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Mrg—goal of this study was to determine the optimum sets of equations te
be used with two general types of submarine trainers, The equations of
motion used were those develcped by -the Naval Ship Research and Develop-
o ment Center, They were reduced into two sets for use in training simu-
- lators, one for a basic submergsd control maneuvering trainer and one
‘for an advanced submerged control simulator to provide highly realistic
ship control training thrcugh the full range of normal and casualty
conditions, :

SRV L TR

The report cutlines a general-purpose digital computer program, :.llowing
the NSRDC standard equations, writiten in FORTRAN, Integration methods for
digital simulators are discussed. A number of programs for testing the -
degree of simulation of a digital simulator program are given.

Use of these programs as applied to submarine simmlatien is shown with

~ two sets of equations which eliminate 74 of the 131 coefficients used
in ‘the original NSKDC equations, The mathematical model for a submarine
simulator using a very small computer is developed, A discussion of
near-surface operation and wave-generation is followed by the general -
requirements for determination of the simulation requirements for training
as opposed to research,

-

Reproduction of this publication
in whole or in part is permitted
for any purpose of the United
States. Government,




NAVTRADEVCEN 68-C-0050~1
FOREWORD

The NSRDG (Naval Ship Research and Development Center) developed a set of
equations which describes submarine motion in six degrees of freedom. The

Naval Training Device Center recognized this set of equations as the "stendard
get which should be utilized in submarine control traimers and on all trainer
procurements required that the complete set be utilized. A medium scale digital
computer is required to implement the entire set of NSRDC equations in a submarine
trainer. Since the coefficients of many of the equations terms are zero or have
little effect on submarine trajectories, the possibllity of reducing the equations
to a size which permits small scale digital computer implementation in submarine
trainers was recognized by NAVTRADEVCEN,

This report, along with its companion reports, NAVTRADEVCEN 68-C-0050-2 and
NAVTRADEVCEN 68-C-0050-3, is the culmination of a study by Goodyear Aerospace
corporation to determine abbreviated, or optimum, equations to be used in
conjuiiction with submarine simlators.

This report should be an invaluable aid to simlator personnel during development
of submarine simlators. It presents a discussion of several factors involved in
similation, such as, integration methods, wave generation, small computer utiliza-
tion and verification. It nct only presents an abbreviated set of equations wherein
a significant number of the original coefficients are eliminated, but presents a
tool in the form of computer programs which permit further coefficient reduction
investigations. Since the required complexity of equations are directly pro-
portional to the training device requirements, the programs are writter so that

the- investigator may taylor the coefficients to reach any desired level of simula-

“tione
NAVTRADEVCEN 63-C=-0050-2 presents descriptions, flow charts and listings of each

-computer program and NAVTRADEVCEN 66-C-0050-3 presents results of the computer
~programs- using the SS(N)59k submarine as the demonstration model.

Chankse (- Rumboryh

Project Engineer
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NAVTRADEVCEN 68~Cw0050-1
; SECTION I
INTRODUCTION

There are two general types of submarine .trainers: (1) The basic
high speed submavrine trainer; and (2) The advénced submerged control :
trainer, The first type, which does not necessarily duplicate a specific :
class of submarine, is used to provide initial submarine control indostri-
nation t¢ potential planesmen and diving officers, The second type provides
highly-realistic ship control training, which extends over the pperating
: rangs of the submarine to ship control personnel, Both types of trainers
i utilize computers, programed with equations of motion, > simulate sub- 3
marines under various operating conditions, )
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! In the paet, the equations used in these programs were somewhat
arbitrarily chosen by manufacturers of training devices. Then an attempt
was made by the Naval Ship Research and Development Centeri® toward
standardizing the equations,

This brings us to the purpose of this studys

1, To determine an optimum set of equations of mction to be used
with each of the two general types of submarine trainers,

2, To write the two sets of equations as compactly as possible in
order that they may be used with a small, general-purpose computer,

Two additional reports resulted from this contract and are described
as follows:

Report Number Remarks

68-C=0050- 3 Report is CONFIDENTIAL and titled, "Advanced
Submavine Systems Equations Test Data (U)",

68=C-0050-2 Rer . . is UNCLASSIFIED and titled, “Advanced
Submarine Systems Programmingt,

#Superscript numbers indicate references,




NAVTRADEVCEN 68«C«0050~1
SECTION II
STATEMENT OF THE PROBLEM

The determinstion of optimum sets of equations to be used with the
two. general types of submarine control trainers forms the problem, The
tasks requirad to solve this problem are the determination of the simu-
lation requirements, Application nf these requirements in an analysis
of the equations of motion, programing the equations of motion on a
digital coiputer, and then verification that any changes to cptimize them
de riot exceed the limits specified for good simulation.

A, PROGRAMING THE GENERAL NSRDC EQUATIONS

The problem analysis is based on the assumption that the NSRDC
equations are accurate for the simulation of opsrational submirine motion,
Therefore, the first task is to program these squations so that a digital
program representing the complete equations of motion is available., The
most practical programing is achieved with the use of a problem-oriented
language (FORTRAN) so that the programs are independent of the computer
used, This will allow the output of the study to be usad by any researcher
interested in submarine simulation on- any computer equipped with a FORTRAN
compiler,

Because- this program is going to be a research tool, it is necessary
to dbuild in the greatest degree of flexibility possible, Therefore,
consideration mist be given to allowing any changes in parameters, variables
and analytical methods within the framework of the basic equations without
having to récompile subroutines at each run,

The final result should be a program that will input coefficients
sasily, produce any outputs desired, and will make a permanent record
of any changes, Also, it should be written so that many runs can be made
without having to start the entire program over again,

The next problem is to verify the research progrem against the avail-
able data on submarine performance to determine the accuracy of the program.
A complete set of runs, following established submarine test practice,
are run using the NSRIC coefficients, and these are compared with the
NSRDC reports on a specific demonstration submarine., These runs verify
the program and sstablish proper reronse in various input conditions and
also establish a data base with which the reduced programs can be compared,
In effect, & test guide is completed, and any approximaticns made to the
progran must ve justified against the base program,

MODIFIED AND BASIC EQUATIONS

After the research program-is operational, it will be necessary %o
establish the requirements for the basic and modified programs., The
first step will be to snalyse the existing performance data on submarines
and the use of this data in present submarine simulatora, The wain sourcas
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NAVTRADEVCEN 68-0-0050-1

of data will be the NSRDC reports and the aynamc reposis oh preseul day
trainers, Also, a aumber of studies made in the past will have to be.
raviewed, .

A reduction to a basic equaticn set can be made after the sim\:lation*
iimits are set, The coefficients can be divided into brodd categories
and the effect of eliminating certain ones can be studied, Computer
rung are ured to aid the simplifications of the coefficient terms, For
example, if it is desired to know the effect of a ¢ross-coupling term,
runs will be performed with and without the coupling term in question,

The importance of the term can easily be established when the two runs
are compared,

The abova procedure can jiandicate the effect of any change; but it
does not indicats the effect of response on the trainee when he is part -
of the closed-Zoop controlling the simulator, This 1s one of the hardest
areas to cover in a study of this type because closed-loop real-time
operation cannot be run on a typiral batch process digital computer oper-
ation, An autcpilot will be orcgramed as part of the longitudinal: loop
to keep the submarine on a level course when turns are made, Meusurement
of the longitudinal parameters over time as the autopilot corrects for
effacts of lateral displacemént can be used to determine the nature and
quality of dynamic responses, This procedure is far more effective than
inserting step inputs and measuring the output after a time delay,

After a complete analysis, the two sets of equations will cover a
basic submerged control trainer and a complete simulation of a particular
submarine, These equations will serve as both a demonstration of data
application to a particulss simulator and as a reference for any submarine
trainer or simlator in the future,

C. ANALYSIS OF SURFACE CONDITIONS

The coefficients used for the analysis are deep-surface cosfficients
and are not applieable to a submarine moving close to the gurface, The
change in the coeffisients due %o the presence of a free surface can be
calculated by hydrodynamic methods, and such a set of cocefficients has
been generated by NSRDG, This set is used in the reséarch program with
values adjusted for different depths and the resulting given frequencies
compared with the Jeep submergence sest to determine the surface effect
on the submarine., An analysis will indicate the impcrtance of any shange.

The biggest disturbing effect of a susmarine operating cluse to the
surface is that of waves breaking overhead, Near-surface operation is
becoming more important, so a good wave simulation is essential for a
modern submarine simulator,

Ware action ¢an be describved only on a statistical basis because
the sea surface is never regular, Tt iz a Jjumble of different waves
of different heighte all changing and all moving in different directions,
This action can be described by means of spectrum analysis and the problem
to be solved is how to apply this technique to a pratical submarine simulator,
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NAVTRADEVCEN 68-C-0050-1

The “eight of waves above the submarine is the first thing that
has to be known, This is usually specified by a ona-dimensional apectrum,
particularly that of Neumann which was presented in 1953, At least three
other spectral densities have been used since then, so the first task of
this part of the problem was to determine which of the various spectral
densities have the most suitable form for both submarine response and for
ease of computation with a small digital computer, Enough background will
be given to show how any spectrum can be used in a wave generator, and
one will be chosen and programed to illustrate the method on a practical
basis,

The addition of a direction function to the wave spectrum is neces-
sary becsuse the difference bstween direction of ship travel and the direc-
tion of wave propagation has a direct bearing on the forces felt by a
submerged submarine, Tierefore, part of the solution will be to develop
this directicnal function and skow how it is applied, The calculated
forces and moments will be determined to give a realistic motion under
all conditions of wave inputs, A very large number of papers and rei-
erences have been published in this area in the past few years, These
will be surveyed and a 1list drawn up that will enable future workersz to
bring themselves up to date quickly on the present state-of-the-art in
wave generation,

D, SMALL COMPUTER ANALYSIS

The last problem to be investigated once the program limits have
been determined is that of a small computer analysis,

When the modified and basic program outlines have been sei and a

~ maximum reduction has been made, it is possible to determine the necea-
sary core size to hold each of the programs, The analysis should try
to reduce this factor as much as possible because it is directly propor-
tional to the cost of the computer being used,

The programs are then analyzed from the total number of tasks to
be performed, This includes not only the arithmetic operations but also
-all inputeoutput subroutines and any other bookkeeping operations neces-
sary to make up the complete cycle, All operations are sorted by category
and time to determine the necessary computer speed for real~-time operation,
Finally, the reduced programs will be run on a 16-bit computer and compared
against the programs run on the IBM 360 32-bit computer,

A small computar survey and state-of-the-art review will be made as
of the date of this study, This review will be out of date soon at the
rate at which the computer industry is advancing, but it will serve to
indicate an idea of what can be done in future submarine simulators,
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METHODS AND PROCEDURES

A, PROGRAMING THE NSRDC EQUATIONS

. The NSRDC standard equations eof motion for submarine simulation
3 . cover all phases of submarine simulation in six-degrees-of-freedom,

. . including emergency recoveries after casualties, These equations come
from NSRDC Report 2510 which contains a briaf history, defines the mathe-
matical model, discusses the coefficients required, and sets a standard
to be used in the simulation of submarines, These equations were pro-
gramed in two forms, They are given in program EZ20 - Submarine Simue
lation, and ZC790 -~ Submarine Simulation, Longitudinal Freedom Only
found in the programing report, NAVIRADEVCEN 68-C-0050-3,

Z
£
£
£
E
:
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EB920 is a research submarine simulation program that allowc the
simmlation of any submarine on a large general-purpose digital computer,
It is complete and flexible in that all NSRDC coefficients are programed,
and changes can be made easily between runs, )

Figure 1 is a block diagram of the program with all subréutines
shown, The program operates as follows,

The main submarine simulation program ties the various subroutines .

. together and determines the operating limits placed on each run, The !

first call is to INPUT. This subroutine reads 211 coefticients from

a data deck along with controls to set the output, determines which

integration subroutine to use, and which control input schedule should

be usec, The main program then writes out all coefficients so that the

input t the run has a permanent record printed at the start, An-integra-

tion switch then calls either the KUTTA or INTEG subroutine, XUTTA is a

very accurate method of integration that is used as a standard for compar-

ing changes between runs, INTEG has three short methods of integration

built in and can be easily adapted so that any integration method can be

used without changing the rest of the program,

Depending on which intagration subroutine is used, EVAL or EVAL 1

is called, They both compute the equations of motion as given in equations
(1) through (7) from NSRBC Report 2510%, EVAL has matrix invert and
multiply subroutines so that the equations can be solved exactly in each
cycle, EVAL 1 uses values computed on the last cycle in some cases,
Both subroutines call CONTR which contains schedules for a number of

. inputs representing the deflection of the controis on the actual submarine,
A return to INTEG integrates all parameters and the cycle is finished,
The main program ihen prints cut the twelve variables of interest on
demand and checks the RUN TIME to see if the program is finished,

Plotting calls have been added to the main program so that a plot
can be mads of any of the twelve output variables and surface control
deflaections versus time, These piots can bs made in any order and the
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NAVTRADEVOIN 68.C-0050-1

MAIN
PROGRAM

CALL  WweeT,

Read pregrem contrals |
Real @oetlicienls ete t-

o

; S B
WRITE 1ufdT DATA

|

t.éif!..&- KotTA \n’pgo,!mg 1 cave AWNTEG
CAw. ©NAL L
*‘:G,A\dh VAW CALL CoWTR .
Ticaw Conte : - Condvols so!o- Wo\‘not‘
" _coutvolt Sub wmohon
Cane Tavee _Cale {x,\.r,fn,?,i,;'
‘ Lnverds wabrir 6,0.6,%,4,4
; g;\p;, nob{& aide ot
: .Ei)' o motion W ?-'-‘-‘ order Adaws
JC AL naraey: 1. Z’-‘-‘ ovdgr»\\schsss'a\
Cale 9,8, p,¢ R 3, Euley

T

3
WRITE “:")“"»f:‘pﬁ e,
é)"' x‘h‘hg\t

s|
F“mm'&,w.w\p,s, v, 6,9,

QM‘M‘:"; ,DR'DS,b!b
X

Figure 1, Research Simmlation Program Block Diagram
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PITCHING MOMENT

. s . 3 _ .2 -1
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z D ¥t My VF vpvP.]

LAY t 12 3%
+2 y) LMq uq+Mlql68 u]ql&s +le|q!(v + w%) lq]
= ) 1

+_§_ LSLM*' ua +th uw+Mwlw"w “vz +w3)al]
3 2 2317

e 2 2 (M ulwl ¢ Myt w6 WP

P °[M ' V3 4 M, "% 68 + M, 'a? 6b!
o M Y &8 B+ M J
-(xGW—xBB)cosecosq»-(zGW-zBB)sine
B.&;M ' -1
+2 Mo ugq (7-1)
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YAWING MOMENT

: - 1 Y 3 2 2 :
ILr+l, -1 pq (a+rp) I +(q “P L tlra-p) 1

+m[xG(ir-wp+ur)-yG(\'x-vr-#wq)]:
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+—-£
2

p ,3
+2-z

A '
+z zLva vw + N

+(xG W-xBB)cose_sinO-d-(yGW
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. ) ] 1
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.
6r. u? érJ

“Yp B) sin 6

Loge -
+z L Nrn' ur (n-1)

9,2 i
+2 2N
> [NV’T av + Nvlvl‘n' v|(v® + w2 + Nérfi' 5, ual(n-l)
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KINEMATIC - RELATIONS (7)
.U-‘l - uz*”’z _._wt.'

8 = %Co-a¢ - \"-S»\Y\Q’
. _ _LS\N@ + rcosd

cos 6

¢ = p + ¥sind

$
1

UcosBceosy + ar(simd sindcosy - cosd siny)
+ w (o5 =Ml cosy +smé wng)

Jo = UcosBeing + a(sinédsmdsing +cosécosy)

+w (cosdamd sy - sinéd cosy)

o = -USING + 1 cO3BSING + w cosO cond
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corre t labeling will be added to the plot, However, program runs do
no: ~epend on the plotting subroutines, so if a plotter is not avail~-
able, the printed output serves in place of the plots,

O L b LR

Almost all variables, in addition to the ccefficients, are located
in the COMMON area of the program, This allows a degree of flexibility
- that could not be obtained otherwise and the main program takes advantage
E o2 . of this to maxe changes between runs, After a run is finished, all vilues
- - are restored to their original values at the start.of the run; The next
- cards in the input deck are then checked and a coding system allows any
E . . varisble in COMMON to be changed to a new value, Integration methods
and intervals, input schedules, and output requirements as well &s the
CZ coefficients can be changed between each run, Because of the heavy use
of COMMON, details are given in the Programing Report,

2C790 is identical to EB920 except that only three-dsgrees-of-freedom
are gsimulated, Only the longitudinal mode is active so all terms multi-
plied by p,v, or r are set to zero and removed, The block diagram is
shown in figure 3, Only one method of integration is supplied, The

&t
7 §
%
=
E
e
&
£
g
3
]
Z-
=
Z
2
£
H

CONTR subroutine has removed all provisions for rudder motion, Therefors, -

only meander, overshoct, and similar runs can be calculated,. This program- £

was written to save computer time because it runs in one-third the time of i

= EB920, This is s real advantage where a largs number of longitudinal k
e © runs are required, About tnree~fourths of the total runs made during z
E the course of this study were of this type, The mathematical model for -
program ZC790 is given in equations (8) through (11). g

. The mathematical model for the simlation program used two different E:
gets of notation because of the FORTRAN restriction that required the E
use of capital letters only, Therefore, the following notation is adapted 3
= 1 ard carried throughout this study, The letters X, Y, 2, K, M, and N 3
B stand for coefficients in the axial, ete., chamnels respectively, U, V, E
: W, P, Q, and R stand for the velocities, and whenéver an absoluts value
is stated, the velocity will be preceeded by an A, Accelerations are '
velocities followed by a D, The surfaces are preceeded by a D for delta
and eta terms are followed by an E, Inertias and other terms are similariy
identified. For example,

Xvp 2 xmp
Y = YARIR
z::'” = 7
2 MDB
N jvivim = NATATE
IXY = IXY

B, INTEGRATION METHODS

s This section discusses some of the many integration methods that

can te used for digital computation, why they were chosen to impleient

- ’ the squations of motion for submarines, and how they &re utilised in

the submarine simulation, The optimum integration step-size and a stabil-
ity cxiterion for any integration method is discussed also,
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MAIN
CALW  \WNPUT PROGRAM

Read pvopgaw coutbrols
Read coekfwsenbs cke |

¥

WRATE NQFT Oath
/

LALL AN TE

CALL ©VAWLL

AL CouTR
' ulrols sub wabie
Cakk @, w, 34,

e 3 '-‘ 3 L
1."$ OI'"-V' AM& \V\‘c&'a‘uu

WRITE 4, %, w, 9, S

ENDY

klu. Pm&m,(?u’e) W)X, ';3,-3_91“ 6J 03,083

Figure 3, Research Simulation Program, Longltudinal Freedom,
HKlock Diagram
16
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Equations of Motion for Longitudinal

Freedom Only (Z.C’?‘QO Math Model)
AXIAL FORCE

mla « wq - Xoq* Zﬁ%] =
Lt vixn"g‘;]
+ £ X, * X wg ]
+ LU X ot v X et
+ 8 L] X o8t ¢ X o]
+E L a0 « b uu, + c,ul]
-(W-B)smo

£ L x

‘“"“‘l * XSsSsQ s U ](”l 1)

KINEMATIC RELATIONS 9)

U? = W+ wt
e = %
i, = wcosH - usind

Xe = M COS8 + wsing
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PITCHING MOMENT (10)
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NORMAL FORCE @y

mo -uq - Z gF = X 4] =
£ L1 25]
S r[2,0]
+§ fo%{?;z'u% A Z,s, soUIgIS, +1mv'wl%tl]
+£ ﬁz[i*‘u" + 2 uw +2wm"waw\]
oS L[ Z tuwi +Z, ) bwtwl ]
& 0°[ L uts, v £ ' 5.]
+{W -B) cos6
+ £ ﬁa[Zm’uZ](nl-i)
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There are a gresat numder of integration methods that oan he used

in digital computation, Some of these methods have been in use for many
years, They were devalopsd to integrate functions numerically that could
not be solved in closed form, Others have been developed fairly recently

to take advantage of the digital computer's high speed and ability *o handle
large blocks of numbers, They range all the way from the sirple Euler's
method to a fourteen-step predictor-corrector developed by NASA to calculate
the position of the planets with great accuracy,

The choice of any integration method is determined by considering the
trade-off betwsen accuracy, stability, and speed, The accuracy is depend-
ent on the amount of truncation and round-off errors present when using a
particular method, Truncation error results from the fact that digital
integration is a discrete procese using a finite number of equally spaced
points rather than a series with an infinite number of terms, Accuracy
can be improved by using more points as & pact histor; cr by making the
integraticn step interval smalier, Either method huys increased accuracy
at the cost of speed, Round-off error results whin generating a sequence
of numbers to represent the integrated function, Each number is limited
by the size of the computer word being used, However, there are methods
for determining an upper bound on the magnitude of round-off eirors ex-
pocted for the numerical accuracy being used, Studies have shown that
for five dacimal figure accuracy within the limits of a sixteen-bit
machine, mund-offzerrora are of no consequence compared to the expected
truncation errors,

Stability of an integration method is defined as the ability to
control propagated errors so that they do not increase as time passes,
Propagated errors are the sum of both truncation and round-off arrors
over all integration steps calculated> since the problem started, Tha
amount of propagated error is the single most important criteria in the
choice of any integration method for simulation, Fortunately, there is
a comparatively easy procedure for determining if a particular integration
method can be used with a particular simulation problem, This procedure
will be explained below using the submarine simulation as an example,

Speed depsnds on the complexity of the method used and the size of
the integration interval, Real-time simulation requires fitting all
computations for one cycle within the integration interval while still
keeping the desired accuracy, Therefore, this trade-off lLas to be made
for each simulation, In the case of thiy study it was proven that the
problem was not critical for submarines.

