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is report describes in detail a free rocket six degree of freedom
trajectory program which utilizes a fourth order RUNGE-KUTTA subroutine,
Several options such as programmed roll, directional control, and fold out
fins are described. The program includes a listing of the equations, flow

charts , program description, input and output information, and a complete
program listing.
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I. INTRODUCTION

The purpose of this report is to describe a six degree of

freedom missile trajectory program in sufficient detail for the user to
be able to run the program and/or make modifications to fit his specific

needs, This program utilizes a nonrolling missile coordinate system
to speed up run time when high (greater than 15 cps) roll rates occur,
Several options are available such as directional control force, fold-

out fins, and print-out of steady-state angles and velocity angular
errors at boost burn out,

The program is in modular form, All variables to be integrated
are stored in an array. A subroutine, DESUB, consists of the twelve
simultaneous differential equations describing the behavior of these
variables, A general RUNGE-KUTTA subroutine is utilized to integrate
this set of equations, This report includes a listing of these equa--
tions, programdescription and flow charts, definitions of all symbols
used, and a complete program listing,

iI. PROGRAM DESCRIPTION
A, Equations of Motion

This program was written to simulate the following

equations of motion to describe a free rocket trajectory from ignition
to impact,
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1f a constant roll rate or a programmed roll rate is to be imple-
mented, this can be done by setting p=0and¢= Aapin' This is noted

in the program listing, In post flight analysis, frequently roll history
can be acquired from telemetry data, This can be stored in tabular data

in Asp Py and utilized in the preceding manner,

These equations were converted to Fortran code by using the Fortran

names listed in Table 1, These equations are calculated in the follow-
ing coordinate systems:

cG

Missile coordinate system.

emcaaifip X

Earth coordinate system,
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B. Program Qutline

Solving the equations of motion requires current values
of necessary atmospheric, aerodynamic, and missile physical character-
istic data, The program is set up to read these data in by way of
NAMELIST. This is one of the easiest methods of inputting data, An
example of a data card for a constant is

x = 75.,

This is done with no regard for format except that only columns

2 through 72 may be used. If x is an array of five numbers, it is
read as:

x (1) = 6., 4., 1., 17., O0,,
This can be continued onto the next card is necessary. All Fortran

names used in the program are defined in Table 2. Program inputs are
listed in Table 3.

Next, all variables to be integrated as a funtion of time are
stored in an array, VARTB., VARTB (1) is time. The remainder of the

array is ordered-consistent with the order of the corresponding differ-
ential equations in DESUB.

The current values of atmospheric data are now calculated using
the following equations:

2
¢ = ¢, [1/a1 - 2/20855531.5)]
A= -z/(1 - 2/20855531.5)
1f A < 36098, 2388,

T= Tb + (-0.00356616 A)

p = 28,966P/49719,6257T

V8 = /2403,075 T

If A > 36089,.2388,

T = 389.9878
P = 472.6765 e-0-00000149G, (A-36089.2388)
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where G = gravity
T = temperature
P = atmospheric pressure
p = atmospheric density
v . speed of sound,

The subscript 0 denotes the value of each of these variables at sea
level,

Next, the wind components are transformed from the earth to
missile coordinate system, These values are used to calculate missile
total velocity and angles of attack, 1

Current values of missile physical characteristics and aerodynamic
data are now calculated, The subroutine XINT is utilized for this
purpose, This is simply a linear interpolation routine with one inde-
pendent variable. Logic is employed in this section to determine if
the missile is in boost or coast phase and whether fins have been
unfolded.

Now the fourth-order RUNGE-KUTTA subroutine, SOLVDE/SSIMDE* is called.
The integration time step, DELT, is an input to this subroutine. A rule
to follow in determining the size of the time step is not to allow any
angle to change more than 7° to8° during one step. This does not
include the roll angle unless a thrust misalignment case is being run. ;
The variable DELMIN is the minimum the program will allow DELT to be :
changed to, This is done in SOLVDE/SSIMDE, DELMIN can be set to the ;
same size as DELT, Other inputs to this routine are VARTB, the table
of variables to be integrated; WWW, the dummy working array; IC; and 5
N, the number of variables to be integrated., DESUB, the routine con-
taining all the differential equations to be solved, is also required 3
as an input argument, SOLVDE/SSIMDE is a two-purpose routine for i
integration, It has the capability of solving one nth order differ- 1
ential equation or n first order simultaneous differential equations,

After returning from the integration subroutine, several variables i
are calculated for output and printed if it is time for printing. 1If
the missile altitude has become positive (below sea level) or if maximum :

*
Sellers, William R., SOLVDE/SSIMDE, Directorate for Management
Information Systems, US Army Missile Command.
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simulation time has been reached, the program searches for the next
case of data, Otherwise, it loops back to calculate atmospheric data
and hence back through the program, Program output is defined in
Table 4.

C. Subroutine DESUB
This subroutine contains all differential equations to be

solved in the order that the variables are stored in VARTB in the main
program, The subroutine inputs are V which corresponds to VARTB in MAIN,
and J, the number of differential equations. A computed GO TO as a
function of J controls the flow through the routine., For example, if
J =1, the first differential equation is solved and control is returned
to the integration routine, The output is F which is the calculated
value of the differential equation for the current value of J. Following

is an example of a simple DESUB for solving three simultaneous differen-
tial equations, V(1) = x, V(2) = y, and V(3) = z.

SUBROUTINE DESUB (V, F, J)
COMMON X ,Y,Z
DIMENSION V(4)
Go To (10, 20, 30), J
10 F=X
RETURN
20 F=Y
RETURN
30 F=272
RETURN
END .

