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ABSTRACT

An experimental computer program is described, which calculates
Earth Satellite ephemerides, corrects orbit elements and evaluates the
effects of various terms of the bulge perturbation theory, Perturbations
by solar radiation pressure and atmospheric drag are also represented,
The differential correctijon employs a weighted least-squares reduction.
Formulation, flow charts, input formatg and sample cases are given.
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FOREWORD

The authors wish to acknowledge the assistance of Mr. Kenneth
Stewart who reprogrammed parts of the operational differential correction
program (SGPDC)* for use in this program,

* Aeronutronic publication U-1691, revised 1 October 1962, pp. 3-61 to 3-95,
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SECTION 1

INTRODUCTION

The Experimental General Perturbations Differential Correction
Program calculates the ephemeris of an Earth satellite by a General
Perturbations technique and improves the orbital elements by a differential
correction process using satellite observations. The ephemeris calculation
includes the analytical expressions of the perturbations caused by the
asphericity of the Earth and of the effects due to direct solar radiation
pressure on a close-Earth satellite. Frictional effects due to the Earth's
atmosphere are determined empirically from observational data.

The program is equipped to compare the complete first-order
asphericity theory with simplified theories, in which selected terms are
omitted. The comparison is made in the magnitude and in the radial, trans-
verse and orthogonal components of the displacement from the position
obtained with the complete theory.

The effects of direct solar radiation on the orbit of an Earth
satellite are introduced through the perturbations in the orbital parameters:

e cos T
e sin ™

L, mean longitude
sin i sin Q

and sin i cos §

-1-
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where mT=0+ W (see also Figure 3)
Q) is the longitude cf the ascending node
w is the argument of perigee
e 1is the eccentricity of orbit

and i is the inclination of the orbit-plane to .the equator-plane.

This set of elements defines nearly-circular orbits without the difficulties
caused by the singularities of the classical elements at zero eccentricity.
Only the long-period changes of the parameters are retained from the develop-
ment.* The effects on these long-period terms of the satellite being eclipsed
by the Earth in part of its orbit are also included.

The perturbation theory for the asphericity of the Earth contains
first-order short-period terms and second-order secular and long-period terms.
The second zonal harmonic coefficient, J , of the geopotential function is
considered to be of the first order. The third and_fourth zonal harmonic
coefficients, J, and J,, respectively, as well as J° are of the second order.
For a more detailed analysis, reference is i"ade to Aeronutronic Report S-981.
In addition, the works of Brouwer** and Kozai*** are useful for comparison of
the results. The second-order secular and long-period terms in the mean
anomaly, M, were adopted from Brouwer's analysis.

The expressions presented in the formulation of these bulge perturba-
tions are free of low-eccentricity singularities due to the choice of the
parameters e sin ®, e cos W and the argument of latitude, u, instead of the
corresponding classical elements. The short-period terms in the radial
distance, r, and the argument of latitude, u, are used rather than the related
expressions for the semi-axis major, a, the eccentricity, e, the argument of
perigee, @ , and the mean anomaly, M, which contain § . Long-period terms are
calculated for the elements e cos ®, e sin @, and L since the classical parameters
also have terms containing J3/e as a coefficient.

* Koskela, Paul, 1961, '"Orbital Effects of Solar Radiation Pressure
on an Earth Satellite,'” Aeronutronic Publication No. U-1357.
*% Brouwer, Dirk, 1959, Astronomical Journal, 64, 378.
**%* Kozai, Y, 1959, loc. cit, 367.
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Several of the bulge perturbation terms contain the factor

e-2 1 - V

1 -e),

which appfoaches % as a limit at zero eccentricity. It is approximated by a

rapidly converging series expansion when e is small, as are two similar co-
efficients.

The expression (4-5 sinzi) appears in the denominator of many of the
long-period terms shown in the formulation. This quantity produces a singu-
larity at the critical inclination angle of 63.4349...degrees. In this
program the terms containing (4-5 sin“i) are automatically set equal to zero

when the inclination approaches the critical value.*

The perturbation theory is based on the Gaussian form of the expressions
for the variations of the parameters; that is, three mutually perpendicular
components of the perturbing acceleration are used. The expressions are de-

veloped in terms of the true anomaly and thus have no remainder terms in powers

of the eccentricity.

Section 2 of this report lists the equations necessary for ephemeris
calculation. The equations are presented in a form which allows clear identi-
fication of each bulge term for the experimentation. The use of low-eccentricity
orbital parameters, the inclusion of the effects of the Earth's bulge on the
satellite’s velocity, and the separation of the terms by size with regard to
the order of the harmonic coefficients and the power of the eccentricity account
for the large number of terms.

Section 3 describes the computer program which has resulted from
this project. The ephemeris calculation consists of determining the pertur-
bative changes in the selected orbital parameters or coordinates and calculating
the geocentric position and velocity vectors at desired times. The differential
correction process obtains the correction to any or all of the six orbital

elements: Uo’ the mean argument of latitude, anN=¢e cos W , ayN = e sin @,

n , the orbital mean motion, i and {} ; and the correction to the drag parameters
c" and d, if desired. The program has the capacity to weight the observations
according to the given value of the standard deviation of each observation, be
it range, azimuth, elevation angle, right ascension, declination or range-rate.
It may also consider the weights assigned to an observing station for the
quality of its observational data.

* Aeronutronic Report U-1672, '"Numerical Values of General Perturbations Terms
in Orbital Parameters,”" by J. L. Arsenault and its appendix explain the justi-
fication for this. Basically, as the rate of change in the argument of perigee
approaches zero, these particular long-period terms become of very long period
and act like secular terms. The mean value of the terms can be successfully
combined with the mean value of the relevant parameter.

-3-
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SECTION 2

FORMULATION

Because the treatment of perturbations due to direct solar radiation
in this program is somewhat novel, the formulation is detailed here. The
formulation of all the ephemeris calculation, including the other perturbations
and of the differential correction are then given.

2.1 DIRECT SOILAR RADIATION PERTURBATIONS

The magnitude of the force acting on a satellite due to Jirect solar
radiation is

F,b=|E | =yv P _a

where

A is the effective cross-sectional area of the satellite
to radiation pressure

P is the solar radiation pressure in the vicinity of the
Earth, assumed constant

Y is a factor depending on the reflecting characteristics
of the satellite's surface

v is an eclipse factor to be considered in detail later
(Section 2.1.3)

It is customary to assume that the direction and magnitude of this force is

constant along the entire orbit, except in the Earth's shadow, where it
does not exist.

4=
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2.1.1 Sun's True Longitude

The Sun's true longitude, 10, at time t is computed from

- 5 2
lo = (L.)0 + no(t-to) + 2 e, sin Me + % o sin 2 Mo + ...(in radians)

where

(Lc;)o is the Sun's mean longitude at some epoch, t

0?9856/day, the Sun's mean daily motion

n =
°
e, = 0.016726, the eccentricity of the Earth's orbit
Mo = (Lo)o + n (t-to) - Ho
I = 28°253
o

2.1.2 Perturbations in the Elements Due to Direct Solar Radiation

Compute the perturbations in the elements a, (e cos™),
(e sin ), wx, W , and L due to direct solar radiation. The required
expressions are derived in Aeronutronic Report U-1357. However, in the

results which follow, %39' and g_E“l have been replaced by their variations

with respect to the modified time variable, 7, by means of

aa _ E Q
dE n

and
daw _ _li% &
dE n

The mean motion, n, has been replaced by n = k, “/p /413/2 radians /min.

The a; coefficients are listed in Table I. The semi-major axis

3
a, is in units of Earth radii; u =1 (Eaf;h radius)

(ke min)

2 ; the satellite's

-

- 5=
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mass,m, is {n grams; the magnitude of the force due to direct solar
radiation is F_ = V’YPO A; the eclipse factor v and the reflectivity 7y
are dimensionless; the satellite's effective cross-sectional area, A,

is in cmz; and the solar radiation pressure is 'l’o = 4.592 x 10-8 Ef L“_l—{i 2
cm (ke min)

(a) In the semi-major axis there are only short-period perturbations
due to direct solar radiation. Therefore, let

Aa=20
Define an unperturbed semi-axis major:
2
3 J,a "
a =a [+ 2 e 41-e2(1-3/28in2i)]
up o 2 2 o °
Po
(b) Calculate A (e cos m):
Ja o |
3 2 o
A(e cosm) = - == a_(l-e7) — (4 sini_ sin €
16 up o J'Tfm o

[ - a;; cos (Q+ L) + a;, cos (Q-2L)]

-2 (1 - cos io) [313 (1 - cos€) cos (280+ le)
+a;, (1+cose) cos (2Q- 8,) ]

-4 a5 (1 + cos io) ( cos €) cos Lo

2
2\
agpfo sin 1 F
-3 o ) i sine€
16 [ p) cos 1, 8in
vl-eo (1 + cos io) J-Hm

[ -8, cos 2+ le)

+a, cos(Q- le) +a cos (Q+ 2+ !e)

- a;, cos (Q+ 2a-8,) ]

17
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+s8in i (L+ cos €) [-a,cos(2q-2)
- a,g cos Qo + [.) + a,, cos Qo+ 20 -l.)]
+ sin 4 (1-cose) |- a,ycos (22+4)
- a9 co8 2w - 4,) + a8, cos 29 + 2w + 8,) ]

+ 2 815 sin io cos € cos [o}

(¢) Calculate A (e sin 7 ):

A (esinT) = - % “aup(l-ei)d% { 4 sin i_ sin €

[-a), sin (Q+2) +a, sin (2- £)]

-2 (1-cos i) [313 (1 - cose) sin (2Q0+2))
+ a;, (1+cose) sin 29 -z')]

- 4a (1L+cos i) sin z.}

2

a, e, sin 1 F
-:1;—64%-——2——— LZcosiosine
1 - e (1 + cos io) Jum\,

[- 2, sin (Q+2)

+ a,, sin ( Q- l’) +a

12 sin (Q+ 2w+ lg)

16

- a;, sin (Q+2w- l.)]

+ sin io (1 +cos€)| - a 4 8in 2a- ‘o)

1

- a sin (2w+z.) + a

18 20

-7-

sin (2Q+ 2w- t‘)]
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(d) Calculate wa:

3 Ve

AW

(e) Calculate Awy

AW = = -
y l6y l_eo

X »./l-e‘z’

3 Vau, e,

+ sin io (1 -cose)[-a,, sin (20+ l‘)

13

- a,. sin Qw- z.) + a,. sin 20420+ ‘.)]

19 21

+ 2 as sin io sin l.}

€o

° {2 cos 1 sin€(l + cos 1)
[-a sin  (Q+a+ ) +a, sin (Q+w- L) ]
+ 2 cos i sin€ (1 - cos i) [33 sin (Q-w+ £))
- a, sin (2-w- 3.)]
+2 ag sin 1 (cos i + cose) sin (w+4 )
+2 ag sin i (cos i - cose) sin (w- 4,)
+a7 sin io (1 - cos io) (1 + cose) sin (2 Q-m-[.)
+a8 sin i (1 - cos io) (1 - cos €) sin (2 Q-w+ 30)
- 4y sin 10 (1 + cos 10) (1+ cose) sin 2Q+w- z’)

310 sin io (1 + cos io) (1 - cos ¢) sin 2 +w+ l.)}

F
— {2 cos i sin €(l + cos i.o) [a1 cos (ﬂ+w+[°)

vpm
- a, cos Q+w- [.) ]
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+ 2 cos io sin €(1 - cos io) [- a, cos Q- +l.)

-235

6

3

ag

+ a, cos (Q-w- £ ) ]

sin 10 (1 +cos 10 cos €) cos (Ww+ lg)
"2 a, sin io (1 - cos 10 cos €) cos (w- [.)
sin i (1 - cos 10) (1+ cos€) cos (2Q-w- Z.)

sin io (1 - cos io) (1 - cos€) cos (2 -w+ lo)

+ag sin 4 (1 + cos 10) (1 + cos € cos (2Q+w- l.)