Integration methods can be divided into CLOSED and OPEN classes,
If a rate at some specified time is required to caiculate a position,
the scheme is said to be a CLOSED (or corrector) formula, If the rate
is not required, the scheme is an OPEN (or predictor) one, Closed
methods cannot be used to integrate the equations of motion because the
rates are & function of the position at that time, Sinoe the positions
are the output of the calculations integrated from the rates, the rates
are not known, On the other hand, cpen formulas use rates calculated in
prior integration cycles so that the present rates are not required, The
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last rates are used in the open integration formulas to give the present
position and the new positions are used to calculate the present rates
from the equations of notion, In order to keep the different methods )
straight, & notation has been developed in which the open and closed form~
ulas are specified by Onm and Cnm respectively, and n is the number of
former positions used and m is ths number of former rates used, The.
difference equations expressing the integrated position as a function

of ruates and poaitd.ﬁn is

M
Xn“"'g A Xy F hZOba Xn-{

2 »
where i is ths diacre‘te time at whichaa calculation has been made in the
past and n io the present time, The a's and b's are parameters which
determine the particular integration method, H is the integration interval
or step size and has the dimension of time in order to keep the dimensions
consistent across the equatior, Note that if bg ir zero, then Xy is not
needsd to calculate Xy and the system is an open or predictor method,
Therefore, for simulation work, b should be gero,

For an example, let us look at the 2nd order Adams method of inte-
gration which is an Oyq type. In this case, 3; =1l,bo = 0,by =3/2,
and ba = ~%, The difference equations would be

[ 4 [
2 —3 3 - -.‘-—
-Xn Xn-c + h (T xh~l 3 Xn-z
Many different integration formulas have been extensively studisd 3
aud almost any text on numerical methods goes into them in some detail.

The problem was to determine which of these methods should be used
for a submarine simulator and which cne should be used for the research
program, Finding an integration method for the research program was
comparatively easy. Since the program did not have to run in real-time,
the only criterion that had to b2 met wes to have the most accurate
program availabdle,

The method chosen is a four afag Rungs-Kutta predictor-corrector,
It was stated that corrector (closed) methods could not be used in simu-
lation, but in this case two difference equations are used, 4n open
equation is used to predict a position and the closed equation is used

t0 check this calculation, The sequence is as follows; A new pnsition

is integrated from the prior known rates using an open formmla, This

new position is used to caloulate a new rate from the equations of moticn,
The new position and new rate can now be used in a closed formula to inte-
grate a new corrected position, The new corrected position is used in

the equations of motion to calculate a new corrected rate, This process
iz then repeated, This is enough to reducs the error between two sue-
cessive position calculations to a very small amount,

The exact difference equations are not listed here but are given
in the programming report under the KUTTA subroutine.

The next task was to determine which integration method should te

21
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ueed in a submarine simulater It ic obvicus thal spesd and simpiicity

are dosired, provided that accuracy can be maintained, A number of

= studies have been performed using differsnt techniques for integration
E in flight simlation and, based on these reports, two different methods
k- were chosen for examination against the Runge-Kuita method,

The simplest method of all is an O, due to Euler with the following
differencs equation, .

Xn= Xn-1 + h¥qpoa

3 The last calculated rate is miltiplied by the integration step size
- and is then added to the position known up to that time to give the new .
position, This difference equation has a bad reputation. In fact, Jennings 3
says that *it is a naive method of very limited accuracy and not recommended
' in practice®, However, it has only one multiplication, one addition, and
A no storage is requirsd to hold former values, This makes it the shortest,
3 and therefore the fastest, of any method and since one of the cbjectives
of this study is to find the smallest total program this method was
examined,

/g In 1965 Goodyear Aerospace Corp, performed an i- -house research and
. 3 development study’, utilizing their simulation laboratory digital computer
facility, to investigate a number of complex integration algorithms used
. 8 for digital computers in general to see if such complexity was needed
for flight simmlation, 4t that time, it was propcsed that digital flight
similators use such formilas as HammingsOjn Gypor the Ozp CyyMod Curk

- developed at the University of Pennsylvania, The conclusions of this
k- study were that excellent resulls, well within the tolerance allowed in
the simulation of aircraft systems, can be obtained with much simnler
algorithms, I¢ was found that the smallest errors occurred among the
simpler routines with the 2nd order Adams difference equation

E Xn =Xn-y + F{3¥%n) ~¥m-2)

This requires an additional subtraction and a ctorage for each
g . paramster to be integrated, Since this one has been used very success-
- fully at Goodyear Aerospace, and Euler integration has larger errors,
2nd order Adcms was also implemented in the subroutines,

The next step was to look at the way integrations are handled in
the NSRDC equations of motion, The six-degree-of-freedom problem
.S requires thit twelve integratimns be performed, because the second order
equations have been expressed as a system of simultaneous first order
- equations, Using matrix notation

[M10x] = [X]

where {)’{] are the rates and [X] are the coefficient sumations, The

33 matrix [M] comes from the fact that the rates are functions of cther,
% rates and, therefors have to be solved for simltaneously, If x]={w,
£ VWP, 9,17 ] 7, then this matrix 1s
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The reason that)'t,\;,i 10,9 and ¥ do not appear in the matrix is
that they are not dependent on W ete., and therefore all of the cross
terms are zero, this reduces the matrix to six levels instead of twelve.
The solution tu the equation is

M] (X] = [X]

M M (] = M- [x]
(1] [X] = M-1[x]

33 = (M [x]

where[M] 'is the inversion of the [M] matrix, As long as the coef-
ficients that make up the {MJ matrix do not change between each inte-
gration cycle, the matrix can be inverted once when the program is
originally written and the inverted matrix used every time on the right
hand side of the equation, Unfortunately, X )YG and 7 are elements

in this matrix and they represent the amount%f water inihe ballast tanks
of a submarine, Therefore, it is necessary for an exact computasion to
calculate the elements of the matrix on each cycle, The matrix is then
inverted with the aid of a subroutine, Each of ths rates are caloulated
without the terms that are functions of the cther rates. These particular
rates are multiplied by the inverted matrix to give the true accelerations
at that integration cycle time, The open integration method then integrates
the rate to produce the next set of positions, The whole process is then
repeated,

The submarine research program has a control card that can bs used
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to remove the evaluation of the original matrix after the first ovele
if none of the elements are goirg to change during the course of the
program, This is the usual case if the tanks are not going to be changed,

Matrix inversion and multiplication take up both room and time in
tha computer program as anyone who has done matrix arithmetic lnows.
Therefore, a programing technique was borrowed from aircraft flight simue
lation to avoid this problem, From the NSRDC equationss

G requirs %, q
4 requires P ¥
w requires q, P . .
2 requires s 9 s WV
qg requires ' W, w
Iomm 3

The usual case is for YG and the cross inertias to be zero due
to symmetry of the submarine,” If the matrix is not used,

Wy vill use G, Py Wil use vy
vy Wil use h."}m en é“ vill use g, ‘;"h
[} [ - [ 28
Wy  vill use [ n-i Yo will use u.n
The other terms have zero for a coefficient, The effect of this
procedure is a choice of either having the translational accelerations

or the rotational accelerations slightly in error, depending on which
set is calculated first,

The next parameter o be determined was the integration step size,
= This is a critical value because it determines the time available in
- - real-time to compute the entire problem and service all I/0 busses before
the integration interval is used up, If this step size (the variable H
in all computer programs) is too small, the computer will not finish the
computations required in real-time, If H is too large, the accuracy
suffers and finally, if H is increasad beyond a certain limit, the inte-
gration method used will run into stability problems., Therefore, the
3 trade-off iz to make H as large as possible, consistent with both accuracy
3 and stability,

E The Runge-Kutta integration method supplied with the submarine

3 research program has a feature that allows the step size to be adjusted
3 between each cycle dependent on the accuracy required, Both the upper
and lower bounds on H can be specified,

A typical program was run with the demonstration submarine in
which the rudder wae deflected to 35 degrees and sternplanes were
deflected to fiftean degrees, 4 time interval of 200 seconds was considsred
sufficient to determino the effect of the variable step size. The maximum
values of the twelve parameters were printed out and 0,1% of this value

was used as the maximum allowable error for any step, The program was
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W re~-run with H allowed to vary hetween 0.05 and 2,0 seconds subject to the
E accuracy roquirements, The run showed that the interval for 0,1% accuracy
varied from 0,25 to 2 seconds, Many steps were one second or longer,
indicating that the use of one second intervals is probably adequate for

1 most mancuvers, but not necessarily good enough for disaster or emergency
1 conditions, The smallest step size of 0,25 seconds ocsurred with step

3 : inputs and this indicated that this 4ime interval was sutficient tor any

: purpose, Therefore, the studies were run with an H of 0,25 seconds in all
cases, However, any fixed step size can be chosen with any of the inte-
gration methods used in the subroutines,

LR e LR R Lt e

An additional study was made into the largest possible step size

3 based on a stability criterion that assumes the local growth of the

Y propagated error must be kept within bounds, The criterion assumes that

3 each integration method has a range that is a function of the step size

F,‘ and the partial differential of the function with respect to itself that
will keep the propagated error bounded, The system may not be stable,

even if this criterion is met, but it will certainly be unstable if it
is not,

Assume that the function

1= F(“(,X-,, XZ) Xa; etc")

: is to be integrated by means of the 2nd order Adams method., The numerical
ﬁ . quantity
h.2f
o\

has to have a value between 0 and -1 for the integration to be stable,
Looking at for example,

oW "; fzu- here W = d
3 oW ¥ W] : spee
dw m¥ 232»;3(2“’ Zw) fﬂ = length
F P = density

If the specified values for tche demonstration submarine are used,
the value of the above function at high speed indicates that a step size
of 2.1 seconds could bs used, The other eleven integrations were checked
and they give equally large maximum step sizes, The stability region for
some common integration msthods are listed in table 1, The theorv for
calculating the stability region for any method is given in Nigro5.

The submarine research program has a control option that allows a
program to be run eithsr under the Runge-Kutta integration method, along
with the matrix inversion and multiply, or to choose any one of a number
of simpler methods in which the matrix is not used, Three are coded into
the subroutine (INTEG); namely Euler, 2nd order iAdams, and the best
method based on siability alone, Tabled$ in the programing report has 22
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TABLE 1, INTEGRATION STABILITY REGIONS

Method Stability Region
Euler -2, 0

2" Order Adams -1, 0
Trapezoidal «-,0

030031 -.82, 0

03 Mod Gurk -.82, 0

Best 2n4 Order -4, 0

different equations listed so that the subroutine can be receded to
utilize most of the popular numerical integration techniques, This
makss 1% possible to have a whole library of integration methods and

%0 use any one of them by means of a control card at the start of a run,

A number of the references express various integration methods
as a Z-transform transfer function, The Z-transform is an extension of
the traditional Laplace transform methods with the transform of a sampled
function written in a simpler notation. The substitution Z « €57 is made
where T is the sample step size and corresponds to the integration interval
H, The Z-transform is a handy way of examining integration methods ana-
lytically because only knowledge of Laplace transforms is required to
use them, but they can be confusing to program on a digital computer,
Therefore, a methed is given to convert any Z-transform transfer function
into a differsnce equation, It can then be programed directly in FORTRAN,

The key to this procedure is that Z or €57 is a shifting function
in the time domain, Therefore, any negative power of Z times a parameter
merely indicates that the value of the parameter so many cycles back
from tha present time should be used, An example will make this clear,

Baxter6, for example, lists several integration methods I(Z), For
the 2nd order Adams,

1(2)=(%) Bz -2/ (1-27)
%) The first step is to write I(2) as a transfer function of ¥(Z) to

Y(Z) . h, 32 1-272
Y&~ z° 1=z
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Crogss-multiply to clear the fraction

Y(Z)(0-7) =Y (2)+ % (3271 ~7°2)
Y@Z)-YD) =2 Y@z -Y(2) 2?)
Y(2) =Y@)Z'+ 3 (3Y ()2 -Y(2)2"?)

This procedure assumes that the Z-iransform is a linear operator
which is to be expected since the Laplace transform is linear, The

difference equation can now be written directly by making the substi-
tution

Y(Z)’:Yy\ o Y(Z)Z" =Yy~ 9y €tce.

which is the same difference equation stated earlier for 2nd order Adams,
Any integration methods expressed as a Z-transform transfer fumction can

be used in subroutine INTEG by coding a few linss of FORTRAN and recom~
piling this subroutine only,

A number of different runs were mads which included both step inputs
and realistic surface deflections, From these runs it is possible to

draw some definjite conclusions as to step size and integration methods
to be used in s submarine simulator,

The Rungs-Kutta method is more accurate than is necessary evén for
a ressacch program, However, it serves as a useful check on other methods
and, with a step siza of 0,25 second, is the reference standard,

It is not necessary to use matrix multiplication to solive for simul-
tansous rates, Using the rates caloulated in the last integration cycle
does not &ffect the accuracy of the runs,

The minimum step size for best acouracy is 0,25 second based on the
variable step size program, However, there is almost no difference when
the prograe is run at 0,5 second, When it is run at 1,0 second, all
parameters remain the same except for p. If the bank angle output is
examined closely, it will be seen that the high frequency wiggles are
out of phase with the standard snd take a little longer to die out, At
1,5 seconds, p goes into oscillation, Thersfore, & swep size of 0.5
second should be used for a casualty trainer where high rates will be
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encountered, A sbep size of 1,0 second is satisfactory for a maneuvering
trainer,

It was hoped that Euler's method could be used for the maneuvering
trainer because it gave good results st 0,25 second except for p. However,
at 1.0 second mos% oi the parameters diverged, thus justifying its bad
reputation. Therefore, 2nd crder Adams will be used in the maneuvering
trainer so that a large step size can be used,

C, COEFFICIENT REDUCTION

1, LONGITUDINAL IMPULSE TESTING

The equations of moiion can bs represented as a transfer function
that takes a certain set of input conditions and $ransforms them into a
certain set of outputs, The coafficiente of the differential equations
determine the characteristics of *his transfer function, and as long as
the system under considevation is linsar, it is possible to express the
response of the system independently of any set of inputs by means of
the impulse function,

The impulse function is a spike that occurs at time "t=o® and shocks
& system into oscillation, Tha system will oscillate because energy has
been added. These oscillations will correspond to the natural frequencies
and damping ratios because all inputs are zero immediatsly after ®teo®,
The time outputs can be analyzed to determine the coefficients necessary
to describe a linear differential equation for the system, These will be
related to the coefficients required in the equations of motion, The
techniques for doing this are well known in Laplace transform theory
applied to servo design’,

A procedure somawhat analogous to impulse testing is used in the
determination of bardling characteristics during the full scale test of
the actual submarine, The test is known as a “meander maneuver™ and one
can obtain a direct measure of the inherent longitudinal stabiiity of
the submarine with the following procedure, Essantially, the meander test
is conducted by disturbing the subtmarine from its neutral pitch angle by
deflecting the sternplanes a Jixed amount in either rise or drive, After
8 predetermined pitch angle is reached, the planes are returned to their
neutral position, The resulting pitch angle trajectory provides both
visual and quantitative evaluations of the longitudinal stability of the
sabmarine,

This comes as close as possible to impulse testing when applied
% the real-world vehicle, Mathematically, an impulse occurs in zerc
time, but in the real-world cass the surfaces take time to move and the
controls have to be held in the deflected position so that tho system
is disturbaod enough to give a good reading of pitch angle change, How~
ever, vhen the surface movement is plotted on the same time scale as the
moander maneuver, it forms a very narrow pulse that approaches an impulse.
Once the pitch angls has been plotted for any onset spead, it can be ana-
lyzed for such numerical maneuvers as damping ratio, undampsned natural
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frequency, stability roots, and trajectory envelope decay., These are
given in the evaluation repurts of the handling qualities for each sub-
marine class,

It was hoped that impulse testing of the equations of motion could
serve two purposes: (1) A seriss of runs would be made to determins
the natural frequencies and damping ratios at all speeds; and (2} these
figures could then be compared with the actual figures ca the submarine
to check the accuracy of the complete sst of coefficlients, Once this
had bsen done, the figures could be used to generate a new set in which
the equations are assumed to be linear and therefors much simpler than
the original set, The first purpose was successful, the secend was not,

The following procedurs is used to generate an impulse run, Com-
puter program ZC790, Submarine Simulation, Longitudinal is used to gen=-
erate a run with the control subroutine set to generate an input impulse
and the output option set% to punch cards with the time and pitch angle

recorded every two seconds, The output on these cards is assumed to follow

the form

Y=a,e %t +a,e™t (cosBt + ¢)

where y and t are on the cards and @ ,dg, ¥ s X ,B » and I are con-
stants that are to be determined,

The reason for choosing this form as an equation comes from the
form of the characteristic equation for the longitude chammel when the
equations of motion are linearized, The Laplace transform of y is

. _ K S*+ K,S + Ko
L= G0 +59

%, B , and G are the natural freguencies of the system and remain
the samc in either the time or complex domain and Q.,, Q;, and ¥
are functions of these and K,, K;, and K,.

If we consider the equations of motion as a linearized set in the
complex domain, they can be written as

y(s)] = [E(S)][c()]

where Y(S) is the output matrix, E(S) are the equations of motion and
C(S) are the input conditicns, Ar impulse is a constant in the complex
domain so Y(S) is equal to E(S). Therefors, ¥(t) in the time domain in
response to an impulse can be determined by taking the inverse Laplace
trancform of the equations of motion for the particular input (the astern-
planes in this case), and the particular output {pitch angle). The
detsils of setting up the equation of moticn for the longitudinal c.annel
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are deseribed in the programing report in program EClho and will not be

ua—-—nb A ha e +12 nemalesnda Aha abceae -boo

SUNTR VO uv.tw. JITom waas ﬂuq.l.JDLO Wio Giiadiac ucu.x.suc eaua‘blon 18

A3S +A,S*+A,S+Ac =0
e
as=(% 24 - m) (Fma-1)-E ) (L' 23)
ae= (2 2 ) (M) (B 2i-m)(% M3)
(5 M) eamr o2p)-(F hoM)(E 23)
ozw)( 7 aOMg)-r(-—é- Zv-m)(B-Zp)
(?ZQMM) (Wom+ f;j‘?zuoz <)
Ao= (Z'uo 2,0)(B - 25)

(P-(”

where all the symbols are defined in the egquation of motion report,

Actually, computer program EC1LO solves this equation in direct matrix
form and allows for the variation in gpeed,

A compensation is made for the non-linear terms in the longitudinal
loop by modifying the basic coefficients, For example,

}
Zwiw| * W(wl‘* \/7‘)"E becomes mel W ovw

where W is an average value of w used as & constant, It is determined
by running a number of full set runs and scanning the output for a typical
value of w at steady state conditions, This allows ZW and ZWAW to be

combined into a single term, A similar process is used with |z3 being
set to 'i' .

It is obvious that the characteristic eguation is a cubic with at’
least ¢ne real root, It can be assumed that the other two rcots are a
complex pair from the bshavior of the submarine in a meande: maneuver,
Therefore, if the equations were linear, the frequencies could be deter~
mined directly from the coefficients and conversely, the coefficients
could be calculated from the measured frequency response,

When the cards have been punched with the time and pitch angle;
ot /3 , and P ecan be determined by two other programs. EC310 is a
program that performs a "leas$ squares fit" to any specified equation
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format from a series of X-Y points, This program requires that fairly
close ini%ial guesses be supplied for the parameters that are to be
calculated, Program EC330 calculates a set of numerical values to be

used as starting conditions for EC310, Details ars left to the programing
report,

A summary of the situation will be helpful at this point,

1, The handling qualities report for a particular submarine gives
the results of meander tests taken during full-scale trials and expressed
in terms of frequencies and delays.

