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FOREWCRD

This report presents the results of work performed by
Lockheed's Huntsville Research & Engineering Center while
under subcontract to Northrop Nortronics (NSL PO 5-09287)
for the Aero-Astrodynamics Laboratory of Marshall Space
Flight Center (MSFC), Contract NAS8-20082. This task was
conducted in response to the requirement of Appendix E-1,
Schedule Order No, E-86.
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SUMMARY

This report represents the development of a computer pro-
gram for a preliminary analysis of the relative motion of a ''free
flying" experiment module in the vicinity of 2 Space Station under
the perturbative effects of drag and earth oblateness, A listing
of a2 computer program developed for determining the relative

motion of a module utilizing the Cowell procedure is presented,

as well as Instructions for its use,
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Section 1

INTRODUCTION

In this decade, large, semi-permanent, manned space stations will be
launched. These stations will provide the facilities to study and understand
the nature of space as well as the bases for continuously observing the earth
and its atmosphere. Experiment modules containing laboratory facilities will
operate either attached to the stations or detached or 'iree flying, " depending

on requirements of the experiments.

This study was undertaken to develop a computer program to analyze
the relative motion of an experiment module and a space station as they travel
in orbit. The program considers a specific case in which the module operates
in a "free flying' mode near the space station. Program capability is not
limited to this specific application, however, as the program can be used
in any situation in which the relative motion of two vehicles in nearly the same
orbit is desired. For example, "bobster-spacecra.ft” separations can be .

examined.

In developing the computer program, two approaches for examining re-
lative motion appear: (1) a si:mplified approach, in which only two-body or
Keplerian motion of the module and the station are considered, and (2) a more
realistic approach in which are considered deviations in the motion of both
vehicles due to the atmosphere and shape of the central body and external
forces (such as those of the gravity of the sun and moon, and the sun's radia-
tion pressure). The program as developed in the study contains only the per-
turbative forces of the earth's shape and its atmosphere. A simple two-bod-y
{central force field) relationship could depict the motion of both vehicles, and
integrating the force equations would lead to, in both instances, simple ellipti-

cal orbits, the planes of which are fixed in inertial space. The real earth is

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D162646

not spherical, however, and it does have an atmosphere, both of which cause

perturbations to the Keplerian motion.

A prelimiria:ry on-orbit sequence for the station and module which has
been proposed is to: (1) detach the module from the station, (2) use a propul-
sive maneuver to achieve a higher orbit and (3) circularize the module's orbit
at some predetermined height above the station, The module is then in its
"stationkeeping' position. In this mode, the module is in an orbit nearly
identical to that of the station, differing only in height. It will be assumed in
the analysis that the module has been placed in the '"stationkeeping position, "
Referring to Fig. 1, this position is shown as location A, Under the combined
action of drag and oblateness, the gross mo-tion of the module, relative to the
station, is depicted in Fig, 1. Due to a larger semi-major axis, which resulits
in a slower angular rate, the module initially falls behind the station. The
larger area-to-mass ratio of the module results in a greater drag force on the
module than on the station, resuliing in loss of altitude by the module. The
above series of events causes.the module to move from position A to position
B. As the module continues to lose altitude, it reaches position C. At this
point, which is the maximum recession distance, the module and the station
are at the same altitude, As it continues té lose altitude, the velocity of the
module relative to the station increases; it moves to position D, and finally
catches up to the station (position E). The.module will pass the station unless

gome maneuver is initiated to return it to its initial position (position A).
In subsequent sections of the document are derived, the coordinates of

the module relative to the station, perturbation techniques applicable to the

program, and a detailed description of the station-module program.
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Section 2
COORDINATE SYSTEM FOR EXPRESSING RELATIVE MOTION

A coordinate system which has its origin at the station and moves with the
station is used,

In Fig.2, the positive Y1-axis is along the radius vector to the station from
the center of the earth pointing away from earth, the positive Zl-axis is in the
direction of the angular momentum vector of the station's orbit and the positive

X1-axis is in a direction such as to form a right handed coordinate system.

Referring to Fig. 3, assume unit vectors 1 j\, ﬁ, having the directions of
the positive X, Y, Z, axes of a three-dimensional rectangular earth-centered

system. Assume the position and velocity vectors of both the station and the

module are known in this system. Thus given,

R = xXxi+%v)} &
R = X i+YJ+2zk
= - A . LAY
Vv =%xi+%5 +2k
s 5 ] 5
- A A M
R = X _i+Y j+2Z_k
m m m m
— . A~ » A [N
V_ = X i+Y 5+72 %k
m m IIY In

where _f{S and '\?S are the radius vector and velocity vector of the space station

—

and -f{m, Vm are the radius vector and velocity vector of the module,
The angular momentum vector of the station orbit is given by
—— -— —
H = R_xV

8 = ]

3

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D162646

The distance # of the module above or below the plane of the station is given by

7= Iﬁn]\c:osw
where cbs(p = -ﬁs . ﬁm/lﬁsl \'—ﬁ_m‘
thus z = ﬁ5 | —ﬁm/ iﬁsl

The magnitude of the projection of the module's position vector onto the

station's plane is given by
! = - = i
R' = IR | cos (90 -¢) IR | sin@

i S —
Taking Rm X HS results in a vector Q which lies in the station's plane and is

perpendicular to R!

The angle 0 between the Q) vector and the station's position vector ﬁs

is given by
cos® = R_ - 6/[?51[6[

Thus the module's X-distance and y-distance can be found by

]
1

R:m sin (90 - 9) = R;n cos®

o
1}

R! cos (90 - 9) - |§S| = R!_sin® - |‘§Sl

As a matter of convention, all positive results will indicate the module to be
behind station, higher than or above plane of station; for example, refer to
Fig. 3, where the x, v, z distances are shown, x is negative, y is negative,

and z is positive. The derivations are not restricted to coplanar orbits,
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Section 3
METHODS OF COMPUTING RELATIVE MOTION

In Section 2, the coordinates of the module relative to the station were
derived referenced to a rectangular coordinate system. A method is now

needed to compute these coordinates continuously, including drag and oblate-

ness perturbations.

Two basic classes of methods or perturbation are available: ''special
perturbations'' and "'general perturbations, " In "special perturbations," ac-
celerations of the disturbed body are integrated by using numerical techniques.
Consequently, these methods generate a particular orbit for a particular dis-
turbed body, for particular initial conditions. The methods are ideally suited
for calculating orbits having limited duration. TUtilizing a step-by-step pro-
cess, the perturbed orbit is continuously determined. The methods of special
perturbations are usually classified according to the formulation of the equa-
tions to be integrated, Two examples of these formulations are Cowell's
method and Encke's method. The main drawback of special perturbations is
that errors accumulate from truncation and roundoff, Truncation error results
from the difference between the exact solution of the difference equations
which approximate the differential equations themselves, whereas the round-
off error results from the difference between the computed and the exact solu- -

tions of the difference equations. In numerical integration these errors are
difficult to control.

General perturbations are concerned with analytical methods in which
the accelerations are expanded into series and integrated term by term. These
methods result in solutions to the equations of motion in the form of symbolic
formulas which express the sought-for quantities as explicit functions of either

time, constants of the problem or constants of integration. Examples of these
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formulations are the "variation of coordinates' and "variation of parameters"
{usually orbital). The methods of general perturbations are ideally suited for
the prediction of orbits extending over many periods, The main disadvantage
of such rrlethods is that most contain terms for the effects of the disturbing
potential but do not include the effects of drag, or if drag is included, it is a
simplified drag model. Atmospheric density is generally expressed only as
a simple exponential function of altitude and in some formulations, is applied

tothe drag equation only at perigee.

A '"variation of parameter! (general perturbations) formulation was selected
from Ref. 1 and applied to a representative station-module example case. The
equations were quite similar to those of XKozai (Ref. 2), Singularities in the
equations occur for equatorial orbits, circular orbits, and orbits at the critical
inclination, The results from the test case indicated that for perturbed motion,
where information from point to point along the perturbed orbits is needed (time
intervals of five minutes were used), general perturbation methods are not
accurate enough for studying the relative motion between two vehicles in nearly
the same orbit., Results from the test case are discussed in Section 5, Equations

are presented in Appendix B,

The Cowell (special perturbation) formulation was selected to generate
the geocentric rectangular coordinates of the station and the module. From
these coordinates, the relative coordinates of the module can be determined

as outlined in Section 2.

A numerical integration scheme is used to integrate the totalacceleration equ-
atiens inthe Cowell formulation. The method is straightforward, and makes no
distinction between the disturbing accelerations and the two-body (central body)
accelerations. As a result, many significant figures must be carried in a manner
that the disturbingaccelerationsarenot overshadowed by the central body accelera-~
tion in the numerical integration procedure. A small integration step size (30
seconds for this analysis) should be used to minimize the truncation error.

However, with a small integration step size and a large number of steps, the
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influence of round-off error will be prominent, Thus, this procedure is re-

stricted to calculation of orbits having a duration of only a few days.
The numerical integration of the equations of the Cowell formulation is

performed by a fourth order Runge-Kutta numerical procedure. The equations
of the Cowell formulation are given in Appendix A,
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Section 4
THE STATION-MODULE PROGRAM

4.1 DISCUSSION

A program incorporating the Cowell formulation to compute the relative
motion of the station and module was developed in double precision for the
Univac 1108 (Exec 8) computer system. The two-body relative motion, as well
as the perturbed relative motion, is determined in the program. The effect
of the gravitational zonal harmonics through the fourth ”4) are considered. The
density values for the drag perturbations are computed by the MSFC Modified
Jacchia Model Atmosphere (1967) which is recommended in Ref, 3.

4.2 INPUT

Initial input to the Station-Module (STA-MOD) program needed to execute
"the program successfully are the semi-major axis, eccentricity, inclination,
ascending noée, argument of perigee and true anomaly of the station and the
module. This information is input on the first two input cards, respectively.
The elements are then transformed to position and velocity coordinates in a
geocentric rectangular coordinate system for use in the Cowell scheme. The
ballistic coeifficients (CDA/m) of the station and module respectively, needed

for use in the drag calculations, are input on the third card.

Control: of the integration step size in the Cowell scheme, cutoif time,

and print time is inserted on input Card 4.
The Modified Julian Date at which the initial orbital elements were

determined is input on Card 5. This date is necessary for use in the Jacchia

density model to determine the semi-annual variation of density,
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Atmospheric density is affected to a great extent by variable solar
activity and geomagnetic activity. Consequently it must be corrected to
account for these phenomena. The index of solar activity, the 10.7 cm
decimetric flux, isinput as a function of the year to be utilized in the density
calculation. The total number of solar 'flux values and corresponding year
values are input on Card 6,whereas their values are input on Card 7. The
. geomagnetic activity index, Ap, is an average value determined within the

program based on the value of the solar flux,

Plots of the perturbed orbital elements of the station and module, the
perturbed coordinates of the module relative to the station, the two-body re-
lative coordinates of the module, and the deviation of module coordinates

from two-~body behavior are available,

Table 1 gives the input cards necessary to execcute the program; Table

2 illustrates a 1108 run request with instructions for plots.
A complete program listing is given in Appendix C,
4.3 OUTPUT

Table 3 gives an example of the output from the STA-MOD program. In
the first block of data the orbital elements of the station PNUIS, true anomaly,
AIPS, semi-major axis, EIPS, eccentricity, FINCPS, inclination, CAPWS,
ascending node, SMAWS, argument of perigee, MEANPS, mean anomaly are
given, The time in minutes, TTIMEM, and time in days,TTIMED, are also

shown,

In the second-block of data are given the corresponding elements for the

module: PNUIM, AIPM, EIPM, FINCPM, CAPWM, SMAWM, and MEANPM.