TGP, D& g T oy -
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TABLE 1, FORTRAN NAMES
Fortran Name Symbol
VARTB (1) time
VARTB (2)
VARTB (3) u
VARTB (4) v
VARTB (5) r
VARTB (6) ; q
VARTR (7) X
VARTB (8) y
VARTB (9) z
VARTB (10) 6
VARTB (11) ¥
VARTB (12) P
VARTB (13) ]
XT T
P P
S S
(9)] CD
XM m
GRAV g
QE QE
CNA CNoc
WV v,
WU Y
WW v,
DI 5I:m
XK k
DX d
SL 1,
cMQ St
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Table 1,

(Concluded)

Fortran Name

TL
CLA
ROLLI
XI
CLD
DCANT
CLP
CLO
PSPIN
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TABLE 2,

SYMBOLS

Fortran Name

Definition

TEMPO
PRSSO
GRAVO
THETA
IC
VARTB
T
wo

vo

THETO
PSIO
PHIIN
WTIN
WT

GRAV

Temperature at sea level

Atmospheric pressure at sea level
Gravity at sea level

Flight path angle, pitch

Initial condition for RUNGE-KUTTA routine
Table of variables to be integrated
Current value of time

Initial velocity component of missile
in pitch plane

Initial velocity component of missile
along the longitudinal axis

Initial velocity component of missile
in yaw plane

Initial yaw rate of missile
Initial pitch rate of missile
Initial roll rate of missile

Initial range of missile in earth
coordinate system

Initial lateral displacement
in earth coordinate system

Initial vertical displacement
in earth coordinate system

Initial pitch angle

Initial yaw angle

Initial roll angle

Initial missile total weight
Current missile weight

Time of first print out
Time of next print out

Index indicating whether missile
is on launcher

Current value of gravity

10
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TABLE 2, (Continued)

Fortran Name

Definition

TEMP
PRSS
P
oM
WY
WYl

VIOT
ALP
ALPHA

ALTFT
XT

PSPIN

AR

ASPIN
CLP

Current value temperature

Current value of atmospheric pressure
Current value of atmospheric density
Current value of speed of sound

Boost phase lateral wind component
Coast phase lateral wind component
Boost phase head wind component

Coast phase head wind component

Component of head wind along
longitudinal missile axis

Component of head wind along vertical
axis in missile coordinate system

Total missile velocity

Angle of attack in vertical plane
Total angle of attack

Current Mach number

Current altitude (positive up)
Current missile thrust

Time table, independent variable for
thrust table

Thrust table, £(T)
Roll acceleration due to spin motor

Time table, independent variable for
PSPIN table

PSPIN table, £(TTA)

Time table, independent variable for
ASPIN table (Note both ASPIN and
PSPIN will not be used in same
simulation)

ASPIN table, f(TTA)
Constant or programmed roll rate
Roll damping coefficient

11
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TABLE 2.

(Continued)

Fortran Name

Definition

UG

8k SpE § H

AU

BLOD

Mach number table, independent
variable for CLP table

CLP table, £(UG)

Roll moment coefficient due to
fin deflection

Mach number table, independent
variable for CLD table

CLD table, f(UH)

Control force for system with
direction control

Time table, independent
variable for XK table

XK table, £f(TTB)
Pitch damping coefficient

Mach number table, independent
variable for CMQ table

CMQ table, f(UE)
Normal force coefficient

Mach number table, independent
variable for CNA table

CNA table, £(UB), power on

Roll moment coefficient due to
wraparound fin effect

Mach number table, independent
variable for CLO table

CLO table, £f(UI)

Reynolds number per body length
times Mach number

Altitude table, independent
variable for RNLM table

RNLM table, £(2AL)
Missile body length (ft)

Missile length divided by diameter
(1/4d)

12
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TABLE 2, (Contirnued)

Fortran Name

Definition

RN
CDF

SPIMP

TPROP
DELT
XII
XIB
TTO
XI

TLI
TLF

CLAL
CLA
ROLLI
ROLLA
ROLLB
SL
UA

Al
CD
uc

AH
UA

AJ

Reynolds number

Coefficient of drag due to skin
friction

Boost burn time

Specific impulse

Total impulse

Total propellant weight

Time .integration step

Initial transverse moment of inertia
Final transverse moment of inertia
Initial time for table values

Current value of transverse moment
of inertia

Initial thrust lever arm

Final thrust lever arm

Current value of thrust lever arm
Initial value of control lever arm
Current value of control lever arm
Current value of roll moment of inertia
Initial value of roll moment of inertia
Final value of roll moment of inertia
Static margin

Mach number table, independent
variable for SL table

SL table, power on, £(UA)
Drag coefficient

Mach number table independent
variable for CD table, power on

CD table, power on, £f(UC)

Mach number table, independent
variable for SL table, power off

SL table, power off, £(UA)
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TABLE 2,

(Continued)

Fortran Name

Definition

UD

AM
uJ

AY

DRAG
AccC
THETS
PSITS
IBO

ZERR

LCs
QE

DM

Mach number table, independent
variable for CD table, power off

CD table, power off, £(UD)

Mach number table, independent
variable for CNA table, power off

CNA table, power off, £(UJ)
Missile mass

Time of fin folding

Minimum time integration step

Velocity along the x-axis in the
earth coordinate system

Velocity along the y-axis in the
earth coordinate system

Velocity along the z-axis in the
earth coordinate system

Total missile drag

Total missile acceleration
Steady-state pitch angle after burn out
Steady-state yaw angle after burn out

Index indicating whether to print
out angular errors after burn

Pitch angular error at burn out
Yaw angular error at burn out
Number of time-steps per print out

Maximum time - simulation stops after
this time

Index indicating last case of data
Quadrant elevation

Missile reference area

Thrust misalignment angle

Initial thrust misalignment direction
Missile diameter
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TABLE 2,