9
+alo

(f) Calculate AL:

AL = - ¥

o
% aup ol 1-

o ___| e
2(1¥-e) (W |

o]

el

2 (1 + cos io) (1+

+a, (1 - cos io) (1 -

3

+ a, (1 - cos 10) (1+

+ 2 sin 10 sine [- a
Nay e,
l-e':> (1 +cos 10) N pm1

sin 1 F [

®lw

sin io (1 + cos io) (1 - cos €) cos (28Q+w +l.) '?

5

~

J

(l-k:os 10) (1-cos €) sin( Q+w+L )

cos€) sin (Q+w- “o)
co3 €) sin (Q-w+ l.)
cos €) sin (Q-w- ‘o)'
sin ( g+ A )+ ag sin (co-t.)] I
-2 sin io (1 - cos €) [-al sin (+w+ l.)

+ a, sin () -+ [‘)]

+ sin io (1 + cose) [84 sin (Q-w- lo) - a, sin (Q+w- lo)]

+ 2 cos io sine[ - ag sin (gt [o) +86 sin (- l.)] }

-9-
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TABLE 1

The Coefficients aai {

-1
radians/k -1 min}
L e

. -1
a, (Q.+a>.+ n) a5, "=
-1
= Moo -
a, (Q+w na) aj .-
a =(Q\-ca.)‘+n)-1 a, ,6 =
3 © 14
a, = ( Q- - n )-1 a.,_ =
4 @ 15
a_ = (@ +n )-1 a,, =
5 (-} 16
2 -1
ag = (W=-mn) a7 =
a, = 2Q-w- n )°1 a =
7 “ ) 18
88 - (ZQ\-(L\)'F no)-l 319 =
\, -1
ag = M+ w- n) a0 =
a_. = 20+d+ n )-1 a,. =
10 ® 21

a,. = (Q# n@)n1

Note: n = 1.6064 x o"¢ ZXadiame

e k min
e

-10-
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@+ na)'1
- )"t
(“e)-l

(4 28+ ne)-l
(Q+ 283 - nﬁ)’1
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1

QM+ 20- n)”

Q3+ 28+ ne)-l
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2.1.3 Eclipse Factor

When a satellite is continuously exposed to sunlight, as Echo
was from its launch on 12 August 1960, to 24 August 1960, the perturbing
force due to solar radiation is continuous and the eclipse factor isvs= 1
in the expression for F . The integration of the perturbation equations

presents no problem in this case. More often, however, the satellite

passes through the Earth's shadow (where V = 0) on each revolution. The
'eclipse thereby produces discontinuities in the perturbing force. The
customary way of handling this discontinuity is to evaluate the perturbative
variations in the elements after each revolution. The values of the satel-
lite's anomaly at the points where the satellite leaves and enters the shadow
on each revolution are then the lower and upper limits of integration,
respectively, in the perturbation equations. The quantities, w , lz., and
the eclipse points are considered constant during the one revolution interval.
It is desirable to avoid this once-per-revolution integration, however, and
to integrate over a much longer time interval.

The time spent in eclipse changes continually due to the apparent
motion of the Sun and the perturbations on the satellite orbit. The change
per revolution is most rapid when the satellite orbit plane is entering or
leaving the Earth's shadow. Once in the shadow, the time spent iu eclipse
per revolution does not change appreciably over a number of days. This is
illustrated in Figure 1, which shows the variation of time in sunlight per
revolution for Echo around 24 August 1960, when it was ending a period of
some 12 days of continuous exposure to sunlight. The change was 10 percent
the first day, not quite 5 percent the second day, and it quickly decreased
to 1 percent per day and less. This suggests the following approximation,
which was used in integrating the perturbation equations over many revolutions.

The parameters were integrated over many revolutions on the basis
of continuous exposure to sunlight. The eclipse factor V appearing in the
expression for F. was then given the form

y o= 1. At
P

where At is the time per revolution spent in the shadow where the perturbing

force does not act, and P is the period. During the intervals when At is

changing very slowly, v need be re-evaluated only every day or so.

-11-
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The eclipse factor V is determined according to the following
steps. If the time t is within 24 hours of the time ti for which the last
eclipse factor V; was computed, this section is bypassed.

(a) Calculate the geocentric angular distance d8 between the orbit
plane and the shadow axis (see Figure 2):

-1 ) -1
dstsin (-_P_I~L°)-sin (-Wxon-HyL -Hszo)

yo
where

wx = sin  sin 1
W Wy--cosﬂsini

W = cos i
z

on = cos to
L L = cos € sin }
yo 0

L = gin€ sin ¢
zo e

The angle d_ is between + 90°. It is taken as positive when the shadow
axis is north of the orbit plane and negative if south of the orbit plane.

(b) Calculate the angle

, =1 3¢
(m-¢) = sin 2
If|m-y|- | d | < 0.01, assume V= 1, that is, the satellite will

not pass through the shadow, and omit the following sequence of equations
for determining v.

If|m -9 -| ds|;> 0.01, the eccentric anomalies at the points where
the satellite enters, E, , and leaves, E , the Earth's shadow must be
in out
calculated.
-13-
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(c) The values of the eccentric anomaly at the eclipse points are the
solutions of

1- az (1 - e cos E)2+ az [(cos E -~ &) (2-_]._..)

-2

+“/1-ezsinE(Q'L')] =0 .

There are only two valid solutions to this equation since the bracketed
quantity must be negative in order for an eclipse to take place.

Calculate initial estimates for E at the beginning (Ein) and end (Eou
of eclipse:

)

t

- g - DY _
Ein B 2 @

and
Lu
Eout =B+ 2 @
where
Aum2 cos !t |=S08¥ | A, <180°
i cos d j
L 8
-1 cC'M
B = tan C- N, the quadrant is determined from the signs

of the numerator and denominator.

The nodal unit vectors N and M are shown in Figure 3. Their components
are

N = cos

12
=z
(]

sin Q
N =0

and

M = - s3in () cos {

[}
=
]

cos fl cos 1

M = gin {

-15-
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and the auxiliary unit vector C is (cf. Figure 2)

C= -gecdL - tand W
- s~e 8~

(d) Calculate the dot products P Lo and Q - L._’

i~

-_I_.e-%{(1-cosi)(1+cos€)cos(9-a)-l,)
+ (1 - cos i) (L -cose€ ) cos () - w+ lo)
+ (L+cos i) (L+cose) cos (Q+w - 8)
+ (l+cosi) (lL-cose)cos (Q+w- Lo)

+ 2 sin i sin€ [cos (w - Zo) - cos (w+ la) ]}

=1 {(1 - cos 1) (1+cos €) sin (Q- - 4,)
+ (1 - cos 1) (1 - cos€ ) sin (- w+ lo)
- (1+ cos i) (L+cose) sin (Q+w - 1)
- (1+ cos i) (1 - cos €) sin (Q+w + 4)

+ 2 sin i sine [- sin (@ -4 ) + sin (0 + 3,)]}

(e) With the initial estimates of E and E ¢ f(E) and £'(E) are

calculated for use with Newton's approxim‘t'ion me%“od Calculate

f(l?.)-l-a2 (1-ecosl?.)2+a2 [(cosE-e)(g‘_l_.e)

+‘J—1-e°2 sinE(Q'é’)]z

and
f'(E)t-ZazesinE(l-ecosE)

+2a2[(cosE-e) (_l:'L)-O-'“l-ei sinE(g'E.)]

4

x[- sin E (P -;.)+‘/A1-e§ cos E(Q'Lo)].

-17-
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(£) Calculate the correction to the initial estimates of Ein and Eou :

¢
o —f (E)
AE £ (E)

This correction is applied to the preceding value, E

= E + AE.
The iteration is continued until n

n4l
AE | <o,
IE | £o.01

(g) The eccentric anomaly at the eclipse points are used to calculate

the mean anomaly at these points from

Min - Ein - e sin Ein

and

"M _=E _-esinE
(o]

out out ut

These in turn are used to find the time spent in the shadow:

from which the eclipse factor V is

v =1 - ALt
P
a
[o]
where
27 3 ae)Z 3 .2 1 2.,
Pt (13 p] (-gein’ 1) -ged]

2.2 EPHEMERIS CALCULATION

The ephemeris calculation determines a satellite's geocentric
position r and velocity r at a given time, t, from the initial orbit

elements axNo’ ayNo, ho’ Lo, and the drag coefficients co, and do’ at an

-18-
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epoch time t,. The perturbations caused by the Earth's atmosphere, by
direct solar radiation (when significant), and by the asphericity of the
Earth (including terms due to the second, third, and fourth zonal
harmonics) are included in this calculation.

2.2.1 Preliminary Computations

The following quantities, required in later calculations, are
calculated from the given initial conditions (see section 3.1.1).

(a) Compute the semi-latus rectum p , the eccentricity, e, the mean
semi-major axis a,, and the distance to perigee q,:

p =h -h =he 4 hZ + h2
o —o o x y z
0_ o] o
2 2 2
eo'axN+ayN
[o] [o]
2
a =p,/ (L-e)
qo'ao(l-eo)

(b) Compute the three orientation angles: io’ the inclination; Qo’
the longitude of the ascending node; and a)o, the argument of perigee:
h

-1 %o
- . i
1 = cos JTO—, 0< i <
h
-1 *s
! = tan 5 ; the quadrant is determined from the signs
Yo of the numerator and denominator, 0 < Qo <a2m
-1 ay"‘o
@ = tan ; if e 2001 ;0< W <27
o a N e} = o
o

if e <00L,® =0
(o] [o]

-19-
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(c) Compute the mean argument of latitude, U , and the mean value of
the mean motion, noz °

If h 20 (direct motion)
o

UO. LO-QO

if hz <0 (retrograde motion)
o

U =L +
(o] [] [o]

e 1-e (1 -7 sin io)

2 .
kef![l 23 a N 2 3 2
4 2

n = -
° 3/2 2
[« pO
where
ng aez - 1.623675 x 10> (earth radii)?
and
k NB = 0.074 365 74 (earth radi1)>’? / min

(d) Compute the drag coefficients c'" and d:

360n 2c
o o

n?

"= -

If the drag acceleration is to be used, d is read from storage or, if zero
is found there, it is computed from

n

A (a2 D
d=A (c") [1+3(nb_n)]
L o J

-20-
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where

n, = 0.072 220 521

and the

empirical coefficient A = 8 (at present) ;

if (nD

- no) <10 77,

10

2.2.2 Atmospheric Drag

Compute the purturbations in a, e, and p caused by the Larth's

set (nD - no) - 10"

10

atmosphere during the time interval (t - to). At time t:

- " _ -
a=a, [1 + 2 c" (t to) + 3d (t to)

e

e

p

1 - qo/a
0
a(l - e2)

for

for

az2aq

a < q,

2.2.3 Asphgricity of the Earth

Using the initial values of Pyr P and i , calculate the

secular bulge effects on §, &,

d

dt

=0 + 0
Lt
3

=29
3 2

=29

axN ‘and a

-21-
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4
a
- L £ - 2
93 1 4 Z D, cos i (4 - 7 sin io)
P,
a 4
Q .3;2 e 2 3 gin?
4 3 J2 7 € P, co8 10 (1+ % sin io)
Py
al&
45 e 2 2
Q = == T -
s 32.14 Z %, P, °o8 io (4 - 7 sin io)
o
d )
Qso. Qo+ dt (t-t)
dw,
de Ot @t ot 0 tog
2
3 ae
[0V - = - i
| ’ J2 2 (4 -5 s8in” i) n,
P,
a 4
9 2 Te 2
@D = - -
) 4 J2 Z (4 - 5 sin io) n,
Py
Lr l-e z_ sin2 i 43 édl-e 2)
A o o 48 2 o
a 4
15 e 2 4
[V} - - = — -
3 32 J4 Z 0, (16-62 sin io + 49 gin io)
o
9 2 e 2 2 1 2 5
T P-4 - — -2
4 16 J2 T o [ (4-5 sin 10) (1+ 74 sin io) 3 <8
o
a 4
45 e 2 2 4
4V} - - = ~~= -
5 128 J4 2 % 0, (24-84 sin io + 63 sin io)
o

-22-
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d w
ws dt (t-to)

+
Wo = @ 7 G
W =sin 2 sin i
x so o

W W = - cos § sin 1
y 8o o

wz = cos iq

sin a)s)

sin w + a
8 yN
o) o 0

cos W
08 s)

If the quantit Ay <1l.0 cm2/gm., where m is the satellite's
Y "m

mass, the effect of direct solar radiation on the satellite orbit is not
considered and the ephemeris calculation proceeds directly from Section 2.2.3
to Section 2.2.5.