Time for the module and station is the same.

In the third and final block for a given time is the relative distance, in
kilometers, of the module fromthe station in the x-direction, DELTAX; the
y-direction, DELTAY; and the Z-direction, DELTAZ, The deviation in the

9
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relative motion of the module from two-body relative motion is shown next.
The deviation is givea with respect to the three coordinate distances. They
are DEVX, DEVY, and DEVZ, A new block of data begins after this block,

Computer plots of the orbital elements and relative motion plots of the
modules are obtained as an output. Examples of the plots are given in

Section 5,

The output shown in Section 5 (Table 3) was generated by the first two

input data cards shown in the program listing,

10
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Section 5
RESULTS AND CONCLUSIONS

To illustrate the functional ability of the program, results of representa-
tive station module cases are presented.

For the first case, the effects of drag were not considered and a non-
circular orbit was chosen, An orbit of this type was selected so that results
of using Koelle's general perturbation equations and the Cowell special per-
turbation technique could be compared. There is no provision in Koelle's

equations for drag effects and there is a breakdown in the computations for

circular orbits,

The initial orbital elements are:

Station Meodule
a 7642,45 7642.655 ——
e 0.1 0.1
i 55 deg 55 deg
Q 0 deg 0 deg
@ 0 deg 0 deg
- - 6 0 deg 0 deg

The module is initially .185 km above the station. The stations initial
perigee altitude is 500 km (270 n,mi.).

Figures 4 through Fig. 24 depict the results for the above case in which
the Cowell special perturbation formulation was used. The time period used

(900 minutes) was completely arbitrary. Figures 4,5, and 6 show the module's
X,y and z relative distances versus time, respectively. Figure 7 shows the

y-relative distance versus the x-relative distance. This is the view of the

11
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module in the plane of the station as viewed from the station. In Figs. 4,5 and

6 the short period variations are quite evident,

Figures 8, 9 and 10 depict the variation from two-body behavior of the
module's relative coordinates. If can be seen that, for this orbit and over the
time period given, this variation grows to one on the order of 100 meters for
the x-relative coordinate and y-relative coordinate, but of a magnitude of 10
meters for the z coordinates, Since for two-body motion, no motion exists out
of plane, Figs. 10 and 6 are identical. TFigures 11 through 24 show the perturbed
orbital elements of the station and the module.

Figures 25 through 45 represent results for the same case as above using
Koelle's gene;ral perturbation equations. Figures 25,26 and 27 show the modules
X,y, and z relative distances versus time. Figure 7 gives a view of the module's
motion in the plane of the station. When these plots are compared with the
corresponding plots generated by using Cowell's formulation, good agreement
is found between the v and z relative distances. In Fig. 25 the x-relative coor-
dinate {Koelle's equations) appears to have an additional periodic variation super-
posed on the "known' short pericd variation, Many procedures were instituted
in an effort to remove this additional wiggle, but to no avail. Figure 28 and
Fig. 7, depicting the motion in the station plane, do not agree, because Koelle's

x-distance does not match Cowell's x-distance values.

The deviations from two-body behavior (Figs. 29, 30 and 31) agree fairly
well with Cowell corresponding plots (Figs. 8,9, 10) only with the deviation from
two-body behavior in the z-relative coordinates. The Koelle's plots (Fig. 29 .
and 30) do not agree in form or magnitude. Figures 32 through 45 depict the
perturbed orbital elements of the station and module. It should be remembered
that only the perturbative effects of oblateness were considered in the orbit '

discussed above.’

As an additional example in which drag effects are included, the initial
conditions of the station and module (Table 4) were considered. The station
is 500 km (270 n.mi) above the earth and the module is ,152 km (500 ft) above the

12
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station, The ballistic parameter of the module (CDA/M) is 2.5 times that of
the station. The drag coefficient has been taken to be 2.2. Since the date of
the initial conditions is a future one, the solar activity index, FTENB, will
be a predicted value based on mean of past values, Results to be presented

are from Cowell formulation.

Table 4
EXAMPLE CASE 2

Parameter Station Module
Semi-major Axis, a 6878.556 km 6878.7084 km
Eccentricity, e 0.0 0.0
Inclination, i 30.0 deg 30.0 deg
Ascending Node, {} 0.0 deg 0.0 deg
Argument of Perigee, ® 0.0 deg 0.0 deg
True Anomaly, v 0.0 deg 0.0 deg
Ballistic Parameter, C.A/m 0.0082 mZ/kg 0.0205 m%/kg

DATE: MAY 1, 1980

The example is & "loop case' where the module falls behind the station
and subsequently catches up. Figure 46 depicts behavior under the example
conditions, and shows the module leading the station after approximately
3750 minutes. Figure 47.show the y-relative coordinate. The magnitude of
the fluctuation about a mean value appears to increase as the module falls
below the station. The z-relative coordinate, Fig, 48, tend to fluctuate about
the station's plane, returning to this plane in the same terms as it takes the

module to complete its loop, Figure 49 illustrates the loop.

Note that this example was taken, in total, from Ref. 4. The Ref. 4
analysis indicated that the maximum recession distance would be (27.8 km)
(15n.mi.) and that the time in the "far-out loop!" would be 4,63 days. The 1959
ARDC Density Module, with corrections for solar activity, was used to com-
pute density values. The MSFC Modified Jacchia Model Atmosphere (1967) was

used in this analysis,

13
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Figure 50 shows the y-relative distance vs. x-relative distance results
utilizing the Earth Orbital ]f)eca.y program (Ref. 5). This program utilizes a
first-order variation of parameters technique, in which, the short period
variations have been averaged out, The result is that which would be obtained
if 2 mean line were drawn through the results in Fig. 49. The time for the
"far-out loop' from this procedure was 2.75 days. The Jacchia model was

used in this procedure also,

The results of the program indicate that the program can be used to
investigate-the behavior of an experiment module or any other vehicle relative
to another moving vehicle. The disparity between the general perturbation
scheme and the special perturbation scheme should be resolved., In addition,
the addition of some type of propulsive capability would be extremely helpful

for program flexibility.

Accuracies or inaccuracies which could be incurred when utilizing the

program were not determined.

14
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Table 1
STA-MOD PROGRAM INPUT

Input .
Card Program Symbol Definition
No.

1 AIPS, EIPS, FINCPS, Semi-major axis (km), eccentricity,
CAPWS, SMAWS, inclination {deg), ascending node (deg),
PNUIS argument of perigee (deg), and true

anomaly of station (6EI2. 8)

2 AIPM, EIPM Semi-major axis (km), eccentricity,
FINCPM, CAPWM, inclination (deg), ascending node (deg),
SMAWM, PNUIM argument of perigee (deg), and true

anomaly (deg) of module (6El2. 8)

3 CDAS, CDAM Ballistic coeffigient of station and

’ module (meter” /kg) (2E12. 8)
4 DT, TCUYT, NP Integration step size (sec) for Cowell
: method, cutoff time (hr), number of

DT's (integer) per print interval (print-
out will occur every DT x NP seconds)
(ZE12. 8, I3)

5 XJD Modified Julian date at which initial
orbital elements for the station and
module were given (EIZ, 8)

6 K An integer which specifies the total
number of values to be read on card
no. 7 (I3)

7 FTENDB Table of 8l~d§¥2mean va]éles of the 10 .7 cm.,

solar flux (10 watts/m ,/cyl/sec}, For

future flights, predicted values are input,
The values are loaded in the order FTENE,
decimal year, FTENB, decimal year, etc.
up to 100 values and the corresponding
year may be liaded

16
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Table 2
UNIVAC 1108 INSTRUCTIONS FOR PLOTS

1108 RUN REQUEST & INSTRUCTIQNS

LMSC-HREC D162646
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FIGURES

Relative Motion of Module as Seen From Space Station
Relative Coordinate System

Rectangular Earth-Centered System

Modules x-Relative Position (km) vs Time {(min)
Modules v -Relative Position (km) vs Time (min)
Modules z-Relative Position (km) vs Time (min)

Modules v -Relative Position (km) vs Modules x-Relative
Position (km) — Motion in Station's Plane

Deviation in Modules x-Relative Position from Two-Body
Relative x-Position (meters) vs Time {min)

Deviation in Modules y-Relative Position from Two-Body
Relative y-Position (meters) vs Time (min)

Deviation in Modules z-Relative Position from Two-Body
Relative z-Position (meters) vs Time (min)

Stations Semi-Major Axis (km) vs Time (min)
Stations Eccentricity vs Time {min)

Stations Inclination (deg) vs Time (min)

Stations Ascending Node (deg) vs Time (min)
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Figares (Continued)
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Figures {Continued)
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Fig. 3 — Rectangular Earth-Centered System
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Fig. 7 — Modules Y-Relative Position (km) vs. Modules X-

Relative Position. (k) — Motion in-Station's Plane
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Fig. 17 — Stations Mean Anomaly (deg) vs. Time (min)
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Fig., 21 — Modules Ascending Node (deg) vs. Time (min)
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Fig. 25 — Modules X-Relative Position (km) vs. Time {min)

(Koelle's Equations)
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Fig. 32 — Stations Semi-Major Axis (km) vs. Time (min)
(Koelle's Equations)
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Fig. 33 — Stations Eccentricity vs. Time (min)
(Koelle's Equations)
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Fig. 34 — Stations Inclination (deg) vs. Time (min)
(Koelle's Equations)
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Fig. 35 — Stations Ascending Node (deg) vs. Time {min)
(Koelle's Equations)
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Appendix A

COWELL METHOD
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Appendix A

The equations of motion to be employed are

X = Xepg ¥ Xpn ¥ Xgr T e T *orac

Y = ¥ + ¥ + Y +Y +Y

CBE ZHE 3HE 4HE, DRAG

7 = Z + Z + Z + Z + Z

CBE ZHE 3HE 4HE DRAG

The central body (earth) terms are

‘- X
X = . _&._
CBE 23
Yegg = - = i
R

7z - _ HZ
CBE 3

The terms due to the second harmonic of the earth's potential are

2
¥ - - “JXAE ( ) 522)
2HE = T 5 =z
- uIY A% 2
Gy = E. (1 5% )
TRE 22
2
2HE =5 o2
A-1
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The terms due to the third harmoric of the earth's potential are

. R
" _ pHXZ A2 (‘"722)
3HE = =2
HYZ A3 2\
iz _ K E -(3 _ 1z )
3HE =7 y
34 A3 2 4
5 N E(, 1oz’ 352 )
3HE SRS 2 "

The terms due to the fourth harmonic of the earth's potential are

4
% =:_f_"'fﬁ(.3__6§i+9_z_f>
4HE R7 7 RZ R4
DY A% 2 4
G :f___E(é_{,&_.J,gz_)
4HE R? 7 R?. R4
-uDZ A4 2 4
7 = : E (.].'é - 10 Z_ + 9 Z_)
4HE R7 7 RZ R4
The drag perturbation terms are
e CDA o : 3 +
XDRAG TS pVe(X+ wY) 10
.s CDA . 3
Yprag © " zm PV (¥ - wX) 10
C_ A
.. _ D - 3
Zprac = " zm V. 210
A-2
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where
w = roi:ational velocity of earth's atmosphere (rad/sec)
Ay = mean radius of earth ellipsoid (km)
u = earth gravifational constant (km3/ secz)
J,H,D = second, third, fourth constants of the earth poténtial
function
where
T = 3/2 J, =+ 1624 x 10‘6
H = -5/27,=40.575x% 1072
D = -15/4J7,=+0.795x 1072
= atmospheric density (kg/m 3)
Ve = inertial velocity (km/sec)
D = dimensionless drag coefficient
A = area {frontal) of vehicle (mz)
m = masgs of vehicle (kg)