2, The stability and control report gives the same information
caleulated from the coefficients as determined from the model tests,

3, Program ECLLO uses the NSRDG coefficients to calculate the fre-
quencies and damping ratios, The values are identical to the report if

the coefficients given in the stability and control reports are used in
this program,

L, Computer program ZC790 can be used to prcduce a time output

which can be analyzed %o finde¢ , /8 , and Y. The natural frequency
and damping ratio can then be calculated,

It would be convenient if all four sources agreed exactly, but they
do not, Thorefors, it was desmed advisabls to determine the validity

of the supplied coefficients and the programing of 20790, tae main
similation progran,

The coefficients were taken as supplied by NSRDC and run in 2C790
to produce a full set of meander curves, These curves were compared
with the new data acquired on the demonstration submarine and stored at
NSRDC, and they matched over the entire spesd range, Therefors, we can
be_assured that ths longitudinal coefficients used and simulation program
2C790 (and EB920) will accurately simulate the demonstration submarine,
The longitudinal and lateral channels of ED920 were checked out in another
manner in order to give further support to this coanclusion, The handiing
qualities report for the demonstration submarine gives a time history of
a 20-knot vertical-plane overshoot manesuver and a time history of a typloal
2h-knot submerged turn, The input conditions were duplicated as closely
as possible and the output curves matched the actual output data taken

during sea~trials to a much closer degree than required for an accurate
simulator,

We can now establish a data platform from the approved criteria
for any submarine simulator, The coefficients as received from NSRDC
are inserted into 20790 for longitudinal tests or EC920 for six-degrees-
of-freedom and any specified set of inputs can be run off, This will not
only serve to check the reduction miade as a pazrt of this stucy but more
importantly will serve to check the operation of any simulator using the
standard set of equations of motion, Even before & simmlator is delivered
to the user, a complete set of performance specifications can be computed,
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An investigation was made into why the handling qualities report
and the stability and control report should have slightly different
frequency and damping ratio parameters for what is essentially the
same vehicie, It was concluded that the procsssing of the data was re-
sponsibla for this difference., The frequencies in the stability report
are calculated from the coefficients as determined by model tests using
the linear model described in EC14O, This neglects such coefficients as
Mw w which were proven % be important by the investigation, The fre-
quencies in the handling qualities report are determined from a time-
history on the agsumption that a single pair of complex poles are present
to represent the system rather than a real pcle and a pair of complex
ones, This is a standard treatment in servo texts and is used to calcu-
late damping ratios in the verification section of this study, It can
lead to different numbers depending on which points of the time-history
are used, Authorities are not in agreement as to the way to measure the
damping ratio of a higher order function, and most of them use only the
aingle complex palr case as an example,

The method of calculating the frequencies from the linear coefficients
is possible lead ¢o an idea for .calculating a simplified set of longitudinal
coefficients that seemed extremely attractive in theory, The full set of
coefficients are used to run off a set of impulse curves at all speeds,
These curves are reduced to numerical values by the technique described,
and the reverse equations contained in ECLL40 are used to generate a new
set of coefficients for all speeds, These would be linear, but would
contain all the variations described by the complete set because of this
change with speed, Unfortunately, this attempt proved to be unsuccessfuli
due to the difficulty of solving the reverse set on a *least squares® fit,
The approach is outlined here because the problem is in the computing
methods available and not in the theoretical basis behind the prohlem,

The unknowns are the eight basic coefficients:
- ® Py [
vhich are used to form the characteristic equation:
3 2
A3S +A5°+A,S+A, =0

If we assume that the variation of the longitudinal stability indices
with speed are known, {these are thewt , B and ¥ 's from either the

impulse runs or the stability and control repori) the characteristic
equation takes the form

(s+v)(s+e) " +A8*)=0

Therefore, we can set up a one-to-ons correspondence with the
stability indices and the is,
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A%_, =2+ 0
Ay = 28+ <*+ 23
/quéia = ¥ (}3(:z‘f‘/f3'z‘)

and then solve for the basic coefficients, If tests are run at mors

than three spseds, more knowns than unknowns are generated and a best
fit of runs at one-knot intervalas, for example, would give us a basic
set that could be used to linearize its equation of motion,

4 number of different numerical methods were tried and discarded
because they all broke down on the fact that the slopes of the change
of coefficients with respect to speed is so shallow that not even double
precision subroutines were able to prevent the problem from blowing up.
Most of the nonelinear equation solvers require an initial guess and the
shallower the slope, the closer the guess has to be to the true answer
for all eight coefficients, Usually, the original values are suitable as
initial guesses, but in this case they do not satisfy the requirements.
The mathematical difficulties are covered in detail in Freeburga. Never-
theless, this approach might prove useful in further work in this field,

2. BASIC COEFFICIENT ANALYSIS

The equations of motion of a body can be developed in terms of force
equations derived from d'Alembert's principle, This principle states
that for any body in motion, the applied forces must be in equilibrium
with the inertia reactisns of the body., By asswming that the inertia
reactions have the dimensions of fores, the dynamic problem can be reduced
to a static one in which the only requirement is that of %sum of forces =
0", Oace the force equations are developed and expressed in terms of
coefficients times functions of velocities, ... 7les, etec,, the accelerations
can be computed, Known velocities with the wxternal forces {rudder angle,
plane angles, and thrust) are used as input conditions, This assumes
that tho mass and inertias are known, The accelerations are then inte-
grated to give a new set of velocities which are then used to recompute
a new set of accelerations,

The coefficients can be divided intc three categories to facilitate
the investigation of their offacts on the acceleration computation for

any set of inputs, They are longitudinal, lateral, and cross~coupling
goefficients,

In the general case, there are six aimultaneous differential equations
to be solved for the six-degrees~of-freedom for a body that can rotats
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and transiate., However, il certain condiilions ars pladsd on e imputs,
the problem can be greatly simplified, It is helpful to estart the inte-
gration with all forces exactly balanced by the control surface deflec-
tions so that the six accelerations are zero, This is fairly simple to
achieve in a conputer program by setting the steady-state inpute and
velocities to the norrect precomputed values, When the program begins
to run, the accelarations are zers and the velocities do not change until
a surface is deflected,

The first set to be investigated are the longitudinal coefficients,
The program starts with the rudder at neutral and the lateral axis veloc-
ities a% zero, Since the longitudinal axis velocities do no% couple into
the lateral channel, the lateral velocities remain at zero and any coef-
ficients multiplied by these velocities can be ignored if only the diving
planes and thrust are varied, The three-degree-of-freedom research
program not only assumes that this condition holds, bu% it eliminates
the lateral channel entirely slong with any coefficients using lateral
velocities in the longitudinal channel,

Therefors, only those coefficients multiplied by the longitudinal
velocities ars of intersst in the first category, They are listed in

table 2,
TABLE 2, LONGITUDINAL COEFFICIENTS
Axial -Force Normal Force Pitching Moment
XQ a MD
XUD ZWD MAQ
XWQ . Q MWD
Xuu ZAQDS M
XWHl. ZWAQ MAQDS
XDSDS ZSTR MAWQ
XDEDB W MSTR
Thrust coefficients ZWAW Md
XWWE ZAW MWAW
XDSDSE 2w Maw
Z0s MWW
208 MDS
Z2QE MDB
ZWE ME
ZWAWE MWE
ZDSE MWAWE
MDSE

The gecond set of coefficients are those that govern the behavior

of the lateral channel,

The assumption is made that an autopilot is

attempting to keep the submarine levsl sc that g is zero and the value

of ¥ remains a small constant.,

There wil: be some coupling through the

changs of forward speec as the vehicle bogins to turn, but it is assumed

that this is small compared to the effect of the rudder,
cosfficionts are given in table 3.

34

The lateral




(ih

P T T

b i —

iy i v x:!!*‘.wl;-"xuﬂr‘! e aiios i

TR ?ﬁ!iﬁm%‘lﬂg‘

£ I ey

NAYTRADEVCEN £8.0-0050-1

Su~v=uuues

e St

TABLE 3, LATERAL COEFFICIENTS
Lateral Force Rolling Moment Yawing Moment
YRD KPD NRD
YPD KRD NPD
YPAP KPAP NRAR
YVD Kp NVD
IR KR NP
Yp KvD NR
YARDR KSTR NARDR
YVAR KV NAVR
YSTR KVAV NSTR
v KIR NV
wav KSTRE NVAY
YDR NDR
YRE NRE
IVE NVE
YVAVE NVAVE
YDRE NDRE

Finally, there are the cress-coupling terms that couple one channel
into the other and only come intc prominence during a ¢limbing or diving

turn, ‘The cross-coupling terms are given in table 4.

TABLE 4, CROSS-COUPLING TERMS
Axial Lateral Normal Relling Pitching Yawing
XRR m ZPP KQR MPP NPQ
XRP YQR ZRR KPQ MRR NQR
XVR vwQ ZRP KVQ MRP NWR
Iw YWP ZVR Kwp MVR NwP
XDRDR R Zvp KWR MVP NVQ
XVVE W Iw KWW MV NVW
XDRDRE

It should be noticed that the cross-coupling terms in the lateral
channels always have one lateral velocity as a multipling faetor, but
the longitudinal terms are always multiplied by two lateral velocities,
This is why longitudinal variaticns do not affect the lateral channel
when the lateral velocities are zero, but any turning rate ‘will affect
the performence of the longitudinal channel,

1% was established above that the NSRDC equations are accurate for
the simulation of operational submarine motion when they are used with
the full set of coeificients supplied by this facility. Therefore, a
certain amount of program zsomplexity has already been eliminated during
the analysis performed at NSRDC. The terms which are omitted can be of
three types. The first type are those for which the coefficlent is zsro
because of geometrical symmetry of the hull or mathematical symmetry of
the equations of the hydrodynamic reactions in Taylor's theorem expansion.
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b i QR ZWW KPQ MAQ NSTR
ISTR ZAW KSTR MAW
YPAP KWW MaW

The second type are those which can exist but have been determined
to be too amall for submarines in general, They includes

e 2rp KDR MPP NQR

YWR KR NRAR
KVQ NWR
KWR

Finally, there are those coefficients which have been set to zero
because they have not been inveatigated and the effect of their presence
and their magnituds is unknown,

The /7)) terms are included in this category, They cover the effect
of the propeller disturbing the flow in addition to producing thrust in
the body of the submarine, As long as a propeller is subjected to uniform
axial flow, the stream velocity is constant for all blade positions around
its path of rotation, 4s a result, the angle of attack of the blade, the
thrust, and torque are constant, and the ) coefficients can be set to
zero,

As a rule, stern propellers must operate in non-axial flow conditions,
This is true ever for an axially mounted propeller on a body of revolution
where the flow is symmetrical and converges around the afterbody, Then
too, the body axis may not be parallel %o the direction of the stream
velocity, resulting in further deflection of the flow, The blade angle
of attack is altered with respsct to flow direction, thus a greater thrust
is produced at one side resulting in an upward force being applied to the
shaft, Any change in the ship's direction of motion will be reflected by
the hydrodynamic forces and moments, A change in the propeller RPM will
resilt in a changed force diagram, The propeller blades will be acting at
different angles of attack with respect to the fiuid velocity vectors
until stexdy-state conditions again prevail after the propeller velocity

is changed,

The demonstration submarine iz nown to have certaiu non-linear
effects that are not reflected in the equations of motion with the
preseat set of coefficients, These effects could be provided thrcugh the
addition of the 7] terms, but their magnitudes are not known at the
present time, However, the NSRDC equations of motion repcrt states that
for the moderate changes in ahead speed involved in most normal maneuvers,
all of the (7 -1) tarms usually can be neglected, Thersfore, the following
coefficients are set to zero under the assumption that axial flow exists
at the propeller at all times,
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XVE YRE ZQE KSTRE MGE NRE
XWWE YVE ZWE MWE NVE
XDRDRE YVAVE TWAWE MJAWE NVAVE
XDSDSE YDRE ZDSE MISE NDRE

However, all of these terms are included in the programing so that
if the necessity of using them shouid arise, they can be added merely by
placing a number on an input card,

A survey was made of four different submarire simulations, and in
each case the coefficients listed above wers not used, This survey was
correlateu with interviews of personnel who had received training in the
simulators in question and had served on the submarine class being simu-
lated, The conclusion reachsd was that the simmlation was a good repre-
sentation under normal training maneuvers sven with these terms miassing.

3., INERTIAL TERMS

It was stated that the equations of motion can be derived from
d?Alembertts principle that the applied forces must be in sguilibrium
with the inertial reactions of *he body, This szection examines these
inertial reactions of the body with respect to submarine simlation,

The inertial terms ai's those terms that result from the mass of the
vehicle rather than from any outside forces on the vehicle, As such,
they are written on the laft hand side of the equation in the standard
oquations of motion published by NSRDC, These terns are of two types;
those resulting from mass and inertia of the hull, and those that appear
in the equations because the center of gravity does not remain at the center
of the coordinate system chosen to specify the coefficients,

Generally, the coordinate system used in aircraft simulation is
coincidental with the center of gravity and moves along with it, This
changs does not affect the cosfficient because the shift is small and is
nainly due to depletion of on~board fuel located in tanks close to the CG.

An entirely different case is found in submarine simiation, Large
woights of water are taken on board in tanks far removed from the origia
of the reference point used for the inertial frame, Therefore, the
parameters XG s Yg » andZq representing the shift of the CG off the origin
are included in ¢he simulation,

The first step was to eliminate functions that are zero because of
the nature of the shape of a submarine, It can be assumed that Yq can
be set to zaro because the CG is not going to shift far in the lateral
direction as the ballast tanks are filled, These tanks are symmetrical
with reference to the X-Z place, Jy has the same value as I; and the
cross inertial Iy ,Ixz, andlyz ars zerc on all submarines studisd, This
reduces the inertial terms of the equations to:

Axial -"77\(&-*\/7‘*“” <L XQ (?2*' ?1)1'25(??*' i))
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Latersl - m(Y~wp+uTr+lg(gr-p)+ Xglep+ ‘1"'))
Normal -m(-u QrvP ~ZG<10""+‘:~2)+ Xq(rp+ 1))
Rl -Ixp-mlc(V-wP+ury)
pitch  -Tyg +(Ix-Tz)vp +m(Zg (G-vrewe )X Ei-ugivp))
v  -Izy + (Iy-Tx) P g+mXg(V-wP+uy)

The various values of cross velocities were kept in the reduced
equations of motion without investigating their magnitude of effect,
This is because all of these terms are needad to calculate the forces
from the coefficients, and therefore they can be included at the cost
of a singls addition, Also, any one of these terms can become quite
large under cazualty conditions and will therefore be needed for good
recovery simlation,

Ir XG and - can be held at zero, as in an aircraft simiation, the
inertial terms could be greatly reduced in complexity, Therefore, an
investigation was made intc the effect of XG and ZG on a typical simu-
lation,

The first task is to determine the range of XG and ZG . The equa-
tions for these parameters are

N
&=Mmﬁ§%ﬂ§

W
Z,%L+fwg(
¢ - W

N

W=WO+ZWT£

]

where the Wiz are the welights of the submarine and water in ithe tanks and
the 2's and X's are the coordinates of the respective water ballast tanks,
The {igures used for the investigation ars contained in the report
YMeasures of Performance Based on Motion Simulation™ for the demonstratioa
submarine, In the caze of flooding, a comparitment fillsd with water can
be treated as an additional tank.

Program EC430 calculated Xg , Yg 5 ZG , and W for any tank arrange-
ment, The data on the submarine and the individual tanks is used ac an
input, and any tank arrangement is controlled by an input card following
the data, In nne of the submerines studies, there were values of Y
associated with individual tanks, but the shift in Yg was very small,
Also, where tanks are split laterally, the two sides are always filled
equally, recducing Yq to zero,
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A number of different tank arrangements were tried to cover a range
of Xc and ZG' . The final values ussd warezﬁ closest to the center of
buoyancy, a normal operating condition (W=B and equal distribution in the
trim tanks), and a worst case inxa with major flooding at the forward
end of the submarine, Tests were made at 5 and 25 knots to cover the
operating range under these conditions,

A normal overshoot maneuver is used to check the sffects of varying
Xq andZg ., Programs EB920 or ZC790 are used with the different values
and u, theta, and z are recorded, The results are given in figure L,
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rigure 4, Overshoo$ Response to Tankage Variation

It should be noted that these curves do not represent the true
response of the submarine from the change in the center of gravity due
to distribution of ballast. This is because onlyXq andZQ is changed,
The weight still equals the buoyancy.

It can be seen that at 25 knots there is very little change in
regponse to changing the two parameters, However, at 5 knots, the change

is drastic; in fact, the pitch angle effect reverses with the change in
X'q . The change inZQis not as great,

Program 20591 was used to find the amount of error in three ocases,
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TABLE 5. CHANGE OF PERFORMANCE WITH TANKAGE CHANGE

PERCENT CHANGE OF VARIABLE
Au &0 Az
5 KNOTS
NORMAL -372.6 -68i.2 ~-1307.7
Xo MAXIMUM | -692.1 -856.8 | ~1545.0
25 KNOTS
Zs MAXIMUM - 2.9 o2 7.7
NORMAL -1i.06 -16.4 —-4).4

Z G  could be set to zero if it wers not for the 23,4% change in
maximum depth at 5 knots, The direction of change of 2 remains the same,

A consideration of the results leads to the conclusion that Xq and
Zq should be kept in the modified equations of motion set, and Zg can be
set to a ccrsiant in the basic set,

The degree of variation in Xg andZg can be used to determine how
accurate the tank representation shculd be in a submarine casuvaltiy control
trainer, Thc paramsters were varied and changes measured at the end of
one mimite, A 15% change inZg resulted in no change in u, less than 1%
change in tho response uf theta, and about a 2% change in maximum depth
change, A 5% change in Xg resulted in as great a changs in u, and a 3%
change in theta, 2 was changed very little, Thersfore, a very cloze
simlation of Zg in the tank representation is unnecessary even in a
carualty trainer, but the factors that go to make up xqshould be computed
to within S¥ of the actual response in both time and weight.

Tha standard equations of motion allow for the center of cuoyzancy
(CB) to be displaced from ths center of the coordinate axis as well as
the center of gravity. These parameters are expresssd as functions of
Xp sYp :ZpB » which are the distances in each dimersion of the dis-
placementy, The CB is fixed in the submarine, and the cosfficient co-
ordinate system is always chosen so that Xg and Yp are zero, Zp has
to have a definite value thai puts the C3 above the CG when the submarine
is submerged, This causes the mass to act as a stable pendulum which
returms %o nsutral at the natural frequency of the system when the outside
disturbing forces are removed, The restoring force is the force of gravity
and “he equations of motion become

sl  -(W-B) sin©
Lateral (W-B)<cos O sin @
Fornal (W-B)cos © cosQP
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Roll =(Zg W= ZgB) cos € sin
Pitch —XgW cos©cos d) -(ZgW-2ZgB) sINE
Yaw XgW cos Osin @
with the Xg ,Yg 5 andYg set to zero, It can be seen th.t time will be
saved if terms such as "cos@sinf" are computed only once and saved for
use in the valuation of the accelerations, This also appiies to WoW-ZgB".

The multiplication does not have to be made when separate tanks are
being simiated,

ZGW:: )_Mi)(o +%WT:.'X.‘-{. .W

= WnXo + X WrpeX
and *he latter taeim can be used before the division by W i3 made,

4., LONGITUDINAL COEFFICTIENT REDUCTION

Although different sats of opsrations were followed for each group
of coefficients, a general reduction procedure was foilowed that was
common to all groups, The task was broken up into three parts: first,
an analysis to determine the aff'sct of each coefficient on the quality
of simulation; second, the determination of the effect of removing groups
of coefficients; and finally, the degree to which the remaining coafficients
should bs changed in order to imprcve the output response of the remaining
set of coefficients after the reducticn is made,

4 data platform is established by treating a set of input conditions
that will vary those parameters that are multiplied by the coefficients
of interest, The full set of coefficients is used to run a program over
a sufficiently long period of time to set the trend of the outputs to
this set of input conditions, Points of interest occur where pitch changes
direction or where most of the variables have reached a steady-state
condition, Most of these runs are about one or two minutes simulated
time in length, The variablies used in the verification runs should be
thoss which' the trailnes will obsarve during trainer operaiion such as
pitch angle, bank angle, and forward velocity,

The simulation piogram is run a number of times with the same input
conditions and the coefficients are set to zero on a term by term basis,
The percentage change is calculated at the point of interest and a table
is sot up so that the effect of removing any one coefficient can be seen
at a glance,

Sorme of tae coefficients are not tested because the nature of the
program requires a numerical value or else the output will not resemble
any vehicle, much less a submarine,

The progr- <s rerun with all coefficients having small percentage
errcrs set to «we:0, 1as usual effect is to have all errors increased by
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more than the amount of the separate runs added together becauss of the
interastions contained in the ;rogram, Terms are added until an acceptable
levsl of error is reached or remaining terms are used to compensate for

the changes,

Compensation by adjusting the remaining coefficients gsams attractivs
at first glance, but it cannot be carried teo far, This is logicaliy
obvious because of the amount of work that has been done on the original
equations of motion, 4Any term that could be combined with another term
ovar the full range of operation of the vehicle would have already been
combined with that term when the coefficients were supplied by NSRNC,
Howesver, the requirsments for a training simulator are not as rigorous
as those needed for research, so simplifications are possible,

In the sections that follow, the coefficients will be divided into
natural categories and the method taksn to reach a successful conclusion
will be outlined, What cannot be shown in a report is that coefficient
reduction is an art rsther than a science, The basic assumptions and
conclusions will hold true for any submarine chosen for simulation, but
a4 cut and tzy procedure will be necessary before it ies proven that the
exact reduction used is effsctive in any particular case,

The longitudiral coefficients can be divided into two classes after
the coeffisients that have been previously set to zero are sliminated,
They are those which are necessary for the simulation to operate and
those which are to be inveatigated, The two classes are given in table 6,

TABLE 6, NON-ZERO LONGITUDIHAL COEFFICIENTS

Axial Normal Pitech
Necessary Xun ZQD MGD
XDSDS ZWD MWD
XDBDB 2Q m
25T# MSTR
W MW
ZDs MDS
ZDB MIB
To be investigated XQQ ZAQDS MAQDS
WQ ZWAQ MAWQ
W ZWAW MWAW

The velocity and acceleration coefficiants are required to give
stability to the differential equation solutions, ZSTR and MSTR are
required to give correct solutions to steady-state conditions when the
submarine is in level flight. The effect or eliminating them is discussed
later, The rest are required so that operaticn of the planes will result
in responze of vehicls movement in the proper direction,

This does not seem tc leave many coefficienis, but if the remaining
ones are examined it will be seen that eliminating them will reduce the
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complexity of the equation to a much greater degree than their number
would indicate, Lat us look at the ZWAQ as a horrible example, It is
miltiplied by w/|Wle (V2 +WDi|e|q| wiich requires five multiplications,
a division, a squara roct, and thres absolute values,

A set of initial conditions has to be established before investigation
of the longi*udinal loop can begin, The natural set would be to »stablish
lave!. flight before each rur, This is not as easy as it sounds, and a
side investigation was made inc¢o the subject of critical speeds and neutral
angles for a submarine, Neutral anglec are defined as those steady pitoh
angles, sailplane angles, and sternplane angles which, when combined,
produce a condition of steady level flight or zsrc path angle at a particular
speed, This requires that the angls of attack equal the pitch angle, and
that the accelerations \w and Q equal gero, Rcference is msde to angle
of attack in many texts, including the NSRDC reports, but the parsmester
does not appesr in the equations of motion, This is because a body axis
system of ccordinates is used instead of a flight path set, The angle of
attack is the angle petwesn the flight path and the body when roll angle
is zero,