If the quantity A—g— 21L.0 cmZ/gm., the perturbative effect of

direct solar radiation on the satellite orbit is computed according to the
formulation outlined in Section 2.2.4. This limit may be changed, if
experimentation and usage show that the radiation should be applied to more
or fewer satellites.

2.2.4 Computation of Radiation Pressure Corrections

The computation of the perturbative variations of the elements
due to direct solar radiation pressure proceeds essentially as in Section 2.1.
The eclipse factor, ¥, is computed as previously described, except for the
dot products (B * L) and (Q * L ) which are reformulated in paragraphs £
and g below. The eqﬁations for the corrections to the parameters e cos T,
e sinT,Wx » Wy , and L have also been rewritten, as shown below, for pro-
gramming efficiency. The a j cgefficients are calculated as shown in Table I
using the relations Q = _1_ d_-Q and o = _1 dw . The b 1 terms are

k dt k dt

e i e
computed as the reciprocals of the a, coefficients with Qs

replacing ', &, and n, respectively.

, w_ , and £
o so °

=23~
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The perturbations in the elements are first computed at t,
eliminating terms whose a, coefficients are greater than 10%. The
perturbations are then recomputed at to’ with the same terms eliminated.

The final perturbations in the elements are computed as follows:

A (e costmr) = Afe cos 7r)t - A(e cos ) to
A(esinm) = A(e sin'rr)t- A(esinﬂ)to
AWx = (AWx)t - (wa)to

Awy = (AW)

vt (Awy)to

AL = ALt - ALto

In this way, the very long period terms are ignored; the moderately long
period terms are treated as secular; and singularities caused by very long
period terms are eliminated.
(a) Computation of A( e cos ) (DECPI)
A(ecosqp) = ko { kl ['2k2 (-a11 cos bll + a,, cos b12)

cos b, + k. a c°5b14)+k6 cos 10]

- ky (k8 13 K5 2
+ k7 [ k8 (-au cos bll 4 a;, cos b12 + a6 cO8 b16

-a cos b17)

17
¥ kg (-a14 cos b, -a g cos big + ayq €08 b20)

¥ klO (-313 cos b13 - ag cos b19 + a,, cos b21)
+ k,;, cos l' |

-24-
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(b) Computation of A (e sinm)

(DESPI)

A (e sinm) = k, {kl [2k2 (-a11 sin by, + a;, sin b12)

- k3 (k[+ a3 sin b13 +

kg [k8 (-a;, sin by, 3 a), sin by, 4 aj, sin LI

kg @y, sin b)) #kyo sin £ ]

- a;, sin b17)
8o k9 (-aM sin b14 -a,g sin b18 1 a0 sin b20)
!+k10 (-813 sin b13 -a5g sin b19 + a1 sin b21)
+kyo sin Eo ] }
(¢) Computation of wa (DELWX)
AW = ' -
L=k K, [k13 (-2, sin b, + a, sin b))
4 k14 (a3 sin b3 - a, sin b4)
- kl5 a5 sin b5 + k16 ag sin b6 -4 k17 a, sin b.,
+ kg ag sin b8 - kg 8y sin b9 “kyo 210 sin blO]
(d) Computation of A.Wy (DELWY)
Awy=k k [k,, (a, cos b, -a, cos b,)
o 12 13 1 1 2 2
+ k14 (a3 cos b3 H—a4 cos b4)
+ k28 a5 cos b5 - k29 a, cos b6 -kl7 a, cos b7
- k .
k g ag cos bg 1 k g ag cos by 4 kyq a4 cos blO]
-25-
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(e) Computation of AL (DLTL)
L= ko {k21 [k22 a8 sin b1 + k23 a, sin b2 + kza a, sin b3
sin b

+ k +k2 (-85 sin b_+ a sinb6)]

25 %4 4 st 4
+ kyy [kIO (-a1 sin b1 + a, sin b3)
+ k9 (a4 sin b4 -az sin bz)

+k8 (-a5 sin b5 + 8 sin b6) ] }

(f) Computation of (P - Le) (PDPTL)
c b-l k, b-1
+ ky,c08| Py |+ kyjcos(b,
+ k csb‘1 k cos |b. - c b-1
225°8%1°1 |+ %2 ] €% |Ps °% 1°s5

(8) Computation of (Q - L)  (QDATL)

-1
4(p - Lo) = k,gcos (b4

-1 -1 -1
4(Q L_e) k,s sin [b, ) + k,, sin ‘b3) - ky4 8in (bz)

Sl ]

-26-
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Coefficient

The Coefficients k

Symbol
XYZKO

XYZK1
XYZK2
XYZK3
XYZK4
XYZKS5
XYZK6
XYZK7
XYZK8
XYZK9
XYZK10
XYZK11

XYZK12

XYZK13
XYZK14
XYZK15

XYZK16

TABLE 1I

[}

-27-
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Formula
- f% [PSUN* AG@#M- XYZNU ]

RTAUP. RTE@SQ
2.SINI-SINEP
2(1 - C¢SI)
(1 - C@SEP)
(1 + C@SEP)

-4
TNSON [(1 + c#sI) (C@SEP)]

RTAUP (E¢) 2 SINI

RTE@SQ (1 + C@SI)
2 CPSI.SINEP

SINI (1 + C@SEP)

SINI (1 - C@SEP)

2

xNsoy  (SIND) (C@SEP)
RTAUP

- RTEgSQ < B¢

2 CPSI SINEP (1 + C@SI)
2 C@SI SINEP (1 - C@SI)
2 SINI (CPSI + C@SEP)

2 SINI (C@SI - C@SEP)
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Coefficient

kys

ks

kg

k0

ky1

k)2

k3

ks

k)5

k26

ky7

kg

kyg

k
30

TABLE II (Continued)

Symbol
XYZK17

XYZK18
XYZK19
XYZK20
XYZK21
XYZK22
XYZK23
XYZK24

XYZK25

XYZK26

XYZK27
XYZK28

XYZK29

XYZK30

Formula

= SINI (1 - CASI) (1 4+ CPSEP)
= SINI (1 - CPSI) (1 - CPSEP)

- SINI (1 + CPSI) (1+ CPSEP)

= SINI (1 + CPSI) (1 - CPSEP)
e 4 Eg¢- RTAUP [1 - 2(:£SO:Q+1)
= (1 + CPSI) (1 - CASEP)

= (1 + CPSI) (1 + CPSEP)

. (1 - C@SI) (1 - C@SEP)

= (1 - C@SI) (1 + C@SEP)

-4
XNSUN

_ 2E¢RTAUP- SINI
RTE@SQ(L + CPSI)

(1 + CPSI)

= -2SINI (1 + C@SI‘CHSEP)
= -2SINI (1 - CPSI-COHSEP)
. 2SINI
XNSUN
-28-
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(h) Application of Perturbations in the Elements

The corrective quantities Aa, A (e cos M),A (e sinm), AW , .
AW , and AL due to direct solar radiation are now applied to the orb¥tal
elements at time t. The perturbative effects of the Earth's asphericity
and atmosphere have previously been included in the elements a, anN®™ e cosy,
a = e ginw, 2, and L. Since the radiation pressure perturbations are
based instead on the parameters (e cos T), (e sin m), W , and W , they must
be introduced in the following manner. X y

(1) Calculate (e cos ) and ( e sinT) at time t:

ecosT=[a_cos Q-a_s8inQ]+ A (e cosm)

xN yN

sin Q +a . cos Q]+ A (e 8in 7

e sin T = [a N

xN
The square-bracketed terms include the bulge and drag perturbations at time t.

(2) The eccentricity, which now includes the perturbative effects
of the bulge, atmospheric drag, and the radiation pressure, is computed from

2
e= [(e cosT)“+ (e sin TT)Z] 1/2
(3) Similarly, W is computed from

vo= [wx] + AW

W= [wl+Aw
y y y
W AW +W AW
X X y y
W o= [w ] - ‘ cos i
z z

where the square-bracketed components of W, computed in 2.2.3 above, include
the bulge perturbations. If l cos i.l is too small, compute

i 2 2
|Wz l Jl - Wx - wy and apply the sign of [- wawx - wyAwy] .

-29-
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(4) The inclination i and {) are now revised, both radiation pres-

I ey iy

| guune B aane |

—-3

| g

sure and secular bulgg. effects being included:

Y1 i

cosi-wz , 8in i = - cos

i= tan * {515—11 0 < 1 < 180°
cos 1

X

- W
- —
cos Tin 1

sin i °

sin Q=

Q= tan [S“‘ ];o< Q<

cos

(5) Recompute a N ayN with the new §:

aN" (e cosm) cos) + (e sinm) sin

ayN = - (e cos M) sin R+ (e sin 7) cos

(e cos M) and (e sin7) are given by 2.2.4 (h), (1).

2.2.5 Geocentric Position and Velocity Calculations

(a) Calculate the long-period effects on ), a N and ayN:

Q = Q6+' Q7+'r 98+ 99-1- 910

L
. a? ) (7-15 sin® 1)
*Q6=-§ J, -_fz‘a—e cos i _2—"—0 31020380
p* ® (4-5 sin” 1)
2
5 a, 2 (14-15 sin2 i)
**Q7 = - E J2 = e sin i cos i 2 2 sin 2 wso
p ° ® (4-5 sin” 1)
J a cos 1
1 3 _e
Q8 = 2 J2 p e sin 10 cos wso

Note: All asterisks denote program size tests explained at the end of this

Section, 2.2.5
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where

—

J, a 2 (3-7 sin2 i)
—; e cos i ——-—"'—sinZws

o

p (4-5 sin io) °

where

J 3

(e [
®

[}

]
—
=
&
o
N
]
-
oI

e (6-7 sin2 io)
3 e cos io sin io — sin 2 W o
2 p (4=5 sin” 1 ) s

Wy, XN XNyl N, N N N, g N N
a 2 2 (14-15 sin2 i)
* axN = -]1? J2 —;' e sin 1 _—2_—'0 cos wso
1 ) 0 (4-5 sin io)
a l (13-15 sin® 1 + 105/2 sin® 1)
* 1 e 3 o o
axN = 3—2— 2 ¢ 2 cos wso
2 p (4-5 sin i’))

Note: All asterisks denote program size tests explained at the end of this
Section, 2.2.5
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L el (13-15 sin® 1) (14-15 sin” 1)
ki any "3 J2 5 e sin io 3 2 2 cosd%o
3 P (4-5 sin io)
1 a 2 3 (14-93 si.n2 i 4 ;ﬂ sin4 i)
*axNzﬁgz.—%e °2 °cos3w
4 p (4-5 sin” 1) so -
’ 2
. aez 5 o, (13-15sin” 1) (14-15 sin’ 1)
*%k an “ 32 J2 - e sin i° 3 2 cos 3 W
5 P (4-5 8in io) 8o
2
J a -
axN = - % 32 £ e2 sin2 i° Ei-zgggzz—fgi sin 2 @ o
6 2 P (o] 8
2
3 a 2 (6-7 sin io)
* a N -% J—4 —; esi.n2 io 2 cos
7 2 p (4-5 sin” 1) 8o
y 4
3, a’ . (6-29 sin® 14 49/2 sin’ 1)
* a .- A —; e3 2 & cos
XNS 32 J2 p (4-5 sin2 io) 8o
5 J4 a 2 3 2 (6-7 sin2 i )(3-15 sin2 i)
* axN=-§J—-—;e sin i . 2 2 %= cos wso
9 2 p o (4-5 sin io)
3, a? (6-41 sin® 1 + i sin4 i)
N 5 4 e 3 o 2 (2] .
ax = 27T 2 e 2 cos 30%07
10 2 p (4-5 sin io) =

Note: All asterisks denote program size tests explained at the end of this
Section, 2.2.5
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2

