-11, COFDE = 0.0
PARAM COFDF=-.224359E-13,COFEA=0.0, COFEB = 0.0, COFEC=-,58035E-18

PARAM COFED = 0.0, COFEE=. 19562E-13, COFEF = 0.0, COFFA = 0.0
PARAM COFFB=., 162929E-17, COFFC=0.0, COFFD=-. 318591E-13, COFFE = 0.0
PARAM COFFF =.179521E-13

W%

*HYDRODYNAMIC COEFFICIENTS AND SUBMARINE CHARACTERISTICS

L

PARAM LC = 415.0, ML = .0087445, Al = -0.001, A2 = -.00095, A3 = .00195

PARAM IX=7.3114E-6,IY=5.6867E-4, 12 = 5.6867E-4

PARAM XUDOT =-.00015, XVR = .011, XWQ = -.0075, XVV = .0065, XWW =, 002

PARAM XDRDR
PARAM XRP

PARAM YVDOT
PARAM YVIR1

. 00025
.011, YWP =.0075, YV =-.021, Y1V1V=- 06, YR
.0073, YP =-,0007,YRDOT=. 00009, YPDOT=-.0003, YDR

. 0028, XDSDS=-.0025,XDBDB=-.0026, XQQ =-.0002, XRR=-.00009

. 003
. 0062

PARAM YPQ =.0002, YWV =-.065

PARAM ZWDOT =-.0075, 2VP =-,007, 2§ =-.0001, 2ZW =-.011, ZW1Wl=-,03
PARAM ZVV =065, 2Q =-.0045,ZW1Q1=-.006, ZVR =-,008, ZRR =-.0015
PARAM 2ZDS -.005, ZDB =-.0025,2QD0T=-.0002, Z1Wl1 = 0.0, ZWW = 0.0
PARAM ZRP -. 0009

PARAM KPDOT

-3.E-6, KQR =-,0001,KRDOT=-7.E-6, K1P1P=-8.E-7, KV =-.0007

PARAM K1V1V =-.0009, KP =-3.5E-5, KR =-4 .E-5, KVDOT=-.00025,KVW=, 0035

PARAM KDR =7.E-5, KWP = 2.5E-4

PARAM MQDOT =-.0004, MRP =.00015, MS =4 .E-5, MW =.003, M1IWlW=-.005

PARAM MVV  =.015, MQ =-.0025,M1W1Q=-.002, MVR =-.004, MRR=-.00055
PARAM MWDOT =-.0002, MDS =-.0025, MDB =,0005, MI1Wl = 0.0, MNVP = 0009

PARAM NRDOT =-5.E-4, NPQ =-4.E-4,NPDOT=-7.E-6, NV =-.0075,N1V1iV=.014

PARAM NR =-,003, N1VIR =-,0045, NP =-2.E-6,NVDOT = 0003, NDR =-.003

PARAM NWV  =,015, NWP =-, 0002

PARAM BZB  =1.011413E-3

INCON YADOT = 0.0, RODOT = 0.0, PIDOT = 0.0
INCON DS = 0.0 , DB = 0.0, DR =0.0

CONTRL FINTIM=360. ,DELT=. 01,DELS=.5

PRINT 1. ,YAWDEG,ROLDEG,DEPTH,PITDEG,U

b

INITIAL

LC2 = LC¥*2
172X = 1Z2-1IX
IYX = IY-IX
I12Y = 1Z2-1Y

W%

*ERROR LIMIT CALCULATION

e

DYNAMIC
IF(U. LT. 15. ) LIMVER=35.
IF(U.GE. 15.) LIMVER = 25
IF(U.GE. 25.) LIMVER = 15.
IF(U. LT. 20. 3) LIMHOR=0.070
1F(U. GE. 20. 3) LiIMHOR=0. 050
IF{U. GE. 30. 4) LIMHOR=0, 035
HER = ORYAW - YAW

ZER = ZOR - DEPTHI

PER = POR - PITCH

ZERR= LIMIT(-LIMVER,LIMVER,ZER)
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*

HERR= LIMIT(-LIMHOR,LIMHOR,HER)

RERIVATIVE

*PRECALCULATION FOR EQUATIONS OF MOTION
PA1 = XDRDR*U*U*DR¥DR/LC
PA2 = XDSDS*U*U*DS*DS/LC
PA3 = XDBDB*U*U¥DB*DB/LC
PB = YDR*U*U*DR/LC
PC2 = ZDS*U*U*DS/LC
PC3 = ZDB*U*U*DB/LC
PD = KDR*U*U*DR/LC2
PE2 = MDS*U*U*DS/LC2
PE3 = MDB*U*U*DB/LC2
PF = NDR¥U*U*DR/LC2
PA = PAl + PA2 + PA3
PC = PC2 + PC3
PE = PE2 + PE3
ABV = ABS(V)

ABW = ABS(W)
ABP = ABS(P)
ABQ = ABS(Q)
ABR = ABS(R)

VVWW= V¢V + WY

AVW = SQRT(VVWW)

ABWP=FCNSW(W,-1.,0.,1.)

ABVP=FCNSW(V,-1.,0.,1.)