(Continued)

Fortran Name

Definition

ELL
DCANT
PCD

J
v

W, WWW

THET
PSIO
PHI

ACC
vz

CNAL

Effective .auncher length

Fin cant a:gle

Percent effective drag coefficient-
utilized in error budgets

Variable number to be integrated

Table of variables to be integrated-—
peculiar to subroutines DESUB and SOLVDE

Working arrays for integration routine
Number of differential equations

Array of independent variables for
interpolation purposes

Array of dependent variables for
interpolation purposes

Current value of independent variable
Current value of dependent variable
Current value of time

Component of missile velocity along
longitudinal axis

Component of missile velocity in
yaw plane

Component of missile velocity in
pitch plane

Pitch angle

Yaw angle

Roll angle

Missile pitch rate
Missile yaw rate
Missile acceleration

Velocity along the z-axis in the
earth coordinate system

Velocity along the y-axis in the
earth coordinate system

Constant value of CNA before fins
are unfolded

15
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TABLE 2,

(Concluded)

Fortran Name

Definition

SLI

VARTB (1)
VARTB (2)

VARTB (3)
VARTB (4)

VARTB (5)
VARTB (6)
VARTB (7)
VARTB (8)

VARTB (9)

VARTB (10)
VARTB (11)
VARTB (12)
VARTB (13)

Constant value of SL before fins

are unfolded
Current value

Current value
component

Current value
component

Current value
component

Current value
Current value
Current value

Current value
displacement

Current value
Current value
Current value
Current value

Current value

of time

of W missile velocity

of U missile velocity

of V missile velocity

of R, missile yaw rate

of Q, missile pitch rate

of missile
of missile

of missile
of missile
of missile
of missile

of missile

range

lateral

altitude
pitch angle
yaw angle
roll rate

roll angle
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TABLE 3. PROGRAM CONSTANT INPUTS

Fortran Name

Definition

THETO
PSIO
PHIIN
WTIN
TT
wo

U

VO

RO
Qo
PROLL
XR

Y

XXTIN
TIMP
TPROP
DELT
XI1
XIB

TLI
TLF

Wyl

Initial pitch angle

Initial yaw angle

Initial roll angle

Initial missile total weight
Current value of time

Initial velocity component of missile
in pitch plane

Initial velocity component of missile
along the longitudinal axis

Initial velocity component of missile
in yaw plane

Initial yaw rate of missile
Initial pitch rate of missile
Initial roll rate of missile

Initial range of missile in earth
coordinate system

Initial lateral displacement in
earth coordinate system

Initial vertical displacement in
earth coordinate system

Number of time-steps per print out
Time of first print out

Total impulse

Total propellant weight

Time integration step

Initial transverse moment of inertia
Final transverse moment of inertia
Initial time for table values
Initial thrust lever arm

Final thrust lever arm

Boost phase lateral wind component
Coast phase lateral wind component

rad
rad
rad

1b

sec
ft/sec

ft/sec
ft/sec

rad/sec
rad/sec
rad/sec
ft

ft

ft

sec
lb-sec
1b

sec
slug-ft2
slug-ft2
sec

cal

cal
ft/sec
ft/sec

17
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TABLE 3. (Continued)

: Fortran Name Definition Units
1).4 Boost phase head wind component ft/sec
WX1 Coast phase head wind component ft/sec
TFLD Time of fin folding sec
DELMIN Minimum time integration step sec
ROLLA Initial value of roll moment of inertia slug-ft2
ROLLB Final value of roll moment of inertia slug-ft2
CLAI Initial value of control lever arm cal
TB Boost burn time sec
1IBO Index indicating whether to print 0 - noprint

out angular errors after burn 1 - extra
print
BL Missile body length ft
TMAX Maximum time - simulation stops after sec
this time
LCS Index indicating last case of daca g;ggg last
l-last case
QE Quadrant elevation rad
S Missile reference area ftz
DM Thrust misalignment angle rad
PHIO Initial thrust misalignment direction rad
DX Missile diameter ft
ELL Effective launcher length ft
DCANT Fin cant angle rad
PCD Percent effective drag coeffieient
utilized in error budgets -
4
A CNAL Constant value of CNA before fins /rad
are unfolded
SLI Constant value of SL before fins cal
are unfolded

Y T T A G NN W R T IO 12 00 ST T ot
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" TABLE 3. (Continued)
Fortran Name Definition Units
T Time table, independent variable for sec
thrust table
A Thrust table, £(T) 1b
TTA Time table, independent variable for sec
PSPIN table
AR PSPIN table, £(TTA) rad/ secz
TTA Time table, independant variable for ASPIN| sec
table (Both ASPIN and PSPIN-will not be used
in same simulation.)
AK ASPIN table, f£(TTA) rad/sec
UA Mach number table independent variable -
for SL table, power off
AJ SL table, power off, f(UA) cal
UD Mach number table, independent -
variable for CD table, power off
AM CD table, power off, £(UD) -
uJ Mach number table, independent variable
for CNA table, power off -
AT CNA table, power off, £(UJ) /rad
uc Mach number table, independent variable -
for CD table, power on
AH CD table, power on, £(UC) -
Ul Mach number table, independent variable -
for CLO table
AS CLO table, £(UI) -
UG Mach number table, independent variable -
-~ for CLP table
A0 CLP table, £(UG) U(r.d
; UB Mach number table, independent variable
for CNA table =
AG CNA table, £(UB), power on Vrad
: UE Mach number table, independent variable |-
for CMQ table
:’,
‘
. 19
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TABLE 3, (Concluded)

Fortran Name

Definition

Units

AN

TTB

AP

Al

AU

CMQ table, £(UE)

Time table, independent variable
for XK table S

XK table, £(TIB)