Figure 5, A4ngle of Attack

The angle of attack, and in the case of steady level flight the
pitch angle, can be calculated from the relationship

2
UVi=uwli+w?

- ————

e = _ W ===
SN _Q‘Noc-' U - vut*wl

as seen in figure 5, This removes the parameter O by replacang it with
a function of w. For any speed u, the equations of motion can be solved
for level flight in terms of w and §g or §), by setting w, 4, and g %o zero,
From Noomsl Equation (3)
2
ZW ‘w‘ .W ‘“","’wa 'W "'Zw * Lo +Z‘w" iLe 'W"}Z*“&}’Zsout‘;s,g

From Pitch Equation (5)
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P = density of water, 1 = length of submarine

& can be either §p or §s provided that the correct coefficients
Z5p sMgporgg ,Mgs are used as inputs,

Program ECL70 was written to solve the equations for w and &§ .
This program utilizes all coefficients of interest, so that it can be
used with any set of coefficients applicable to the NSRDC equations,
The pitch eguation is solved for § with a trial value of w, and this
value is used in the normal squation via Newton's method, Once w and
§ have been calculatad, the program calculates

- - W
6 =tan "G.' radians
©4= 57.3© degrees
d4=57.3 & degrees

and prints out u in f£t./sec., and knots as well,

This program serves another purpose in addition to determining the
initial conditions for longitudinal runs., The values for & are determined
for the operational speed range of the submarine, At some point, the
values become very large, This speed is known as the critical speed
because at this puint the controls are ineffective in controlling *he
pitch attitude of the submarine, Fortunately, the critical apeed is
difforent for the sternplanes and the sailplanes., The sailplanes are
effective at low speeds, below ten knots, Ths stermplanes have a very
interesting effect that must be simulated correctly in order not to
introduce negative training into the simulator, At a certain low speed,
the neutral angles suddenly become very large, Pitch angle and sternplane
deflaction reverse direction over a very narrow range, Just b2low this
speed, the angles come back %o approximately their former position. The
"Model Investigation of the Stability and Control Characteristics" report
for the demcnstration submarine has a graph of this behavior, It was
usad t check the steady-state angles generated by the simnlation program
when using the original coefficients, There was a perfect fit between
program EC470 output and the NSRDC data for both £p and §g over the
operational range of the demonstiration submarine,
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The low speed critical area is vital to effective submarine training,
Therefore, if any coefficient changes affect this determination to any
great degree, they must keep their original value in the modified simulation.
The basic simulation is not as critical since a particular submarine is not
being simulated, This is t-- -aeason for keeping ZSTR and MSTR on the list of
necessary coeificients, ZWa. .nnd MWAW should be checked closely because
they have a definite effect on the values produced by ECLTC, ZWW, ZAW, MWW,
and MAW have already been set to zero in the oripinal analysis by NSRDC,

It was hoped that a new set of linear coefficients could be genorated
by means of impulse testing, but this did not work in the case of the
longitudinal loop, Therefore, a series of overshoot runs were made to
determine the effect of setting all coefficients in the second class to
zero, This input was the standard overshoot schedule,

DS 9./_‘__\__45 Z\/Alé

T T T
Figure 6, Comparison Criteria

The comparison procedure used for the longitudinal channel uses the
maximum change in pitch angle and depth as the reference points, In
order to remove any bias due to the particular overshoot maneuver used,
all percentages are calculated from change of the changes at the reference,
If A© -full set and A @ -modified set are compared, the percentage
change 1is

ASFs — 66m
ASgg

% a6 = X 100

The same holds true for changes in 2z, Program simulation times are set to
be large enough so that the refarence points are always reached for all
runs as shown in figure 6,

A large number of runs were made, Table 5 gives several represent=
ative cases,

ZWAQ is an extremely desirable term to remove, and it seems to

compensate nicely for MAQDS and ZAQDS. Therefore, these are set to zero
in both programs,

o oview of thn factothab puch o laree 2hangs antare with the delation

Best Available Copy
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TARLE 7. PERCENT CHANGE IN OVERSHOOT, CPREFFICIENTS SET TO ZERO

Coefficient & 0O 4 %

ZAQDS 2.3 0.4
ZWAQ 2.3 0.0
ZWAW k,6 0.1
MAQDS =2,3 -1.8
MAWG L.6 0.3
MRAW 7.0 3.3

2AQDS
ZWAQ = 0 0,0 o,k
MAQDS

All zero 20.9 13,6
411 zero

W + 75% 0 0.2
MW - 11%

of ZWAW, MAWQ, and MWAW and that ZWAW and MWAW are two of the ccefficients
that determine the critical speed, it was decided that these three would be
kept in the modified set of equations, 7This does not increase the amount
of computation by a large amount once the factor (v34w2}% has been
calculated, Since it was found necessary to calculate the square root for
anothar reason, the most these three terms will add is six multiplications,
three additions, and three data storage locaticns for the coefficients,

There is another extremely important reason for keeping ZWAW, MWAW,
and MAWQ in the modified simulation, These terms govern the action of the
submarine if it is going straight up. This would not happen under ordinary
mensuvering procedures, but during casualty conditions it is poasible to
blew the main ballast tank while sitting dead in the water, This causes
an upward movement in which w is the only bedy velocity to have any magni-
tude, The conditions are equivalent to an angle of attack of ninety dogrees
&t this time,

The impulse runs did show that it is possible to produce the same
output with & linear set of coefficients even if they could not be deter-
mined, Therefore, all the terms were set to zero in spite of the large
errors, and the remaining coefficients were varied on a cut and try basis
to see if the errors could be reduced, Runs showed that the acceleration
coefficients ZWD, ZQD, stc, had very little effect on the magnitude of
pi%ch angle and depth and only varied the frequency response, MQ and ZQ
wers a 1ittle more sensitive and the greatest response was to cha g
MW and ZW, Ssven runs determined that ZW should be increased by 75% and
Md was decreased by 118, The magnitude of the response was excellent and
the timing was not greatly ~ltered., Additional runs showed that XQ?, XWQ,
and XWW did not affect either longitudinal loop or the acceleration-deac-
celeration response whan thrust was changad, Therefors, these cosfficients
were alao set o gero,
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5. LATERAL GOEFFICIENT REDUCTION

The lateral coefficients can be divided in the same manner as the
longitudinai coeffieients,

TABLE 8, NON-ZERO LATERAL COEFFICIENTS

Lateral Roll Yaw
Necessary YKD KRD NIt
YPD KPD NPD
YVD KvD NVD
YR KP NR
YP KV NP
v NV
YDR NDE
To be investigated YARDR KPAP NARDR
YVAR KVAV NAVR
VAV NVAV

Again, the number uf coefficients that can be eliminated ceems to
be smell, but removing IVAR would help in particular with simplifying
the program,

The lateral loop is more complex than the longitudinal loop because
three directions are interactving rather than just two., In spite of this,

impulse testing provided information of value unlike the other case,

The procedure is as follows, A run is made using the full simulation

program EB920, A new set of linear coefficients is generated from the
assumption that the non-linear terms can be rsplaced by adjusiments in

the remaining coefficients, The EB920 run, made under autopilot control

with' a rudder impulse at t=0, iz used to determine an average constant
value of v and r under the assumption that w is zero, These valuves are
used in program EC320, lateral characteristic eguation calculator, to
solve for the adjusted coefricients and natural frequencies using the
prineciples of linear servo theory., The process is identical to that
explained in the section on longitudinal impulse testing, except that
the lateral characteristics equation has four roots instead of three,
Two of ths roots are real so that time response to an impulse bescomes

¢(v)= a‘e‘“tw» a.e” "t cos(ftty)tas e 8t

The additional term over the lengitudinal case is a very slowly
converging spiral mode that is present in almost all six-degree-of-
freedom vehicles, Pilots are ganerally unaware that this mode exists,
because they automatically correci bank angle for it while piloting the
vehicle, In aircraft, thls mcde oftsn diverges slowly and will cause
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ntrance to a anin if the nilot's mind wanders for any length

f tima,
Cards are punched with the values of bank angle and time and a
convergence run is produced so ths actual fregusncy, rather than the
estimated one, can te used to plot the output, The values of estimated
frequencies produced by EC327 along with the cards are used by pregram
EC120, time iesponse cosfficient estimator, to calculate input values
for Brown's convergence routine (program EC310) for eight variables instead
of six, EC120 will take ok » 73 ’ be} s and & calculated by EC320
and output Q.; 9 R 2 923, 8nd ~{ as’defined by the time response
squation, Generaiiy, Brown's routine is unreliable when aight variables
are to be optimizad so the estimated values for @3 and § are held
constant for the first convergence run while optimizing the other six,

EC320 also produces adjusted values for YV, YP, KV, NN, and MR,
These values are used in the somplete simulation program with YARDE,
YVAR, YVAV, KPAP, KVAV, KARDR, NAVR, and NVAV set to zero, Impulse runs
were made at 5, 10, and 25 kmots, and the results were plotted against
the full-zet runs determined above. The curves show excellent agreement
betwsen the two impulse runs at S and 10 knots and good &agreement at 25
knots, This states that ths non-linear coeofficients can bs set to zero
and the lateral loop will still have the same natural fraquencies and
damying characteristics as with the full set of coafficients, Therefore,
it wae assumed that this procedure would lead to the basic set,

14 was discovered later on that this approximation was too drastic
when all the modifications were made to the modified and basic programs,
Additional tests were made under closed loop control to simulate the
response when the pilot controls the vehiclse,

The trouble with making this type of invsestigation on a general
purpose digital computer is that it is not a simulator, Thers is no way
to have a man monitor the output and change §s, for example, as the
program proceeds, A set of input conditions is sstablished and the
program calculates to the end of a set time, In order to similate closed
loop responss, an autopilot was designed to keep the submarine in level
flight at a constant depth, Otherwise, the longitudinal loop was free
to move to any position during the course of a steady-state turn, The
equation used for the autopilot was

DS=DB=.008(ZC-Z)+3.50 +.012 (W 51O~ w COSG)'G'Z.OQ

DS and DB are the stern and sailplanes respectively in radians, ZC is

the command depth in feet, and the other variables are the same as in the
simulation program, The term (u sin @ = w cos ©) was used for 2z because
7 was not available in the CONTROL suybroutine, The aatopilot programing
limited both plane deflections to 357 in either direction,

Clos2d loop control was found to be axtremely necessary to deternine
that approximations made to reduce the cosfficients were still vaiid
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when the simulation was tested, For example, when the longitudinal loop
was frozen (w = O, 6 2 0) the lateral loop reasponded very closely to the
full set of coefficients %to constant rudder commands when the non-linear
terms were eliminated, This was not the case when closed locp control

was used, Therefore, all tests were made with both the lateral and cross-
coupling terms us.ng the autopilot with a steady turn requirement, Even
though the submarine was being held in level flight, the behavior of the
autopilot, as reflected by z and ¢, can be used tc determine the effective-
ness of coefficients in both the longitudinal and lateral loops,

The dagree of maximum bank angle change and steady-state bank angle
late in a turn were used as a standard to compare the effect of the
various coefficients as shown in figure 7,

DR ¢ ~@ss
— dmax
T T
rigure 7, Bank Angle Comparison

Table 9 shows the relationship of ¢ max and q%s for several coef-
ficients to the rudder deflection that was used,

TABLE 9. BANK ANGLE COMPARISON

Coefficient = O AQmax? [AQss?
YARDR 10,0 11,0
YVAR 11,8 11,8
YVAV 13,7 1,7
KPAP 1.0 3,2
KVAV «65,0 =70,0
NARDR ~ L0 5.9
NAVR 3.5 - 3,5
NVAV 30 | -2.0

It is obvious that KVAV is necessary if the maximum and steady roll
angles are to resemble the original effects at all, KVAV is multipliec
by v'(v +w )‘i as in YVAV which has the second longest magnitude
change, Therefore, XVAV can be utilized with only one additional multi-
plication and adition along with a data storage location for YVAV, NVAV
was kept for tho same reason although its effect is minor, This is because
it can be added with very littls effort and its sign 1s such that it aids
in stabilizing YV when computing ¥ , This could be important during
casualty conditions when the equations are making large changes.

Therefore, “he lateral loop is reduced by setting YARDR, YVAR, KPAP,
NARDR, and NAVR to zero, The effects of this did not cancel out, so
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several runs were made %o adjust KVAV to bring maximum bank angle and
steady-state bank angles into line, In the case of the demonstration
submarine, KVAV was reduced by 508, It was found that heading angle

was increasing at a faster rate than originally when all the modifications
were made, Therefore, NDR was adjusted on a cut and itry basis to bring
heading rate back to its original value without affecting bank angle,

NDR was reduced by 20% to achieve this effect,

Since KVAV is unecessary and is to be adjusted no matter what happens
to the cther coefficients, it was concluded that this lateral set should
be used for both the basic and modified set of equations,

6, CROSS~COUPLING COEFFICIENT REDUCTION

The cross-coupling cosefficients are those that are used only when
all six-degress-of-freedom are energized. They are listed in table 10,

TABLE 10, NON-ZERO CROSS~-COUPLING COEFFICIENTS

Axial Lateral Normal Roll Pitch Yaw
XRR YPQ ZRR KQR MRR NPQ
XRP IWP ZVR Kwp MVR NwP
XVR YV rA'AY MYV NVW
Xvy ZRP MUP

ZVP MRP

All of thsse wers set to zero and a rumber of steady-state turns
were made under autopilot control. It was soon evident that something was
wirong when the autopilot could not hold depth to within several hundred
fest, When the original coefficients were used, the depth change was
about four feet, A term-bv-tarm check showed what the difficulty was:

TABLE Vi, DErIH CHANGF FOR STSADY TURN

Coefficient = 0 Change in Z, ft,
None i,16
XRR 5,29
XRP 5,21
XVR 9.31
X 4,63
ZRR 18,00
ZVR 12,38
ZW "33~00
ZRP 5,21
ZVP L.53
MRR .QSobo
MVR 21,27
MYV 21.26
MVP h,28
MRR 3.85
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ZRR, ZVR, ZVV, MRR, MVR, and MVV are roquirad tc mske the equations
behave liku a submarine dnving steady-state turns, ‘The nther longltudinal
crosg-coupling coefficients and all of the latsral S-C coefficients can
be set to zero, Any vnbalancs in the lateral loop can be taken care of
with the KVAV adjustmens,

7. THRUST TERMS

Thrust is computed as a function of the engine parameters in the
general equations of simulatien, This quantity is compared to the coef=-
ficient of drag, computed from serodynamic parameters, in the axial force
equation, When thrust equals drag, (3 is zero, and the forward body
speed is in a sitsady-state condition, A4 slightly different msthod is
usad in the NSRDC equaticns of motion because the coefficient of drag
does not appear explicitly in the axial equations,

Drag coefficients are computed as functions of rotational and side
velocities through the water and as functions of the control surfaces,
but all of these terms go to zero when the forward velocity lies along
the I-body axis (©< = 0), The coefficientXuw is not the main drag
coeffizient, but reprssents small departuree of the drag coefficient
from an equilibrium value, It is set to zero in the NSRDC equations,

Therefore, the main computation for the comparison between thrust
and drag falls on the term

i 2 2
z PR @ ¥ +biuuc+Ccuy)

where £ = uater density
£ = submarine length
W = forward speed
WUe = command speed
ay, by, €y = thrust coefficients

d; » bt » and C are a set of constants that are used to represent
propellar thrust and body drag, They are computed from both the steady~
state thrust condiiions and the acceleration~dersleration values for the
suomarine, Three sets are supplied with the submarine ccefficients, One
get is used when the commanded speed is half of the actual spaed or greater,
A second set is for below this value, and a third one is for full reverse,
The three coefficiente in each set must add up to zero, This is so that
when commanded spsed equals actual speed, thiust squals drag and the output
of the avove term is zero,

Accaleration and deceleration data was not available for the demon~
stration submarine, %Therefere, it was assumed that the NSRDC coefficients
accurately represented thruet and they vwere programed as indicated in the
oquations of motion, This means that the mcdified and basic equation sets
are compared againat the full set in acceleration~decelsration runs instead
aof using actual submarine dats for verification,
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In order to check out thrust response, program ZC309 was written
to calculste both thrust in pounde and acceleration in feet per second
squared for any conditicn of actual and commanded speed, The equation
cf interest is

. 2
mi=g pL (a u? + bjuu, + ¢ ug)

where n is the mass of the submarine, M has the dimensions of poundis
(Baglish units) which is to be expected from F = ma, Therefore, the
calculation of the term on the right-hand side of the equation can be
printed out directly as pounds of thrust and, when divided by the mass
‘cf the submarine, as the acceleration in feet per second,

The squations of motion use the parameter M tc indicate wkich
set of coafficients to use in the thrust equation, This is merely the
retio of the commanded speed divided by the actual speed and Indicates
the breakopoints on the curves used to determine the cosfficients, The
thrust program allowe 7 limits to be specified during input,

The commanded speed U¢ iz related to the RPM of the propeller by

& linear constant, This constant can be detarmined from curves whick are

found in the NSRDC report ®Resistance and Propulsion Characteristics of
the Submarine as Predicted from Model Tasts® for the particular
‘submarine of interest,

I% shouid pe noted that Uc can go negative and this can cause ™
to te negative, This happens when backing down during emergencies, and
the .coefficients are computsd correctly for this, However, that does not
mean that L can go negative, All of tae coefficients assume that X is
always positive and the thrust terms are calculated on this basis,

Uk can be calculated from RPM times a constant, but some additional
subroutines would be required in a submarine simulator, The tims history
of an RPM change has %0 allow for commnication lag:, human response tinme,
and engine response lags. Tuis could be simulated by a delay followed
by an exponential change to the new value of RPM,

8. XINEMATIC RELATIONS

The kinematic relations can be considered as a pair of transformations
that will transform the body axis rates into Euler angle rates and the body
axis velccities into sarth axis velocities, Part of these transformations
are given on page 12 in the NSRDC Report 2510, but not in a form that can
be used conveniently for digital computation,

A1l forces and accelerations are calculated in the body axis system,
This system lies along the physical axis of the submarine body and moves
along with it, Thase are not the axes about which bank, pitch, and yaw
rotate, and therefore a transformation is nesded to calculate the angular
rates, It is known as an Euler transformation and the developmentu of
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this particular set is given in many text booke™, NSRDG Report 2510
aives the following expression for bank, pitch, and yuw rates,

¢ =p+y sin
_ 9+ <050 siNG
= <coS P

+ r+Osind
= <¢sOcos P

Q-

The trouble with this set of equations i3 that yaw rate has to be
known to calculate pitching rate and pitching rate has to te known to
calculate yaw rate. If the body axis angular rates are placsd on one

side of the equation, the Euler rates on the other, and matrix notation
is used, the difficulity is obvious,

1 O sin© dl=|p
0O cos(b cesO sind é q
O -sin®  cosOcosP (/; | r

The above equation assumes that the Euler rates are known and the
body axic rates desired when the reverss is true,

The inverse matrix is

= -

- sNOsIND  eNOcos®] [
¢ - i cos © cos © P
o O cos@d -siN q
’ SIN (b cos @

_‘P _ _.O cos s & LY.
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With this matrix, p, g, and r are calculated, and the transformation
i{s mads to solve for the Euler rates, Aa additional saving in complexity
car bes mada if the naw rates are calculated in the proper order. Expand-
ing the matrix gives ths following.