A 2
5 J4 a, 2 (6-7 sin io)(13-15 sin io)
*% g -32?'—2 e sgin 1 2 2 cos 3 W
*Npp 2 p ° (4-5 s1n” 1) 8o
a = + a +-a + a + a 4+ a + a 4+ a 4+ a
yNL le yNZ yN3 YN4 yNS yN6 yN7 yN8 }'N9
+ a 4+ a + a + a
YN YNy YN YNp
a 2 (l4-15 sin2 i)
* 1 e 2 0
a = - R J2 — e sin 1o 2 sin wso
yN; p (4-5 sin” 1)
a 2 (14-65 sin2 i + 105 sin4 i)
" 1 e 3 0 2 0 »
a N - 35 J2 — e 2 sin so
Ny P (4-5 sin io)
a? (13-15 sin® 1) (14-15 sin® i )
1 e 3 2 0 0
*% aN --EE'JZ-—Z e sin 1 2 2 sin
N4 p ° (4-5 sin io) so
a 2 (14-93 sin2 i + 165 sin4 i)
* a = l‘-J —% e3 o 22 2 sin 3w
N, 322, (4-5 sin” i) so
a? (13-15 sin® 1 )(14-15 sin® i)
1 e 3 .2 0 0 .
*k g N =32 Jz — ¢ sin 10 3 7 sin 3w
s P (4-5 sin io) so
J a
a N = - % _3 —e Sin i
Y6 2 P °

Note: All asterisks denote program size tests exglained-at the end of this
Section, 2.2.5
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a =il o
yN7 4 J2 p sin io
" J, a (1-2 sin2 i)
1l 73 e 2 o
an. " 4 T 'y € sin { cos 2 a%
y 8 2 (o)
J, a 2 (6-7 sin2 i)
* 3 _4 _e 2 0
a = ~ 16 .7 2 e s8in io U S— sin wso
¥Ng 2 p (4-5 sin” 1)
J, a 2 (6-29 sin2 i + 49 si.n4 i)
* 5 "4 e 3 o 2
aN, . " 3273, 2 ¢ 2 sin a)so
Y 10 2 p (45 sin” 1)
s 1, al (6-7 sin® 1) (13-15 sin® 1)
*k a =2 = £ . sin2 i 0 2 sin w
N 32 3J 2 o 2 2 $0
Y1 2 p (4-5 sin” 1)
2 . 2 L7174
J a (6-41 sin” i +- — sin 1)
5 4 _e 3 o 2 o .
* N = 32 7 2 e > sin 3 a%o
Y2 2 p (4-5 sin” i)
1, a? (6-7 sin® 1 )(13-15 sin’ 1)
_ 5 4 e 3 .2, o o’ .
** g N."3% T T3 e sin i ] 2 sin 3(0@0
ANk 2 p ° (4-5 sin io) N
anN. =2 + a

Note: All asterisks denote program size tests explained at the end of this
Section, 2.2.5
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a = a + =a
s yNg N
(b) Compute the mean longitude L at time t:

\ " 2 3
L= Lo + n, (1+ AM+AT) (t-to) + nc (t-to) + nod (t-to) + LL+ AL

where n AM, n AT, and L_ are computed as in the following three subsections,
and AL s the @ffect of solar radiation pressure (Section 2.2.4) or is set
equal to zero if radiation pressure effects are not considered.

(1) First and second-order secular changes in the mean anomaly M:

noAM-M + M + M

1 2 3
a4
3 ,2% [ z2[_.25,5 [
My=2 Jp 4 e [ 2t2y 1%
Po
15 2 65 9
+ (= - - - 2 -
T - 3 /18, ) sin io+(32 > leo)cos 1] n
ad
15 ;2 % 7 .2 A3 .2, 5.5
M2-64J2 4\/1e eo (2 9 sin 1§ cos i) n
Py
34
45 e 2 2 2 4
M3= 128 Ja p4 l-eo e, (27-30 sin 10- 35 cos io) n,
o

(2) First and second-order secular changes in the argument of
perigee T :

m = ki ™ ™ i
n, & 1P [y YT
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Niw

o

@ -2 si.n2

—5 2 1o-lc031°|)n°

e 2 2 43 3 ’ 2— 2
3 (45 sin"1 ) [1-~/ l-e ™ - Gg -3 l-e ")sin i 1]

3 / 2 2. 5 _.fi.2
- |cos i, [ - 2~ 1-e " - sin i, G-3 l-eo)] n,

4
a

_e_ 2 2 1 2 3 4
- 7 % (4-5 sin"i ) (1+ 57 sin"{) - 3 cos i
o

1 2.\
-5 ]cos iol (445 sin 10_ }no

4

=5 [16-62 sin? 1 + 49 sin” 1
P o o]

o

2
-2 |cos i [(4-7 sin io) ]no

% 2 2 4
Z € [ 72-252 sin i, + 189 sin i

2
-12 [cos 1_ [(4-7 sin 1) In
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(3) Long-period changes in L:

LL-L1+ L2+L3+L4+ L5+L6

2
a
1 e [-e232 17 (14-15 sinzio) sin’1

> .
p (4-5 sinzio) 1

2 2 135 4 2
+ e [14-79 sin i+ > sin io Icos io' (14-30 sin io)] sin 2 a%o
1 ae2 2 sin2 io (14-15 sin2 io) [ 2
* | w— J —= g (13-15 sin"i
2 16 2 p2 (4-5 sinz 10)2 o)
-5]cos i | ] sin 2 w
o S0
T L5, (1-e2y 32,
L3 = E 3 P— [ —“——e——'— sin io ] cos wso
J a Icos i
1l 3 _e o
L4 2 J2 p € sin i (l cos ioI -1) cos a;o
o
2
J a
* L . 1—2 J—" —— J[(l-e2)3/2-1] (6-7 sinzio) sin’i
2 p“(4-5 sin 1) { °

2 2, .63 . 4 2
+ e [6-35 sin i+ 5 sin i | cos iol (6-14 sin 10)]}sin 2 wso

Note: All asterisks and daggers denote program size tests explained at the
end of this Section, 2,2,5
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2

Nl ISy

sinzi (6-7 sinzi )
o o

fe 2
2

—s [(13-15 sin’1)
P (4-5 sin io)

2
6 16

-5 lcosi l] sin 2W
o so

(c) Compute the mean argument of latitude, U, at time t:
U=1L - QsL if Wz >0
U=1L+ QsL if Wz <0

(d), Solve the following modified form of Kepler's equation for the
quantity (E+®) by iteration, using U (mod 27) as a first guess

E+4® = U+ a sin (E+w) - ayN cos (E+w)

xNSL SL
(e) Compute the geocentric position, r, and velocity, _1.:;, at time t
by means of the following sequence of equations:

e cos E= a cos (B ) + a sin (B4w )
Rer, g
e sin E= a sin (B+W) - a cos (E+ w)
Ny, Mo
2 2 2
e = 3 + a
L WNop,  IWNgp

r = a (l-e cos E)

esinE; u=1

N_ia
r

Note: All asterisks denote program size tests explained at the
end of this Sectiom, 2.2.5
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, NE

v = T ‘l-eL

c08u=% cos(E+a>)-axN+aN e ein k )]
SL  YVSL 14+ l-e

sinu=5:: Sin(E‘HD)-aN - ay ( e sin E )
sL L 1+ W l-e

_ 2
pL-a(leL)

(1) Long-period terms in 1i:

ioL = ,io ¥ iL
iL = il + i2 + i3
a2 (14-15 sin® i)
, 1 e 2 . . o
*i, =~ J, -0 e sin 2i cos 2w
1 32 2 2 o . 2 so
P (4-5 sin io)
J a
i, = 1 3 = ecos i sin @
2 2 J2 P o so
J, a 2 (6-7 sin21 )
. 5 4 e 2 . . o
* iy=-33 7. 3 ¢ sin 210 % _ ¢os 2(1)so
2 p (4-5 sin io)

(2) Short-period terms in argument of latitude u:

Au=u1+u2+u3+ua+u5+u6

u; = - % J2 — (6=7 sin2 ioL) sin 2 u

Note: All asterisks denote program size tests explained at the end of
this Section, 2.2,5
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3 aez 2
u, =7 J2 -3 (4-5 sin 1°L) (u-U + e sin u-ay“ cos u)
PL . SL SL
a2 1- [1-e
e (1.3 442 1 )
nu3-J2 2 (1-2 sin 1oL)(_e—2-—L_ 2)(ax" sinuayN cos u)
pL L SL SL
TT -1 J aez Q1 sin21 ) - ! l-eLz f(a 2 a 2 )sin 2u
e T 2 oo ¢ 2 ) ey yN
e ! SL SL
L L
-2a a cos 2u'
N YNgL
2
u_ = - 1 J % (3-5 sinzi ) (a sin u+ a cos u)
4 2 L xN N
> Z p ° SL YosL
L
2
a
u6-—%.12 —e2 cosziL(axN sin3u—aN cos 3 u)
Py ° SL Vst
(3) Short-period terms in radial distance r:
Ar = r, + T, + Ty
a 2
1 _e 3.2, 2
r=-3 J2 - ) (1 7 sin 1oL) (pL 1 e r)
L

Note: The daggers also indicate program tests explained at the end of
this Section, 2.2.5.
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2
a
r ,i - 2
2 4 J2 pL sin 1oL cos 2 u
2 / 2
a (1- J1l-e,7) ( )
-“- 1 £ .3 .2 —_ L /_.II--

3 "2 J2 P a 2 8in j'oI.) 2 r 1

L eL

(4) Short-period terms in r:

Ar = r1+ r2+r3+.r4+r5i—r6+r7+ rs-ﬂ»rg

2 ) 2)3/2
. 1 2 m 3 2 1- l-el.
T””1 =2 N2 2 ':; (1 -3 sind)) [ 2
P ‘L
1 yJ
+ & (-7 | 1- i -
4 \/ eL )] (axNSL sin u - a NSL cos u)

a 2 1- 1l-e 2
. 1 e E ,, 3.2 ( L )
T, =20, 5 p, 172 %) L2

2 2
€| (a - a )sin 2u - 2 a a cos 2u
HNop g Moy IR,

Note: All daggers denote program size tests explained at the end
of this Section, 2,2.5
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2
1 " 1- l-eL
Trr3=+§ ’p ——-——2—-(1-—sini) (axN linu-ayu
L e SL
L
2 2
x { 3e -4(&xN sin u-a N_ o8 u)
. ®sL YsL
r, = ~ 1 J -—— , sin 1 L3N a .
4 4 2 SL y"SL
2 .
. 1 2e ’JA 2, ;
r. =-+ J, —> sin'i a 8in uta cos u
5 2 2 pLZ 129 oL stL yNsL
2
. 1 e m 2
r6 =-3 J2 -3 S sin ioLsin 2u
12 L
r, = - 3 i, = sin i  8in 2
7 8 "2 } oL®m <
1 Ze [‘E 2
t, = -+ J, —= sin"i _(a sin 3u-a cos 3u)
8 2 "2 pLZ P, oL stL yNSL
a 2
, 1 e ’—‘_g 2, [ 2 ]
r,. =-= J, — sin"i (a - a ) sin 4u- 2 cos 4u
R Y oL | Ny, g gy "y,
(5) Short-period terms in rv (r20 = J LP):
(xv) = ™, + TV, + TV, + TV, + Vg + T, + TV, + TV
. v
v, - Ar
Note: All daggers denote program size tests expla..ied at the end of this

Section, 2,2,5
-42-
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a " P
) £ ’ i3 - -3 gin? L
v, =7 I, ; 7 . P 1 e, (1 3 81n'1oL) (:ﬁ
L
. =3 J jgi £ i 21 s 2
Y3 %% szJPL sin Lo.608 <
L
v =1 J fgf j'lz. e 2 sin21 cos 2u
YaT2 %2 52 ey L oL
L
a 2 —
. 9 e % 2
v, =< J, —= — 8in“i (a cos u-a sin u)
5 8 "2 pLZ P oL xNSL yNSL
a 2 -
o =2 L (KB 2
Ve =3 J2 : b sin 1°L(axNSL cos 3u+ayNSLsin 3u)
L
a 2 —
. 3 e J o 2 2 2
v, =< J, —= — sin"i  (a - a )
7 8 72 pL2 PL oL xNSL YNSL
a 2 r
. 1 e M 2 2 2
v, == J, — j —_ sin"i i (a - a ) cos 4ui2a
8 8 "2 2 P oL L stL yﬂSL xN