The equations of motion ('}i, Y, :'Z) are integrated numericaily using fourth-
order Runge-Kutta integration to establish the geocentric space-fixed
velocities (X, Y,Z) and position (X, ¥, Z). The units on all acceleration

terms are km/s.ec2
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Appendix B

KOELLE'S VARIATION OF PARAMETERS
GENERAL PERTURBATION TECHNIQUE
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Appendix B

Given initial values of semi-major axis By eccentricity ec'), inclination
io, argument of perigee W, ascending node .Qo, and mean anomaly Mo’ then

at any given time, these orbital elements are given by

L2

3
_J' a . .
. 22 7e . 2, 1 2 1 2 1 3
a = a_ +——————23{(2~3sm i) [e(1+4e )cosv + 5 € cos2v + 12.e cos3v] .
a(l ~e )
+ sin’i [% e cos(-v + 2w) + -i—ez cos2w + %e(l + %ez) cos(v + 2w)

+.(1 +%e2) cos (2v + 2w) + % e(.l +%e2) cos(3v + 2w)

+ -z-ez cos{4v + 2w) +'%~e3 cos(5v 4 Zw)] }

2
a
- 3 e .2, 1 2 1 1 2 .
e = eo + ZJZ(?) {(2 - 3s8in” i) [(1 +Ze )cosv + 2 ecos2v + 13 e cos3v]

+ sin2 i [—é— e2 cos(-v + 2w) + -?1- ecos2w + %(1 + }-‘%- ez) cos(v + 2w)

+ -g-ecos(Zv +2w) + %(7 + -141e2) cos(3v + 26) + 3 ecos(4v + 2w)

- 2

. -7 J,a ..

4 %—ezcos(5v +2a)l & ?6"‘ ___ e sini [(14 - 15 sin%i)
aP(4 - 5sin’i)

J . 7] J, a
+ 5-—%— (6 - 78in%1)| coszw - -é-—3 £ sini sinw

J’Z 2 ) (continued)

B-1
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sini

32

5 Js*
J

2

> 5 %(4 + 3e%) [8 - 7 sin?i(4 - 3sin2i)] sinw
ap {4 - 5sini)

%—ez sin%i (8 - 9 sin’i) sin3w§

2

a ;
% Jz (-E) sinZi [3e cos(v + 2w) + 3cos(2v+ 2w + ecos{iv + Zw)] :

1
“3"?2‘32(

P

J., a

3
2

a 2 sin2i 4 2
'ﬁe') __g_s_}_n_zé_ (14 - 15sin2i) + 5 — (6 - 7 sin"1) [ cos2w

2 J

2

4 - Bgin i ‘T?.

32 ‘TZ

3
J_ fa .
i e . 5 5 e e cosi 2
T P ecosisinw - (—-——-) — 3~ {(4-1— 3e7)

4 - 5sin i

[8 - 7sin”i(4 - 3sin°1)] sinw + ¢ e sin’i(8 - 9sin’i) sin3w}

3 2a
i, ('ﬁ)

2 2
R 1 %e 2
(4 - 5sin“i)nt {1 + -3;:2_32(13) [24(4 + &%)

16 2\ P

4
a
sinzi(86 - ez)]} LB .]'2 (__e_) ez cos4int

15
128 74

e

P

4
(—) nt [64 - 248 sin%i + 196 sini

P

2
a
o?(72 - 252 sin’i + 189 sin*1)] + 3 7 (-—e-) %{%— e(4 - 5 sini)(v - M+ e sinv)

1
(-

ez) sinv + L e sin2v + -1—12— e2 sin3v - -i-,ez sin(v + 2&)

2
(continued)
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%—e sin(2v + 2W) - %ez sin(3v + 2w) + si.nzi [— %(1 -

1 2 .. 1

%e. sin2v - 3 sin3v - Eez sin(-v + 2w) + %(—1 +-%‘-ez) sin{v + 2Ww)
%e sin{2v + 2w) + %(’? + -1—2—62") sin{3v + 2w) + -g—e sin(4v + 2W)

2

a
A2 sinvianl L 25 (=2) — 2312 L1504 7963 sin®i
16 572\F ) 7. 43 3

- B sini

‘e2 gini (13 - 15 sin®i)(14 - 15 sin“3)

(8 + 9¢%) sinti + :
6{4 - 5 sin i)

NI

2 1 2

[sinzi (6 - 7 sin®i) - ~e“ (12 - 70 sin%i - 63 sinti)

oy U
5 ol

e sin"i 2

. 2. . 2.
(13 - 15 sin"i)(6 - 7 sin 1) }sinZw
4 -5 sin"i

. 3
5 5 (% 1 {[ez _ sini @ + 302)
32 ‘TZ P 4.5 sinzi e sini \

(26 + 9e2) sini] [8 - 7sinZi(4 - 3 sinzi)]

beld + 3e%) cosi sini 2

2

[24-751n
4 - bgin'i

i(8 - 5 sinzi)]g cosw

(continued)

B-3
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—

3 . .
1Y a .
2% S {[e3'sin'i - 3e(l + e?) sin’i| (8 - 9 sini)
"2 4 -5sin i’ )

- .2,
Ze3 coszi sini |(8 - 9. sinzi) + __&111_2_]§0083w
4 - 5 sin"i

2 : 2
a J, [fa . .
%Jz (g) cosint %1 - -1%- ﬁ (%") (2 + 36%) (4 - 7 sin%i)
a 2 -
% T, (%) [4(9 +e?) - 5 sinzi(S : ez):l§
e

2
a .
i_'IZ (—§-> cosi [6(v - M+ esinv) - 3e sin{v + 2&) -~ 3sin(2v + 2w)

2
1 2e ezcosi 2
esin(3vt 20) | - 7 I, (= Ty 20 - 15 sin)

- 5 sin”i

2. J : 2.
5 sini 1215 sl -Ji [2(3 - 7 sin%i) + 5 sin’i 6Lsmzl sin2w
’ 4 - 5sin i 2 4..58in"i

=&
Jj, P 32 P

2 4-5 sinzi 4 -5 sinzi

: 3
L73% s osw b B f_[:_(fg) e coti {10(4 + 3¢”) sin’i
2 7
2

8 -7 sin?i(4-3 sinzi)] cosw + (4 + 3¢%)
8 - 21 sin®i(4 -5 sin?’i)] cosw + -]%ez sin%i

2 2. 8 - 9sin’i
3(8 - 15 sin“i) + 1osmi—-‘-—1-‘lzi cos3w
L . 4 - bhgini

B-4
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2 - . . .
a .
- % 32<-—§-> 1- e {( - % sinzi> [(—}; - -2—) sinv + %sinZv

<1 . 2.1 f1 5, . 1 .
+ 1z esin v]- sin 1[2(3-& I e) SlP(V+ 2w) - T—s—esm(v-Zw)

- Tf(g - E-g->sin(3v+ 2¢) - -g-sin(4v+ 2w) - T%esin(Sv+ Zw)]g

2
a 3/2 2.
4 3 I (.9_) 1 - eZ) —sm1 [(14 - 15 Sj_nzi)
i6 "2 . 2.
4 -5 sin"i

J J., /fa 2z

+ 5 ——‘.4,:- {6 -7sinzi)J sinZw + —;— —2(——3) Q-e) sini cosw
J
2

3 w 3/2

J_ /a 2 ..
() E=e) L {(4+9e2)[8-7 sin”i(4 - 3 sin%i{cosw
2 e (4 - 5 sin“i) ‘

- %— ez sinzi (8 - 9sin2_i) cos3w}

B-5
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where
a, = earth’s equatorial radius (km)
J 2 J 3 J 4 J 5 = earth's second, third, fourth and fifth geopotential
coefficients
J, = +1082.28% 1076
S -6
tT3 = ._2'33{10’
J = -2.12x 10“6
4 .
- -6
.TS = =0.2x10
v = true anomaly (deg)
P = a(l -ed
n = mean motion of vehicle
t = time
B-6
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Appendix C

PROGRAM LISTING
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tRUNW//T BUTLER+422330+BUTLERBINZ202+3+300/000 « BUTLER/LOCKHEED
IEORYIS  MATNSMATIN

O000

IMPLICIT REAL¥8 (A-Ha.0-2)

THiS PROGRAM DETERMINES THE RELATIVE POSITION OF AN ASTRONOMY MODULE
WITH RESPECT TO A SPACE STATION BY UTILIZING THE COWELL INTEGRATION
ROUTINEs THE PROGRAM 1S5 CONSTRUCTED TO HANDLE PERTURBATIONS DUE TO
THE ORBLATF EARTH AND ATMOSPHERIC DRAG.

COMMON/XK /NP A NDTP«DT
DIMENSION AS(14)«AM{14)+SA(14) «XMA(T14)

T DIMENSION TBRSA(14)TBMA(TIA)

DIMFNSION SIGMA[14)Y+ETAC14)

DIMENSION PLOT%[lOOO)\PLOTﬁ(1000[9PLOT7(1000)

DOUBLE PRECISION MEANPS ¢ MEANPM s MEANOS « MEANOM

DIMENSION PLOT(10003PLOTI(1000)PLOTZ2(1000)+PLOT3(1000)
DIMENSTON PLOTX{1700)+PLOTY(1000)PLOTZ(1COC)
COMMON/DATAB/XLAB(12)sYLABI{12) . YLAB2(12)+YLABZ(12) +YLAB4 (12
1IYLABS(12)+YLABGE(12) 2 YLAB7( 12+ YLABS(12)2YLABO(12) + YLABLIO(12) 4
2YLARII{12)+YLARIZ2(12)1+YLABIZ(12)Y«YLABI4(12)YLABIS(12)+YLABIG6(12)
AYLAZIT7(12)+ YLARIBS(12)yYLABIG(12) s YLAB20(12) . YLAB21(12)

PrEAL
3 PLOT+PLOT1+PLOT2+PLOT3+PLOTXsPLOTYsPLOTZ+ XLAB«YLABL »
sYLARZ YL ARS3 YL ABS

REAL PLOTS+PLOT6E+PLOT7s YLABS+YLABGYLABY

DIMENSION PLOTS(1000)+PLOTO(1000)+PLOTIC(100C)YPLOT11(1000)»
IPLOTI2(1000)+PLOTIZ(1000)PLOT14(1000)+PLOTIS(1000)+PLOTIE11000)
ZPLOTI7(1000) «PLOTIB(10003+PLOTI9(1000)PLOT20(1000) .PLOT21(1000)
REAL PLOTS.PLOTR.PLOTIO0.PLOT11.PLOT12.PLOT13+PLOT144+PLOTIS.PLOT16
IPLOT174sPLOTI8sPLOTIO9«PLOT20+RLOTZ1+YLABBYLABG+YLABIOsYLABL
2YLABIZ2sYLABI3+YLAR14,.YLABLIS.YLABL1E,.YLABL17+YLAB18.YLAB194YLAB20,
AYLAR2]

CALL IDENT(9)

DIZ2=1.570795 N

RPN = NL0174872Q

C READ INITIAL CRBITAL ELEMENTS FOR STATION AND MODULE

READ(54+20) AIPS»EIPS«FINCPSsCAPWS s SMAWSsPNUIS AIPMIEIPMFINCPM,

1CAPWM y SMAWM 4 PNIUIT M
FORMAT(AEMN1Z2.0)

C PRINT IDENTIFICATION OF QUTPUT ORBITAL RPARAMETERS OF STATION AND

Cc

MODULE AND THE COORDINATES OF THE MODULE WITH RESPECT TO THE STATION

WRITF( G50

1]
ORIGINAL PAGE
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11

12

TR

27
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FORMAT( 1H1s 40Xs 36H®¥EX¥DESCRIPTION OF DATA OUTPUTH¥X¥%/

& PBHOSTATION TRUE ANOMALY (DEGS) /

& 30H STATION SEMI-MAJOR AXIS (KMS)s 7Xs 20HSTATION ECCENTRICITY.