: siN© sin® sINO cot d
¢ p cOS e + cos e

LsIND+ v cos b
cos ©

"'_Qsm® + \-cos® - ‘LSiN¢+‘:‘C°s¢
- cose cose - cos O

‘-

Therefore, if ( is calculated from q and r before the calculation
for ¢ , the three equations can bs written as foliows,

e = ?cosq)-\"sm(p

e _asmd+ v cos O
)

¢ =p+ ¢ sn®

The order of the calculations is important sincq a digital computer
can evaluate only one term at a times, Notice that @ is the same as
the HSitDC set, but thst the other two equations can be calculated inde-
pendently, One problem with any Buler transformation is that singular
points van occur, In the second equation, the determinate of the matrix
is cos9, so the transformation is net valid at @ =T /2, The assumption
is made that although largs pitch angles (O > 60°) can occur, a submarine
sannot get inio a true verticel position, Therefore, the singularity
should not give anr trouble, As & practical matter, such a condition
would give either the largest possible yaw rate, or the problem would
stop due %o a gero divide check error depending on the computer,

Generally, a maneuvering trainer is concerned with angles and depth,
but not with position in the X-Y plane, Because of this, the NSRDC report
gives an squation for vertical speed only related to the earth axis, and
ignores the equations needsd for X and Y positions, These equations were
added to the research submarine program so that the outputs would be
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compiste, The only reason for including them in a sulmarine sirmulagor
pregram Jould bs if it were to b2 used in a tallistic missile sub-trainer
wvhere position with refaersnce to disiant points is important. The ’.ans-
formation used changes the body axis velocities to sarth axis velo:.ties
with x along the north axis, y along ¢he east axis, and z downward, The

aquations are

i = ~WSINO + vecosS =in {b«i— wcos & cos (p

X= wcosOcos W+ v(sin® O cos Y-cosPsin /)

il

+w(cos¢smecos ;a-l-smd)sm{l/)
‘;"-"- wcosOsin (4 + v(sm Q SINO sIN (U 4 cos Pcos 91)
+ w(tos @ sNO sin g ~sinPeesy)

It can be seen that time and space will be saved in the computer
if x and y do not have %o be calculatad,

There exist fairly simple algorithms for calculating sine and cosine
funcdions, The simplest one of all is suggested for the basic trainer
if core space problsms require that the final program be as asmall as
possible, They are

sin® = 0,97. @ radians
cos6 = 1,02 - 0,28 & radians

These functions have less than S% error up to 429, Submarine pitch
anglss can exceed this limit, but it should not occur too often in a
basic maneuvering trainer,

A more satisfactory algorithm for the modified simulation is

3

siNn & =6-—-2
2. 4
cos O = 1"%* %
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They have less than 3¥ evror at 75° which shonld serve for any
purpose, Cf course, both wrk only over the range of T /2 to -7 /2
80 sin g and cos ¢ will have t¢ be calculated by a more compler sub-
routine if X and Y are to be calculated,

9. NEAR SURFACE OPERATION

Two affeats come into play when 1 submarine is operating close to
the surface, The coafficients of the equatione of moiion axrs changed
dus to the pressnce of the surface and forcss and moments are generated
by waves on the surface.

dn investigation was made into the effects of coefficient changes
on the demonstraticn submarine., These coefficlents were supplied by
NSRDC as a rasult of depthkeeping studies under a seaway and are assumed
to be correct, The reascns for these changes are ‘hat a body moving
under the free surfacs ¢f a 1iguid produces a fiow pattern which in turn
affects ths body itself, In addition, the nature of the surface in the
form of wind waves infiuences the body, The magnitude of all of these

-offects is ralated to ths depth of the body below the surface and its

velocity,

¥hen the body is near the surface, the flow pattern produced in be-
twesn the body and the surface is a Bernoulli contour system, The positive
pressures at the bow and stern produce wave crests, waile the lower
preassure at mid-body produces a truugn, The reduced depin over the mid-
portion of the body reducea the streamline fiow area between body and
surface, The sstablishment of the Bernoulli contour system increzses
the. posltive pressures at bow and stern and ducreases the mid-body pressure
on the upper surfsco of the body, Since this effect is not produced on
ths bottom at relatively low velocities, the low pressures act over a
larger area on the %op surface resuliiig in & net vertical force or the
body acting to push the body toward the surface,

As the velocity of tl.s body increases, the wave pattern on the surface
lags wore and more, resulting in changes to the pressure pattern to the
extent that the positive pressurse in the bow area covers more and more of
the upper area, A& nat transverse force in the downward directisa is then
produced, Because of the Bernoulli contour system effect, thie positive
pressure at the bow is greater whils the positive pressure at the stern
is lower, This condition results in an incrsase in pressure drag,
varying with body velocity and depth, and known generally as wave resistance,

One of the references indicated that the change in damping ratio,
in particular, could be substantial under near-surface conditions”, bub
another one indicated the opposite o, Therefore, impulse runs '2re msde
using coeff{icients modified for the above effect and were compi "oa with
the dsep coefficients,

Coefficients were available at 6 and 12 kmoto, so impulse runs

ware run at these speeds, Pitch angle was recorded as a typical
parametsr, The two runs for deep and surface cosfficients were plotted
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against sach other, A shift in the vertical axis was dus ‘o different
initial conditions of level fiipht, and the resuls shows very little dif-
ference in the response at either 6 or 12 knots, In each cise, the “ini~
tial conditions™ program EC470 was used to generate a neutral ritch angle,
normal velocity, and sternplane defleciion for level fiight,

Because the critical speed for the demunstration submarine is below
six knots, it was decided to repcat an impulise run at two knots to ensura
that performance did not change at very low speeds, Coefficients were
not available at this spsed, so the values for 6 and 12 knots were ex-
trapolated in%to the 2 knot arca, The main changes were inZW and MW
which were lowered by 3% and 15% respectively, This run had a minor
phasa shift that would not be noticeable to the trainez, but was o herwise
identical to the deep coefficient case at two knots,

The results of the impulse runs indicate that the handling qualities
of the demonsiration submarine do not change appreciatively d-e to the
presence of a calm near-surface, 4 further check was made using ovarshcot
runs as a criteria. The change in forward speed, pitch angle, and depth
at values of maximum change between the two sets of coefficients are given
in table 12, .

TABLZ 12, JSROENT CHANGE OF CHAMGS, DEEP TO SURFACSE CORFPILIENTS

Q_K_xx_c);t_g 12 Knots
AW 7.7 13.0
AE -1.1 3.7
AZ ~Li.3 10,9

Because the change in u is very smail during thase overshoot rune,
the 13¥% difference represents an absolute change of less than one tenth
of a knot at twelve knots, 4 comparison of the curves of the runes shows
that very liitle change occurs when surface cosfficients are used,

The ons thing that might bother the trainee is that the conditions
for level flight are daiffersnt close to the surface, For example, the
neutral pitch angle becomes slightly negative as the surface iz approached,
It was also felt that much of the change in overshoot response was dus to
iits difference, 30 a run was made at twelve knots and used surface
coefficients except for Z* and M*. The changes in this case are seen
in table 13.

In other words, most of the change during an overshoot run was due
to the different M and Z % determining different neutral angles and
not dus to the use of other surface coefficients,

Therefore, it will not be necessary to use surface coefficients in

e.ther trainer, If very acourate near-surface operation is required as
part of the training mission, M*‘and Z s should be computed as a funciion
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TARLS T PERCUNT GHANSY, SURSACE GQEFFISIENTS

i Pgramatars at 12 Knots i % Change
AlL ' 3.6
AS 1,1
AZ 1 1.3

oi velocity and depth in the modified programn,

The valuzs of tha wave coefficient magnitudes were not supplisd by
NSRDC althou . work hu. been done in this area, An investigation was
nede into the wagnitude of these cosfficlents.during a Sea State S sea
using the classical methods of hydrcdynamica ™,

Calculations for the wave surface amplitude havs besn calculated in
the section on Wave Generation, The forcss and moments are rssolved
through the difrerence beiween tne heading angle of the submarine and the
heading angle or the *<ves, Usually, z simplification is made that the
wind is alwayy blowing from the norih, but a veriable wind direction can

‘b8 added easily, The forces and moments are then varied as a function

of the depth, reaching a negligible value at about five hull diameters
below the surface,

D, MODIFIED AND BASIC PROGRAM SIMULATION

The modified submarine math model cai be ~vitten when all the
approximations to the full-set equations of motion have been determiasd,
The first step is to set all negligible coefficients to zero and ramove
the parameters not being used, Th~ equations are solved for the s'x
acselerations, ard any set of terms that can be reduced to a constant
is replaced by that constant, A certain amount of juggling is performed
in order %o reduce the number of arithmetical operations, and the final
resilt is known as the compaui submasine simiation prog am, This is the
program that would bte used in a submarine simdator irrespective of whethex
analog or digital computation was ussd and, in the case of s digital
comouter, wvhether or not FORTRAN or assembly languags was used, The
programn for six-degrees-of=-freedom m>vement, Oam’s.mct Equations of Motion
(EC780), are given in equations (12) through (17).

Axizl (12)
a=(+#M (X (2+ Y3 -Zg(pr+4) tvyr-w~q)
W (X grgr 6 v + X 5555 S5+ Xsb5bS, + 1)

+ U (b +cpuc) ~(W-B)sin®)/(M-X . )
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Lataral (13)

= (alfar *Ypp +Yom)

M. (2 qr -} + X{qp * ¥) -wrﬂﬂ')

N A Yy p ¥ Yywle® cut)®

* Y U8, ¥ (W-B) cosB amn ¢)/(M-Y&)
Formal (14)

w s \‘(’i‘% v Z W)
+M (o lptrq) - X lrp-q) $ug,-YP)
*2.4 ¢+ . vt N T 0t
. 2w et + W) ¥
v WS, ¥ 25,8, ¢ Z4)
r  (W-B) c,osec.osd.v)/(m-?u.))
Roll a3)
p = omE (b-wp rurkly K.+ o+ K &
rulk,p + K,0) * Ky ar{wt + wt)i
- K, (Z W - Z,B) cosOcos®
Pitch (16)
%'—'- M,rp *+ M0 + u(t‘\q'% r M w)
- (2 (G -r vwg) - X (& -ug + o) Mg
+ M;,r” r M, 0+ M0t
* Mg d (u* +o)E + M, wwtew?)
+ WM * M 8, * M  8s)
- Mi(XGW cos0cosd + (B M - 1y B) 2in6)
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* atop «+ Nor + N 0) « N (X W) cosBame

_ The parameters are defined in eguation (18), In the equations that
follow, the terms on the left side of the equation are used in the compact
submarine simlation and the terms on the right side are the original NSRDC
coefficients as defined in NSRDC Report 2510, The only exception to this
is Ty, Tg, ete, which are used on Loth sides of the equation once the
terms for the inertial mass has besn inverted, These values are different
in the two programs, because one is normalized and the other is not, but
they employ the same symbclogy because they occupy the same locations in
the two equations of motion,

Goafficient Description (EC780) (38)
‘ XORDR' = Xy, = S£X, .
X0sps' = Xi. = SL K.,
XoBDB' = Xy . = fi & Xseoe
ALy’ = 3:;; = 'g.' vzzau
Atz = w, = £Q%b,
, ALV = ¢, = £ L Cia
A2y = 3, = % La,
A22' = b, = '{ ﬂ'z b
A23 = ¢, = {lc,
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R = 2,
z2STR' = Z,
ZW = 2,
Zwaw' = 2,
W' = ZL
20S' = Z,,
Z0B' = Z
ZWwo ¢ i
T4

AKRD' = K,
Ake' = K|
AwvD' = K
AKV' = K,
ARVAY' = Ky
AkPD = K

o

i
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[

1/(1; -5 °M R

M 2 @eLrEOM),
S
W 7 E0m T,

My = S hm -,

My = £&'M_ -7,

Mg = 24 Moy T

M, = g 'y Me * T,

M, = ELM -T,

Maws = SCM - T,

Mye = S0M__ -T,

M'“ = 'g. f Msg - Ty

) P 0>
", = E’Q Miﬁa’ T5
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Since MRP and NPQ can be added to the coxpact simulation at no
additional cost, these terms were kept even though their recessity is
doubtful,

Although the compact coefficients could be caloulated by hand,
it is far easier to use the computer, This is especially true consid-
ering that the input deck for program EBP20 contains all of the necessary
NSRDC coefficients, The resulting values will have to be punched on
caris as input to the compact submarine simulation program,

Program EC790 - Compact Coefficient Calculator was written to perform
this chore, The program ccnsisis of a main program and two subroutines
called INPUT and WRITE, The main program calls INPUT to read in a deck
of cards and then calls WRITE to write them out, The seveniy or so new
coefficients are calculated and WRITE is called again to write out the
new values, These new values are then punched on cards in & format €
can be used as an input to the compact submarine simmlation program,

Subroutine INPUT was taken directly from the main program of ES920,
It reads in the same data deck as EBF920 including the values that are not
going to be used, This saves having to make up a new input deck to use
this program after EF920 has been used in the inveatigation of a set of
coefficients,

Subroutine WRITE was also taken from EB920, It uses the same output
format for printing out the coefficients, When the program prints out
the same format for the second time, the values have become those on
the output cards, These are then used in the compact simmlation pregram
evsn though the nomenclature remains the same, Values not used by the
new prograr remain the sawe,

Program EC780 - Gompact Submarine Simmlation is & FORTRAN program
uzing the mathematical model for the reduced equatione of motion, It
represents the chief goal of the study in that it is a= small as possidle
while 2ti1) simulating the path of a submarine accurately,

This program can be run in any digitel computer that has a FORTRAN
compiler and enough core, It has been run on the IBM 360/L0, SDS Sigma S,
and an SDS Sigma 2 which is a small 16<bit michine, In every case, it
gave good results when compared against EB720 with the same set of input
conditions,

The MAIN program reazds in the input cards produced by EC790, prints
out & heading called UPDATE, prints out the twelve parametsrs of velocity
and position and then checks the time to see if the program is done,

The UPDATE subroutine is equivalent %o a combined EVAL snd INTEG
subroutins in EB920, It caloulates velocitiea, thrust, trig functions,
accalerations, Buler anglies, and then integrates using 2nd order Adams,
This progran is all that is necessary for the flight portion of a sub-
marine simlator,
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Subroutisie CONTR is identiocal to ths same subroutine in EB920,
It wvas added so that the comrast program would be checked out against
EB920 and no attempt was mads to shorten it, It allows climbing turns,
flat tarns, meanders, overshoots, and impulse runs in the same manner as
the original,

Finslly, the output format for EC78C was designed so that the twelve
variables sould be printed out on & teletypewriter rather than a line
printer, This is so that a very small computer can bs used and useful
results can still be obtainad,
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E. WAVE GENERATION

The analytical treatment of wind-gensrated ocean waves has undergone
a revolution in the last five years, This started in 1953 waen Dr, Pierson
and Dr, Neumann published "Practical Methods for Observing and Forecasting
Ocesn Waves by Means of Wave Spectra and Statistics®, The field was
entirely shifted over from a determinate one to a gutietical basis by
1963 with the publication of *Océan Wave Spectra®l?, This was an account
of proceedings of the Easton, Md, conferencs in thet year, The field is
& complex ons and, rather than giving a superficial treatment hers, this
section will attempt to outline some of the references that isad %o an
understanding of wave spectra, This will be followed by a discussion of
two different methods of generating wave amplituds with a digital ocomputer
program,

The basic reference in Chapter 8 of "Wind Waves™> by Bluir Kinsman,
This chapter gives a short history of the development of wave spectra
theory, discusses some of the stationary Gauassian process mathsmatical
models, shows the development of the Neumann spectrum, and finally indicates
the uses to which the Pierson - Neumann theory can be put, Some of the
mathematios is fairly rcugh going, but the text is very clear and under-
standable,

The second refersnce that is a "must™ is "Sea Spectra Simlitiedﬂl‘
by Walker H, Michel, This report cistusses the concept of a wave spectrum
from a physical point of view and shows why a frequency spectrum is used,
written with a minimum of mathematics, More importantly, it gives a
review of the different speatra that have been developed in the past few
years and outlines the notation and units used by the different workers
in the field, Just to illuastrate one source of confusion, some use snergy,
soms use wave height, and some use umplitudes, Finally, ten references
ars given that cover the development of the wave spectirs theory,

The first nine pages of "Rscent Developments in Seakeeping Resesrch
and its Application to Design®l5 give a brief discussion of the same
areas as Michel's paper, The and of the paper has & list of 142 references
covering almost every paper of thé "statistical era® since 1960, It is
available as a reprint from SNAME,

[ ———p AR P

I
The three refersnces listed give a good overall view, but they do
not tle down an actual specirum that could be used du~‘ng a wave generation
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investigation, This is d°i’8 in "A Sea Spestrum for Modsl Teats and
Long-Term Ship Prediction™® by J.R, Scott., 4 particular spectrum is
given and justified along with the transformation that determines the
energy in the epectrum proportionsl to either the average wave height
(ses state) or the wind speed existing at the place where the waves are
assumad to exist,

All of these references indicate how to measure waves, determine
the spectrum characteristics, and apply the theoretical results obtained;
but they do not give any help as to how a mathematical model might be
developed to generate wave amplitudes with s computar, The two different
approaches are covered in "The Analysis and Hodel%ng of Irregular Waves®l?
and "Mathamatical Gsneration of a Realistic Sea"8 by Chen et al, The
second report is out of print, but it may be obtained from the Defense
Documentation Center under number ADS09905 by qualified users, A review
of these papers and references will give a complete background into the
subject of statistical wave generation for research purposes,

Howsver, no cie in the field seems to be using these techniques
with a digital computer to produce waves with the desired statisiical
properties in real-time, The closest approach is in the wave-making
machine used with a towing tank for testing uses, In this case, signals
are generated using an analog computer and recorded in analog form on mag-
netic tape, The tape is played back when a wave signal is desired, The
two different methods were examined, a mathematical model was developed,
and & computer program was written to gensrats a random wave over time,

The concept of & wave cpectrum is based on ths energy content of
the vave, which is proportional to the sea state, being divided into
different frequencies of superimposed sinusodial waves, The enargy
divides according to hydrodynamic principles intc a particular frequency
curve which can be detsrmined by making many measurements of waves and
analyzing the resulting data, The irregular surface is due to the fact
that these sinusoids have phase angles which occur in a completely random
manner with time, Therefore, they add and subtract to present the typical
irregular surface seen on the ocsan, rather than the regular wave=form
expected from a trigonometric Fourier expansion with fixed phases,

The erergy in a sine wave is related to the amplitude by the expression

2
E=r3g

vhers £ is the water density and h is the wave height,

To calculate a wave height at a particular point, a sine wave is
ocalculatéd for each of a number of frequencies, Their ampliitude, and
therefors :hoir ensrgy, at each frequency is determined by the wave spectra
curve, These frequéncies are shiftec in random phase and added together
for each time point, The main difference between the two mathods outlined
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is how the frasquency division is made, The older of the two methods is
the addition of a finite number of cosine waves of different amplitudes
and fraquencies, The following mathematical model was developed from
"Mathematical Generation of a Realistic Sea" and section 8,3 of "Wind
Waves", The surface elevation can be represented as a stationary Gaussian
process in three dimensions, This can be reduced to a function of time

by assuming that only the single point directly over the submarine is

of interest, and placing the coordinate reference system origin at this
point, The surface elevation then becomes

'g(t) =L~[:¢°g [wt + €(w.p)3 \/Asz,/s} dwd £

where
w = frequency

/3 = difference between wind direction and wave
direction

€ (wy/3) = random phase angle (0-2¥)
A2(w,/3) = vave spectrun

The reason for putting the difféerential undsr the radical sign is
coversd in Chapter 8 of "Wind Waves®, In order to program this integral
on g digital comruter, it was necessary to divide it into discrete elements
so that they caa be added numerically, This is a double integral so the
division has to be nade in both w, and /3 .

The f£irst task is to divide the dirsctional dependence energy spsctrum
into equal bands on each side of the primary wind direction, This is
usually assumad to be

y 1
2 %Az(w) cos*s 5 -2 2% %
A (w,B)=
o H othevrwise

This converis the spsctrum into a function of freguency only and
allows ssparate calculations of the/3 part of the integral. We then
can divide the integral according to the exampls,

. 4

* cos* B od B

2
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This now has five equal energy bands off the main wind axis by
using constants evaluated iri table 1h as calculated in Chen's report,

TAELE 1, WAVE ENERGY BANDS

A AR SECTOR ai=fcos*/ 4 B)sEcTOR
~50° 90° 1o -52° 0,0906
-30° -520  to -15.4° 0.4330
0° <15,4° to +15,4° 0,5325
30° 15,40 to 520 0.4330
60° 520 to 90° 0.0906

at reprosents the energy in a sector which contains /8 dividing
the sector into two equal areas on each side of 4 .

The wave spectrum is also divided into equal energy areas, The
{otal area under the spectrum curve represents toial energy in the wave
and it is a simple Job to solve for the fre;uency points which give equal
areas after integrating the function for A2(w). If each of these points

is w'; 3 then

_ wh-wig-n)
wJ = i—

Awj = w"; - w'(;-—l)

We can now write the surface elevation as a summation of discreis
points

S N
g(t)f/g Z zz cos(w3 t+t Gu)\/qﬁ(w;)ai Aw;

=t &

where all the terms have been dsfined,
This mathematical model was programed using the Pierson - Moskowitz

spectrum, This is a spectrum curve that is being used as the interim
standaxrd in both analytical and experimental studies, Its equation is
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2 4
A%(w )_alx:c °8 e--74 (a%)

where U is the wind speed. The actual equation programed was

A z N
5= '6.2’”?“.! 32:2 Z §cos(wit+€,.;)
a-i ‘81

' | (wis ~-14 (it'—) “ )(a e A s )

wi had ten different values which were computed from the spectrum

and ran from a lower limit of 0,2 rad/sec, %o 1.8 rad/sec. U was chosen

to be 4O feot per second and the Q% 's were read in from cards, A random
number gensrator was called fifty timos and scaled for 0 %o 2% to

E: calculats values for @;? ., These values were ~omputed and stored each

3 tine the program was ugd Figure 8 showas LOO points calculated at one
second intervals, 7The Y axis is in per cent of the largest point calculated,
This would correspond to a wave height of 25 ft, at this wind speed,

This program takes about one-tenth of a second to calculate one
point in time and requires quite a bit of core space to hold the values
3 used to make up the summation (fifty in the case of ‘he example), so
2 it is useful only for the research program, It would have to be greatly
2 simplified for use in a submarine simulator,

The secound mathod vas recantly borrowed from communications and
3 filter theory, It consists of a filter network that has a frequency
i response that is equivalent ¢o the desired spectral density energized
v by a Wrhite noise® random excitation, "White noise®™ has a constant spectral
density containing all frequencies equally, end s'nce a fiiter in the
frequency domain oan be considered as a variable gain device, the output
will have frequencies statistically equal to that of ocean waves, White
noise cannot be realized as a practical matter, but ocean wave spectra
are limited to 2 radians per second, so a flat band-limited signal will
2 do, This is & very easy process when using an analog computer. A gas
E tube is used as a white nolsc source and a filter is dasigned and programed
3 using conventional techniques, The job is a little harder when using a
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dlgital computer,
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The "Analysis and Modeling of Irregular Waves" gives a mathematical
model that can be used as a filter to create the Pierson - Moskowitz
spectrum., The desired frequen: * rusponse for the filter is

) g \4
H(w) = (A% (w))2 = 223 e -37(wz)

and the frequency resronse can be duplicated by means of a low pass
filtar followed bv & threes section high pass filter, The constanis

were derived empirically by plotting H(w) and comparing the curve with
the filter froyuency responase as the damping factor and natural frequency
of sach section was varied, The filter equation is

Hs) = 1 s
S*+26 Wh, S+ Wn* (53428, Wh, StWy *
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TAERLE 15, WIND CONSTANTS

-

Wind Speed (knots) Whe | 8L Why 5H
LS 0.39 0,325 0.2 0.707
40 0.13 0.25 0.2 0.707
35 0.48 0,325 0.27 0,707

The factors wers given in the referance and wers used in a digital
computer program to generate waves for the 4O knot case. This program
wag not includsd in the study library of programs because it uges a
noise generator that is both IBM 360/40 machine-dependent and GAC DOS
Operating System dependant, and. therefore will run only at the Goodvear
Aerospacs fzcility, A white nolse generator that operates as fast as
possible and has a Geussian probability distribution funetioz would
oo written for the particular computer used.