SA1l =+LC*(XQQ*Q**2 + XRR*R**2 + XRP*R*P)

SA2 =+(ML*V*R + XVR*V*R + XWQ*W*Q -ML*W*Q)

SA3 =+(XVVFVi¥2 + XWWiWi72) /LC - SIN(PITCH)*(AT+FT+AU)

SA4 =+(A1*U*¥*2 + A2*U*UC + A3*UCH*2)/LC

SB1 =+LC*YPQ*P*Q

SB2 =+(YWP*W*P + YVIR1*ABR*AVW:rABVP +ML*W*P - ML*U*R)

SB3 =+( YWV*W*V + Y1VIV*AVW*V)/LC + SIN(ROLL)*COS(PITCH)*(AT+FT+AU)
SB4 =(YR*R +YP*P +YV*V/LC)*U '

SC1 = LC*R*(ZRR*R + ZRP*P)

SC2 =+(ZVP*V*P + ZVR*V*R + ZW1Q1*ABQ*AVW*ABWP + ML*U*Q - ML*P*V)
SC3 =+(ZWW*W™¥2 + ZVV*VH*2 + ZWIWL*WYAVW + U*ZIW1*ABW + U*U*ZS)/LC
SC4 = 2Q*U*Q + ZW¥U*W/LC + COS(PITCH)*COS(ROLL)*(AT+FT+AU)

SD1 =+(KQR*Q*R + K1P1P*ABP*P) - IZY*Q*R

SD2 = (KWP*W*P-BZB*SIN(ROLL)*COS(PITCH))/LC

SD3 =+(K1VIVEVFAVW + KVWiVl + KS*U#w2)/LC2

SD4 = ((KP*P + KR*R)/LC + KV#V/LC2)*U

SE1 = (MRP*P + MRR*R + IZX*P)*R

SE2 = ((MVR*R -+ MVP*P)*V + MIW1Q¥*AVW#Q - BZB*SIN(PITCH))/LC

SE3 =(MVVHV#%2 + MWW*W*2 + MIW1WFAVW*W +MIW1*URAVW + Urt2*MS)/LC2

SE4 = MQ*U*Q/LC + (MW#*U*W =(175.5%FT-219. 5*%AT)*COS(PITCH)*. ..
COS(ROLL))/LC2

SF1 = (NPQ-IYX)¥*P*Q

SF2 =+(NWP*W*P + N1VIR¥AVW*R)/LC

SF3 = (NWV'*W + N1V1IV*AVW)¥*V/LC2

SF4 = (NP*P+NR*R)*U/LC+(NV*Us*V+(175. 5*FT-219. 5*AT)*COS(PITCH)*. ..
. SIN(ROLL))/LC2

SA = SA1 + SA2 + SA3 + SA4

SB = SB1 + SB2 + SB3 + SB4
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*EQUATIONS
*

*

SC
SD
SE
SF
ZA
ZB
AN
ZD
ZE
FA3

SC1 + SC2 + SC3 + SC4
SD1 + SD2 + SD3 + SD4
SE1 + SE2 + SE3 + SE4
SF1 + SF2 + SF3 + SF4

ey
[72]
>

w

(@)
++++++

g~

o

OF MOTION

UDOT =(COFAA*ZA+COFAB*ZB+COFAC**ZC+COFAD*ZD+COFAE**ZE+COFAF**ZF) /DEL
VD05 =(COFBA*ZA+COFBB*ZB+COFBC-*ZC+COFBD*2D+COFBE*ZE+COFBF-*ZF) /DEL
WDOT =(COFCA*ZA+COFCB*ZB+COFCC*ZC+COFCD**ZD+COFCE"ZE+COFCF**ZF ) /DEL
PDOT =(COFDA*ZA+COFDB*ZB+COFDC*ZC+COFDD*ZD+COFDE*ZE+COFDF*2F)/DEL
QDOT =(COFEA*ZA+COFEB*ZB+COFEC:*ZC+COFED*ZD+COFEE*ZE+COFEF*2F) /DEL
RDOT =(COFFA*ZA+COFFB*ZB+COFFC**ZC+COFFD*ZD+COFFE*2E+COFFF*ZF) /DEL

*AUXILARY EQUATIONS
¥

20D0T
PIDOT
YADOT

-U*SIN(PITCH)+V*COS(PITCH)*SIN(ROLL)+W*COS( PITCH)*COS(ROLL)
Q*COS(ROLL) -R*SIN(ROLL)
(R*COS(ROLL)+Q*SIN(ROLL) ) /COS(PITCH)

wun

RODOT = P+YADOT**SIN(PITCH)

O"E<LC
LI I I [}

R =

DEPTH

o
—
—
a

nouon

INTGRL(UC,UDOT)
INTGRL( 0. ,VDOT)
INTGRL(0. ,WDOT)
INTGRL( 0. ,PDOT)
INTGRL(0. ,QDOT)
INTGRL(O. ,RDOT)
INTGRL( 0. 0, 20DOT)
INTGRL( 0. 0,RODOT)
INTGRL( 0. 0, PIDOT)
INTGRL( 0. ,YADOT)

*COMPENSATOR GC11

o

C11
ci12
bB

= -K1*ZERR
= LFEDLAG(0.,1.0,0.1,Cl1)
= REALPL(O. ,.667,C12)

*COMPENSATOR .722

v

C21
DS

=K *PER
REL.PL(O. ,.667,C21)

B

*COMPENSATOR GC
Cl = -KH*HERR
C2 = LEDLAG(O.,100.,10. ,C1)

ve

DR = REALPL(O.,.667,C2)
DBDEG = DB*57.296
DSDEG = DS§*57.296
DRDEG = DR*57.296

PITDEG= PITCII*57.296
ROLDEG= ROLL*"57. 296
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YAWDEG= YAW*57.296
SAVE  0.1,V,ZDOT,DEPTH,PITDEG,ROLDEG,YAWDEG,DRDEG,DSDEG,DBDEG
GRAPH(DE=TEK618)TIME ,ROLLDEG, YAWDEG,V
LABEL 15 DEGREE COURSE CHANGE U=10 KTS.
*GRAPH(DE=TEK618)TIME ,PITDEG,DEPTH, ZDOT
*LABEL 10 FEET DEPTH CHANGE U=10 KTS.
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