$ 99X+ 6GHSTATION INCLINATION (DEGS) STATION LONG OF ASCENDING NODE
% (DEGS)Y ~1Xe 62HSTATION ARGUMENT OF PERIGEE (DEGS) STATION MEAN A
SNOMALY (DEGS) /1Xe 19HSTATION TIME (MINS)s 16Xs 19HSTATION TIME (DA
€YS) )

WRITF (&fe11)

FORMAT( 1HO. 26HMODULE TRUE ANOMALY (DEGS) ~

% 29H MODULE SEMI-MAJOR AXIS (KMS), 8Xs 19HMODULE ECCENTRICITYs10Xs
S 65H MODULE INCLINATION (DREGS) MODULE LONG OF ASCENDINMG NODE (DE
$GS) /1Xs 62HMODULE ARGUMENT OF PERIGEE (DEGS) MODULE MEAN ANOMAL
®Y (NDFGS)Y )

WRITE (6A+12)

FORMAT ( 1HOs 91HDELTAX OF MOOULE TO STATION (KMS) DELTAY OF MOD 7
H0 STAT (KM) DELTAZ OF MOD TO STAT (KM) /iXe 23HDEVIATION OF TWC-
SEODY-Xe 13Xs 23HDEVIATION OF TWO-BODY—Ys 6Xs 23HDEVIATION OF TwO-B
KODY=Z )

READ BALLISTIC COEFFICIENT OF STATION AND MODULE

RFAD(S+ 7783CDAS«CDAM

FORMAT(Z2ND12.8)

READ INTEGRATION STEP SIZE(SEC) +CUTOFF TIME(HR)« INTEGRATION STERS
PFR PRINT INTERVAL

RFAND (S 37IDTe TCUT NP

FORMATIZNIZW8+13)

NDTP=NP

TSTA=0.0

TMOD=0,0

T2BSTA=0,.0

TZEMON=0 0

TRANSFORM ORBITAL ELEMENTS TO RECTANGULAR CARTH CENTERIZID COORD
CALL TRANFMIAIPSEIPS«FINCPSCAPWS s PNUIS«SMAUS + XS ¥S54Z5:XDS e YDSH ZD
B2

AS(1)=x=2

AS(ay=ve

AS(7)=78

AS(2Y=XXDS


http:TRANFM(AIPSEIPSFINCPSCAPWSPNUISSMAWSXSYS.ZSXDS*YDS.ZD
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ASK(SY=2¥YNS
AS{B)=7DS
CALL TRANFM{AIPMJEIPM+sFINCPMCARWMPNUT My SMAWM o XM o« YM « ZM ¢ XDM s YDM » ZD
L LURY
AME ] y=xm
AME Ay =YM
AM{7y=7M
AM( 2 )=XDM
AM( Sy =YD
AM{8)Y=7DM
SIGMALL ) =XS
SIGMA{4Y2YS
SIGMA(7)=Z5
SIGMA{2)=XDS
SIGMA(S)I=YDS
SIGMA(R)=ZDS
FTA(1Y=X™
STAt4)=VYM
ETA(T7y=7W
FTA(?)=XDM
FTA(S)Y=YDM
FTA(RYy=ZNM
AQS=ATPRS
FOS=F1RPS
XI0&=FINCPS
woe=CAPWS
SWOsS=sMAWS
TRUS=CNUIS
AOM= A DM
FOAM=F 1 DM
WOM=C AP
XIOM=FINCPM
SN = QM A
TRUM=PN{ TM
TTIME=N,.
1IPT=0
101 CALL COWELL{AS+CDASsFINCPSyCAPWS s SMAWS s MEANPS+AIPSEIPSPNUISIRS
¥SALTSTA)
IF{IPTWNELO)Y GO TN ©00Ci]
NP=NDTP
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a0 TO aaopr

NE=N

CONT TN

FINCPe = FINCPS/RPPD
CARPWS = CAPYWS/RPD
SMAWS = SMAWS /QPD
XS5=5A(1)

YR=GA(4)

78=SA(T)

XNDa=S4A(2)

YNe=5A(5R)

7ha=CA{8)
TTIMEM=TTIMF /60,
TTIMER=TTIME/86400,
CALL COWELL{AMCDAMVIWF INCPM s CAPWM + SMAWM ¢ MEANPM s ATPM: EIPM yPNUI My RM 4

HMMA  TMOMD )

FINCPM = FINCPM/PED

CAPwWM = CAPYWM/RPD

SMAWYM = SMAWM /RPN

XM=XMA{ 1)

YM=XMA (L)

ZM=XMA (7Y .
COMPUTE RELATIVE POSITIONS DELTAXDELTAYWDELTAZOF MODULE TO
STATION UNDER PEFDTURSBATIVE EFFFCTS
PM=GODT { XM¥EXMEYMEYM+ZMETZM)

HY=yS¥7DE—7a#YDS

HY=7S%¥XMNS—XS%¥7ZNS

HZ=XS¥YNE=-YS¥XDS

QY= YMEHZ=7MEHY

QY= ZM¥HY~XM¥EHT

OZ=XMEHY~YMEHX

HDRM=HX* XMEHY ¥ YMAHZ % 7M

ARH=SORT (HXH#HX+HY ¥ HY+HZ ¥ HZ ) -
ARQ=SORT (QAX¥OX+QYHQAY4QZHOZ)

COPHI=HDRM./ ( ASHERM )

SIPHI=CORT (] +~CORPHI¥CORPHI)

¥MAGD=RM%S TPHT

THETAzACOS{ {QXEXSHAYHYSHQAZHZS )/ ( ABORRS) )
DELTAXY=XMAGPXCOS{THETA)

NELTAX=-DELTAX


http:DELTAXDELTAYDELTAZ.OF
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DELTAY=XMAGP*SIN(THETA)-RS
DELTAZ=HDRM/ARH )
DEL.TAR=SORT (DELTAX*¥DELTAX+DELTAY*DELTAY+DELTAZ¥DELTAZ)

IF{IPTNFe)Y GO TC 333

NP=NDTD

GO TO =473
T3 NP=M
343 CONTINUE . ) .

CALL TOBODY(SIGMA.TBSA,RTBS A0S EOS+XIO0S 4 uWlS+SWOS s TRUS.MEANOS

1TARETA)Y

X108=XI10S/RPD

SWOS=aWOsS/RPD

WOS=WOK/RPPN

IF({IPT«NELO) GO TC £33

NP=NDTP

GO TO 643
£33 NP=0D
AR CONTINUE .

CALL TOBODY(ETAOTBMAOQTBMOAOMUEOM!XIOMQWOMOSWOMQTRUMQMEANOMOTEBMOD

)

SWOM=SIWOM/ PP

"WOM=woM /RPD

¥IOM=¥XT1OM/RPD

NP=G |
IF¢IPT=10C00) 999,998,998
‘9o 1PT = IPT + 1

oga PLOT(IPTI=TTIME/E0.
XTREe=TRSA( 1}
YTRSE=TRSA(4)
ZTBS=TRSA(7) -
XDTRS=TRSA(?) —
YDTRE=TRSA(R)
ZDTRS=TRSA (8)
XTBM=TRMA(1)
YTRM=TaMA{ &)
ZTRM=TRMA (T}
COMPUTE RELATIVE POSITIONS DXTS.DYTB«DZTR.OF MODULE TO STATION
FOR TwO~RBODY MNTION
Hl=YTRS*¥ZDTRS-ZTRS#YDTRS
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HP=ZTRS¥¥DTRE—XTRS¥ZDTRS
H3=XTRI¥YDTRS~YTRS#*XDTBS
Q1l=YTRMEHRA—ZTRM¥H?

OP=ZTRM#*H] =X TBM*H3

AR=XTRM¥HZ ~YTRM*¥H ]

HRM=H{ ¥ XTBMAH2 ¥ Y TBM+HI%ZTBM .

ARH] =CORT(HI¥HI+H2¥HR+H3¥HA) .

ARN1 =SORT(O1#01+02#Q2+03%03)

LCOCHT =HRM/ ( ABH1#RTRM)
CHI=SNRT (1 «~COCHI®*COCHT)

XPTR=RTRM*CHI

THTB=ACOS( (Q1 ¥XTRS+Q2#YTBS+Q3%¥ZTBS )/ (ABQI1¥RTES) )
| PDXTR=XPTR*COS (THTE)

ORTR=~DXTH

NYTB=XPTREIIN( THTR) -RTRS

NZTR=HRM /ABH

COMPUTE DEVIATIONS FROM TWO-BODY RELATIVE MOTION DEVXsDEVYsDEVZ
DFYX=NEL TAX=DX TR

NEYY=NELTAY=-DYTR

DEVZ=NELTAZ-DZ TR

PLOT1 (TIRPT) = DELTAX

PLOTZ2 (1PT) DELTAY

BLOT2 (IRTH DELTAZ

BLOTZ(IRTY=0FLTAD

NORMAL I ZE DEVX1DEVY+DEVZ BY (0¥%3———THEY ARE NOW IN METERS
PLOTE(IPTI=NEVX #1.D+3 '
PLOTA(IPT)=DEVY#1 eN+3
PLOT7(IPT)=DEVZH#1 +0+3

BLOTAR{IPT)I=AIPS

PLOTS(IRT)=FIPS

PLOTINC IRTY=F INCPS

PLATII(IRTY=CAPWS

BLOT12( I1PT)=SMAWS

PLOTIRCIPT)I=PNUIS

PLOT14¢ IPT)=MEANPS

PLOT15( 1Ty =ATPM

PLOT1&( IFT)=E1IPM

PLOT17( IPT)=F INCPM

PLOT18¢IPT)=CAPWM

PLOTIG{IPT ) =SMAWM
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PRINT ORBITAL ELEMENTS.TIME+AND RELATIVE MOTION COORDINATES

WRITE(6+60) PNUISs AIPS, EIPSs FINCPS. CAPWS, SMAWS. MEANPS,
& TTIMEM, TTIMED
60 FORMAT(I1HOs 8HPNUIS = +F£158 /
S IXe BHAIPS = 4E1548s 13Xs SBHEIPS = ,E15.8, 6X, BHFINCPS=
S E1S5.8s 5Xs BHCAPWS 2 ,E15¢8/1Xe SHSMAWS = +E15.8+ 13X, BHMEANPS=
$ E15.8 / 9H TTIMEM= 4E15e8s 13Xs S8HITIMEDS +E158)
WRITE(6+70) PNUIMes AIPMe EIPMs FINCPMs CAPWMs SMAWM, MEANPM
70 FORMAT(IHC.. S8HENUIM = 4E15.8/
S 1xs BHAIPM = 3E15e8¢ 13Xs BHEIPM = ,E15.8s 6X+ SHFINCPM=
£ Fl5.8¢ 55X SBHCAPMS = 4E15¢8 /1Xs BHSMAWM = +E1S5«8s 13X
& RHMEANPM= E1FeA)
WRITE(6+781) DELTAXs DELTAY, DELTAZ
781 FORMAT(1HOs BHDELTAX= +E15.8s 13X, BHDELTAY= ,E15.8, 6X, SHOELTAZ=
& 4E15,83)
WRITE (64 1000) DXTR.DYTRWDZTR
1000 FORMAT(1Xs SHDEVX = 1E15.8, 13X+ BHDEVY = +E15.8s 6Xs BHDEVZ =