The programing of the filter is straight forward, It is nscessary
to find a set of difference equations having a system ction R(z) which
is equivalent to that of H(s). A method due to Buxter® is given,

If a transfer function is wri.ten in terms of s, the Laplace operator,
the function 1/s can be considered as an integration, Therefore, if an
integration z-transform I(z) is known, the filter z function can be written
by replacing the s with the factor 1/1(z)., An example will make this
clear, Aasume

Filter

i

HS) = 7w §S+Wp, 2

Euler Integration 0;; with time integral h

-1
hZ
I(Z) = l-z-l

Thus H(z) equals B(1/I(z)) which eguals

i

1-z-%\? t-2°4
(Tz_‘i-) + 2W, é (hz-g) + W, ?

72

J L T




il R R L

TRTTE TR TR

NAVTRADEVCEN 68«Cu0050-1

or

hlz-l
1-(2+2W, 6 h)Z 7 + (1-2Wy Sh+Wp2h?)Z- %

This ocan be written directly as a difference equaticn through the

method outlined in the section on intugration methcds and can then be
programed into

Ypn=(2+2W;, § h)Yp_g - (1-2Wy, Sh4+W,Th3)Y, .t h™, 2

The same me*hod ie used with the other sections of the filter,
Ths first Y n-2 18 the output of the random noise generator and each
Yn becomes the Yy of the next saction,

This method worked as well as the cosine series addition because
there were >nly 16 multiplication and additivns along with the genseration
of the random number, It should be noted that most Gaussian randomenumber
generators are extremsly slow and are not suitable for real-time, The
one used at GAC is written in IBM machine language in ordsr to perform
shifting operations that are difficult to do in FORTRAN, This is not a

problem with the cosine generator because the random numbers are genwrated
only when the subroutine is first entered.

Sinece this work was done, another reference on dirsct programing
of Laplace transfer functions was found, The refereice ®Digital Filter
Dezign Techniques in the Frequency Domain" by Rader and Gold gives several
m3thods, One that has bean utilized for filter design on another project

at Goodyear Aerospace is as follows, Replace the natural frequency of the
filter by a new natural frequency

\ Wi h
W, (New) = tan —3

whers h is the time interval of the differsnce equation to be used.
Then replace s by (2-1)/(2+1) in E{s) and perform the algebra necessary

w axpreﬂ the resulting H{z) as a ratio of polynomials, The difference
equation™ can then be written directly,
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F. SMALL COMPUTER UTILIZATION

The utilization of a small general purpose computer was investigated
once the characteristics of the compact submarine simulation program
were xnown, This was accomplished in the most direct manner possible;
namely, by running the compact program in a 16-bit machine and examining
the results,

There is no doubt that a 16~-bit computer can be used in a submarine
simalatar, Accuracy is not a problem if a higher level language such as
FORTRAN is used because of the way a 16-bit machine utilizes floating
point numbers, Two words are used to store data, The first word contains
the oxponent and the first six bits of the fraction, The second word
contains the rest of the fraction so that a 24~bit word plus exponent
is actually being used, Thie allows seven figure decimal acouracy to
be cbtained in the similation computations,

T AP TN B NPT A AT PP

The computer used for running the compact siridlation program was
an SDS Sigma 2, It has a 2,25 ye3ec add and oycla time which is typical
of this class of computers, It did not have elther floating point hardware
or fixed point multiply-divide hardware, so any programs represent a
worat case condition of slowest speed and maximum core size,

The compact program was run on the IBM 360/40 (32-bit word) to
produce 8 check program ageingt the Sigms 2, The output format in each
case was six decimal figurss plus exponent,and the two outputs agrsed
in ths sixth place in all twelve outputs for overy run made, Thersfors,
the accurzcy is exactly the same whether a 16-bit or 32-bit computer is
used if floating point numbers are used,

In the past, the main problem in using floating point arithmetic
has buon tnkt the subroutines are slow and floating point hardware doublss
the cost of the computer. Therefore, the timing of the compact program
was megsured under worst case condltims to see if reai-time computation
was & possibility., The compact program was run through eighty comylete
cycles in slightly under fiftean seconds., This representa LO seconds of
real~time when the integration interval is ons-half second and 80 seconds
vhen H is one second, The duty cycle is 38% in the first case and 19%
in the second, This allows pleanty of tims for additional system simulation,
wave geusration, and input/output subroutinss,

The core sigze presented a protlsm, The basic cors size for & small
computer is 4096 words and any above thic amount requires the cors to
be sxtonded to 5192 words, thus increasing the cost, An analysis of the
core used for ths compact program is given in table 16,

The simmlation program needs 2632 words without I/0 and system
simnlation, The FORTRAN I/0 routines were were used as an indication of
vhat was needad ard the total was just over the 4096 limit without in-
oluding wave genergtion and tank simulation, It seems unlikely that
enough cutting could be done to get the eatire program under this amount,
and thersfors an 8192 core is indicated, '
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TABLE 16, SUBROUTINE CORE SIZE

Subroutine Size Total
UPDATR. 1253 words
SQRT, SIN/COS 317
FLOATING POINT 66L
DATA TRANSFER 130
COMMON __268
2632 2532
MAIN 117 words
FORTRAN I/0 1698
ERROR GHECK 215
2330 : 2330
1962 words

Hand coding might help, but then all of the advantagss of making
changes easily, not having to worry about scaling, and being able to
work with the simylation program without having to learn a particular
language would be lost,

Fixed point hardware multiply-divide might help the problem, The
compact program was run on & SDS Sigma 5 with thie option and the core
space was cut in half, Hardware M/D is about one-third as expensivs as
sxtending the core,

Floating point hardware doubles the cost of the computer and is
used only when speedl requirements make it necessary, It cannot be justified
at present, but the cost keeps coming down as more computers come onto
the market,

4 further cost is a real-time clock and interrupt, This is necessary
to tie the integration interval to the outside world through the I/0
system, 4 teletypewriter is also needed to communicate with the computer,
The total costs are estimated below,

Basic Computer 100%

Teletypewriter FP/PR reader 30$

Interrupt

Real-time Cleck 8%

Simlator I/0 100%

M/D Hardwars 20%
or

Extended Memory 60%

Therefore, the total hardware cost of a submarine simlator, ex-
cluding the motion platform, will run betwaen 255% and 325% of the basic
computer,

The I/0 equipment doubles the cost of the computer, This section
contains the D-A and A-D convarter discrete imputs and cironits that
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tie the computer to the moticn platform, Generally, it is designed for
the particular job and this is the reason for the expemnss,

There are two ways in which this cost can be reduced, OCne is to
do 'all programing at a central location, A computer is chosen whose
nmanufacturer has software that simulates the program assembly on a much
larger computer, A program is written in FORTRAN and run on a Sigma 7,
for example, A paper tape is produced that contains an object program
for the small machine, This tape is sent into the field and loaded with
a simple tape reader &t the user's facility, A good program will write
the =most cospact program possible using the advantages of the large com-
puter, This saves the cost of the teletypewriter for each small computer,
More ismportantly, it reduces the cost of human programing.

The secord step uses a read-only memory in the small machine, Tne
prograx is written, debugged, and Yested at a central facility, 4 tape
containing the complete program is sent o the computer manufacturer who
retums read-only memories containing this program for each simulator,

These are plugged into the small computer at each lucation and no prograwing
or testing is required at all, This could be the most economical method
of all if a number of simmlators were going v be produced,

A review was made of the small computers now on the market, Up
to & year ago, the only computers on the market were 16~bit machines in
the class of the SELSIOA (used in the 20462 Emergency Ship Handling
Trainsr), the PDP-8 and DDP=-516, These machines ran from $18,000 up.
Since then, a number of different manufacturers have come onto the scene
and prices are dropping while spsed is increasing, The list below includes
soms of the computerz that should be considered and represents the state-
of-the-art at the time of this report, It cannot be completa bacause of
the rate at which the field is changing, Price includes LK of memory
and a teletypewriter,

TABLE 17, SMALL COMPUTER DATA

Computer Manufacturer Price
Data 6201 Varian Data Machines $1l;, 500
Data¥ate § Gamo Industries $15,000%
HP 211kA Hewlett-Packard $12,000
Interdata 3 Interdata $11,200
NOVA Data General $.0,000
MAC 16 Lockheed Xlectronics 2,000

sprice includes 8K core

It would be advisable to run the compact simulation program on a
particular computer before the final decision is made,

G, VERIFICATION

Sestion C-1 of Spscification 341~101, Study of Submarine System
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Equations, requires that certain tests be made to verify that programs
having reduced sets of coefficients are compatible with the full sat

of coefficients as determined by David Taylor Model Basin, These tests
shall be computer runs simulating submarire operation through a varied set
of controlled maneuvers such as meandsr, overshoot, etc, Tests will be
run for the full set of coefficients and each different set of reduced
coefficilents,

Three groups of runs were performed; one for the full set of co~
efficients, one for the modified set, and one for the basic set, The
modified set had twenty-one coefficients from the full set to zero, and
two other coefficients changed to help moderate the effects or eliminating
coefficients, The basic set has twenty=-four coefficients set to zero
and four other coefficients changed to heip offset the effects of elim~
inating coefficients.

The submarine maneuvers that were performed by computer to verify
the compatibility of the reduced sets are described below,

1, MEANDER

This manuever demonstrates the capability of a submarine to recovar
from a rise or a dive without use of primary control surfaces or emsrgency
ballast changes, It provides an evaluation of the longitudinal stability
of the submarine,

The submarine is operated at a given speed on a given course until
gteady, level flight is achioved, The submarine is then disturbed from
its neutral pitch angle by deflecting the sternplanes a fixed amount in
either rise or dive, After the submarine reaches a preselected pitch
angle called execute pitch angle (O'), the planes are returned %o their
original, neutral position., They are held fixsd while the submarine is
allowed to pull out and resume a condi*ion of steady, level flight, The
resulting pitch angle trajectory provides both visual and quantitative
evaluations of the longitudinal stability of the submarine,

Meander tests were run on the digital computer, program Eb§20,
Submerine Simulation Program, for each set of coafficients at five diffor-
ent cormmand speeds (5, 10, 15, 20, and 25 knots), Maximum diving plane
angle was 20 degrees, and ths axecute or pull out angle was 10 degrees
on all meander maneuvers,

Computer-nlotted graphs of sternplane angle versus tims, pitch
angle varsus time, and depth versus time wsre recorded for each run,
The damping factor was calculated for the full set data and modified
set data in accordance with methods detailed in BuAer report, "Dynamics
of the Airframe®,

The curves for the basic data showed greatsr damping and cuuld not
be calculated by the same method, Therefores, the damping ratio was
estimeted by comparison of these curves to other sets and prior general
knowledge of the relation of demping factor to response curves,
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2, VERTICAL OVERSHOOT

The overshoot is a specific maneuver utilized to provide numerical
values of the inherent effectiveness of ihe diving planes in initiating
and checking changes in despth,

In this maneuver, the submarine is operated at a fixed command
speed and course throughout, The controls are maintained for level
flight until ths selected speed is achieved, The stern elevators are
then deflected to a given angle and are held until the submarine reaches
preselecied pitch angle, called exeocute pitch angle (0!), At that time,
the elevators are reversed an squal and opposite amount from the original
neutrai. position and held until the rate of change of depth reverses,

This maneuver was performed on the digital computer for the threas
sets of coefficients, at five different command speeds (5, 10, 15, 20,
and 25 knots), Maximum diving plane angles of 10 and 20 degrees were
also used for two complete groups of curves. Execute pitch angles of
, 8, 12, and 16 degrees were alsq sclected,

Computer-plotted graphs of stern elevator position, submarine
pitch angle, and depth versus tims were prepared for all runs, Units
given are radians, feet, and time,

From the data of these runs, a number of graphs of parsmetric curves
were preparsd and machine-plotted which provide relative measures for the
runs using thes three different sets of coefficients,

3, STEADY, SURMERGED TURN

This is a test to inveatigate the submarine responss to action of
its rudder in horizontal plane maneuvers; in particular, loss of speed,
steady turning diameter, roll angles, and time to reach 90~ and 180-
degree change of heading,

In this maneuver, the submarine is cperated at a fixed command speed
throughout, The computer program provides autometuc piiot operation
during this maneuver to maintain depth as constant as poéssible, The
controls are maintained fixed vntil steady, level flight at the selected
speed is achieved, The rudder is then deflected to a given angle and
hold steady. During the maneuver, computer-plotted graphs were msde of
rudder angle (DR), stemmplane angle (DS), pitch angle (9), roll angle(g),
heading angle (Ws, normal velocity (w), yaw angular velocity (r), forward
speed (u), and depth (z), The angle of attack (€ ) was described by
this equation for small values of w,

< =tan-! -:—E = % (fo? o <30°)
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Therefore, the plotted values of w may ba used for values ofed .

The data from these runs was used to prepare graphs of parametric
curves which provide relative measures for the runs of full set coeffi~
cients and runs of modified set coefficients, Results of runs with
basic set coefticients were almost identical ¢o runs with the modified
coefficients.

i, RPM VERSUS SPEED

Since the thrust coefficients have been neither changed in value
nor eliminated, there was no need to repeat these calculations,

5. ACCELERATION/DECELERATION

This test determines the submarine résponse to change in command
speed values,

The autopilot function is operating throughout this test in attempting
to hold a constant depth, The submarine is started from an initial at
rest or zero velocity condition at 800 feet depth, The cormand speed is
increased in 5 knot increments up to a maximum of 25 knots at equal time
intervals of 230 seconds, The ccmmand speed is then reduced in 5 knot
increments to zero over the gams time intervals,

LAIRM e e e

Runs were made for full, modified, and basic sets of coefficients,
6, MAXIMUM AGMHON/DMTION

This test is an examination of the submarina response to a large
change in command speed or throttle setting,

The autopilot is in operation during this complete maneuver, The
submarine is maintained in steady. level position at 800 feet depth,
The command spesd is then immediately increased to 25 knots, The value
is held for 500 seconds and then abruptly reduced to zero,

During this maneuver, computer-plotted graphs of the same paramaters
as used in Section 5 ware made versus tims, S_, O, u, w, q, and g,

a?
F Runs wera made for full, modified, and basic sa%s of coefficients,
- 7. LONGITUDINAL TRIM
” - This test shows the submarine response to a small change in ele~
E: . vator deflection,

- : The submarine is held at level flight at a particular speed and
e depth, the sternplane is then deflected a small amount, and the changes
in certain dynamic parameters are noted, A charge of 3 degrees was used
in this case, These runs were performed at 5, 10, 15, 20, and 25 knots
for all three sets of coefficients over a time period of 240 seconds,
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SECTION IV
RESULTS

A, RESEARCH PROGRAM RESULTS

The rese:rch program simulates the equations of motion as expressed
in NSRDG Report 2510+, The use of this program was described in the
gection on "Methods and Procedures®™ of this report, 4 brief description
follows,

EB920 - Submarine Simuiation - This program calculated the dynamic
changes in submarine position, velocity, and attitude as a function cf
time in six~-degrees-of-freedom, It consists of the following parts,

Main Program - This program ties the subroutines together, calcu-
lates a Tew constants, initislizes &ll arrays, writes out the hydrodynamic
coefficienta used, writes out the twelve rates and pozitions as the
program procesds, writes the plotting tape if plot subroutines are avail-
able, and finally checks to see if multiple runs are required.

Subroutine INPUT - Resds in a deck of cards with all coefficients
and injtial values, stores values for initializing during wmultiple runs,

Subroutine KUTTA - Integrates twelve variables with a Rtmgé-xutta
k-step integration subroutine,

Subroutine INTEG = Dovs the same job as XKUTTA, but has a choice of
three simpler integration routines,

Subroutine EVAL « This routine simulates the actual ejuations of
motion for integration with the KUTTA subroutine,

Subroutins EVAL 1 - Same as EVAL except uses subroutine INTEG,

Subroutine GONTR « This subroutine allows the researcher to pro-
gran an input which follows standardized submarine tests for climbing
turns, flat turns, meanders, overshoots, and impulse inputs,

Subroutine INVER2 and Subroutine MATMPY ~ Theee subroutines invert
s matrix and multiply it by a column vector for solving the equations
of motion when extrems accuracy is desired,

- 20790 « Submarine Simulation, Longitudinal Freedom ~ This program
is identical to EB920 except that it has only three-degrees-of-freedom,
Therefore, only meander, overshoot, and similar runs can be calculated,
7ids program was written to save computer timé because it ran in one-
aird the time of EB20, This will be a real advantage where a large
number of longitudinal runs are required, It is limited to 2nd order
Adam's integration, so less core space is required,
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A number of additional programs were written to azsist the researchor
in submarine simulation,

ECL30 -~ This program uses the location and weight of all tanks on
the submarine to calculate the center of gravity shift limits and weight
changes for any ballast arrangsment,

EC470 - This program calculates the neutral angles for any apeed
in level flight, The coefficients ars nsed as an input and the level

fiight values of plane angles, pitch, and normal velocity are caloulated,

20300 « This program calculates the amount of thrust and the accel=-
eratiocns of the submarine for the ratio of commandsd speed to actual
spsed,

20590 and 2C591 ~ Thess programs calculate the errcr present when
values from two different runs are supplied according to the oriteria
sét up to evaluate the effects of changes,

The next group of programs are used to determise the exact natural
frequency and damping ratio of eitier the longitudinal or lateral channel,
dn impulse is used %o excite the simulation program and the values of
pitch angle or bank angle ars punched on cards. Those cards and the so-
lution to the linear characterisiic equation are used to determine the
numerical values of the time responsse equation,

EC1L40 and BG200 - These programs solve for the roots of the char-
acteristic equation of the system in longitudinal and lateral channels
respectively,

EC150 and EC330 « These programs use the output of ths above pro-
grams and the time response cards to solve for the coefficients of the
tine response equation,

EC310 - This program uses the output of EC150 or EC300 as initial
conditions to solve for a "least sguares fit" against the submarine
solution output cards, The fitted and actual response is either listed
or plotted for comparison purposes,

The above programs will allow further ressarch in the field of
submarine simulation onn a general purpose digital compute> equipped
with a FORTRAN compiier, The final program is complete, flexible, and
can be used for both research and check=-out,

One of the most important features is that a compiete test guide
can be run for any set of coefficients before the simulator is built,
Any approximation can be checked in a wesk's tims against the full set of
cosfficiants as supplied by NSRDC, If plotting subroutines zre available,

graphs can be made of any output paramster using standard submarine test
inputs as a reference,
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The equations of motion can represent a particular submarine only
if the cocefficients supplied by NSRDC truly represent that submarine,
For the demonstration submarine, thiese coerficients did an excellent
Jjob of simulati.ig the correct output, in spite »f soms differences be-
tween the various NSRDC reporis supporting these coefficients,

C. NSRDC SQUATION ANALYSIS

1, COEFFICIENTS ~ MODIFIED EQUATIONS

The standard equations of motion were andlyzed using a demcnstra-

4ion aubmarine as an example,

Coefficients were divided into longitu~

dinal, lateral, and cross-coupling types and were analyzad as to impor-
tance, A submarine trainer that will simulate & particular submarine
can use the following approximations, Keep tho coalficlents in taible 18,

TABLE 18, FINAL NON-ZERO COEFFICIENTS

Axial Lateral Normal Roll Pitch Yaw
XUD YPD QD KRD MQD NRD
XDSDS YRD ZWD KPD MiD NFD
XDBD8 Ivp 2Q KvD m NVD
XDRDR R o KP Mé NR
411 P ZSTR KV MSTR NP
412 v 28 MAWQ NV
A3 IDR ZDB - MWAW NVAY
21 VavY ZWAN MDS NPQ
-A22 w MDB
423 ZRR MRR
431 2R MVR
A32 MV
. 433 MRP

X, 1Y, 12, Z3, X0, 20 NDR is reduced by 20%, KVAV is

reduced by 50%

The coefficients in table 19 are set to zero.

TABLE 19, FINAL ZERO COEFFICIENTS
Axial Lateral Normal Roil Piteh Yaw
IR YPAP PP KQR MPP NQR
XRR Q ZRpP KPQ MAQ NRAR
IRP IQR ZAQDS KPAP MVP NWR
Xuu b 4] ZWAQ KR MAQDS NWP
Iw YWR ZAW XvQ Maw NVQ
X IARDR Zwd XwP 0 NARDR
IWE /T 248 XWR MQE NAVR
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TABLE 19, FINAL 2EZRO COEFFICIENTS (cont.)