(6) Short-period terms in 1 :

AQ

O+ 9+ 95+ 9,
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Q
1

1

Q
12

1

1

Ai

3

4

n
[« J[")

[« ][

0=

2
3 ae
Z JZ —5 cos ioL sin 2u
P
2
- % J2 aiz cos ioL (u-Ha sin u-a cos u)
pL anL yNSL
2
% J2 aez cos ioL(axN sin u + ayN cos u)
Py SL SL
2
1 ae )
= J — cos i (a sin 3u - a cos 3u
4 "2 pLZ oL " xNo, Wgp
(7) Short-period terms in 1i:
14 + 1.5 + 16
2
2e
J2 —5 sin ZioL cos 2u
P,
2
3
J — sin 2i (a cos u - a sin u)
2 P 2 oL xNSL YNSL
L
2
2
J — sin 2i (a cos 3u + a sin 3u)
2 pLZ oL xNSL YNSL
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(8) Orientation vectors W, M, N:

9)

oz k }

i, =1 4+ Al

k oL
Ok.QsL+ al

W = gin Qk sin 1k

W = - cos kaini

W =cos i

<

o

M =s8in §, cos i

x k k
My = cos Qk cos ik
Mz = sin ik )
\
N_ = cos Qk
Ny = sin Qk >
N, =0 )

Direction vectors U, V:

uk=u+Au

U

Ncosu +Msinu

k k

1<
]

-N sinuk+_}1cosuk
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(10) Position and velocity r and #:

| A— | S

| S

| gp——

f~ = e e

=

r, =1t + Ar

k

iksi:+Ai

(r\'r)k =¥ + A (xV)

=1y

Ine

=rU+(r\'r)k1

‘k.._

Size Tests
2 -3

* If (4-5 sin io) < 10 © disregard term
. 2 2 -3

** If (4-5 sin io) <10 ~ disregard term

T If e < 10-3 expand the quantity

-

1 1 2
=2 (d+7 €)

m If e 10.3 expand the quantity

S -

2 3/2
- (l-eL) :2(1-.]—'
e2 2 4
L
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2,2,6 Deviations from the Nominal

Determine the radial, transverse, and orthogonal components of
the deviation in position from mean elements for the nominal case (including
all terms):

radial Ar
transverse rA 93 =rAu+ r cos ioL AR
orthogonal rA‘Gl =r sinu Ai - r sin ioL cos u Af

1/2

[Ax] [(an)? + 2 (A93)2+ r? (A91)2]

2.2.7 Subsatellite Point

As each point is calculated, the position obtained is used in the
subsatellite point computation for output.

h=r-1+ ( 3 f2 + f) U2 -3 f2 U4 converted to kilometers
2 z 2 z

1 Uz

Latitude = tan > 2 converted to degrees
fl-Uz (1-£)

Longitude = tem-1 (y/x) - egr -6 (t-to) converted to degrees
o

where 6 = 4.375269511x10-3 radians per minute

and 98r = egr + 0.9856472D + 360.9856472F converted to radians
o 00

where 6 is the Greenwich sidereal time at the start of the epoch
00 year in degrees, and D and F are the days and fractioms
of a day, respectively, from the start of the epoch year

to the epoch.
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2.2.8 Position-Exrror Analysis

The position-~error analysis applies the above formulas 2.2.6
to the computed differences between the nominal orbit values and the
experimental (omitted term)case. The subscript n refers to nominal case
quantities.

Ar =1« -r

kn k
Du=w, -y
AQ=an- Qk

Ai=ik11-i'k

rA93=r Au+r cos i AQ
n n oLn
rA'Ql = rn sin u Al - rn sin ioanos un AQ
1/2
2 2 2 2 2
|ac | = [( Ar)" 4+ 17 (AB3)" + 1 (A8 ]

2.3 DIFFERENTIAL CORRECTION FORMULATION

The purpose of the differential correction is to relate the topo-
centric observation residuals to improvements in the orbit parameters. The
formulation used in this program is similar (except for minor modifications)
to that appearing in Aeronutronic Publication U-880%, and is presented here
for reference,.

2.3.1 Compute egr , the Epoch Greenwich Sidereal Time:
o

egr (deg) = ( 6 - 360) D+ QF + egr
[e] 00

* Astrodynamic Analysis for the National Space Surveillance Control Center,
Sections 5.1 and 5.2 of Appendix 4A, June 1, 1960.
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Where 6 is the rotation rate of the Earth in deg/snlar day, agr
0o

is the Greenwich sidereal time at the start of the epoch year in degrees, and

D and F are the days and fractions of a day, respectively, from the start of
the epoch year to the epoch.

2.3.2 Station Vector

Compute the station vector R (X.Y,Z,) from the given quantities,
¢, the geodetic latitude; )E’ the east longitude; H, the altitude; and t,
the time of observation:

1

C =
Ni - (ezsin2¢)

e2 = 2f - f2
- L '
where f = 798.3 1S the Earth's flattening ;
S=¢C (1-e2)
e(rad)= 6 (e-t) + egr + XE

(o]

where O is the rotation rate of the Earth in radians/solar minute.

X = - (C+tH) cos ¢ cos B
Y = - (C+H) cos ¢ sin O
Z = - (S+H) sin ¢

H has units of equatorial Earth radii

where X, Y, anl 7 are the components of the station vector R.

2,3.3 Compute the Partial Differential Coefficients R, and Ui:

i

(a) R = %& e sin E
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(b)

(c)

(d)

(e)

69

(g

(h)

(D

(3

2
Rn -3 + (U-Uo) Ru

RN" -a;z-[axu-cos(l!+w)]
a2
RyN= 'y [ayN- sin (E +a))]
R = ﬁ (U-U)
c n
3Rn
Rd=—2— (u-u)
n
Uu=-a; 1-e2
Un=(U-U)Uu

2
=2 r
UxN-r {(1+a)sin(E+a))+ax“esinE

Jl-e)ecosE - a

(1 +d 162 y 2 W 1-e

ir- - (1 +—) cos (E+(n)+ay“esinE
\
x [e - (1 + l-ez) e cos E-§+ | l
Ni-eZ 1+ J1-e2)2 14+ V1-eZ:

- J
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n
(k) Uc =0 U - Uo)
3Un 2
(1) Ud = ;E_ v - Uo)

2,3.4 Topocentric Position of the Satellite

Compute the topocentric position of the satellite at the given time
from the geocentric position r and the station position vector R:

(3 p, =r+R
® p. = Jeot B
(© L =%

C

where the subscript c denotes computed quantities.

2,3.5 Slant Range Observations

I1f p, the slant range, is observed, compute the residual
Ap = Po - FL, where the o subscript denotes observed quantities, and form

the partial differential coefficients:

>
=]
|
([=]
o]
+
e
|<
[==]

(o]
[
(=]
w
+
=
<
a
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Capg =L, -VYrcosi-L -Wrsin fcosu
cAi. =L -Wrsinu

c Act = L -UR +L .VU
c

Ag =L, UR/+L -VU

Enter the following linear correction equation into the system of such
equations:

Ap =¢C e +c Aa + C Aa + C
% n, Aa XN AayN W, AUO
+Chq 80 +cC,, A1+cAc,,Ac"+cA'dAd
52~
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2.3.6 Altazimuth Observations

If the azimuth, A, and elevation

the unit vectors S, E, and Z:

$ = gin P cos B

S = - cos ¢

)
(a) s -smqbsinei?.

E = -gin O

(b) E.= cos 0

<
N o e T s

Z =cos¢@ cos O

(c) Z = cos ¢ sin 9>

Z = sin ¢

angle, h, are observed, compute

5, Southward Unit Vector

E, Eastward Unit Vector

Z, Zenithal Unit Vector

After this, compute I‘-h s -’A:h and ‘ﬁh » Wwhere the o subscript denotes quantities
o o o ,

which are calculated from observed data:

Lxho = - cos Acos h \

@) Lyho = gin A cos h \ Eho

L = gin h
zh sin &
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N
Axh = gin A
o
~ ~n
(e) Ayh = cos A éh
o o
e
Azh =0
[6)
~
D = cos A sin h
xh
(o)
(£) D i D,
vh = - gin A sin h L
() o
N -—
Dzh =cos h
(o)

~ ~
Next rotate the components of 5“ , Ah R Bh to the equatorial coordinate
system: o o o

(g) L =L, S+L.,E+L_ 2

~y s ~ ~o
(h) A=A S+A; E+A, 2
o o)
W 3 -3, s+b, E+D
0 xh—+ yh—+Dth
(o) o o
Compute AL=1L - 1L
= =0 =c
-54=
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Form the partial differential coefficients as in (2.3.5) with A teplacing

L and enter the following linear correction equation into l:he system of
such equations:

A
. = A +cCc, AU
Pc (éo AL) 'An . o+ C Aay A‘xﬂo + cAay' ayuo Auo o

~
Again form the coefficients as imn (2.3.5), this time with -Do replacing l‘c

and enter the following linear correction equation into the system of such
equations:

~
- An
p. (D, -AL) CAn no +cAaxN Aa""o+cA’yn A‘yu°+cAu° Av
n [o]
+Cprq AQ +cAiAi+CAc,,Ac"+cAdAd

2,3.7 Equatorial Angular Coordinates

If a the topocentric right ascension, and 6 the topocentric
declination are observed, compute the vectorsto L, A, and D:

Lx = cos & cos @
o i

a) L =cos 0 sin a \ L
(a) Y, 5 L

Lz=sin<5 i
: |
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A =-38in Q
x
o

(b) A =cos a
Yo

A =0
z
o

st-sinécos a
o

(c) D = - sin § sin @
Yo

D = cos &
z .
o

Compute AL = Lo - Lc’ then form the partial differential coefficients and

compute the linear correction euqation as in (2.3.6) substituting éo for zo

(a3

and 20 for 20.

P

A>

JU

2.3.8 Range-Rate Observations

(a) If b, the slant range rate, is observed, compute
the station velocity R and then P.:

e
n
'
Lo
D
—

<o
(]

4

[»]]

Z=0

N

where 6 = 0,058,834,47

b =E+R

7o

=56~
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(b) Compute ex, = a (e cos E-ez)

and

ey, = 4 Jl-ez e sin E

(c) Compute the partial differential coefficients

ki and ﬁi:
(1) ﬁu =Qﬁi a?'/2 exaf_3
@ kR =2+@-uy i
3 Ry = (Wia®? £ [sin (B+0) - ay e sinE - ay]
¢4) i{yN = (J—yaS/z r-3) [-cos (B+w) - ayN e sin E + aN ]
. 2R
(5) R, = U - Uo)
. 3Rn )
(6) R, =? U -1u)
) fJu = -Nu a3/2 ey r-3
(8) ﬁn=£3"’— +@U-U) b
2
(9 UxN = (Wi aS/2 r-3) ~]"1-e2 [cos (E+w) - a N 1+ :—p )]
2
10y Uy = Wi /% 173 J1-e? [sin Brw) - ay 1+5)]
N
(11) Uc == v - Uo)
] 3i1n )
(12) Ud = ;E_ u - Uo)
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'(d). :Form-the:partial:coefficients C;:

c.é_‘l=LC'y'[,pc(Rﬁ'-VUn)- Pe Byl * B - IRy
n
. v ] .
tLoc Y[R U+ U - P Yy 1+ L. " YT,
c - . o _
Ba o Lot 8 [ PRy =¥ U - PRy 1+ £ LRy
. T . .