& F1S.R///7}

XNOTE=NNTD

TTIME=TT IME+XNDTR#DT
XY=TTIMZ /360C
IF(XY=TCUT) 10Q1+1G1+102

1072 CONTIMUF
PLOT PERTURSED ORSBITAL. ELEMENTS AND RELATIVE POSITION COORDINATES
WRITF(6+20NN)
2000 FORMAT(1HO/1HCs 18HENTERING PLOT AREA)

CALL QUIKAY (=14 i(H¥. XLAB. ¥YLARB1 + —=IPTe PLOT. PLOTI! )

CALL QUIK3V (~1s 1H¥, XLAB. YLAB2 » =IRPT. PLOT, PLOTZ2 )

CALL QUIK3V (—1s 1H¥s XLABs YLAB3 » =IPTs PLOT. PLOT3 )

CALL QUIKZAV(-14s 1H*s XLABRy YLAB4 + ~IPTs PLOT. PLOTZ )

=N

VALUF=PLOTI(1)

No 1 KP=141RT ‘

IF(PLOTI(KP)~VALUE) £014:6004600
&nn K=k 41

GET
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PLOTX(K)=PLOT1 (KPP}
PLATY{ K =RPLNOTA (KD}
1 CONT TNUE
601 CALL QUIK3VI~-1s 1H¥s YLABLls YLABZs — K » PLOTXs PLOTY)
CALL QUIK3V(=1s (H¥+s XLABs YLABS+—IPTs PLOT. PLOTS)
CALL QUIK3V(-1s 1H¥s XLAB:r YLAB&+—IPTy PLOT. PLOTE)
CALL QUIK3VI-1s 1H¥y XLABs YLAB7.~IPT,y PLOT. PLOT7)
CALL QUIK3y (=1+ 1H¥, XLAB, vLAB3, ~IPT, PLOT. PLOT&)
CALL QUIK3Y (—1s 1H¥s XLAB,: YLAB9. —IPTs PLOT. PLOTS}
CALL QUIKAY (—1+ 1H#*4 XLAB. YLABIOW—IPTs PLOTs PLQTI10)
CALL. QUIK3V {(—1s 1H¥*s XLABs YLAB11+s—IPTs PLOTs PLOTI1)
CALL QUIKZV (—1las 1H*s XLABs YLAB1Z2.—-1PTs PLOT. PLCT12)
CALL QUIK3V (=1s 1H¥e¢ xLABs YLAB1I3+—IPTs PLOT« PLOTI13)
CALL QUIK3Y (=1s 1H¥*s %XLARs YLABI14.—=IPT. PLOTs PLOT14)
CALLL QUIK3Y (—=1s 1H¥*s XLABs YLABI1S5+—IPTs PLOTs PLOTIS)
CAILLL QUIK3V {(—1s IH¥e XLAB. YLAB16+—IPT, PLOT+ PLOTIi6)
CALL QUIK3W (—1+ 1H¥s XLABs YLAB17+—IPTs PLOTs PLOTIT)
CALL QUIK3V (~1s 1H¥: XLAB, YLARIB.—IPTs PLOT» PLOT18)
CALL QUIK3V (~1s 1H¥s XLAB, YLAB194«—IPTs PLOTs PLOT1S)
CALL QUIK3Y (—1s 1H¥, XLAB, YLAB20+~IPT, PLOT. PLOTZO)
CALL. QUIKZ2V (—1+ tH¥*s XLAB, YL.ARZ21+=IPT« PLOT, PLOTZ21)
WRITF {62001
2001 EORMAT(1HO, 20HRLOTTING IS FINISHED)

CALL. FNDJOR

ST

FND

'FORLTIS COWELL +COWRLL

SUBROUTINE COWELL (A+CDAsF INCP s CAPWP + SMAWP s MEANP s ATPSE TP PNUT 4 Q4 AX
*¥T)

IMPLICIT REAL#8 (A-H.0-7)

COMMON /XK /NPy NDTE o H

DIMENSION-A{1a4)+AX{14)aB(15)

DOURLLF PRECISITON MFANP.MFAN

c THIS ROUTINE INTEGRATES THE PERTURBED EQUATIONS OF MOTION USING
C A FOURTH ORDER RUNGE-KUTTA SCHFEME
K="3
1 M=n
C CALL MODSTA TO GET INITIAL VALUES OF ACCELERATION
CALL MODSTA(1+T1A+AXISECCEN« ANOM s CAPW » SMAW s MEAN«F INC R CDA)

C CALL MODSTA TO COMPUTE ORBITAL ELEMENTS FOR INITIAL AND SUBSE-

C-8
N\
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QUENT TIME PERIODS .

CALL MODSTA(ZiTsAsAXIS+ECCEN ANOM s CAPW + SMAWsMEANIFINC+RCDA}
STORE POSITIONSVELOCITYsACCELERATION AND CRBITAL ELEMENTS TO BE
RETURNFED TO MAIN ROUTINE

aO=R

AIP = AX1IS

FIRP = FCCFN

PNUT = ANOM

CARWR=CAPW

SMAYWP=cMAY

FINCP = FINC

MEANP = MEAN

AX(1I)I=A01)

AX(ay=A04)

AX(7Y=A(T7)

AX(2Y=A(2)

AX{EYI=A(S)

AX(RY=A(R)

COMPUTE FIRST HALF=STEP THE FIRST TIME
C=H/"a

K =3%N

= C¥¥2 / PaD

= D ¥ 44,0

C /s 3.0

=T+C

O 2 I=1.Kas3

R(L)I=AC(T)

BIL+TY=A(T+1)

RIL4+7PIZA(T+P)
ACT)=A(TI)+CHA(TH1Y+DFACT+2

AT+ 1)I=SACTH1IIHCHALTH2)

L=_+5

COMPUTE FIRST HAILF-STEZP SECOND TINMFE
CALL MODSTA{1+T+AsAXIS+ECCEN+ANOM+ CAPW» SMA s MEANLFINCRCDAY}
L=1

O R I=14Ke3

RIL+3I=A(T+2)
A(T4H1)=B{L+1Y+CHA{T+2)

L=l+5

9 4 Tm.J
[
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COMPUYTE SFCOND HALF-=STFP THF FIRST TIME

CALL MODSTA(19TeAAXISHECCENsANOMs CAPW « SMAWsMEANsFINCsR+CDA)
L =1

T=T+C

DO 4 T=1.K43

R{L+4)=A{1+2)

A(TH1Y=H¥A(TI+2)Y4B(L+1)

A(IY=P(LY+H*BIL+1 YFEFA(I+P)

L=L+=

COMPUTE FINAL CONDITIONS FOR THE TIME STEP

CALL MODSTA(1+T+A+AXIS+ECCENsANOMs CAPW s SMAW s MEANFINCaRCDA)
L.=1

NO R T=1+Ke3

ACTI=R{Ly+H¥(BIL+11+F#*(BR(L+2)+B(L+3)+BL+4) )

AlT+1Y2BILF1 }+FH(BUL+2YFA(I4+21+2e ¥ (B(L43)Y+B(L+4)))

L=L+5

IFI(NP=NDTFP)1 43737

RETURN

=NA

IS5 MODETAMODSTA

SUBROUTINE MODSTA(JIsTe AvAXIS+ECCENsANCM o« CARPW ¢« SMAW s MEAN «FINC+R «CDA
*)

IMPLICIT REAL¥B (A~H.0=7)

COMMNN /XK /NP JNOTPR DT

THIS ROUTINE DETERMINES THE TOTAL ACCELERATION COMPONZINTS AND
ALsO CcOMPUTES ORBITAL ELEMENTS FROM POSITION AND VELOCITY
LOGICAL SETI

DOUYRLF PRFCISION MEAN

NIMENSTON A(14)

SETI=.FALSF,

PIE=3.141591

MNMPR=FR7 4 POE7705

AP=63 TR 1 6%

W=A3RTE, TRA

TE¢Jd=1) 7024702 4905

R= SOPT{A{IY¥¥24A(AYEF2HA(7) %42

COMPUTF ALTITUDE OF VEHICLE ABOVE EARTHS SURFACE

AK= (HEXP )/ (APR%D Y

R = ARK¥*¥2

RHA= SQQRT(A(1)¥*24A(4)¥¥2)

C-10
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NEL= ATAN(A(7)/RHA)

PSI= ATAN(AK% SIN(DEL)/ COS(DEL))

SBI=( SIN(PSI)/ COS(PSI))*¥x2
SCI=SORT((1e+PK¥SBI) /(1 +AK*SBI))

PI1=A2%SCT

ALT=P=OT ORIGINAL PAEEIIS
IF(ALT=1001,) 654,714 71 OF POOR QU
DHA=N,

GO TO 66

CONT INUF

CALL SETUP TO DETERMINE DENSITY AT GIVEN ALTITUCE

CALL SFTUP(A3sALT + T+RHO)

OME=7,2921158R494E~05

VE= SART((A(2)+OMEX¥A(4) ) ¥H 24 (A(SI—=OMEFA (1) IHX2+A(B) ¥%2)
FDRG ==, SXCNAXPHOXVE#1 o F+3

COMPUTE DRAG ACCELERATION COMPONENTS
XDDNRZFNPGH (A (P ) +OMERA(4))

YNDNR=FNRGX (A{S)="MEXA( 1))

7DPNO=FNRG*A (&)

RP=R¥R )

R3=P2%R

DE=R2AxpP>

P7=RE%D -

R=A(7I¥A(7)/R>

R3BB=0.0 *RER

COMPUTE TWO-BODY ACCELERATION COMPONENTS
X2BODY=—3.986N32F+05%A( 1) /R3
Y2BONY=—3,986032F+05%A(4) /R3
7PBODY==34986032E+05%A(7) /R3

COMPUTE EFFECTS OF EARTH.S OBLATENESS(J24J34J4)
XJR0R=~2,63751 70855 7TE+10%¥A( 1) #( 1« —5+%¥B) /RS

XJ30R=45, 946071 7S4TEE+1 1¥A (1) ¥ ( 3e—T¥B) ¥AL{T)/R7
XJA0R==5,10486592 T72E+15%A (1) %( 4 42857142057~€ J¥B+BBEB) /R7
YJ20R=~2.6325170RS57E+10¥A(4) % (1« —5.¥B) /RS