Mach number table, independent variable
for CLD table

CLD table, f(UH)

Mach number table, independent variable
for SL table

SL table, power on, £(UA)

Altitude table independent variable
for RNLM table

RNLM table, f£(ZAL)

/rad

sec

1b

/rad

cal
ft

/ft




TABLE 4., PROGRAM OUTPUT

Fortran Nane Definition Units

TIME Current value of time sec

i} Component of missile velocity along ft/sec
longitudinal axis

v Component of missile velocity in ft/sec

5 yaw plane

w Component of missile velocity in ft/sec
pitch plane

THET Pitch angle rad

PSIO Yaw angle rad

PHI Roll angle rad

Q Missile pitch rate rad/sec

R Missile yaw rate rad/sec

ACC Missile acceleration ft/sec2

vz Velocity along the z-axis in the ft/sec
earth coordinate system

VY Velocity along the y-axis in ft/sec
earth coordinate system

THETS Steady-state pitch angle after burn out rad

PSITS Steady-state yaw angle after burn out rad

XR Range of missile in earth coordinate system | ft

XK Control force for system with directional 1b
control

THRUST Missile current thrust 1b

wY Lateral wind velocity component ft/sec

ZE Pitch angular error at burn out rad

YE Yaw angular error at burn out rad

XDOT Velocity along the x-axis in the earth ft/sec
coordinate system

THA Missile flight path angle deg

ALP Missile angle of attack in the vertical rad
plane




100

D. Flow Chart
PROGRAM MAIN

PROGRAM INPUTS

Y

STORE VARIABLES TO
BE INTEGRATED IN VARTB

Y

CALCULATE ATMOSPHERIC

DATA
Y

CALCULATE WIND COMPONENTS,
TOTAL VELOCITY, ANGLES OF

ATTACK
Y

CALCULATE AERODYNAMIC
DATA AND MISSILE PHYSICAL
CHARACTERISTICS
CALL SSIMDE
I
> xS PRINT OUTPUT
-~ J
PN\ vy
POSITI FINAL PRINT
NO
YES
I
< @ GoD
NO
NO
‘ (_END )
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E. Flow Chart

SUBROUTINE DESUB
PROGRAM INPUTS
IF —
J=1
NO
IF YES
=2
NO
IF YES
J=3
N
IF YES
J=4
NO
IF YES
=5
NO
IF YES
J=6
NO
IF YES
J=7
NO
IF YES
J=8
NO

CALCULATE w —
CALCULATE u e
CALCULATE v AT
CALCULATE ¢ v
CALCULATE q o
CALCULATE x seemmem
CALCULATE y e
CALCULATE z neTunn )
23
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F. Flow Chart

DESUB CONTINUED

IF YES
J=9

NO

IF YES
J=1

NO

IF YES
J=11

NO

IF YES
J=12

NO
END

CALCULATE 8 ]—-C RETURD

CALCULATE {/

—>( RETURN )

CALCULATE p RETURN )
CALCULATE ¢ RETURN )
2
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il. PROGRAM LISTING

PROGKRAM MATINM(ILEUT «OUTPUT e TAKESS [NPUT«Tareo=0UTPUT)

DIMENSION VARTR({3)euwy(3)

DIMENSION T(4)eA(4)aUL(13)4a](13)sUUR(13)9AG(13)eLUC(B)ehH(B)e
®AJ(13)2UG(2) 9AL(2) alIN(2) 9AP(2) «TTA(4) s AR (L) ¢AK (4) 2T (7)) «AS(TY o
®UJ(13) AT (13) 0 ZAL (4) 2AULS) « TT(2) ¢AL (2) UL (R) caM(R) oUIE (2) sAN(2)

COMVON GRAVOE oF e SeCIHiAgAMex T o TV oPHT o PHTO e XK 9CNoWVeSL e XToDX9Ch

COMMON TLsCLAs~OLL A sAFHT or L oKELL 9 WWoWUSPSPINSCLPoCLUDCANT+PLOT

COMMON PCDASPINoCLO

EXTERNAL DESUR

NAMELIST/NAMA/THETOoPFI AN 7o Yo Tl sUsXReaTIN9QO0ewOeKOsVOePSIOw
1 XAXTINGDTMoWY ot LLoUEeSePHINeUXeTLLIaTLFROLLAS XX TE+PROLYL
2XIT o XIBeTIMPoTPROP o TTOsCLATePELToTMAX e ToAoUA9AT gURAGILCoAReAdy
3TTHIALIUD s AMOUIE ¢ AN 9 DELMAI40PO0LLH IHO e X 9L CSoDCANT s UG AQ sLis AP
L4TTAANIMY ] o WXL eFCN9AKSUT 34SeUJ9 AT TFLDsZAL sAULRL sCNATeSLIT

RLOU=BL 7DX

LCS=90

ATMOSPHERIC DATa AT SEALeVFL

T MPO=518.6RH

PrSS0=2116.217

GhAVY=32,1T404

AE=GRAVO®, 1637653

READ (SeNAMA)

WRITE (641097)

FORVAT (1H])

wHITE (6NAIAA)

INITIAL CONDITIONS

THETA=GE®ST .S

1C=0

VaRTH (1) =TT

VARTB(2)=w0

VaRTR () =U

VakTg(a)=vQ

VARTHB(S) =Ry

VaRTIB(6) =10

VARTB(T)=kw

VarRig (#) =Y

VAKT8(9)=7

VaRTA(10)=2TRETY

VaRTH(11)=PS10

VARTR (12)=PROLL

VARTR(13)=PH] Ty

aT=wTIN

AXT=XXTIN

KriL=1

ATVOSFHERIC DATA CALCLLATER

UAD=] o =VARTH(9) 720'K5553) ,5

CRAVELRAVOS () /AN ) ez

ALT==VAETR(9) 7021

LE (8L T=26, 89,738n) 65650

TEwR=TLVPOS (=, LudRRRLERALT)