LotV [P Ot rUW - Rl It Lt LU
CAayN=—c -q[pc(RyN-vuyN)- pcRyN]+Bc.p-RyN
. * .
+Lc y-[pc(UyN'*'r:uyN)" chyN]+Ec !UyN

¢ Av L3 Lo, Ry -7 U) - P Ru] t L IR,
. f . .
tL ¥ [ pc (Uu Y Uu) - Rl 1+ .- 10,
A =-L U prvcosi+L-Veosi[p f- p, ]
+Bc-grcos1+kc-ﬂsin1[Pc(rvsinu-rcosu)
+ bcrcosu]-.éc'ﬂrsinicosu
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C a1 " L

+éc'ﬂrsinu

W [pc(r\‘rc08u+£'sinu)-ﬁcrsinu]

Cpoen =L, - U [P (ﬁc-ou)- P R] + éc-gnc

c c

N . _ .
PL Y[R @ tTUI = pelUel + po - 1T,
Cpa =L " U[R, Ry -¥U) - A Ry] + p " URy
. + . ¢
+Lc.![pc(ud+;ud)- chd] + Ec !Ud

(e) Compute Afb = .50 - Pc, the slant range-rate residuals

(f) Enter the following linear correction equation into the system

of such equations:

. ’ An
p Ap=¢ —2 +c Aa +C Aa +C AU
c %1_ n AaxN xNo AayN yNo AUo (]
+Chrq AQO+cA1l A1+cAc.. AC"“CAd Ad

2.3.9 Rejection of Observations

In the normal mode of operation, this program rejects observations
in the same manner as the operational differential correction program (SGPDC).*
The absolute maxima for residuals of range and angle observations are set to
1000 km and for range-rate observations to 0.5 km/sec during the initial
iterations in the differential correction process. The relative maxima are
computed as the product of a constant (1.5) times the computed rms errors for
the combined range, angle and range-rate observations. (The rms is computed
as the square root of the sum of the squares of the accepted residuals
divided by the square root of the number of accepted residuals.) When the rms
of the positional observations become less than 50 km., the absolute rejection

-t ==

t

s B e |

criterion is reduced to 75 km.

* Aeronutronic Publication U-1691, revised 1 October 1962.
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In the override mode, where a specified set of elements is corrected
"n" times regardless of convergence (see fields 1 and 2 on D.C. control card
Figure 27), the observation rejection process is specified on the D.C. control
card (field 9) in one of two ways:

(1) Absolute maximum rms multiplier method: An initial
absolute maximum for range and angle observations and
an rms multiplier for each correction are specified.

(2) Absolute maximum method: An absolute maximum for range
and angle observations is entered for each correction
specified.

In either case, the rejection of range-rate observations is treated as in the
operational D.C. program,

A further modification to the rejection process is available in
both the normal and override modes, This modification is, the time factor,

t-t

——3——2 , (where t - €, is in .units of days) multiplying all absolute maxima
prior to the rejection test. This factor is not used if it is less than
unity., This option is specified in field seven of the D.C. control card

(Figure 27).

2.3.10 Corrected Elements

> 4 h ,h ,h ,c",d

Compute the corrected elements L , a R
(o] yN % y z

xN

o o o o

N
(a) Let i>=21 Cij Ai = vj’ j =1,2,3,...represent all of the linear
correction equations (i.e., the Ci's are the coefficients, the Aifs are the
corrections to the orbital parameters at time tos the Vv's are the observation

residuals, and N is the number of parameters being corrected)

Statistical weighting of the input observations is accomplished in
this program by assigning a constant standard deviation, 0, for each quantity
that is observed by a particular sensor. These standard deviations are entered
into the linear correction equations is shown below. They are introduced to
the program by the SIGMA cards (see figure 14). The standard deviation for
each observation may be varied by entering four multiplying factors on each
observation card. (see figure 28).
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The following matrix equation is solved to give the corrections,
in the least squares sense, to the orbital parameters at time t_.

the rssumed standard deviation of the observation producing v

v, , T
J

-2 - L. ,

4% 1 4% 7% G
) 25 2 _-2 ) -
7 %% % 5% % - T %% %

Yo 2 ¥ -2 Y2 -2
7%25% % T %G

(b)

that the element is a corrected element);

Ano
1 = r—
n,=n, 1+ a )

(c")' = c" + Acn

d' =d + Ad
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o xNo XNO
a' 4+ Aa
()
Q' =9 + AQ
o
1' =41+ Ai
f =1 '
L u°+ Qo

2
' = ' -
Py = al (1-elh

o
W' = sin Q' sin {i'
X o
o
W' = - cos ' sin 1
y o
o
W' = cos i
z
o

1f W; =cos 1'> 0

AfW! = cos 1'< 0

3 L2
T I TS S S Y
P .

4=
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[ { ! '
hx l’0 wx
[+

[o]

h =J‘p—.w.
yO ° yO

—~——

by = [Po Ve /
o o

w'

A |
Q'=tan1_w?
Yo

al
o LS

o - tam =3
o

where the quadrant is determined
from the signs of the numerator
and denominator
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SECTION 3

PROGRAM OPERATION

3.1 GENERAL DESCRIPTION

The equations appearing in Section 2 are combined in a Philco
2000 computer program. The program is divided into three main sections:
a differential correction subroutine, an ephemeris calculation sub-
routine, and an ephemeris calculation subroutine provided with an error
analysis section. With the program options available, these sections
can be used in any combination or order.

When operating this program, the following tapes must be used

as shown .in the table, regardless of the section of the program being
used.

Table III Tape Locations

Tape Location (Logical tape unit)

Output tape* 5
Standard library tape 7
Input tape 8
SEAI tape (if needed) 10

*NOTE: Use data select 9 to print output from ephemeris
section of program. Use data select 0 to print
output from differential correction section of
program,
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3.1.1 Program Input

As input, the program expects the N, M elements, Lo’ axNo’ ayNo,

and ho; the drag parameters c, and d; the area to mass ratio ééi; plus

other data, depending on the program option chosen. This is discussed
more fully in Section 3.3.

3.1.2 Program Output (See Section 3.3 for samples of output)

The output obtained depends upon which section of the program
is being used and also upon several output options.

(@) If differential correction is being performed, the program will
print out the correction residuals, the old elements and the new (corrected)
elements, along with many auxiliary quantities. The program will also
punch out a set of corrected element cards. If the output option I@UT=1
is specified with differential correction, the program will output many
quantities calculated in the ephemeris subroutine. These include the com-
ponents of r and f; the secular, long-period, short-period, and overall
changes in the elements; the values of the 89 general perturbation terms
(see section 3.6 for units of terms) and also many intermediate quantities.

(b) If ephemeris calculation is being performed, the program will
output rA.Ql, rA 93,| Ax|,Ar, and the quantities specified by the out-
put option IPPT (see summary of program options, Section 3.2) after each

time i t £ .
me lncremen rom to to tEND

(c) 1If ephemeris calculation with position-error-analysis is being performed,
the program compares the results obtained by using all of the terms with
the results obtained when terms selected by the operator are omitted. The

program then outputs the following quantities: Ar, rA 63, A Gl,l Ax |,

AQ,Au and A i (all calculated as in Section 2.2.8) and the quantities
specified by the output option IPPT after each time increment from to to

tEND .
3.2 PROGRAM OPTIONS
The following outline is a summary of the options available to

the user of this computer program. The application of these options is
discussed more fully in Section 3.3.
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3.2.1 ISENT
(a) ISENT = +1: Input sensor data with cards and then input
SIGMA cards (Note: This must be +1 whenever the
D. C. Program gets its sensor data from cards, even
if an ephemeris calculation appears first.)
(b) 1ISENT = -1: Bypass SIGMA card input and:
(1) For D. C. option, input sensor data from tape
(2) For ephemeris option, * this indicates no sensor data input
(c) ISENT = 0: (Blank card) Input SIGMA cards and input sensor

data from tape

3.2,2 IDCEPH

(a) IDCEPH = 0: End program (Use blank card for 0)
(b) IDCEPH = +1: Go to differential correction subroutine
(c) IDCEPH = -1: Go to ephemeris calculation

3.2,3 ICAL: Used Only Under Ephemeris Option: IDCEPH = -1

(a) ICAL = 1: Go to ephemeris calculation without error analysis
(b) ICAL = 2: Go to ephemeris calculation with error amalysis

3.2.4 IQPT: Used only under ephemeris option: IDCEPH = -1

(@) IPPT = 1: Output t, x, y, 2z, X, y, 2
() I@PPT = 2: Output t, Lat., Long., H
(c) IPPT = 3: Output t, x, y, 2, X, ¥, z and t, Lat,, Long., H
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(d) 1I@PT = 4: Output t, X,'y, 2z, X, ¥, 2 and term values from General
Perturbations section of XYZ Subroutine

) I@PPT = 5: Output t, Lat., Long., H and term values from General
Perturbations section of XYZ Subroutine

(f£) IPPT = 6: Output t, x, y, z, X, ¥, %z and t, Lat., Long., H and
term values from General Perturbations section of XYZ
Subroutine

3.2.5 IBACK]: Used Only Under Ephemeris Option: IDCEPH = -1

(a) 1IBACK1

1: Input new time values and compute another
ephemeris using the same General Perturbations
terms specified ' by NTERMS(I) (Note:

If IBACKl = 1 is used after the Error Amalysis
Section, the program will input a new omitted
term case and compare this with the same nominal
term case used with the preceding error analysis.)

(b) IBACK1

]
N

Input new times and terms and compute another
ephemeris

(c) TIBACKl

[}
w

Input a new value for IDCEPH to determine
whether to end program or start another case
with new elements

(d) IBACKl = 4 : End program

3.2.6 IQUT

(a) I@uT

"

0: There will be no XYZ output from D.C. Subroutine,
only D.C. output

(b) 1¢UT

L]
—

There will be XYZ output from D.C. Subroutine after
each batch of observations

3.2,7 AGgM
(a) AG@M > 1: Include calculation of radiation pressure effects

(b) AGPMM < 1l: Omit calculation of radiation pressure effects
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3.2.8 DTERM
(a) DTERM = 0: Calculate DTERM in the BEGIN subroutine

(b) DTERM # 0: Use this value for d and bypass the calculation
of DTERM

3.2.9 TERMS (Two cards: Columns 1 through 80 on the first card
correspond to terms Q(l) through Q(80) in the program.
Columns 1 through 9 on the second card correspond to
terms Q(81) through Q(89) in the program.)

(a) A one punched in any of the above mentioned columns will cause
the corresponding term to be included in the ephemeris calcula-
tion.

(b) A zero (or no punch) punched in any of the above mentioned
columns will cause the corresponding term to be set equal to
zero in the ephemeris calculation.
(c) 1Identification of terms Q(1) through Q(89) ‘is found in Section 3.6.
3.2.10 For description of further options see Differential Correction
Control Card format (Figure 27)
3.3 EXAMPLES OF PROGRAM OPERATION
The data, the type of cards contained in the input deck and also
the output obtained from the program depend upon the program options chosen,
Therefore, this section is divided into three subsections. Each subsection
describes one sample case.
The understanding of the following descriptions will be

facilitated by referring to the flow chart of the main program (Section 3.5).

3.3.1 SAMPLE CASE #1: Perform differential correction of elements
with sensor data input from cards.
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(a) Input caris used: The following is a description of the cards used and

the reasons for their use, listed in the order in which the cards appear
in the input deck., (see Figures 4 and 5)

(1) TISENT CARD (Figure 1l1) with a 1 punched in Column 6. This
card tells the program to take - the sensor data from cards (See Section 3.2.1).

(2) 3 SENS@R CARDS: These cards contain sensor data in standard
SPADATS format, Figure 12. The three cards indicate that only three sensors
are used for this case. (Note: no more than 200 sensor cards may be used)

(3) ENDSENS CARD (Figure 13): This card is used to tell the pro-
gram that all SENS@R CARDS have been read in.

(4) ENDSIGMA CARD (Figure 15): This card is normally used after
SIGMA CARDS, but in this case indicates that no SIGMA CARDS are used. (Note:
no more than 100 sigma cards may be used)

(5) IDCEPH CARD (Figure 16): With a 1 punched in column 6. This
card directs the program to the differential correction subroutine (see
Section 3.2.2).

(6) 7 ELEMENT CARDS (see Figures 17 to 23): These cards contain
the initial elements needed for the program. They are in standard SPADATS
format. An E must appear in column 80 of each card. These standard elements
are converted to the N, M elements by the program,

(7) AG@M CARD (see Figure 24 and Section 3.2.7): The 0.0 in
columns 8, 9 and 10 is the DTERM input. Since it is zero, it tells the
program to calculate DTERM, the period decay acceleration.

The 1 in column 20 is the I@PUT option. This tells the program
to output data (see Section 3.2.6) from the XYZ subroutine,

The 0.5 in columns 29 and 30 is the value of ééL and since it is
less than 1, it causes the program to omit the calculation of radiation

pressure perturbations.