YJ30BR=+%54 946971 754 T76E+1 1¥ALA)KA(TI* (Be=T o ¥B) /R7
YJAOB=~54 19486592 772E+1S%¥A(4) % (4428571428576 « ¥B+BBEB) /RY
ZJ20R==2.62751 70855 7E+10%A(TI*( 3e—54 ¥2) /R5
ZJ30B=-3,568183053E+11%(1+~10.%B+11.6666666667*B%5) /R5
ZJ40B==5. 19486592 772E+15%A(7)%( 24 1428571428~ 10. *B+BBEB) /R7
COMPUTE TOTAL ACCELERATION COMPONEMTS K
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A3 =X2RODVY+XJPOR+X J30B+XJ40B+XDDDR
ACE) =yY2RONY+Y JPOR+Y JIORLYJA40R+YDDDP
A(9)=72PRODY+ZJZ20B+7ZJ30B+7 J40B+7DDDR
907 RPETUPN
anNe KNRE=KNP4+ 1
1F (NDTP=NP) 904,004,903
904 CONTINUE
CH¥¥¥X COMPUTFE OQSCULATING ORBITAL ELEMFNTS.
XKFPTH = 398&MN%.7
FXzA(4)¥A{R)I=A(TIFA(S)
HY=A(7I¥A{2)=A(11%A(8)
H7Z=A(1)%A(S)Y=A{4)XA(2}
HSN=SQRT { HXXHX+HY#HY+HZ%¥HZ )
CR=A(PYEA(2I+A(SIHA(SIFA(BIFA(BI -2 ¥ XKERTH/R
CH¥EF® SEMI-MAJNR AXIS
AXTIS=—XKERTH/C3
XN=SQRT ( XKERTH/AX I S%%3)
CH¥R¥ FCCFNTRICITY .
ECCEN=1 o +HSQ¥HSQ¥CR/ XKFRTH/XKFRTH
IF(ECCFN]I1N4304+20
10 ECCFN=0.
GO TO =0
20 FCCEN=SQRT (FCCFN)
[F{FCCEN=-aNPNDT Y10 10,30
LCRERE INCLTINATION ‘
30 FINC=ATANZ (SQRT (HX¥HYX+HY¥HY Y s HZ)
IF(FINCH¥NPR~e0000131404:4C 30
a0 FINC=0, :
- RETI=,TRUE,
GO T 70
S50 IF(FINCEDPR-1 73999993 80+604+60
60 FINC=PIE
SFTI=TRUE .
7N CAPW=0,
&0 TO 100
C¥®EF® ASCENDING NODE
AN CAPW=ATANR (HX e (—HY))
190 TRMP=HQQ¥HSQ/XKFRTH
CH#*¥# TRUE ANOMALY
ANOM=R*#R¥ECCEN*ECCEN—(TEMP-R)#{ TEMP=R)
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110

120
101

150

16N

170
171

18’0
120
POO
CH#t%
roQ
~10
pan

230

Pac

P50
260

IF(ANOMeGT0Ne) GO TO 120
}XNOMZO -

GO TO 140

TF(FCCENY 10141104101

CONT INUE ’
ANOM=zATANZ (SQRT { ANOM) s TEMP-R)
TEMP=(A (1) XA(PI+A(AIFA{SIFA(TIHA(BY /R
IE(TEMPoLTe«0a) GO TO 130
ANOM=ARS ( ANOM)

GO0 TO 140

ANOM==ABS ( ANOM)
TEMPZ2=A(1)%COS(CAPWI+A( 4IRS IN(CAPW)
TEMP=R*R~TEMP2¥TEMP2
IF({TEMPoGT«0s)G0 TO 150
TEMDA=0 .

GO TO 190
TEMPI=ATANR2(SQRT({TEMP )Y, TFMP2)
IF(A{T7)al.TeNe) GO TO 170
TEMBDR=ARS({ TEMP3)

GO TO 120
IF(FCCFN)171+180,171

CONT INUE

IF(A(TY)Y 1RB0D+1604180
TEMP3=—ARS (TEMP3)

IF(FCCENY Z290.200:250
IF¢(EFTI)Y GO TO 240

IF(A(7)Y) 200,210,209
ARGUMFENT OF PERPIGEF

CONT TNUIF

aMAU=TEMPR

"0 T PAD

IFCA(BY)Y 2202204230

SMAY =N

GO 7O 260

SMAwW=PIF

GO T 2aN
SMAW=ATANZ{AC4)+A(L1))

GO To 2680

SMAW = TEMP R ANIM

CONT INUF

C-13
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MEAN ANOMALY

MEAN=XN¥*T

MEAN=AMOD (MF AN+ 54 2831854

MFAN=MFAN*DPR

ANOM=AMOD ( ANQOM , 6., 2831854

SMAW=AMOD({SMAW . 642831854 )

CAPW=AMOD(CAPW+6.2831854)

CONTINUE

ANOM = ANOM #* DPR

RETURN

FND .

IS TDANFM, TRANFM

SUBROUTINE TRANFM(AXISJECCENsINC1ASNOD» ANOMsARGP 4 XS1YS4ZS e XDSeYDS
®R7DS)

IMPLICIT REAL%8 (A=Ha0~2Z)

POURLE PRECISION INC

THIS ROUTINE TRANSFORMS OSCULATING ORBITAL ELEMENTS TC POSITION
AND VELOCITY COMPONENTS IN A SPACE FIXED EPHEMERIS COORDINATE
SYSTEM{FARTH=-CENTERED

XKERTH=398&03.”

DPR=R7, 2957705

INC= ITNC/DPR

ASNOD=ASNOD/DPR

ANOMz=ANOM /PR

ARGP=ADGP/NPR

TEMP1={AXIS¥ (1« ~ECCENXECCEN) }/{ 1« +ECCEN#COS ( ANOM) )
TEMP2Z=TFMP [ #S IN({ARPGP+ANOM)

TEMPA=TEMP1 #¥COS (ARGP+ANOM}

TEMPA=TEMPZ2¥COS { INC)

TEFMPS=TEMP2#SIN(TNC)

TEMPE=SIN{ASNOD)

TEMP7=COS {ASNOD) —
XS=TEMPI*#TEMP7-TEMP 4% TEMPS
YS=TEFMPIAHTFMRPE&+TEMP4* TEMD Y

7S=TFMPS

TFEFMP =2, ¥ ¥KFRTH/TEMP1-XKERTH/AXI S

IF(TFMP.GTN. IGO0 TO 20

TFMP10=0,

O T 30

TEMP10=S0RT{ TEMP)

C-14
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30 TEMP11=ATANZ (ECCEN¥SINCANOM) 4 1+ +ECCEN*COS (ANOM) )

TEMPA=Q IN(ARGP+ANCM)
TFMPO=C0S ( ARGP-+ANOM)
TEFMPZ=TEMP1O* (STN(TEMP11}*¥TFMP8+COS{ TEMP1 1) #¥TEMPG)
TFMP3=TEMP10O* (SIN(TEMP1 1) ¥TEMPO-COS( TEMP11 ) ¥TEMPS}
TFMPA=TEFMPRRCOS( INC)
TEMDS=TEMP2#SIN( INC)
XDe=TFMPRIXTEMRP 7-TEMPA4A¥TEMPS
YDS=TEMPA¥TEMP&+TEMP4#TEMPT
ZDS=TFMPH
RETURN
END

tFOR, 18  BLOK.BLOK
RLOCK DATA
COMMON/DATAB/XLAB(12) +YLABI (121 YLABZ2(12) s YLAB3(I12) +YLAR4( 12
IYLABRS (12« YLABB({12) « YLAB7(12) 2 YLABB{ 121+ YLABO(12) +YLABIO(12) s
2YLAB11¢C12)YsYLARIZ2(12) sYLAB1I3(12)+YLABI14(12)YLARIS(12)+¥LLABIGE(12)
AYLARI7Z(I2)+YLABIB(12) sYLLABIQ(IZ2) s YLAB2O(12)+ YLAB21(12)

DATA %L.AB /6H « 6H v &6H TIME » 6HIN MINe BHUTES
T HH "’ 6H » H6H v 6H v &H s 6H ’
% 6H Ve

o
DATA YLAB1 /&H ¢ 6H X « 6H IN KM, &HS, y 6H ’
® 6H ’ &5H 3 6H y 6H y 6&H « 6H .
s AH s ’ '

¢
DATA YLAB2 ~,6&6H s GH ¥ o 6H IN KM, &HS. s+ &H .
$ 6H . 6H « 6H sy 6H s 6H + 6H +
T &H s

el
DATA YLAB3 /6H « 6H z y BH IN KM, 6HS s +« 6H "
% 6H v BH ' &M v 6H + 6H v BH ’
& &H s )
DATA YLAB4 /6H s 6H B « 6H IN KMs 6HS. ' 6H '
+ &M 9 &6H « 6H y 6&H » 6H + 6H .
T AH PR .
NDATA YLABS /6H » 6HX MINBHUS TWO6HBODY Xi6H )
S6H s 6H + 6H 2 6H ' 6H ' 6H yOH /
DATA YLABE s6H « BHY MTs 6HNUS ¢ 6HY TWOB. 6HODY .
% 6H s 6H + 6H s 6H « 6H + 6H s
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= 6H v

DATA yLAR7?7 /6H
FEH 1 SH

DATA vyL AB8 s6H
% 5+ s HBH
sAH Vs

DATA YLABS s6H
F 6H + 6H
% &M e

DATA vyiABI1O/5H
s AHFGC. s 6H
* 5H 7

DATA vyLAB11/6H
EHH + 6H
= 6H Ve

DATA vIL_LAB12/6H
T 6HIN DEGs 6HS.
% 6H Ve

DATA YLABI13/6H
« AHNDEGSs « &H
F &6H 7

DATA vyLABl14/6H

& 6HNFGSe o+ &H
& 6H e
DATA YyLAB1S/6H
% AH s AH
s 6H° e
DATA vLABR16/6H
% HH + 6H
€ AH Vg
DATA yLLAB17/6H
T OHGS. + 6H
HAH Ve
DATA YLAB18B/6H
t 6H + 6H
% 6HH e

DATA vyL AB12/6H
+ 6HNFGSs « 6H
$ &H /

DATA YLAS20/6H

s 6H

+ 6H

L]

. &H .

+« 6HZ MINHSHU
+ 6H

v 6HSTATIO.

& .

6H
&6H

« 6HSTATION
6H *

6H
6H

+ 6HSTATIO
v 6H .

6H
&

« BHSTATIO
1 6H

6H

» 6HSTATIO
EH "

&6H
6H

s 6HSTATIO,.
eH .

&H
6H

&H
6H

« BHSTATION
&H N

+ BHMODULE
&H .

6H
6H

6H
6H

s SHMODULE «
&H +

s EHMODULE »
&H .

6H
6H

1 EMMODULE. 6H

&H

+ EHMODULE +
6&H ’

6H
&H

s SHMODULE s 6H

C-16
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8 TwWO6HBODY Z«&H +
«&H + 6H « SH
N AXISs 6H IN KMs 6HS.
s 6H » 6H

N ECCE. 6HNTRICI .
« HH '

6HTY
6H

6HN IN
6H

N INCL, 6HINATIO,
+ 6H ’

N NODE,
1 6H

6H IN DEs 6HGS.
s &H )

6HRIGEE
&R

N ARG .6H OF PE,

s 6H .

6HLY IN
6H

N TRUE. 6H ANOMA,
v 6H ‘

&6HLY IN
6H

N MEAN, 6H ANOMA,
« 5H +

+6HIN KMS,
3 6H .

E&Ha .
6H

AX1S

GHTRICITs6RHY ’
&H

ECCEN,
« G6H ’

EHNATION.6H IN
s 6H N

INCL. I »
v 6H

6HS- L}
6H

NODE +6HIN CEGe

s &H .