PRES=PRSSO® (TEVDE/TEMEQ) @b

P22R ,96AJ8PFSC/ (4AT19.6/25TTEMP)

Ov=(TeVPe2LU I, LT5) e 5

<y T0 =0

Tr we=4G ,04 7k
EeS52472  nT658: Y (GREVOR(=,00U00149) ® (AL T=360RG,.2IRB) )

HE2kR 50k Y8R SC/1939004T 44

DEELT T N A A

ey=wYy

[ (TTetToir ) avawyy

Ar RONYNAMIC valA CALCLLATED

IF(TTeGTaTA WK=K

wUWXSCOS(VARTA(]10)euF)
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C

WREEXESIN(VARTE (19) euk)

VTIOT=SORT(IVARTR () =wlL ) #€2s (VANTN (L) =ty ) ¥size (VARTH(2) =wb ) *u2)
ALP= (VAETH(2) =ww) 7VTOT

ALPHAZSQRY ((VARTB (c)=vd) ®#ee (vArTR(4)=wy)a®2) /vT0T
UMaVTOT70M

ALTFT==VARTR (9)

CALL XINT (ToAeTTeaT)

CALL XINT(TTAA=eTTePSPIV)

CaLl XINT(TTAGAKTTouSPIM)

CALL XINT(UGeAQ+UMsCLP)

CALL XINT (UHo8PUIMCLD)

CALL XINTU(TTOeAL o TTeAK)

CALL KINT (UE ANotiiMeCMO)

CaLL XINT(UBeAGeUMeCNaA)

CALL XINTIUIsAS,UMsCLO)

CALL XINT(ZAL oAU sALTFToRAL™")

RNSRNLMOUNSHL
COF=.2909HL0D® () c0392=1051%UMe Y035 INERD) / (FN8&,?)
1F(TT.6T.TH) GO TO 1lu])

PHYSICAL CHARACTERISTICS uwCaATiD

6 SPImP=TIMP/TPROP

WTDOT=KY/SPINP
aTsuT=wTDOTEDELT

488 (418-X11) 7 (TR=TTO0)
Ri=k{]-88PeTY
BET=(TLF=TLI) Z(T3=TTO)
TL=TLI*RBTTT

CLA=ABS (CLAL-TL)
ROLLISROLLAS ((TT=TT0) /7 (Th=TT0))® (ROLLR=RULLA)
CALL XINT (UAgAJsUmeSL)
CALL XIKT (UCoA+oliMeCD)
GO 70 S

101 CALL XINT (UAqAJosUUMeSL)

CaLl XINT (UDoawoliMe(l)
CALL AINT(UJeAToUMCNA)

S XuswT/GRAV

CO=CD+COF
IF(1T.0T1.TFLDY6 TO 7
ChNA=CNAT

sL=SL1

7 CONTINUE

INTEGRATION SUHROUTINE

IF (VARTR(13) ¢ 6GE . 6.2832) VARTF (13)=VARTH (13)-642R32

IF(VARTR (13) o= =5 2832) VAL T (13)=VARTH (13) ¢6.2832

CALL SSTMDE(VARTB«wWWeDELTOELMINS 12+ IC.UESLB)

Ti=vaRTE())

ARSVARTA () SCOS(VARTH (10) *nt ) ¢ VARTH (2) &S IN (VARTB(10) +0Qk) #
OCUS(VAKTB(11))=VARIB(4)*S]vivarin(ll]l))

AVsVANTR (&) ¢ VARTA (3) *SIN(VakIK(1]))

AZ=VARTR(2)®COS (VARTHR (1) st ) =VARTA () 4SIN (VARTR (1) +0E)

THETA=ATAN((=A2) 7eR) *57,2

UnAGESOPOSECN® (VARTH (J) #43)

ACC= (XT=DwAG) 7xv

IF(1TeLTTHIGO T 200

STEADY STATE ANGLES

THETSSVARTH(IN) =VARTR(2) /VARTIH(3)=VARTR (6) X[/ (DXSXMEVARTK (F) ¥SL) «
1(VARTR(2)=W2) 8pPaSOUR*CMC/ (Lo ®*XMOVARTS (V) *SL)

PSITS=VAPTs (11) ¢VARTE (L) Z(VARTH(3) #COS(CL) +VARTH(2) #STIN(OF) ) =
LVARTH(S) ®R I/ (NRAXMOVERTH (3) *SL*COS(QE) ) = (VARTH (4) =wY) #FeS*)XeCG/
24 O XMOVARTR () eSL*COS(LE)) §

IF(TTUF o XXATIWKITF (Ae1099) TREI1SeSITS

200 1F (1nV.EQ.CIGO TO 201 °

AMNGULAR ERWROKS AT HOUST rUTA OUT
V22VARTR(2)*COS(VARTH(10U) )=VARTH (J)@STN(VARTH(10))

VY=VARTR (3)*COAS (VARTE (1)) aSIh (VARTR(11))+VARTH (4) #COS(VARTH(1]))
1oVARTH (2) @STNIVARTS(10) ) #STA (VARTA(11))
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R vt A

2ERREV2/VTOT
YERE=VY/ZVTOT

IF (TToOE o XXTIWKITE (A9 109K) V2o VY 0 ZERR YERK

203 IF(TV=XXT)9] 09090

90 WKRITE (60109G)VARTH (1) «VawTR(3) o VARTR(T) oAV
WhITE (Al IVARTR(10) o VAKTIE (2) 0 AZ 4 VARTR (G)
WRITE(61U92)VARTR(11) o VANTH (4) 9AY 9 VARTR (H)
WhITE(641CYIIVARTR(]13) svnurTH (6) e VARTH(S) »URAG