(8) 2 TERMS CARDS (see Figures 25 and 26): These cards tell the
program which of the 89 General PerturBations terms to include in the calcu-
lations. In this case, all 89 terms are included.

(9) D. C. CONTRPL CARD (see Figure 27): The 1 in column 15

tells the program to output all residuals. The 0 in column 79 tells the
program to omit use of 0O's.
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(14) END DATA CARD

(13) IDCEPH CARD
(12) ENDOBS CARD
.- (11) END CARD

(10) 44 OBSERVATION CARDS

(9) D.C. CONTROL CARD

_}(8) 2 TERMS CARDS

(7) DTERM, IOUT, AGOM CARD

(6) 7 ELEMENT CARDS

(5) IDCEPH CARD

(4) ENDSIGMA CARD
(3) ENDSENS CARD

‘j;a(Z) 3 SENSOR CARDS

] (1) ISENT CARD

RO2161

FIGURE 4. 1INPUT CARD DECK FOR SAMPLE CASE #1
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(10) 44 OBSERVATI@GN CARDS (see Figure 28): These cards contain
observation data in standard SPADATS format. The 44 cards indicate that the
data from 44 observations are to be included in the differential correction.

(11) END CARD (see Figure 29): This must appear after each set of
observations. In this case, there is only one set.

(12) END¢BS CARD (see Figure 30): This card tells the program
that there are no more sets of @BSERVATI@N CARDS to read in.

(13) IDCEPH CARD with O punched in column 6. This card causes
the program to end after the END@BS card is read in, which is after the
differential correction of the elements.

(14) END DATA (see Figure 34): This card is used to tell the com-
puter that all the data for this job has been read in.

(b) Output from Sample case #l: Figure 6 shows the output obtained from
sample case #1. This includes all of the quantities described in 3.1.2a
above.

3.3.2 SAMPLE CASE #2: Perform ephemeris calculation without error
Analysis. Output all quantities ‘possible.

(a) Input cards used: The following is a description of the cards
used and the reasons for their use, listed in the order in which the cards
appear in the input deck. (see Figure 7)

(1) 1ISENT CARD (see Figure 11) with a -1 punched in columns 5
and 6. This card tells the program to bypass the input of the SENS@R and
SIGMA cards since these are not needed for ephemeris calculation.

(2) IDCEPH CARD (see Figure 16): with a -1 punched in columms

5 and 6, This card directs the program to the ephemeris calculation
section,
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(3) 7 ELEMENT CARDS (see Figures 17 to 23): These cards contain
the initial elements needed for the prograa. They are standard SPADATS
format. An E must appear in column 80 for each card. These standard elements
are converted to the N, M elements in the program.

(4) IQPT, ICAL CARD (see Figure 31): The 6 in column 6 is the
IPPT indicator. Since it is 6 it will cause the program to output all
quantities possible (see Section 3.2.4). The 1 in column 12 is the ICAL
indicator, This directs the program to the ephemeris calculation without
error analysis {see Section 3.2,3).

(5) 2TERMS CARDS (see Figures 25 and 26 and Section 3.2.9): These
cards tell the program which of the 89 General Perturbations terms to include
in the ephemeris calculation. In this case, all 89 terms are included.

(6) Input for XYZ Subroutine (see Figure 32): The first six .
quantities are the epoch time and are punched as shown in Figure 32.

The 0.5 in columns 38, 39, and 40 in AGPM. This is the quantity

éﬁl and since it is less than 1, it causes the program to omit the calcula-

tion of the radiation pressure perturbations.

The 0.0 in columns 44, 45 and 46 is DTERM. Since it is zero, it
tells the program to calculate DTERM, the period decay accelerationm.

The 1000,0 in columns 55 through 60 is DELTAT. This is the time
increment to be used in the ephemeris calculation. The 1000.0 in columns
67 through 72 is TEND. This is the time interval to be covered in the
ephemeris calculation. Since TEND is equal to DELTAT, the program will
calculate the ephemeris for only two times, t, and to + 1000 minutes,

(7) TIBACKl CARD (see Figure 33 and Section 3.2.5) with a 4 punched

in column 6. This card tells the program to end after the ephemeris cal-
culation.

(8) END DATA CARD (see Figure 34): An END DATA CARD (as in
Sample Case #1) must appear after the last card in the data deck.

(b) Output from Sample case #2

The program prints out the quantities described in Section 3.1.2b
as shown by Figure 8., Only the output for t = t, + 1000 minutes is shown.
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3.3.3 SAMPLE CASE #3: Perform Ephemeris Calculation With Error Analysis.

Output All Quantities Possible,

{(a) 1Input cards used: This is a description of the cards used and the
reasons for their use, listed in the order in which the cards appear in the
input deck (see Figure 9).

(1) 1ISENT CARD (see Figure 11) with a -1 punched in columns 5
and 6. This card tells the program to bypass the input of the SENS@R and
SIGMA cards, since these are not needed for ephemeris calculation.

(2) 1IDCEPH CARD (see Figure 16) with a -1 punched in columns 5 and
and 6. This card directs the program to the ephemeris calculation section.

(3) 7 ELEMENT CARDS (see Figures 17 to 23): These cards contain
the initial elements needed for the program. They are standard SPADATS for-
mat. An E must appear in column 80 of each card. These standard elements
are converted to the N, M elements by the program.

(4) 1@¢PT, ICAL CARD (see Figure 31): The 6 in column 6 is the .
IPPT indicator. Since it is 6, it will cause the program to print out all
output possible (see Section 3.2.4). The 2 in column 12 is the ICAL indicator.
This directs the program to the ephemeris calculation with error analysis
(see Section 3.2.3).

(5) 2 TERMS CARDS (see Figures 25 and 26, and Section 3.2,9):
These cards tell the program which of the 89 General Perturbations terms to
use in the nominal case for the error analysis. In this case all 89 terms
are used,

(6) Input for XYZ Subroutine (see Section 3.2): The. first six
quantities are the epoch time and are punched as shown in Figure 32,

The 0.5 in columns 38, 39 and 40 is AG#M. This is the quantity

éél and since it is less than 1, it causes the program to omit the calcu-

lation of the radiation pressure perturbations.

The 0.0 in columns 44, 45 and 46 is DTERM. Since it is zero,
it tells the program to calculate DTERM, the period decay acce:revation,
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The 1000.0 in columns 67 through 72 is TEND. This is the time
interval to be covered in the ephemeris calculation. Since TEND is equal
to DELTAT, the program will calculate the error analysis for only two times,
to and t +1000 minutes (Note: no more than 300 time increments may be
uSed in Phe error analysis section, 1i.e., TEND must be less than 300.)

DELTAT

(7) 2 NTERMS (I) CARDS (see Figures 25 and 26, and Section 3.2.9):
These cards tell the program which of the 89 General Perturbations terms
to use in the omitted term case for the error analysis. In this case,
only teirms 1, 6, 42, 49, 50 and 88 are included.

(8) IBACKl CARD (see Figure 33 and Section 3.2.5) with a 4 punched
in column 6. This card tells the program to end after the error analysis.

(9) END DATA CARD (see Figure 34) An END DATA CARD (as in Sample
Case #1) must appear after the last card in the data deck.

(b) Output from Sample Case #3
The program prints out the quantities described in Section 3.1.2c,

as shown by Figure 10. Only the output for t = to + 1000 minutes is showm.

3.4 Input Card Format

This section describes the input cards used in this program.
Examples of the use and contents of these cards may be found in Section 3.3.
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Field
1

2 - 12

Columns
1- 6

7-172

Description*

Input specification (right adjusted integer)

'"41'" means input sensor data with cards and then input

SIGMA cards.

"-1'" means bypass SIGMA card input and input sensor data
from the SEAI (sensor, element, acquisition, infor-
mation) tape for D.C. option or input no sensor data

for ephemeris option

'"0" (or Blank card) means input SIGMA cards and input

sensor data from tape

Not used as this time.

*Note: See summary of program options.

FIGURE 11  ISENT CARD
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Field Columns
1 1 - 4
2 5 - 11
3 12 - 19
4 20 - 25
5 26
6 27 - 30
7 31 - 34
8 35 - 36
9 37 - 54

10 55 - 56
11 57
12 58 - 59
13 60 - 72
14 73 - 79
15 80

Description

Sensor Number
$° (4N) - latitude (decimal assumed between cols. 7-8)

A° (+W) - longitude ( " " " " 15 - 16)
H (meters) - altitude ( " " after col. 25)
Classification

Sensor Type

Previous Sensor Number
Number within Sensor Complex
Name

Equipment type

Continent

Country or State

Comments

Not used

Card type = 8 (Punch 0, 2)

FIGURE 12  SENSOR CARD
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Field Columns Description
1 1 - 7 ENDSENS is punched in columns 1 through 7.

This card must appear after the last SENSOR card.

2 8 - 80 Not used as this time.

FIGURE 13  ENDSENS CARD
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Field Columns Description

1 1- 4 Sensor number (right adjusted integer)

2 5 - 12 01: Range standard deviation (s.d.) (meters)

3 13 - 20 02: Azimuth or right ascension (s.d.) (deg.)

4 21 - 28 Cé: Elevation or declination (.d.)(deg.)

5 29 - 36 C'a: Range-rate (s.d.) (meters/sec.)

6 37 - 40 Next sensor number
7-10 41 - 72 Four eight-column fields corresponding to fields

2-5 but used with sensor indicated in field 6.

Notes: 1. All entries are floating point numbers.

2. See Differential Correction Control card (Fig. 27)
for SIGMA card options.

FIGURE 14 SIGMA CARD
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Field

1

Columns Description
1 - 8 ENDSIGMA is punched in columns 1 through 8. This

card must appear after the last SIGMA card or after
the ENDSENS card if no SIGMA cards are used. It is
not used when ISENT = -1 (See summary of program
options, Sec. 3.2)

9 - 80 Not used at this time.

FIGURE 15 ENDSIGMA CARD
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Columns Description
1 - .6 Program option specification (right adjusted integer)

'41" means go to differential correction subroutine
"-1" means go to ephemeris calculation subroutine
0" means end program

When using the D.C. portion of the program, an
IDCEPH = 0 card is used as the last input card

in order to end the program.

80 Not used as this time.

FIGURE 16 IDCEPH CARD
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Field Columns Description
1 1- 3 Satellite number - justified right
2 4 - 6 Element set number - justified right
3 Not used
4 8 Card Number (Card # = 1)
5 9 - 18 Satellite name for Element File Update
6 19 - 22 Not used
7 23 - 36 No - Epoch revolution
8 37 - 50 e - Eccentricity
9 51 - 64 i - Inclination (degrees) (i = 0 may not be used in
this program)
10 65 - 79 Not used
11 80 Card type

E - Nodal Elements

FIGURE 17 ELEMENT CARD 1
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Columns Description
1- 3 Satellite Number - justified right
4 - 6 Element set number
Not used
8 Card number (Card # = 2)
9 - 12 Year of To
13 - 22 Not used
23 - 36 T0 - Time of Epoch (day and fraction of days in year)
37 - 40 Not used
41 - 50 Not used
51 - 64 Lo - Mean Longitude - degrees
65 - 79 Not used
80 Card type

E = Nodal Elements

FIGURE 18  ELEMENT CARD 2
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Field Columns Description
1 1- 3 . Satellite number - justified right
2 4 - 6 Element set number - justified right
3 7 Not used
4 8 Card number (Card # = 3)
5 9 - 22 P, - Anomalistic Period at Epoch - days/rev.
6 23 - 36 Qo - Right ascension of ascending node - degrees
7 37 - 50 @, - Argument of perigee - degrees
8 51 - 64 q, - Perigee -distance-earth radii
9 65 - 79 Not used
10 80 Card type

E = Nodal Elements

FIGURE 19 ELEMENT CARD 3
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Field

1

o U &~ W N

10

1
4

23
37

51
65

7
8

Columns

3
6

22
36

50

64
79

Description
Satellite number - justified right

Element set number - justified right

Not used

Card number (Card # = 4)

c¢_ - Rate of change of period - days/(rev)2

- Time derivative of right ascension of ascending

°®  node - degrees/day (Not used by program)
d)o - Time derivative of argument of perigee-
degrees/day (Not used by program)
Not used
Not used
Card type