H6HCGEE INy
léH 4

ARG 0O+6HF PERI
v 6H
TRUE

+ SHANOMAL + 6HY IN Do

§

L]

+
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v BHEGS, » 6H + 6H + 6H s 6H s+ 6H 1
+ O6H Ve

DATA YLABZ21,/6H + SHMODULE s &6H MEAN +S8HANOMAL 2 &HY IN Dy

FEHFGS . + 6H ¢+ 6H s 6H « &H +« 6&H *

EEH /

FND

'FORL IS TORODY.TOBODY

SUBROUTINE TOBODY(A+AX:QsAXTISeS e X 4 CARP+SMAW L TRUE «MEANP , T)
IMPLICIT REAL¥8 {(A=Hs0=-Z)

DIMENSTION A{14)4AX{(14)+B(15}

DOURLF PRECISTON MEANP«MEAN

COMMON /XK /NP 4 NDTP  H

N=3

THIS ROUTINE INTEGRATES THE EQUATIONS OF MOTION USING A FOURTH
ORDER RUNGE-KUTTA NUMERICAL SCHEME

CONT INUF

CALL CONIC TO GET INITIAL VALUES OF ACCELERATION

CALL CONIC{(]1+AsRIAXISIECCEN:ANOM+CARPW s SMAWsMEANGFINCT)

CALL CONIC 70O COMPUTE ORBITAL ELEMENTS FOR INITIAL AND SUBSE-
QUENT TIMF PERIODS

CALL CONIC(2+AsR‘AXISJECCENs ANOM+CAPW s SMAW«MEANSF INCT)

STORE POSITIONSVELOCITY+ACCELERATION AND ORBITAL ELEMENTS TO BE
RETURNED TO MAIN ROUTINE

0=R
AX(1)=AC1)
AX(2)=A(2) 3
AX(A)=A(4)

AX(R)Y=A(5)
AX{7Y=A(T)
AX(RY=A( R
AXIS=AXTS
S=ECCFN
XI=FINC
CARP=CAPWY
SMAW=SMAW
ME ANP=ME AN
TRIJF = ANOM
COMPUTE FIRST HMALF-STEP THE FIRST TIME
C=H/2s

K= AN

C-17
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DEC*¥E2/2a
F=N¥4,

F=C/3a

T=T+C

L=1

DO 2 Iz1.Ke3
B{LY=ACTI)
BIL+1Y=ACTI+1}

‘B{L+P)I=A(T+2)

ACT)I=A(IY+CHA(T+1)H+DHAL{TI42)

ACT+1)I=A(T+H1YI4+CHACT+P)

L=L+5

COMPUTF FIRST HALF~-STEP SECCND TIME

CALL. CONIC(1+A+RsAXIS+ECCEN+ANCM CAPW + SMAWsMEANSFINCeT)
L=1

DO 3 I=14Ka3

B(L+3Y=A(I4+2)

ALT+1)=B(L+1)+CHAL(T+2)

L=L+5

COMPUTE SECOND HALF=-STEP THE FIRST TIME

CALL CONIC(1+A+R4AXIS+ECCEN+ANOMe CARPW s SMAWIMEAN«FINCT?
L=1

T=7T4+C

NO 4 T=1.Ke3

B(L+4AY=A(14+7)

ACTHIY=H*A{TI+2)4R(L+1)

ACT)=R(LY+HAEIR(LF1I+FH#ALT+2)

L= 45

COMPUTE FINAL CONDITIONS FOR THE TIME STEPR

CALL CONIC({1+AsRsAXIS+ECCENs ANOMs CAPW + SMAWsMEANFINCT)
L=1

DO 5 T=14K+32
ACII=B(IL)Y+H* (B (L. +1)+F*F{BIL+2)+BI{L+3)+B(L+4) )
ACT+1¥=B(LF1}+F¥(B{LA+2)FALT+2)I+2s#(BIL+3)+D(L+4) )
L=L+5

IF(NP-NDTPY1 437437

RETURN

FND

TFORL 1S CONTCLCONIC

SUBROUTINE CONIC(JJsAsReAXIS+ECCENs ANOM+ CAPW +« SMAW s MEAN+FINCo T)
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IMPLICIT REAL¥8 (A-H.0=2Z)
COMMON/XK/NP «NDTP DT
DOURLE PRECISION MEAN
LOGICAL S&FTI

THIS ROUTINE DETERMINES THE TOTAL ACCELERATION COMPONENTS AND

ALSO COMPUTES ORABITAL ELEMENTS FROM POSITION AND VELOCITY
DIMENSION A(14)Y )
SFTI1=4FALSF,.

PIF=3,141591

DPR=R7,29577957

IF(JA=1) 702.702.905

R= SORT(A(1)¥%E24+A04)¥X2+A(7) #¥2)

RZ2=R*R

R3I=R2¥R

COMPUTE TwO-BODY ACCELERATION COMPONENTS

A{3) ==R.986032F+05#A( 11 /R3

A(6) == ,986N32E4+05%A{4) /R3
A{S)=w3.9BB802PE+OBEA(TY/R3

RFETUPRPN

NP=NP+1

IF (NDTP=NP) 9044904903

CONT INUFE

COMPUTE OSCULATING ORBITAL ELEMENTS
XKERTH = 398603.72

HX=A{A4Y*A(B)-A(T7)¥A(S)
HY=A(7)RA(21-A{1)%A(8)

HZ=A{ 1Y ¥A{S)=A(4)¥A(2)
HSQ=SORT ( MX¥HX+HY¥HY+HZ#HZ )}
CI3=A(2Y¥AI2I+A(S)IHA(SI+A(BIRA(BI 2. *XKERTH/R
SFMI=-MAJOR AXIS

AXISz=XKERTHACT
XN=SORT(XKEPTH/AXI §#%3)
ECCENTRICITY

FCCFN=1 ¢ +HSQ¥#HSQXCR/XKERTH/ XKERTH
IF(FCCAFN) 10230420

FECCFN=0.

GO TO 30

FCCEN=SQRT (ECCEN)

IF{ECCFN=a 00001110y 1030
INCLINATION
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an
S0
60
70
[of 2 2 % 3
80

100
CHE¥®%

120
101

130
140

150
160

170
171

180
1an

FINC=ATAN2 (SORT ( HX¥HX+HY¥HY) +HZ)
IF(FINCY¥NPR~000013)40+40,450
FINC=n,

SETI=,TRUF.

GO TO 70

IF({FINC¥DPR-179.99999) 80:+60..60
FINC=RIF )

SETI=TRUF.

CAPYW=0,

GO TO 100

ASCENDING NODE
CAPW=ATANZ (HX o { =HY )}
TEFMD=RHSQ#HSQ/XKERPTH

TRUE ANOMALY
ANOM=zR¥R¥ECCEN¥ECCEN~—({ TEMP=-R) ¥ { TEMP—-R)
IF{ANOMaGTeNe) GO TO 120

ANMOM=(,

GO TN 140

IF(ECCENY 10141104101

CONT INUE
ANOM=ATANZ (SAQRT ( ANOM) + TEMP-R)
TEMP=(ACII¥A(2)Y+A{ AV ¥A(SIFALTIHA(BI I /R
IF(TEMPLLT«0s} GO TO 130
ANOM=ARS ( ANOM)

GC TC 140

ANOM=-ABS { ANOM )

TEMP2=A( 11 %COS{CAPWIH+A( 4IRS INI(CAPY).
TEME=R*R-TEMPDXTEMPZ
IF(TEMP.GTaNa GO TO 150

TEMP 3=,

GO TO 120
TEMP3=ATANZ(SQRT ( TEMP) « TEMP2)
IF(A{T7)aLTeQa) GO TO 170
TEMPER=ARS(TEMPR)

GO TO 190

IF(ECCENY1I 7141804171

CONMT INUE

IFCA(TY) 1R04316041RC
TFMPR==ARS(TEMR3)

IF(FCCFNY 250,200,250

LMSC-HREC D162646
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TF({SETI) GO TO 240
IFCA(T7)) 20842104209
ARGUMFNT OF PFRIGEF
CONT INUF

SMAW=TFMP3

GO TO 260

IFCAIB)Y)) 2202204230
SMAW=0,

GO TO 260

SMAW=PIE

a0 TO 260
SMAW=ATANP(A(LS)YeA(1))

GO TC 260

SMAW=TEMP3-ANOM

CONT INUF

MEAN ANDMAL Y

MFANSXN¥®T

MEAN=AMOD(MEAN; 6.,2831854)
ME AN=MFAN®DPR
ANOM=AMOD { ANOMs £ .2831854)
SMAW=AMOD({SMAW.: &, 2831854}
CAPW=AMOD(CARW +6,2831854)
CONT INUF

ANMOM = ANOM # DPP

PFTURN

END

‘ORS IS  SFTUPWSETUP

10

105

SUBROUTINF SETUP(AALT.TIMEL.RHO)

IMPLICIT REAL¥8 (A-H,0-Z)

CIMENSION A(14)+UBAR(3)FTENE(200)

THIS ROUTINE SETS UP ALL “INFORMATION NECESSARY 7O COMPUTE DENSITY

IN ROUTINE JACHIA
DATA DPR/S7429578N+0/ECLIPT/23+4436D+0/+FLAG/0«0D+0/+ENDID/OHEND

s /7

IF(FLAG) B4 1048

CONTINUE

READ MODIFIED JULIAN DATE = JULIAN DATE = 24000005

RFEFAD(S L1053 JD

EFDRMAT(D12+2) .

READ THE NUMBER OF INPUT DATA TO EE FOUND ON SUCCEEDING CARDS
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READ{ S, 100K
100 FORMAT(313)
N0 76 T=14Ke6 ;
READ DECIMETRIC SOLAR FLUX(AVEs VALUE)+DECIMAL YEARWFLUXSYEARSWETC
76 READ(S+101) FTENB(IY+FTENB(I+1)+FTENB(I+2) +FTENB(I+3)+«FTENB(I+4)
#FTENR( T4+%)
101 FORMAT{6DIZ.8)
FTENP(K+1)Y=FNDID
XDAYS=XID-36203.
R - CONTINUE
XDAYS=XDAYS+TIME/86400.
DAYNO=AMOD { XDAYS s 3654 25)
YERR=1088.+ (XNAYS /3654259
DETERMINEVALUE OF SCOLAR FLUX FOR DATE IN QUESTION
M=1
D30 IF(FTENB(MI~ENDID)1050,1040, 1050
04an FIQR=FTENB({M=-2)
GO TO 1100
05N IF(FTENB{M+1 )~YERR) 1060,1070+1080
NG&EN M=MypP
GO TO 1030
070 FIOR=FTENBI{M)
GO TO 1100
NBO 1F(M=1)1070+1070,1090 .
090 F10B=FTENB{(M=2)+(YERR~-FTENB(M=~1))}¥ (FTENB(M)—-FTENB(M—2) )} /(FTENB(M+1
#)—FTENB(M=1))
10N CONTINUFE
DETERMINE GEOMAGNETIC INDEXsAPFROM SOLAR FLUX NUMBER
260 IF(FI0R.GEL.130.) GO TO t280
IF(F1NB.GE.8De) GO TO 1270
PE=FR,
G0 TO 1440
270 AP=8,
GO TO 1440
280 AP=11.
440 CONTINUE
F10=F108
®RLAMS= o 01 7202 ¥XDAYS+: 0335¥SIN(« 017203¥XDAYS)I—1e41
001 IF(XLAMS—6.,28318%53)10003,10003,10002
002 XLAMS=XLAMS=6.2831853


http:XLAMS=.017203*XDAYS+.0335*S!N(.017203*XDAYS)-l.41
http:TF(FInB.GE.80
http:95.+(X0AY5365.25
http:DAYNO=AMOD(XDAYS,369.25
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GO TO 10001

CONT I NUE

XLe=C0e (XL AMS)

TEMQ=8 IN(XLAMS)

TEFMR=COS(ECLIPT/NPR)

TEMS= GIN(ECLIPT/DPR)

XMS=TFMP%®TFMQ

XNz TEMS#ETFMOQ

COMPYUTF RIGHT ASCENSION AND DECLINATION OF SUN
ALSUN=ATANZ (XMS+XLS)

DLSUN=ASTNIXNG)

URAR(13¥=A(1)

UBAR(PI=A(4)

URAR(3)Y=A(T)

HKM=ALT

CALL DENSITY ROUTINE

CALL JACHIA(HKMyF10+F10B+ALSUNDLSUN 3 APy UBAR «DAYNGs RHO)
RHO=1 ¢ D+3¥RHO

FLAG=1.