WRITE (601095 XT e vV oXRoACL
Wk ITE(6«1100)ARTHTAALP
WHITE (6+1096)

10QUOFORMAT (BN TIMF= ot 14eT702Xe4mUz  of 16 T eZ2XebbIXN= ofllgTe2¥s
17reASSs  JEle. T

10910F0RVAT (BH THET= ot14oT7 02Xt wz  2EJ4 T 92X0bmAZ= oE14qeTe2Re
1Tr2= el 7

10920F URMAT (BN PSIO0s oF 14 Te2XabiVz  SE 1L, Te2RebNAY= oEL1LoTe2Xe
17HY= E14.7)

10930F ORMPAT (B PHi= S eoTe2Reanls €10 792K etz ElLgTe2Ke
17+DRAGs +E14,7)

1095 FORMAT (BH THRUSTZ oL 14,7028 onuY=E sE14oTe2KebNAKE o€ )1boT 02X 94HACCS
1€16.T

1096 FORMAT (1H )

1098 FORMAT (AN V2= CERLeT 92K eoMVYE € 16 To2ReMZ2EE of J b To2X9bHYES »

1€14.7)

1099 FORMAT(BH THETS= sE144T792X4MPTS=0E16,T)
1100 FORMAT(BM ADOT=  «Cl4oT792Ac4HTHAZIE 14, T o2 X e MALP=E14,T)

AXT=XXTeXX*DELT
91 CONTINUVE 2
PlOGKAM STOPS ON NEGATIVE 4LTITUDE OR waX TIWMF
IF (VARTH(9) .6T.10,.)60 TO 30v
IF(TY=TMAX)&¢300¢ 300
300 WhITE (6 1GY0IVARTH (L) JVurT=13) o VARTR(T7) oAV
WRITE (61091)VASTR (1C) e VARTE (2) 9AZ o VAPTR (9)
whITE(6e1092)VARTR(]1]) e VARTE (6) sAY o VARTR (1)
WRITE(61093)VARTR(13) s VAKTE (€) s VARTH (S) »CRAG
hITE(601095) XTouYeXR oAU
WRITE (60 09RIV2 VY o 2L RN YERKN
LAST SET OF DATA SIGNALLEU &Y LCS=1L
301 IF(LCS.EQ.0)GO TO l0C
CaLl EXIY
tan
SUBRQUTINE DESUR (VeF oJ)
COMMON GRAVeQE «P+SsCNAXM X T JDTH oPH] ¢PHIV ¢ XK o CD WY o SL« X 1-+D% o OMO
COMMVOM TLoCLAGROLL [ 9APHT ot L L oKELL o SWoWU PSP INeCLP+CLD «DCANT «PDOT
Covvon PCDASPIACLO
VIMENSION V(13)
IF(V(T) ,GTELL)IRELL=?
gu TO0 (10020030040¢50e60e7698Ue90100e110e120)4d
10 F=0
GO TO (12e¢11)enFLL
11 FEGRAVECOS(VI10)+NE) eV (5) 0y ()= (V(I)202) ®peaSaCNAS (V{2 ) =)/
1(2,8xme(V(3)=wU))e
2IATROTPESINIV(]I2) +PH]O)eRKAV (1Q) ) 7XM
12 =i TUkiv
20 F2(XT=,59PeSOPCNeCHoy (J)*e2) /xMeV (6) OV (S) =V (2) 9V (6)
GO 1O (22+21)e welLL
21 F2(XT=,5000S8D(LOCUOY (I)*27) /xkM=GRAVESTIN(V(10) ¢QE) 4V (4) #VIS)=V (2)®
1V(K)
2¢ v TUR:,
306 F=2¢
Gt Y0 (32451) onFLL -
31 F2(=1e®VIS)%V () )= (V(6)=vV) P (V(I)®82) 2p0SECNA/ (2, 2xME (Y (I)=ui)) ) ¢
1(XTENTwOCOS(V (1) ePHI0) eAnaV (]1]))7XM
372 HrTlkw
4y F=y
LU TY (42eu)) oKELL
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4] Fa(V(3)#02)8PeSaNX#CHA® (V (4Q) = V) #SL/ (2 3R [#(V(3)=4)) )~
1 S (DXx®e2)#pasey(5)wy(3)®
2 CHQZ(2,8K1) ¢ (=) ,#XTRLTECAS(V(13) ePHIQ) #TLODX =] ,#NRSCLAPAK®
V(11D /7XTI+rOLLIRV(12)8V(n) 7X]

42 RETURN

50 F=0
GO TO0(52+51) exiLL

Sl Fa(=1l,®(V(3)202)RPeGaixe " ® (V(Z)=wy) S| )/ (24X (V(3)=wi))=
1(SePece (DXxe82)ay(n)*
2V(A)BCHN) /(2o #XT) + (DARTL#XTEOTMESTN(V() I)+PRIO)=LUXBXKSY ()1 3)®CLA) /
3XI=ROLLI®V(12)®y (5) /K]

52 RETURN

60 FaV(3)RCOS(VIL10)+GE)*V(2)*S1n(V(1U) +QE)®COS(V(T1)) =V (4)*SIN(V(LL))

RETUKN
70 F=0
GO TO (T72+71)4KELL
T1 FaVIISCOSIVI10) Q) *SINIVIILIIVIP)I®SINIVIIO) +QE)®SINIVILL) )«
1V(6)=COS(VIiI1))
72 RETURM .
80 F=v(2)2CO0S(V(10)+Qt)=V(3)*SIN(VIL0) +WF)
RETURN
90 F=0
GO TO (92+91)enfFLL
91 Fav(6)
92 RETURN
100 =0
60 TO (102+161) oXFLL
101 F=v(S5)/7C0S(V(10)+nNE)
102 RETURN
110 Fa=fFeSe(DX®e2)2y(3)aV(12)*Lr/ (4.2R0LLI)*FoS®(V(3)es2)epieCLN®
1DCANT/Z (2,9ROLL 1) +PSPINe H*0eSeDRSCL OV (J)®e2/7k0LL]