Axial {Lateral Normal Roll ‘Piteh Yaw
XWWE YSTR ZWE KSTR MWE NSTR
XDRDRE | YW ZWAWE KVW MwAWE NWW
XDSDSE | YRE 2DSE KDR MDSE NRE
- X YVE Zve KSTRE NVE
XVR YVAVE NVAVE

YDRE NDRE
Xy, Ixz, 1Yz, X8, ¥B, YG

2, COEFFICIENTS - BASIC EQUATIONS

The coefficient 1ist and programing for a simplified basic trainer
is identical to that above except for the following changes,

ZWAW, MWAW, MAWQ are set to zero,

ZG is get to a constant value

ZW is raisad by 75%

Md is lowered by 11%

sing = 09710

cos® = 1,02 - ,261 @

sing = 9724

cos 1,02 -, 281 @

X and Y are not computed, so W is not necessary,
Therefore, v is not integrated,

dctually, eliminizting ZWAW, MWAW, and MAWQ results in such a small

reduction in the total program complexity that it would seem advisalble

to kesp them as in the modified program, unless such s reduction would
allow a smaller cors,

3. KINEMATIC RELATIONS

The Euler angles should be computed in the following order,

) =¢cos®d —y sIN P

*_ LSINQ+ v cos @
y cos 6

p+q3sm9

¢

Lo L, INTEGRATION METHODS AND TIMING

The best integration method for subwarine simulators is 2nd order
kdams which has the difference equaticn given below,

Yn = Yn= T '2" (3 “.lh-s -athz) ‘
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It is both simple and atable over the entire operating range of
computation, The value of the integration parameter H should be ¢,5
second for an accurate modified trainer and 1 sscond for a basioc maneu-
vering trainer,

S, NEAR-SURFACE COEFFICIENTS

The use of near-surface coefficients in a submarine simulator is

not necessary, For yarticularly accurate operaticn close to the surface,
MSTR and ZSTR should be computed as a function of depth and speed, but
keeping the deep coefficients otherwise doss not change the near-surface
handling qualities to any great degree,

A hydrodynamic analysis was msde which resulted in the determin-
ation of the magnitude of the cosfficients used for wave effects on the
demonstration submarine,

D, MODIFIED AND BASIC PROGRAMING

One program was written for both the modified and basic programs,
This program was written in two parts, The first part takes the data
deck containing all coefficients used with the full simalation program,
and produces another data deck cntaining the reduced coefficients,
Thir reduction is done on the same computor as the one used for the
research progranm,

The second part is ths actual simmlation program, It can be com-
3 plled on any smll general-purpose digital computer that has 8K of core
z and a basic FORTRAN compilsr, Usually, the latter requires the former,
e The input to this program is tiie CONTR subroutine and the output is
3 twelve variables in a teletypewriter format for demonstration purposes,
4 If the proper I/0 subroutines and channels wsre available, this program
£ could be run ir real-time,

E. WAVE CZNERATION

An investigatic. was made into the similation of waves in a digi-
tal computer, Waves are treated on a statistical basis with a particular
g ¢ power spectra for each sez gtate, A literature search was made that
2] resulied in two different mathematical models and & number of differsnt
- gpactra in current use, 4 bibliography is given on the current state-

: of-the-art,

A particular spectra was chosen and two math models were developed,
Digital programing techniques were applied to these two models and a

- scaplc s2a state was produced and checked by means of a power spectral
= density run,

F, SHALL COMPUTER UTILIZATION

E A smal] general-purpose 16-bit computer can be used in resl-tixs
. for the submerine simulstion problem, ‘The computer would have to have

8
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8K of core and an add Yime of approximetely 2y sec, There are at lsast
six low=cost computers now on the market in this class,

G, VERIFIGATICN

Finally, a complete verification program was performed in which
the full rangs of submarine maneuvsring operations was covered for the
basic, modified, and fullw-set coefficients, They were in very close
agreement, witn the wodified set in particular having almost no differe
ences from the full set,
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SECTION V
DISCUSSION

A, HISTORY AND REVIEW OF THE STATE=-CF=THE-ART

The art of submarine simulation is older than that of aircraft
#imulation, This is a natural consequen’s of the shipbuilding industry
which has used models in towing tanks for hundreds of years, The fact
that ship performance sould be expressed by a mathematical modsl has
been a well-known fact to the theoratical workers in the field .ever
since Froude and Reynolds worked cut the details in mid-nineteenth century,

During WW II, the science of feedback control theory caught up with
the mathsmatical structure that had been built over the years, Tais
resulted in the Askania diving trainer of which four are still in use
at the Submarine School in New London, Conn, The computer is a mechanical
ons that uses compressed sir, and the servoes are controlled by a jet
pipe unit, This is a type of feedback controller that consists of two
Jets of air blowing on sach side of a flapper vane, (ne is the controller
and the other is the follow-up, This idea has come back into vogue in
today's fluidic amplifiers,

These trainers wers followed in the early 1950's by the 21B20 built
by the Elsctric Boat Co, They started out witk ®Lamb's Hydrodynamics®
gnd a peper by the Society of Naval Architects and Marine Enginsers
called "Nomenclature for Treating the Motion of a Submerged Body Through
a Fluid", April, 1950, and anded up with an analog computer that had
210 amplifiers and 41 multipliers, The trainer simulated four different
classas of submarinss with two different motion platforms, However,
only one platform could be used at a time; and to change either platforms
or classes toox a full day and included changing cables, panels, and
cumming juietions. This %rainer was later updated to the 21B20A,

The 21B20A was followed by the 21B%, which was a Basic High Speed
Control Trainer, The "Training Effectivensss as a Function of Trainer
Complexity* study by J, Newton, Electric Boat Division, Groton, Comn,
was conducted betwaen the delivery of tliese two devices, Device 21356
was the first Navy trainer to reflect the findings of this study, The
computer size was reduced by a factor of ten, The simulation in this
trainer was simpiified to the degrse that all that can be said for it
is that the indicators move when the cuntrols are pushad,

This 21RS6 was updatsd to the 21E36A with the adéition of a ballast
control panel, The weight and moment computations were added to the
hydrodynamic computer and a complote wu: simulation was designed, The
final result was that about 2% tiwes as many amplifiers were added to
increase the simulation capability,

These simplified equations of motion wers also used in the 21437
Flest Ballistic Missile Trainsr, This is the largest training device
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at New London and the calculations for the position and velocity of the
submarine form a very small part of the total simulation,

In spite of the fact that submarine mansuvering forms a small part
of the training usefulness of the 21A37, it was thought to be necessary
to upgrade the flight system with the addition of casualty flooding,
The upgraded version was the 21437/3. The main changes were in the
simulation for ballast tanks, engine power for backing down, and calculation
of the pitch trigonometric functions, The result was a more complex bui
more realistic simulation,

In 1967 Hydrosystems, Inc,, replaced the analog computer associated
with the 21B20A with a digital computer, This was followed by the 21C5
trainer which was a digital trainer from the start, The 21.820A update
uses & DDP12L computer with a 16K 2Li-bit core, At the present tims, it
is running both platforms at once on a side-by-side basis in the same
computar, An interesting contrast can bz made between analog and digital
equipment with this trainer, The DDP12L computer sits in the middie of
8 very large room that was once filled with analog equipment, The pro-
graming of this trainer includes all of the NSRDC coefficients,

The point of the abovs history is that the simulaticn of submarines
started out on a very complex level, 4s a reaction to this, the next
generation of simulators was tco simple and had to be upgraded, The
simulation is beginning to move back to the complex side and it is hoped
that this Submarine Equations Study will strike a happy medium,

There have been as many sats of equations of motion as there have
bez, submarine trainers, However, a close examination of the dynamics
repovts seens to indicate that they are pretty much the sams except for
the digree of complexity felt necessary by the system analyst who actually
programs ths simlator,

One difference that did come to light was two schools of thought as
to how an squation should be normalized, The coefficients of the equa-
tions of motion are reducsd to none-dimensional form by dividing through

the calculatad valus by the fundamental units necessary to remvza any
dimension, For eéxample,

* 2

U—-—KS§8s
where &. is forward acceleration and§g is the sternplanes, This is
reduced to

o__e 2 2 2
*mu.-zﬂ w xSSSsss

87




NAVTRADEVCEN 68=C=0050=1

If *.s Xmensions are checked on both sides of this new equation
with &g in radians, it will be seen that Xgs §g 1is dimensionless,
The difficulty is with #2 term, This is the length of the submarine
squared, Some authorities use the Characteristic Area "A™ which is the
cross-sectional arsa of the submarine and which has the same dimensions
as f2 . This procedure comes from "Nomenclature for Treating tho Motion
of a Submerged Body Through a Fluid*, SNAME Technical and Research Bulletin
No, 1=5 and is perfectly correct if the coefficients were reduced using
thi= paramster, The difficulty occurs when the reduction is made using 22
and the similator recalculates the original value using ™A% without ad-
Justing for the differences in the two characteristics,

It is this type of conflict that the publication of the Naval Ship
Research and Development Center publication "Standard Equations of Motion
for Submarine Simulation!, Report 2513 will help eliminate, For the
first tims, a cet of equatims of motion ars available that can be con-
sidered as a standard, and this should ease the burden on the system
designer to a great degree,

B, DETERMINATION OF SIMULATION REQUIREMENTS

In order tc determine the simulation requirements for a submarine
simulator, background matsrial that would be useful to a trainer designer
mst be collected, Investigation includes a rcview of the state-of-the-
art, interviews with submarine personnel and trainer users, establishment
of data sources, determination of the validity of the data establishing
the desired ranges and accuracy requirements, and reduction of this mass
of material into performance requirements that can be used to determine
the simplification to be applied to the equations of motion, In many
cases, the information gained cannot be applied directly to establishing
a performance characteristic but must be used when making a judgment of
the final output,

The first souzce of information was intervisws with submarine trainer
users, They covld be divided into two classes; namely, those who were
submariners and those who were interested in the utilization of submarine
trainers, These interviews could be very frustrating because many men
who have served on submarines know what happens during a particular maneu-
ver, but they cannot remember how it happens. For example, a snap-roll
occurs &t the start of a tum, bat it was difficult to find out if this
ocourred to the outside or the inside of the turn, Apparently, different
classes of submarines can do sither, In general, the men in chargs of
training a$ the Submarine School were the most knowledgeable and could
explain what should happen,

The consensus of opinion was that the Navy is satisfied with the
training walves of the simulators now on hand, but that some of them
are too simple for complate training, One interesting comment was that
one of the trainers equipped with the full set of NSRDC coefficients
wra the bazs simnlator compared to the actusi submarins that they had
used, Hewever, another trainer using the sams equations of motion was
not ¢ geod and did ot ropresent a particular submarine as well as the
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the cther, This shows that the NSRDC coefficients and equation ¢f motion
can do an excellent job over ths full opsrating range, but it is possible
4o have a wrong valus get in along the way,

Control in the longitudinal channel should be very vrecise, When

a 309 foot submarine dives at & 35 degree angle, which is not unusual,

there is a 180 foot difference in depth between the bow and stern, There~

fore, in shallow water, exireme care has to be taken when changing depth,

Most maneuvering training involves depth changes and a good planesman

can come onto a preordered depth with no overshoot at all, Even a few

feet over is sloppy handling, Changes in course are not as much of a prob-

lem, s0 simulation can be considerably more lenient in this area, There~

3 fore, the philosophy was to simulate the longitudinel channel as closely

F as possible, but to allow considerable freedom on the response of the
lateral channel as long as the magnitudes were simmiated to an approximate
degree,

3 The intervisws disclosed that there were a number of real-world

E effects that did not transfer into simulator trainirg through the aqua-

3 tions of motion, This included such things as the tendency on the part
of one submarine to dive when making turns to the lsft but not to the
right, and the variances between different submarines of the same class,
However, these do not have Yo be simulated as long as the overall response
of the trainer seems to be valid %o the traines,

Until the present time, submarine maneuvering trainers were mainly
used for training at desp submesrgence, but near-surface operation is
becoming more and more important, Generally the older trainers had a
simple sine wave generator for surface effscts, but this is not good
enough any more, Sine wave generators are limited becavse of their
E periodic nature, A statistical wave generator is needed so that an occa~
E sional wave will be much larger than the others, This is to give training
1 to prevent the submarine from broaching when at periscope depth, which is
an unpardonsble sin %o a submarine captain, The Submarine School has
only one simulator with such & wave gensrator in it, and not enough
training has been given in order to determins how effective it is,

One other factor was emphasized in discussing the usxe of submarine
simnlators, The purpose of a maneuvering trainer is different from that
of an aircraft simlator, In an aircraft, the pilo%, or pilots, 1s
the only one who is taking action to control the vehicle, The purpose
of the trainer is to have the pilot respond instinctively because the
situation can change faster than there is time to think about it, On
the other hand, a submarine trainer attempis to train the officers to
react in a team effort, At least five %o seven people are rsquired
to control the path of the submarine and each one has to work as part
of the team under any conditions they may esncounter, #s ths amount of
reserve buoyancy on the newsr submarines iz decrsased, the aciions by
an individual become more and more critical while the amount of time
to respond in an emergency becomes less, Since the required response
to the same casualty in two different classes can be exactly the opposits,
the simulation fidelity in an advanced trainer has %o be valid evem at
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the extreme ends of the operating range of the submarine,

B "glrzioiwir:«m'w A A BT

o :

The second source for information to determine the simwlation re-
guirements for a trainor that simulates a particular sutmarine is the
literature available on that submarine, The user of this study should
3 ba thoroughly familiar with the NSRDC publications and the handbooks
that are available, This is covered in part D of this section, They
3 not only cover the nuxsrical values for the submarine, but they also
give a physical deacription of any unusual maneuvers that might be en~
countered and that would need consideration for inclusion in the final
3 ﬂiml‘ﬁono

A probiem that has always been associated with any simulator is
that of the range and accuracy of the variables in the equations of
motion, This is because an analog computer has a certain definite
resolution and noise level based on the computing voitage used for fulle
scele of any variable, This is especially trus under conditions of level
flight because many of the variables, and thus the voltage, are close
to gero and the computer is trying to close the loop and compute response
to a signal that is equivalent to the noise present, If the range of a
variable is reduced to improve the resolution, then saturation may occur
vhen normal maneuvers are underiaken,

this

e

This is not a problem in a digital computer, since only numbers are
baing operated on and the actions of the machine are exactly repeatable,
The accuracy and resolutiocn of the machine is limitsd by the number of
bits in the computer word, This is usually twenty-fcur, even in a six-
taen-bit computer where two woxds age used, and so a changs in the least
significant bit is equal to 6 x 10°Y part of the total resoluticn of each
variadble, Therefore, a continuous error of ons bit at each integration
cycle at one second real-time intervals in computing an addition would
result in one-tenth of one percent errcr over fifteen minutes opsraticn,
Range 1s separate from resclution in floating point notation because an
exponent is computed along with the fractional part of the word, Thie
can be up to 140 orders of magnitudes even in x emall computer,

The actual accura'y of the system as & wicle is limited by the I/0
equipment which was not covered as pari of this study, The output con-
version should be as accurats as the trainses! .nstruments and as acourate
as the motion platform feedback pick-ups, The input accuracy should be
good enoughk so that an accurate conversion is made on the order of ome~
tenth of ons percent when the controls are being moved at their fastest
rate by the operator,

The range of all variables would have %o be known i fixed-point
coding were u3asd, Casualty >uns would have to be made using the supplied

progran to determine the maximux ranges undsr all conditions, Thiz is
not necessary if FORTRAN programing is used,

C. VERIFICATION REQUIREMENTS
Thers is a need for verification st three different points in the
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investigation of a set of ccefficients to be used in a submarines simulator,

It should be determined that the coefficients match the submarine being
gsimlated, that individual changes made in the coofficients do not affect
the simulation beyond a certain degree, and that the complete reduced

simlation does the same job as effectively as the full set of coefficients,
The handling qualities of the simulator should be tha aame as the sutmarine,

but the output to a particular set of inputs is what is actually measured,
Becausa the re¢ssarch program is limi%ed to non-rsal time, measurements

over a wide spe:trum of operation have to serve in place of pilot evaluation

which is usually u2ed, )

Discussion of the methode of satisfying the first two requirements
have been covered in the sections of this study on impulse testing end
roduction of coefficients, The procedures of the third requirement have
been covered in the section on Verification under Methods and Procedures,
The results are given in Advanced Submarine Systems Equations, NTDC
Report Number 58-C-0050-2,

Generally, a concise definition of how two sets of outputs are to
be compared cannot be written unt:l the outputs have been generated,
Howsver, some rules were followed that apply %o most of the verification
rune that were made, These were a rosult of discussions with Coodyear
Aercspace's Human Factors Department, I¢ was decided not to apply perfeci
phase criteria to the comparison plots, This is becauss the man in the
loop cannot dstermine the passage of %time to a precise degree, Phase
differences show up either a&s a lead or lag on the response plots, What
is important is that steady-state values remain the same and that the
magnitude of easily recognizable points be the sams, For example, the
snap-roll angle at the start of a turn should be simulated accurately,
In some cases, the comparison curves have no definite points to compare,
This is generally true when the damping ratio is high, and in these cases
the responsc was compared at the end of two minutes, The difference was
held to five percent change of the change between that point and the value
at t=0, The five percent figure was considercd as below the threshold of
observatior on the part of the planesman, and the two minutes is a human
factors estimate of how long an operator in & closed loop can remember
the past aciions,

A number of tests wers ran as part of the major verification pro-
cedure incorporated into the contract for this study., Volumes III and
IV contain only the oubtput as & result of these tests and the total
number of graphs produced was over 550, Az it turned out, this extensive
testing proved tc be of benefit to the study because it showed up several
weaknesses in the coefficient reduction that was used in the first mathe-
matical model, KHowever, for a test gulde to be used with a simlator,
the output would not have to be nearly as extensive as was required in
this case, The various submarine tests are discussed from the point of
view of producing a test guide for & training simulator in the field,

The tests themselvas are dsescribed in the section on Verifications,

Meander - In this cass, only sternplane angls and pitoh should be
recorded, Depth will be measured during the overshoot runs, Instead of
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caloulating the damping ratio, the criterion should be ¢o mateh the amp-
lituds peaks to within five percent of the amplitude of tha first peak
and the zero crossings should be within five seconds of the values of the
standard, The five different speeds are a suitable number, but one of
them should be at the point of maximum damping ratio, which is apprexi-
mately 7 knots in the demonstratlon submarine,

Vertical Overshoot - These tests determine the handling qualities in
the longitudinal shannel, They required forty runs to cover the range of
operation, If the NSRDC coefficients are being used, a valid check can be
made at one high speed and one low speed, The output seems to be linear
with the driving plane angle, so one angls should be sufficient, Piteh
execute angles should be five and twenty degrees, This reduces the veri-
fication tests to four, or one-tenth the number above, The only time that
a great number of overshoot tests should be performed is when a guide is
to be prepared for training use, The planesmar doss not lnow how big a
change is required for any depth change, particularly on the basic trainer
which does not represent any specific submarine, If the . ~erator is
supplied with a chart of "Overshoot Pitch 4ngle versus Ap.roach Speed"
and "Total Depth Change versus Maximum Pitch Angle® for the basic trainer,
he can predict what plane angle changes are required for a specified
depth change, However, for test guide purposes, the four curves should
be enough if they are matched on ths same basis as the meander curves,

Steady Subtmerged Turns - These verification tests required that
eleven parameters bs recorded at three rudder angles and five different
speeds for a total of 165 charts, Much of this information is not usad
by the system programer to check the operation of the simulator and the
following is suggested. The rudder angles should be 15° and 35° and the
speeds should be 5 and 25 knots, The parameters recorded as a functicn of
time are: rudder angle, stermnplane angle, speed, heading, roll, and depth.
Another requirement is that these turns should be made under autopilot
control, using the sternplanes to close the loop in keeping a constant
depth, The point checks are snap-roll angle, steady-state roll angle,
change in speed st steadr-state conditions, and heading change at the end
of a specified period of time,

The reason for using autcpilot control and recording sternplane-
angle and depth is that although these do not change very much during a
steady-state turn, their shape over time is very important for checking
all six axes in the simulation. Open loop control will not serve because
the longitudinal chammel is frozen and the effects of lateral motions on
olevation js not apparent, Tnese effects can be quite large with a small
change in some of the cosfficients,

Acceleration/Deceleration - Two tests are given in this study,
although only ony was required, The test given in the specifications
requires several rinutes of computer time to run and it ia felt that
the maximum acceleration/deceleration test will verify the same operation
in a shorter time, The submarine is at zero spesd and a command speed of
naximuu is called for, When this speed is reached, & command speed of
soro is oxilsd and the program runa for the same length of time again,
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The curve of speed versus time should match to a close degree to insure
good thrust simulation,

Longitudinul Trim . This tests for conditions that should be verified
under meander and overshoot,

In this discussion, it is assumed that the NSRDC coefficients ars
correct, and the approved criteria 1s determined by the ouiput of the
programs produced by this study., In fact, such runs on a general~purpoge
digital computer should be made part of the specifications for any new
submarine trainer, Not only will a test guide be produced, but also a
means of producing data will be provided to assist in maintenence and
trouble-sheoting during the life of the simulator,

D, NSRDC DATA SOURCES

The Naval Ship Research and Development Center (NSRDC) has a complete
data package on about 25 different existing submarine designs., Most of
this data carries the ciassification of "CONFIDENTIAL® so that before it
can be furnished to =n outside contractor the proper clearances and need-
to-know has to be established through normal channels, Once this is done,
2 acomplete set of data can be requested from NSRDC. The programs devel-~
oped in this study use the NSRDC mathematical model as a bass, and thers-
fore such a data package is essentisl before simulating any particular
submarine, This section describes what is available in the set using the
demonstration submarine as an example, The name and number has been re-
placed with NAME and # in the titles of reports, The titles are the same
aexcept for this so any report can be requested by inserting the proper
name and number in the request to NSRDC or the Naval Training Device
Center Technical Library at Orlando, Florida, They can also be received
through the Defense Documentation Center in Virginia with the necessary
clearances,

The essential report for the simulation of the equations of motion
is the Naval Ship Research and Dsvelopment Center Report 2610: "Standard
Equations of Motion for Submarine Simmlation®, This unclassified report,
which was described above, contains the egquations of motion directly
applicable to submarine simmlation and some description of their back~
ground, how tc use tham, and how data is generated in order to determine
the coefficients for a particular submarine,