RFTURN

END

IS JACHTA.JACHIA

SUBROUTINE JACHIA(HKMqFlOsFlOBARaALSUN-DLSUN-AP-UBAR.DAYNO RHO)Y
IMPLICIT REAL%#8 (A-H.0-2)

COMMON FN(S)Y{S)sCOE(B)

DIMENSTON UBAR(3).LOGRHO(4) «SBUF(4)

REAL ILOGPHO . L GRHOH

DIMENSION -TABL(8D),TABL1(40D)

THIS ROUTINE COMPUTES DENSITY(GM/CM#%3)
JACCHIA MODEL. ATMOSPHERE (1967)

FROM THE MSFC MODIFIED
AS GIVEN IN —=-SPACE ENVIRONMENT

CRITERTA GUIDELINES FOR USE IN SPACE VEHICLE DEVELOPMENT(1969
REVISION) +DON Ke WEIDER.EDITOR

DATA TABL /

w0201 18B614D+01 14060 D4+00 4400 D+00 14060 D+00,
S£=0033835106D+01+4+0.,0 D+00 4 +0 40 D400+ +040 D+00«
S—0e40510482D4+01 44060 D+004+040 D+004++0e 0 D+00,
BN 7349510D4+01 4400 D+00 4400 P+00:+040 D400+
E=0e53083993D4+01 44040 D+004+0.0 D+00+4+0.0 D+00y
F~0e5I8B4T20D+01e+0 40 D+00++0e0 DH+00s+06 0 D+00,
E=0s565143890D+01¢4+0:0 D+004+040 D+00++0e0 D+00+
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F=0e70578153D+014+040 D4+00¢+00 D+004+0eD D+00»
F=0eT7HIS5Z2BZ0D+0144+040 D+00++Ce 0 D+QOs+Ce O D+00»
T A44%0,0N+0/
DATA TABL1 /

-0 e I3O3C0I3D+01 44040 D400 +4+0.0 D+004«+00 D+00.
S—0e 1OOQTO0ODHN2++040 D+00 ¢ +0e 0 D+004+0e0 D400
F-0e 106090000+029—04 76837 16D~06+~Ce4T7OR3TIOD-06s+0e 0 C+00.

-0 11091000D+02,=0+319070820~01 ++404 154838560-014—025072098D+02+
E-De 1141100004024 =0+24660110D~01 44047084369 7D~024—~0+597476F6D~03
F=0a11656000D+02,=0:49915314D~02+=0e86374283D-024+02826639070D-02
5-0e 1 1857000D+024 042001 7624D~014=0,26494980D—014+Ce66037178D-02+
$~0a 120320000+02, =04 474896430 =~01 +=0+447044370=01++0+10418415D=01»
5=0e 12187000D+024 =0 75425552D~01+~0e62486649D~014+Ce 13999939D-01,
* 4¥000D+0/

FQUIVALENCFE (TABL(41)s TABLIC1))

TABL{37)=-0,84989394E+01

TARL_(38)=—040

TABL(2Q)==n,0

TABL(4AN)==0,0

TABL1(37)==012329000F4+02

TABL1(381=40, | OS65329E-00

TABL1(R9)=~0792087734E~01

TABL1(40)=40,17275810FE~01

COELl13=~10,4R04T0Q20

COE(P)=2e844291123E-02

COE(3I=—3:.620059821E-05

COE(431=2.341193059E-08

COE{5)==7577509214F~12

COE(/I=9.753963073E~-16

FIK=R421432E+07

CONL = ,4342G4419

PI=3.14159268

TPI=6.”8318535

Pl4=.7853987

CON=R7 429577951

FPa=23.45/CON

F10BR=F10RAR

TOR=Z62 0 +2 . 6%4F 108

TOP=TOR+1 8% {(F10-F108)

TO=TOP+( 3744 I4*¥SIN{TRPI* (DAYNO~1514)/365¢) )%
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20

30
21

270
280

2a0
po=

200
_20

T(FLOBASTIN(Z2« ¥ TRPIX (DAYNO—S94 ) /2650 ))

LMSC-HR KO Dibco4o.

RMAG=SORT(UBAR{ 1 )Y¥UBAR( 1 Y+UBAR( 2) ¥UBAR(2)+UBAR(3) #UBAR( 31)

PHI=ASIN({UBAR(IY /MMAG)
HSUN=ATANZ (URAR(2) «UBAR(1})
IF(HSUNsGE-Ns0GY GO TO 20
HSUN=HSUN+TPFT
GO TG 10
IF(HASUNSI_LELTPI)Y GO TO 30
HSUN=HSUN=-TP
GO TO 20
HSUN=HSUN-AL SUN
IF (HRUNeGE+0,)GO TO 32
HSUN=HSUM+TP I
a0 TO 31
IF(HSUNLT.TPI) GO TO 33
HSUN=AMOD {HSUN+TPI) L
TAUZHSUN=P 144 ,209430%SIN{HSUN+P14)
IF(TAUYZ2T70+7250C 4250
IF(TAU~PIIPO0+290 4260
TAU=TAU~TPI
GO TO 280
IF(TAU+PT Y28042904+290
TAU=TAU+TPI
GO TO 270

CONT INUE
ETA=Q =% (PHI-NLSUN)
PST=ARS(C 5% {PHI +DLSUN) )
POW=2 =
aper=STN(PST)
CTAU=COS{TAU/?40) |
CETA=COS({FTA)
IF(SPeIIR2P43224323
SPSI=0s
GC TO R2s
SPSI=8PST*¥¥P0OW
IF{CTAU)I 32643264327
CTAU=N,
GO TO 230
CTAU=CTAL¥XPOW
IF{CETA)331¢3314332
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231 CETA=N,
GO To 1333
32 CETA=CFTA%%POW
333 CONTINUE ) ’ )
T=TO¥(1e+e23% (SPSI+CTAURCETA~CTAURSPSI )
NELT=AP+100,%( 1a=EXP(=,08%AP))
TF=T+DELT
ERR=TF=8(00,
X=ERRP /{78041 a TP PE~DAXERRE¥2 )
ST=!Q2Q1*E‘XP("X**2/2.O)
SIGMA=ST+e 00015
240 COMTINUE
G=(HKM=120, } #6476+ 77/ {6356 4 T7T+HKM )
TZ=TE={TE~3554 ) ¥EXP (S GMA%G)
IFtHIKM=1206 1050 342 4 342
asn TEMAD={TE~1100:0)/400:0
S=HKM/10.0
1=5
s=1
S=(HKM/10,0)~5
IF{S) RS01411048501
2501 CONTINUE
TF(T«LFel) GO TO 70
IF(1.GFe92) GO TO RO
I=1%4="2
g0 J=1+12
L=1
COMPUTF LOGRHO FOR 4 ALTITUDRES
No 60 K=T4Je4
LOGRHO (L)Y =TABL (K)+TABL{K+1 ) # TEMOD+TABL (K+2) *TEMOD¥TEMOD+TABL {(K+3)
1%# TEMON® TEMON*TEMND
L=L+1
6N CONTINUF
SRUF (1 )1=S%(S=10)%(S=2,0)
SRUF{APITS(S~1 cDIR (S~ D) ¥ (S+1 602
SRUF(R)I=SH(S~De 01 ¥{S+1.0)
SRUF(4)=S%#(S=1s0)%#{S+1,0)
COMPUTE LOG RHO AT H KM ~ INTERPOLATE
LGRMOH= ({SBUF (1) ¥LOGRMO( 1))/ (—-6.0)) +
1 ((SBUF (2)#LOGRHGO(2)) /2.0 +
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bl ({SAUF{RIXLOGRHO (Y ) /(~2.0) ) +
23 ((SBUF(4)Y#LOGRHO(4)1/640) ' .
RHO=DENSITY(G/CM3}) = ANTILOG OF LGRHOH )
65 RHO=10, %% GRHOH
RFETURN
70 IF({I«LTe0) GO TO 90
I=1
a0 TO =80 .
BO IF(1.6T«100) G0 TO 90
I=3Rq9
GO TO S0
9N WRITF (64 100 IHKM )
100 FORMAT(1HOWSH H = +E15.845Xs40HEXCEEDS ATMOSPHERE TABLE OF 0 TO 10O
*#00 KM)Y
RHO=0,4
RETURN
110 J=T%4+1
{ GRHOH= TABL(J)+TABL(J+1)*TEMOD+TABL(J+2)*TEMDD*TEMOD+TABL(J+3)
1% TEMOD¥TEMOD* TEMOD
GO TO 6%
342 FN{1)=4+CE+11
- FN(2)=7«5E+10
FN(3Y=T7e&F+10
EN(4)=2e 4E+07
IF(HKM=5N04 3504345345
A48 FRP=PLOG(TE ) ¥CONL-
FN(B) 2724 13~30 4 4% RR+5. SHERR ¥ %2
FN{SG) =10+ O¥¥FN(S)
ALH=COE( 1 )+TE#(COE(2)+TE#(COE(3)+TE* (COE(4)+
1 TEX (COE(5)+TE*COE(6) 1))

N=5
- GO TO 360
350 FN(5)=0.
N=4

. IF(ARS(HKM~-120.)1—-1,0E~ 08)380.380.360
60 YD) =044 4B5SE+NS /(S IGMARFIKETE)
Y{1)=2R.¥Y (=)
Y(PY=RR %Y (™)
Y{3)=16ea %Y {F)
Y{4)=4.¥Y(T)
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A={TE=3558.)/TE

C=(1le=AY/{1e—A¥FXP(=-SIGMAXG) )
FN(1IY=FN{1IXCHX {1a+Y (1) IXEXP(—SIGMA¥Y (1) #G)
FN(PI=FN{P I RCHE( 1o +Y (2) I FEXP (=S IGMAXY (2) ¥G)
FNI3)=FN(3)¥CHE(1.,+Y(3) I HEXP (~SIGMA¥Y (3)¥#G)
FN(L)2FN(4YHCHI( ,E63+Y (4) 1 ¥FEXP(~SIGMA¥Y(4)¥G)
ITF(ARC({HEM—50N, } =1« NE~NB)I38N0 438N «370

arn
28N SUM=0,

NG RON T=7 4N
SUM=SUM+FN(T)

390 CONTINUE
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FNASY=FN(S)*C#% (| o +ALH+Y (5 ) ¥EXP (= SIGMA¥Y (5) ¥G)

ERR=28¢*FN(1)1+32H#FN(2)+ 15 ¥FN(3)+4 e ¥FN{4)+FN(S5)
RHO=ERR* 1 + 66F -4

PETURN
ENP
IMAP, IN A48
LIR  SYSF¥MSFCS.
'XOT P
7847 45 o1
76424655777 Nal
ap —-ap 208
3 +0p 15
24380 40%
N2
13729  +03 1980
12690  +03 198075
tFIN
tFIN

S50
F55eN
-0
+02 10

+04 13314
+04 12371

+03 198025
+03 1981

C-28

0.0 G40

0.0 0,0
+04 12994 +03 19805
+04 12112 +03 198125

+04
+04