F'oa

pii oomd REMOVE THESE TWO CARDS IF THE ROLL
Ao RATE IS NOT CONSTANT OR PROGRAMMED

FuSPlh‘——J

RETURN

£RD

SUHHOUTINE SOLVCE (VoW eDEL sPELNENsNo 1CoDESUS)

GIVEN AN N TH ORVER DIFFERENTIAL EQUATION

DINIY/DR(N) = FReYo¥PeY2ProoesY{N=1)P) wHERE P DENOTES PRIME
1 v VARIApLE TaslLe 1t

vn = K

v(i?) =Y

vil) = Y FPRIME

via) = Y Tuw0 FxIME
9000000000000 00000000
VINel) = Y (N=)) PxIME
ViNe?) = (N)Y/DAIN) UPON RFTURN
2w WORKING AR~AY, A DIFFFRENT ARRPAY wMUST BE USEL FOk
EACH DIFPFERENT EQUATION OR SYSTEM OF ECUATIONS RE ING
LVALUATEU. THF UIMENSION MUST RE AT LEAST w(d),
3 LEL STEP SIZE FOR INUVEFENDENT VARIABLE. AN INCREASING=
DECEASING vaslABLE STEP STZE (M) IS USED INTERNALLY
IN THE ROUTINFe KETURN TO THE CALLING PROGRAM wILL
R AY Vil)eur! o

& DELMIN MINIMUN VALUE TO HE USED FOw (M) WHEN DECREASING
TeE TWTEGRATION INCREMENT,

SN ORNER OF TwE | CUATION TO wF SOLVFN,

6 IC USFD tor InTe<hal CONTROL. THIS VARIAWLE WUST W

SFT EQUAL TO 7€EN0 FOR THF FIRST INTEGRATION STEP,
A CIFFEFENT varladLE AUST wE USEN FOR EAC™ DIFFE=ENT
CGUATION OR SYSTEM OF FOUATIONS ¢ ING EVALUATED, 0O
NOT UISE & LITERAL SINCF IC 16 CONTINUALLY CHANGE,
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SVOEQO0OO
SVUEOOL0
SVUEDO20
SVuUE 0030
SVUEVO«0
SVUEV0S0
SVUE V060
SVUENOTL
SVLE V0b9
SVOEQIY6
SVUEDL10D
Svutvliy
Svorol2¢
SVLUEGL 30
SVUEODL 40
Svue 0150
SVUEV]oY
SVOER0) Ty
SVUEO) ¥y
SVOEDLYG
Svut 0200
SYUE G219
Svuebzee
SVUS 23y
SVDE924¢
SYLL 0250
SVOEv2eC
Svueo270

P A —
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[g)

i3

(45

“«0

Sv

7 VESUB NANE OF ROQUTiwE CONTAINING ThE ENUATION TO KE SOLVED.SYUE®280
THE haMe USKEL Iiv TRE CALLING PROGRAM MUST RE DEFImtD SVDEO?PY9C

In A EXTERNAL STATEMENT TN Trt CALLING PROGrAM,
SUHROUTINE SSIMDE (VoeWeDEL «NELMIN9Ng ICeDFESUNH)

GIVEN THE FIRST ORDEr SYSTEM OF NIFFERENTIAL EQUATIONS
NDYI/DX = Fl(Xe¥lveoorYN)
DY2/DX = F2(XeY1looeo*VN)

0000000000000 0 00

DYN/DX = FN(XeYleqeooYN)

| O VAETABLE TanLe (€.
vil) =X
vi?) = vl
vl = ve

LA R X R RN NN

ViNe]) = Y

2w SAVE AS 2 arOVE,
3 LEL SAVE AS 3 AROVE,
4 DELWIN SAVE AS 4 aboOvVE,
56 NUMBER OF SIMILTANEOUS ¢OUATIONS TO HE SOLVED.
& IC SAKE aS 6 ABOVE,
7 DESUB SAVE AS 7 AuOVE.

Trt VARIARLES C AND VS IN THIS PROGRA¥ MUST BE DIMENSIONED
AT LEAST C(ao™N) AND VS (he2),

10 APRIL &9
RALPH SELLERS

DOURLE PRECISTON VeWsDEL sUFLMINICoVSyTSTOPaHeMH?2 oF o THP]

EXTERNAL DESUR
DIMENSION V(1) ek (1)eC(4el5)evS(1T)