The equations of motion listed in this report are applicable to
the rigid body motions of any submarine or submerged vehicle, They are
writven to use non~-dimensional coefficients, end it is these coafficients
st are needed to similate realistically a specific submarine, A complete
set of input data consists of the dimensions of the submarine being simm-
lated, the values of the inertia terns, and vaiues for the hydrodynamic
eoefficients,

The numerical values can be requested from NSRDC under the title

"Hydrodynaxnic Coafficients and Other Terms for Equations of Motion for
#(U)®, They consist of three pages of preprinted forms containing spaces
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for all the coefficients listed in NSRDC Report 2510 along with the dimen-
sions, buoyancy and inertial terms. They do not contain values for what
iy called systems simulation in a complste submarine simulator, The
addition terms nesded if a real-time closed loop simmlation is to be
attamptod are such vaiues as thrust time delays, control surface rates,
and time histories of the ballast tanks during flowing and venting, With
this 1ist of numeriocal values and tha equations in Report 2510, it is
possible to simlate any time cutputs, as a result of any specified input
conditions, on a digital computer,

The following reports arse not needed if the equations were programed
without error and the coefficients are correct and acourately represent
the submarine being simulated, Since this is usuvally not the case, it is
necessary to have informaticn against a so% of input conditions, Hydroe
dynamic cosfficients can be calculated generally from two different sources:
towing tank tests and full scale sea trials, 4 report generally covers
each of these areas,

®*4 Full-Scale Evaiuaticn of the Handling Qualities of the NAME Class
Submarine (#) (U)* gives the results of the full scale sea trails, 4
number of standard 4estz have been devaloped for testing the handling
qualities of a submarine, They cover submerged performance in both the
vertical plane and the horizontal plane, This report gives the specifica-
tions of the submarine, desoribes the procedures used to conduct the tests
in each plane, gives samples of outputs to typical test runs, and summariges
the results over the range of operaticn of the submarine, Since the input
conditions are specified, the full scale tasts can be rspeated with the
computer program and compared with tabulated results to see if the outputs
of the simulation are accurate,

"Model Investigation of the Stability and Control Characteristics of
NAME (#) at Decp Submergence (U)® contains the results of model testing
and a 1list of the coefficionts developed from these tosts, They should be
the same as the list obtained from NSRDC except for the fact that work is
always being performed to refine the numerical values, Thls report
approaches ths subject of response on a frequency basis rather than on a
HAme basis as in the full soale trails, The outputs of the model tests
are used a8 solutions to a set of differential equations and the various
roots of the characteristic equation are used to dstermine the coefficients,
These roots can be used to determine the characteristic frequency and
damping ratios as a function of aspeed, The simulation program producss
the same information in response to impulse testing and thus a comparison
can be rmade, This report also discusses control effectiveness, neutral
angles and oritical spsed, It is essential that these be corrsct for the
simnlation because they determine steady-state operation and the trainee
will notice errors in this ares before anything slse,

The numerical results of the coefficimts given by the two above
can be comparei in "Full Scale Evalustion of Static Stability and Control
Derivatives of NAME (#) (U)*., This report givse plots of the model curve
against the full scale data points,
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If any work is to be performed in the area of near-surface operation,
the report *Simulator Studies of Depthkeeping Ability of the NAME (#)
Under a Seaway (U)* is helpful., This report contains the changes in the
coefficients nocessary to actually simulate operation under a free surfacs,
and submarine responses ¢ waves while trying to hold an ordered depth,
This publication also contains the constants for a NSRDC autcpilot that
proved heipful to the present study,

uSubmerged Turning and Maneuvering Characteristics of the # Suomarine
from Free Running Model Tezts® supports the figures given in the full
scale reports in the horizonital plane, Heading changes, loss of apesd,
and snap roll angles are given for the model,

“Resistance and Propulsion Characteristics of the (#) Submarine as
Predicted frcn Tests of Model and NAME (#)" and "Machinery Performance
Trials (U)" are the model testing and full scale reports rsspectively
that relate the command speed used by the NSRDC equations of motion with
the revolution per minute (PPM's) seen by the sngines, They can also be
usad to determins control surface deflection rates.

Finally, there are a number of special reporis covering recovery
procedures from casualty conditions which vary from submarins to submarine
depending on the amount of work that has been done in this area,

The one area that has not been covered in these reports is that of
tank sirmlation, In order to know the shift in center of gravity and
weight change due %o the ballast tanks, i% is necessary to know their
location and capacity. This information can be found in the NAVSHIPS
®Ship Information Booke® and "Training Aid Booklets®, Thsy cover hull
arrangements, conirols aystems, piping, electricel systems, firs control
and the other systems on the actual submarinas,

E, JXNCORPORATION OF CASUALTIES

Training for casualties is an important part of a maneuvering trainer,
This study did not examine response to casualties as such, but provisions
were made %o inrorporate casualties into the computer programing, The
information on typical casualties comes from a situdy performad by Goodyear
Aerospace for NTDC titled "Submarine Casualty Control Training®.

Typical casualties ars ship command and control failures, flooding,
and air bank failures,

Ship command and control casualties are thoss concerned with the
diving planes and rudder, Such failures include failure of the planes or
rudder either at a fixed position or after moving to the end of their
travel, Sternplans angle DS, sailplane angle DB, and rudder angle IR,
ars locsated in COMMON of the FORTRAN program, This means that these var-
jables can be controlled from any subroutine that hasz an identical common
statement, At the present tims, these variables are schedvled from the
CONTR subroutine; but in a submarine trainer, they would be calculated
from ths Input/Output subroutine, It would be a simple matter to have an
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: additional input to the I/0 subroutine, repressnting an instructor's
failure, to interrupt the normsl control channel,

1 Flooding can be incorporated into the tank simalation system as an
additional set of taunks whose fill starting time is comtrolable by the

! instructor, The program can be as simple or as complex as desired, but

i the finsl results affect the flight section of the programing through the
{ terms shifting the center of gravity and through the mass and weight

! computation, Again, these variables are located in the COMMON area so
that reprograming of the present subroutine is not required,

Sy MR R A e A R

Air bank failures are incorporated into the normal and emergency
main ballast tank blow systems, variable ballast tank systems, and trim
and drain syatems, Since simulaiion is not provided for these systems
a3 part of this study, these casualties would have to be programed when
the system similation was done,

F. USES AND LIMITATIONS OF THE SUBMARINE EQUATION STUDY

1. USEFULNESS

The usefulness of this situdy has been indicated by the topics covered
up to this peint, but i1t is worthwhile to restate them here,

. G Coefficient Checks - A set of coefficients can be checked
against any available data on the real svbmarine, If new datu is received,
further checks can be made easily, No simmlation is reqaired,

b, Research in Reduction and Casualties - The programs can be
used to irvestigate the effect of further reductions and casualties,
This work conld be extended with the aid of a real-time computing system
te put the man into the loop in real-time,

c. Test Cuides - A complete set of data points can be run off
for any simulator for which the coefficients are kmown, Any range of
operation can bz reproduced in a very short period of time once the coef-
ficients have been justified, Such data outputs are useful in initial
checking of the programing for the simulator and in maintenance and trouble~
shooting in the field, Eoth static and dynamic checks can be made,

d. Compact Progreming - When programing is done for & submarine
simmlator, as many constants as possible are combined into a single term
to save on the amount of computation required in the compact mathematical

model, These programs will assist in this task by calculating the new
coefficisnts required,

2, LIMITATIONS

The biggest limitation in this study is that operation at the extrame
ends of the operating range was not covered, This is usually due to
casualties, such as flooding, when attitudes are encountered that would
never be entered under normal operation, However, NSRDC states that the
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equations of motion include effects due to ®backing® on propellers and
emergency blowing of ballasi tanks even to such exiremes as an emergency
recovery from a hard-climb sternplane jam, including the buoyant ascaent
aftsr blowing of bsllast, It is felt that the modified equations of
motion will resrond effectively to thesn conditions, even though they
were rot tested in this range, but that the basic set probably would not,
There are also a number of subroutines that would khave %o be writiem in
order to make tests such as emergency recoveries, They are listed below,

a, Tanks = The tank blow system is not simulated, However, the

efToct of any tank arrangement, not iancluding partially filled tank slosh,
can be computed through Xg, Yo , and Zg.

b, Controls - The time history for rudder and plane changes are
not included except that schedules for all of the standard submarine test
maneuvers are provided,

¢, Failures - Failures, such as plane jams, are not inclvded,
However, many of the hardovers and jams of the planss can ba simulated by
uce of the proper constants in the CONTR subroutine of the main simulation
program, Air Bank and flooding failures would also have to be added,
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SECTION VI
CONCLUSIONS
The “Study, Advanced Submarine Systems Equations®™ was a success,
The "Standard Equations of Motion for Submarine Simulation™ NSRDC

Report 2510 was used as & basis for producing a submarine simulation

program that could be utilized in & small gensral~purpose digital
computer,
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NOTATION
Symbol Dimensionless Form Definition -
3 44, by, ¢ { Sets of propzllar thrust constants
B B'= -é—szTGz Buoyancy force, positive upward
: CB Center of bucyancy of submarine
. CcG Center of mass of submarine
I ;
I I'= xs Moment of inertia of submarine about x axis
X xX %p& .
I .
Iy y' = EYF Moment of inertia of submarine abou! y axis
1 i te 2 M f inertia of submarine ab i
i, 2= FovL oment of inertia of submarine about z axis
1 1 ve Xy N .
*xy xy - POy Product of inertia about xy axis
I : 1 '= —I& Product of inertia about yz axes
yz vz o dpdf
I lax Product of inertia about zx axe
23 2x - W 1C 1nera zX 8
K X
K Y- X771 Hydrodynamic moment component about x
#0270 axis (rolling moment}
K¢
K, Ky =7—55 Rolling moment when body angle (w, £) and
$pL3U control surface angles are zero
¢
K« !
K K, '=—— Coefficient used in representing Ky as a
*n . - %P‘t'a u? function of (n-1)
K K'= -_-ﬁ- First order ccefficient used in representing
P P gpltu K as a functionof p
K. K.'= p Ccefficient used in representing K as a function
- P P gpt® of P
K K, ' ;Eé‘-l' e d oot
. = d Second order coefficient used in representing
rlpi . plp P K as a function of p
K ' K_'=_PQ Coefficient used in representing K as a function
pPq Pqa  3ptt

of the product pg
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K '= ..i-(-ﬂ.
ar  &pt®
Ky
'z
K, $pitU
_ Kz
Kz-" = plasl
Ky
K'=s g
v pL°U
K.,' = Ky
v épl:‘
K . o= Bvlv]
vivl T ¥p2°
§ = K\'
vq ép(,‘
K 1= e
Yw ipLa
- Kwp
wp ép,ur
K [ K'Wr
wT *PL‘
' Kgr
8r " gptiu?
Lt=1
m'= &0
Y2 A
oM
ip&SUZ
. Mx
* T gpltut
2 Mpp
PP §pl°
1 = Mg
9 #pltU
M,
' = ‘-—fﬂ—-
qn  £6i4U
M.' = ol
q  #pl®
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Coefficient used in representing K as a
function of the product gr

First order coefficient used in representing
K as a function of r

Coefficient used in representing K as a .
function of ¢

First order coefficient used in representing
K as a function of v

Coefficient used in representing K as a
function of ¥

Second order coefficient used in representing
K as a function of v

Coefficient used in representing K as a function
of the product vq

Coefficient used in representing K as a function
of the product vw

Coefficient used in representing K as a function
of the product wp

Coefficient used in representing K as a function
of the product wr

First order coefficient used in representing
K as a function of §_

Overail length of submarine

Mass of submarine, including water in free-
flooding spaces

Hydrodynamic moment component about y axis
{pitching momeat)

Pitching moment when body angles (o, 8) and
control surface angles are zero

Second order coefficient used in representing
M as a function of n. First order coefficient is
zero.

Firs? order coefficient used in representing
M as a function of q

First order coefficient used in representing
Mqﬁs a function of (n-1)

Coefiicient used in representing M as a
function of q
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Second order coefficient used in representing
M as a function of g

Coefficient used in representing M,, 252
function q

Coefficient used in representing M as a
function of the product rp ‘

Second order coefficient used in repres. . 32
M as a function of r. First order coefficient
is zero

Coefficient used in representing M as a
function of the product vp

Coefficient used in representing M as a
function of the product vz

Second order coefficient used in representing
M as a function of v

First order coefficient used in representing
M as a function of w

First order coefficient used in répresenting
M, as a function of {(n-1)

Coefficient used in representing M as a function

Lof W

First order coefficient used in representing M
as a function of w; equal to zero for symmetrical
function

Coefficient used in representing Mg as a function
of w

Second ordex coefficient used in representing
M as a function of w

First order coefficient used in representing
M\v[w ! as a function of (p-1)
Second order coefficient used in representing

M as a function of w; equal to zero for sym-
metrical function

First order coefficient used in representing
M as a function of §,

First order coefficient used in representing
M as a function of &4
\

First order coefficient used in representing
Mgs @5 a function of {9-1)




4

O

NAVTRADEVCEN 58-G-0050-1

HEAMD o B LA b 4 itarhiafit Al Sl

&)

Hydrodynamic moment component about z
axis {yawing moment)

Yawing moment when body angles {a, 8) and
control surface angles are zero

First order cosfficient used in representing N
as a function of p

Coefficient used in representing N as a function
of p

Coefficient used in representing N as a function
of the product pq

Coefficient used in representing N as a function
of the product gr

First order coefficient used in representing N
as a function of r

First order coefficient used in representing
Ny as a function of (n-1)

Coefficient used in representing N as a function
of ¢

Second order coefficient used in representing
N as a function of r

Coefficient used in representing Nér asa
function of r

First order coefficient used in representing N
as a function of v

First order coefficient used in representing N,
as a function of {9-1)

Cocffici~ used in representing Nas a
functic- . v

Coefficient used in representing N as a function
of the product vq

Coefficient used in representing Ny as a
function of v

Second order coefficient used in representing
N as a function of v

Figst order coefficient used in representing
Nvlvl as a function of (n-1)
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Coefficient used in representing N as a function
of the product vw

Coefficient used in representing N as a function
of the product wp

Coefficient used in representing N ar afunction
of the product wr ’

First order coefficient used'in representing N
as a‘function of 8y

First order coefficient used in representing
Ng.asa function of {n-1)

Angular velocity component about y axis
relative to fluid {roll)

Anlgu}ar acceleration component about x axis
relative to fluid

Angular velocity component about y axis relative
to fluid (pitch)

Antgular acceleration cormponent about y axis
relative to fluid

Angular velocity component about z axis
relative to fluid (yaw)

Anguiar acceleration component about z axis
relative to fluid

Linear velocity of origin of body axes relative
to fluid

Component of U in direction of the x axis

Time rate of change of u in direction of the
x axis

Command speed: steady value of ahead speed
component u for a given propeller rpm when
body angles {a, 8) and control surface angles
are zero. Sign changes with propeller reversal

Component of U in direction of the y axis

Time rate of change of v in direction of the
y axis
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w w' = -‘YU- Component of U in direction of the z axis
w w!s wb Time rate of change of w in direction of the
3 g
u z axis
W W= fﬁw’ﬁr Weight, including water in free flocding spaces
x x' =X Longitudinal body axis; also the coordinate of a
3 2 point relative to the origin of body axes
y x
x xg' = B The x coordinate of CB
B B ¢
; x 122G The x coordinate of CG
G G 7
x;, Xo' = Xo, X coordinate of the displacement of CG relative
i to the origin of a set of fixed axes
- X X'= “‘}‘T"z Hydrodynamic force component along x axis
#0L°U {longitudinal, or axial, force)
3 X
] X X '= ——9?- Second order coefficient used in xepresenting
a9 @9 st X as a function of q. First order coefficient
is zero
v - Erp - . . -
3 X, X, = A Coefficient used in representing X as a function
P P ¢ot of the product rp
X
X, X, '= m’% Second order coefficient used in representing
X as a function of r. First order coefficient is
zero
. X4
X. X.!' = Coefficient used in representing X as a functio
& & ;vp-z—;' ofE 1C1 n P eniing as uncition
X X '= Xau Second order coefficient used in representing
3 u us - gpet X as a function of u in the non-propelled case.
First order coefficient is zero
b S Xer' = Xv;. Coefficient used in representing X as a function
. ol of the product vr
XW XW' = i(-"—“,:— Second order-coeffient used in representing X
tot as a function of v, First oxder coefficient is zero
X X '= Xv First order coefficient used in representing X
v vvn o &pl as a function of {1-1) vy
Xw xw 'z __}S\V_sq_ Coefficient used in representing X as a function
1 a #pt of the product wq
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Xww
V=
xww pd
X . wa?
wwh o gpd

X.. V= Xsbsb
8bsb ~ FprlU?

X 1 = Xbrbr
¢ 6rbr  potiul

X '= X&,
ordxh pL*U

x. 12 Xests
58bs }p.‘,zUz

x v - Xsesan
535s8n Apt2u?

Second order coefficient used in representing
X as a function of w, First order coefficient is
zero :

First order coefficient used in representing X,,,,
as a function of (1-1)

Second order coefficient used in representing X
as a function of §;,. First order coefficient
is zero

Second order coefficient used in representing

%{e%g a function of 6,. First order coefficient is

First order coefficient used in representing

xaxbr as a function of (-1)

Second order coefficient used in representing X
ag a function of §g. First order coefficient is
zero .

First order coefficient used in representing
x636s as a function of (13-1)

Lateral body axis; also the coordinate of a
point relative to the origin of body axes

The y coordinate of CB

The y coordinate of CG

A coordinate of the displacement of CG relative
to the origin of a set of fixed axes

Hydrodynamic fcrce component along y axis
(lateral force)

Lateral force when body angles (a, 8) and control
surface angles are zero

First order coefficient used in representing
Y as a function of p

Coefficient used in representing Y as a function
of p

Second order coefficient used in representing
Y as a funciion of p
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Coefficient used in representing ¥ as a function
of the product pq

Coefficient used in representing Y as a function
of the product qr

First order coefficient used in representing Y
a function of r

First order coefficient used in representing
Y as a function of (n-1)

Coefﬁczent used in representing Y as a f\fnction
of ¥

Coefficient used in representing Y 382
function of r

First order coefficient used in representing
Y as a function of v

First order coeificient used in representing
Y, as a function of (n-1)

Coefficient used in representing ¥ as a
function of ¥

Coefficient used in representing Y as 2 function
of the product vq

Coefficient used in representing Y, as a function
of r

Second order coefficient used in representing
Y as a function of v

First order coefficient used in representing
Yv‘v{ as a function of (-1}

Coefficient used in representing Yas a
function of the product vw

Coefticient usaed in representing Yas a
function of the product wp

Coefficient used in representing Y as a
function of the product wr

First order coefficient used in represgenting
Y af a function of ér

First order coefficient used in representing

Y&r as a function of (n-1)
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' = Zre
TP Lt
¢ Zyry
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Z ‘= Zw
w T 3pt®U
Z ‘'= Z
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2,1 = oW
LARR T AR

Normal body axis; also the coordinate of a
point relative to the origin of body axes

The z coordinate ¢f CB

The z coerdinate of CG

A coordinate of the displacement of CG
relative to the origin of a set of fixed axes

fiydrodynamic force component along z
axigs (normal force)

Normal force when body angles (a, 8) and
control surface angles are zero

Second ordar coefficient used in representing
Z as a function of p. First order coeificient
is zero

First order coefficient used in representing
Z as a function of g

First order coefficient used in representing
Zq as a function of (9-1)

Coefficient used in representing Z as a
function of g

Cdefficieni used in representing Z
function of g

2s a
LY

Coefficient used in representing Z as a
function of the product rp

Second order coefficient used in representing

Z as 2 function of r. First order coefficient
is zero

First order coefficient used in representing
Z as a function of w

First order coefficient used in representing
Z, as 2 function of (y-1)

Coefficient used in representing Z 2s a
function of w

Firat ovder coefficient used in representing
Z as a function of w; equal to zero for sym-
Fretrical function

Coefficient used in representing Z,2asa
function of q

M
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Second order cocfficient used in representing
Z as a function of w

First order coefficient used in representing

Zw|wl as a functiox_: cf (n-1)

Second order coeffirient used in representing
Z as a function of w; equal to zerc for sym-
metrical function

First order coefficient used in representing Z
as a function of &

First order coefficient used in representing
Z as a function of &

First order coefficient used in representing
Zés as a function of {-1)

Angle of attack
Angle of drift
Deflection of bowplane or sailplane
.Deflection of rudder
Deflection of sternplane
The ratio —<

e ratio ——

ratio —

Angle of pitch
Angle of yaw
Angle of roll

Sets of constants used in the representation of
propeller thrust in the axial equation
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The goal of this study was to determine the optimum sets of equations to he uscd
with two general types of submarine treiners., The equations of motion used were
those developed by the Waval Ship Research and Development Uenter. They were re-
duced into two sets for use in training simulators, one for z basic submerged con-
trol maneuvering trainer and one for an advanced submerged control simulator to

provide highly realistic ship control training through the full range of ncrmal
and casualty conditions.
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The report oiatlines a general-purpose digital computer program, following the
NSHDC standard equations, written in FORTRAN. Integration nathods for digital
simulators are discussed. A number of programs for testing the degree of simu~
lation of a digital simulator program are ziven.

Use of these orograms as applied to submerine simulstion is shown with tvo sets
of ecguations whisch eliminate 73 of the 139 coefficients used in the original
HSROS cquations. The mathematical model for a submarine simulator usiqg a very
small computer is developed. A discussion of near-surface operation and wave-
generation 1s foliowed by the general requirements for determination of the
simuiation requirements for training as opposed to research.
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