18vS = 0
NEL = Ne)
P2 = NP]e]
hTOT = wpP?
GO 10 3
ENTEY SSIMDE
ISYS = )
ALl = Ned
ANE2 = KPle])
ATOT = MP)
COMPUTE STOF FOP THIS JATEG~aATION STLP
TSTUP = v(l)  FPEL
CHECK FOR FIOST TIME T ROUTING
IF(IC «GT. V) 60 To 20
FINST TIMF IN
» = PEL
e = 0
%(?) = DEL
Ge T¢ 60
“ESTAT IF INPUT DEL naS CHANGFD
IF (LEL JEe w(2)) 60 Y0 12
r = wi})
vz e (J)
TEST FOr NULDLING M, INCPEASE TEST AS NUMRER OF WALVINGS
JvCREnSFS,
I (IC «LTe lu®(hnel)) o0 10 60
1 =1
[VVIVE
e = Po)em
P (V1) eH2 L0Te TSTOM) GO TOo 60
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SVULEG300
SVOEO0342
SWUED3c90
SVDEV330
SVUE0340
SVMOE03S)
SYDEOJIo60
SVDEO3I7¢
Sv0ES38)
SVOED3IYY
SVULE V400
SYOEVe10
SVDE 042¢
SVOED43p
SVDEQ44C
SVDEv4SO
SVDE 0460
SVDEO4T0
SVOE Q4 &0
SVDE 0490
SVDEO500
SVUEVS1P
SVDEO0S20
SVDEO0S30
SVDEO0S«0
SVOEeSS50
SVDEeSoo
SVDEOSTO
SVDEQSH9
SVDE0S90
SVDEV60D
SVDE0610
SvDEo620
SYDEQ630
SYVE 0640
SVBE 0650
SVDEO6LD
SVOEVETO
SYUE 0680

SVYOEDT00
SVDEOT10
SYDEO720
SVOEOT3e
SVUEQ 7«0
SVUEOT50
SYOLOT0
SYue 070
SYDEO T80
SVYDEQT9¢
SVOE 0800
SvDtvely
SYLEOR2¢
SVUE08 30




53
€0
105
106
110

115
119
120

130

135
140
150

153

158

157

160
161

165
170

18y
200

220

IF (M2 JLE. DEL) 00 10
G0 TO o0 ¢
h = H2
INCREASE COLNTER
IC = IC + )
INTEGRAT USING R=K
SAVE VvV TARLE VALUES
00 106 1I=)NTOT
vS(I) = v

FIRST PASS THRU =K
DO 119 J=len
1F (ISYS JNEo 0) GO 7O
IF(J «EQe N ) GO 70
F = V(Je2)
60 Yo 119

CaLL DESUB(VeFoy)
Cllel) = F &«

=3

IN VS AFRAY

COiarUTATION

11=
11

SECOND AND THIKD PASS TFRU R=k CALCULATION

V(1) = VS(1) + 5%
00 150 12243
V0 130 J=24NPI

Vi) = VSIJ) o S5%ClI-leJ-))

00 140 J=leN

IF LISYS oNEe O) 60 To
IF4J <EQe N ) 60 10
F = V(Je2)

6V 10 140

CALL DESUR(V<F. )

C(lel) = F @& w

CONTINUE

IF (5% (LT. DELMIND
TEST FOR HALVING #

DO 1S3 J=) N

135
135

GO TO 16v

TMPL = (C(2eU)=C(3eJ)) 7 (C(1ed)=C(24J))

It (ABS(TMPL) GT. «025)
CONT INUE
€0 T0 160
HALVE H
k= S
N = NiMe)
IC = )
00 1S7 J=)NTOY
viJ) = vS(I)
€0 T0 110

GO T0 1SS

FOUPTH PASS ThHwU Rer CALCULATION

VI(l) = VS(]1) « +

NO0 161 J=2.0P1

V(J) = VS(J) ¢ C(FeJ~1)
CO 170 J=]leN

IFLISYS oNEe 0) 60 TO 165

1IFW ke N ) GO 10 165 .
F = V(Je2)

60 T0 170

CALL DESUH(VeFoy)
Clhe)) = F o i

UPLATE V TaRLE
NC 1A  J=leN

VIJoL)I=VS(Je1) e (CleJ) ¢ 2,000 (CI2e1eC 0J)) ¢ Cl4ed))/ 64000
TEST FOW ENC OF INTeGwallOn STEP .

IFIVIY) o m/72.,0 oGT. TSTOP)

G9 70 &0

¢o T0 220

EnD OF WENUIREL INTEGRATION

vil) = TISTOP
IFCLISYS onee O)

CaLL ULESUR(IVeVINP?) o)
CONTINUE

GV TO 965

SVUEQOS«+(
SVut v9s;,
SVOEV9oy
SVUEG9 7y
SVDE09n:
SVUEO9Yw
SVUELOQO
SVueldlQ
SviElo20
SVUElase
SVUE 1044
SvuEloSy
sSvDeloéep
SVDE10/0
SVUEL0HB)]
SVUt 1090
SVLEL100
SvUEllle
SVuEL120
SVOELL 3¢
SVut 1]«
SVLEL1SO
SVOELl00
SVUELL1Ty
SVDE1186)
SVDE11%90
Svutl200
SVDE121y
SVUEL1220
SVOEL230
SVOE1240
SVUEL12>0
SVUEL260
SVDEL12Tn
Svut 1280
SVLE 125y
SVUE1300
SVDEL3ilo0
Svitk 1320
SVUE1 1330
SVUt 134y
SVUELISO
SVDEL 300
SVDELI7¢
SVOE 1380
Svue 139
Svut 14v0
Svotiselo
SVUE L1420
Svuelasc
SVYOE 1 4au
SVUE 145¢
SVUE 1460
SVDE14T¢
SVUE 140
SVOUE 1490
SVLELISVO
SVUELSIY
SVOELS20
SVOE 1530
SVUE 1S40
SVOE 1€%)
SVOE 1500
SVOEISTy
Svit 1Sen
SVLE 1Sy,




A et it = T 905

e

A

W(l) = &
w(?2) = DEL
w(3) = NH

RETURN
END ’
SUBROQUTINE XINT(XXsYYoXoY)
DIMENSION XX (15)eYY(15)
Is)

S IF(XLToXX(I¢1))GO TO 10
Is]e]
GO 10 S

10 VlVV(l)O((l-IX(l)ll(ll(l'll'llllt)D.(YV(IOlI'YY(l)l

RETURN
END
0000000000000000000000

31

SVDE1600
SVUEL610
SVDEl620
SVUE1630
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