E = Nodal Elements

FIGURE 20 ELEMENT CARD 4
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Field

~N oy BN

Columns Description
1 -3 Satellite Number - justified right
4 - 6 Element set number - justified right
7 Not used
8 Card number (Card # = 5)
9 - 22 d - decay acceleration (floating point entry)
23 - 79 Not used
80 Card type

E = Nodal Elements

FIGURE 21 ELEMENT CARD 5
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Field Columns Description

1 1 - 3 Satellite number - justified right

2 4 - 6 Element set number - justified right

3 7 Not used

4 8 Card number (Card # = 6)

5 9 - 22 a - semi-axis major - Earth radii - (Not used

by program)

6 23 - 36 Py - Nodal period - days/rev. )

7 37 - 50 cy - rate of change of nodal period - days/(rev)

8 51 - 79 Not used

9 80 Card type

E = Nodal elements

FIGURE 22 ELEMENT CARD 6
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Field Columns Description
1 1- 3 Satellite number - justified right
2 4 - 6 Element set number - justified right
3 7 Not used
4 8 Card number (Card # = 6)
5 9 - 22 a - semi-axis major - Earth radii - (Not used
by program)
6 23 - 36 Py - Nodal period - days/rev. ,
7 37 - 50 cy - rate of change of nodal period - days/(rev)
8 51 - 79 Not used
9 80 Card type

E = Nodal elements

FIGURE 22  ELEMENT CARD 6
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Field Columns Description

1 1- 3 Satellite number

2 4 - 6 Element set number

3 7 Not used

4 8 Card number (Card # = 7)

5 9 - 22 Not used

6 23 - 29 Initial Revolution, decimal may be punched in columm 29

7 30 - 36 Fn (Final Revolution); decimal may be punched in
column 36

8 37 - 50 Expiration date of Bulletin, in format: YMMDDHHMMSS.SS,
decimal punched in column 48

9 51 - 58 RMS, in format XXXXX.XX; decimal punched in column 56

FIGURE 23  ELEMENT CARD 7
(sheet 1 of 2)
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Columns

59 - 66
67

68 - 79

Description

Number of observations used in obtaining RMS
ISTHP

Blank or 0 = correct the inclination
element

1 = do not correct the inclination
2 = do not correct the drag parameter
4 = correct time equation only

Not used

Card type
E = Nodal Elements

FIGURE 23 ELEMENT CARD 7
(sheet 2 of 2)
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Field Columns Description
1 1-10 DTERM, "d" drag coefficient (1/min2) (floating point

constant or 0.0). If DTERM = 0.0, then "d" is
calculated in the program.
2 11 - 20 10UT, Differential Correction (D.C.) output specification
(right adjusted integer).
'$+1" tells D.C. subroutine to output values calculated
in the XYZ subroutine.
'"0'" tells D.C. subroutine to bypass output of values
calculated in the XYZ subroutine.

3 21 - 30 AGHM, AY , used in radiation pressure calculation

(floatillg point constant). If AG#M > 1 the XYZ subroutine
calculates radiation pressure effects. If AGOM <1 the
XYZ subroutine bypasses the calculation of radiation
pressure effects.

4 31 - 80 Not used at this time.

FIGURE 24 AGPM CARD
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*Note:

Columns Description*
1 Fixed point 1 or blank.
2 Fixed point 1 or blank.
3 Fixed point 1 or blank.
4 Fixed point 1 or blank.
5 Fixed point 1 or blank.
6 Fixed point 1 or blank.
7 Fixed point 1 or blank,
8 Fixed point 1 or blank.
9 Fixed point 1 or blank.

10 - 80 Not used at this time.

Columns 1 through 9 correspond to terms Q(81) through Q(89) in the program.
See note on previous page for interpretation of 1 or blank entry.

FIGURE 26 TERMS CARD 2
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Field Columns Description
1 1- 8 Correction specification. "1'" = Correct, '"0" = Do not

correct the corresponding element. Elements are
a s A U, Q, i, ¢%¥ and d in that order. If

field not used, program follows nominal SPADATS sequence.*

2 9 Number of times to correct elements specified by
Field 1, regardless of convergence.

3 10 - 11 Correction pattern specification. 1 of 10 choices by
number. 1 means correct with nominal procedure. Others
not used at this time.

4 12 - 13 Convergence criterion override - minimum % change in
RMS for convergence (integer < 99 and used only when a
correction is specified)

*Aeronutronic publication U-1691, revised 1 October 1962, p. 3-65

FIGURE 27 DIFFERENTIAL CORRECTION CONTROL CARD
(sheet 1 of 2)
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Columns

17

19

14

15

16

- 18

- 78

79

Description

Punched card output type - ‘0" or blank = standard
SPADATS Format. '1" = N M Format.

Residual output designator. 'O’ or blank = output
first and last pass residuals. '"1" = Qutput all
residuals,

Reifction criterion time factor designator. ‘0" or
" O" = Do not used ;_:_fg (time) factor, "1" = use

time factor in residugl rejection,

Absolute maximum for range-rate residuals. Decimal
point assumed between col. 17 & 18.

Observation rejection overrides for range and angle
observations only, Ten fields of six columns each are
provided for specifying an RMS multiplier and absolute
maximum or an absolute maximum (only) for each iteration
specified by field two in the differential correction
process., See Section 2.3.9 for further discussion of
observation rejection.

If"0"or blank, then do not use U's specified on SIGMA
cards, If M} then use O's on SIGMA cards. If "2,
then use O's on SIGMA cards and mult. factors on

obs. cards.

Not used at this time.

FIGURE 27 DIFFERENTIAL CORRECTL ON CONTROL CARD
(sheet 2 of 2)
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Field Columns Description
1 1- 3 Satellite number. Column 1 contains a minus sign if this is
a classified observation; g or - are not allowed
2 4 - 5 Equipment Type
3 6 - 9 Station Number
4 10 Accuracy or Signal Strength
5 11 - 15 Date
6 16 - 24 Time (Z)
7 25 - 30 Elevation/declination. Column 25 can be overpunched + or - .
8 31 - 37 Azimuth/right ascension. Column 31 can be overpunched + or - , *
9 38 - 44 Slant range (KM)

* A minus overpunch in col. 31 indicates fields 7 and 8 are declination and
right ascension,respectively.

FIGURE 28 OBSERVATION CARD
(sheet 1 of 4)
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Field Columns
10 45 - 53
11 54
12 55 - 57
13 58 - 59
14 60 - 61
15 62 - 63
16 64 - 65
17 66 - 69
18 70 -
19 71 - 72
20 73 - 74
21 75 - 76
22 77 - 78
23 79
24 80

Description

Range rate (KM/sec) with implied decimal point between
columns 46 and 47 or: maximum frequency shift (cycles/sec”)
with implied decimal point between columns 52 and 53.

Code for field 10.} 0 or A indicates range rate in field 10.
1 indicates max. freq. shift in field 10.

At observation time or, i{f col. 58 contains a - punch,
Maximum Brightness then:
Minimum

Time interval cols. 55-57 = radar cross-section

in meters
J cols, 59-63 = frequency (dec.pt.
between 60 and 61)
(NOTE: Not used by SPS)

Date or line number

Message number

Equinox

Multiplying factor for standard deviation of range
Multiplying factor for standard deviation of range rate.
Multiplying factor for standard deviation of azimuth or
right ascension,

Multiplying factor for standard deviation of elevation

or declination,

Switch indicator used by manual system.

Card type (code type = Any numeric between 0 - 9) identifies
an Observation card. O = Unknown, 1 - 9 coded according to
the Association Status as determined in Report Association.

FIGURE 28  OBSERVATION CARD
(sheet 2 of 4)
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i COLUMN 10 (ACCURACY)

L.
Either accuracy or signal strength may be indicated in column 10,
;. coded according to the following:
- 1f type, in columns 4 and 5, is 31 or greater, column 10 contains
signal strength. If type is 30 or less, column 10 contains
accuracy.
Code Figure ' Accuracy Signal Strength
) 0 Normal observations made under Signal strength
fair conditions. good, reliable
measurement.
1 Observations slightly under par due Signal fair,
to outside interference (e.g. some
{ clouds, reduced visibility).
\1
2 Observations only poor due to Signal weak,
i outside interference. results poor.
' 3 Only estimates possible (mal- Signal
function of instrument. Too short questionable,
! time of object seeing).
4 Doubtful observations, unable to
verify either object or instrument
behavior. Observations should be
considered only as tentative.
{ COLUMNS 55 - 63 (CROSS SECTION-FREQUENCY/MAGNITUDE)
The block containing columns 55 through 63 is a dual purpose block
j where cross section and frequency, or magnitude and time interval are indicated.
\ In order to specify cross section and frequency, a minus is used in column 58.
No sign is used in column 58 when this block contains magnitude and time interval.
E Cross section, given in square meters, is listed in columns 55

through 57. To indicate less than one square meter cross section,
use appropriate numbers and a minus in column 55, thus in effect,

! putting a decimal point before column 55. For larger values where
three digits would not be sufficient, use a plus in column 55 to
represent ton times the indicated value (adding a zero to the value

} listed).

[ FIGURE 28 OBSERVATION CARD
(sheet 3 of 4)
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Frequency in megacycles, is listed in columns 58 through 63 with
the decimal point understood to be located between columns 60 and
6l. In rare cases it might be desirable to increase the range of
frequency given either side of the decimal point. To do this, use
a minus in column 63 to move the point one place to the left, or

a plus in column 63 to move the point one place to the right.

COLUMN 70 (EQUINOX)

Column 70 contains year of Equinox as specified by the

following:

= year of date
= 1900

= 1925

= 1950

1975

= 2000

= 1850

= 1855

= 1875

= to list actual year, if not provided
above, list last two digits of year

in columns 71 and 72 and use a minus
in column 70 for 18 and a plus in
column 70 for 19, Example: Equinox
of 1961 would contain '"+61" in columns
70, 71, and 72.

W 0 N NN = O
[}

FIGURE 28 OBSERVATION CARD
(sheet 4 of 4)
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999199999998 999899685999999998999999998999999999999999909999990900890890080909890809)

P25 6 C LN RUKNBBUMINNINUBERIAABNRNVNERNEBNICUMNGSLANNINNNNSNUBBUTHNEBCOSIRINRARRIDND

WARIUBR BRI RIRNANDUBBNRNBINNADUNBI UNOPQOUGRVSANNLVUNSVNVOHNRONNBTAORNIRNINRBNRING

IR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R AR R R R R R R AR AR RAR AR R R R

- @

SO0CO000000CO0N00RROBO0RR0R0C0000000000000000000000000000000000000800000000000000
e s 610
LINRERN!

Field Columns Description
1 1- 3 END punched in columns 1, 2, 3. This card must

appear after each bat:h of observation cards.

2 4 - 80 Not used at this time.

FIGURE 29 END CARD
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222222%2221222212222222222222222222222222222221722222222122222222222222222222221
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SUAGAE0A44444000040 4000808004040 44444000004040 040000000000 0 LML
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BOCO6E8Gi666566666666066666666666806CCC6CCECCCECCEECECE0CCCEEEEOIOECEOEIEOOCERCETEYS
1IN NI NI I NI NN MIInIInInIInInIInNINIINIn
llllllFlllllllllllllllllllIlllllllllllllllll.llllllllllllllll.llllllllllllll.lll

$00000000000000000000000080000000000000000800000000000000000000000000800000000000
t 21494
IRRRER

999999/99998995899959999999998959999999998989998999999599998999999000990081999899)

123656 EOSMNUNUMBHENIRDINNBRNABBIRNDNERN ARG LOUHBCSNBENNUNUBIBBNIQBUNSUBOINNIINNARINRG
1

Field Columns Description
1 1- 6 END®BS punched in columns 1 through 6.

This card must appear after the END card
following the last block of observation
cards.

2 7 - 80 Not used at this time.

FIGURE 30 END@BS CARD

-107-



oot B o B s B B |

= ™

PE . iy e i
4 « . . N

!

P~

Field
-

1 2

T
I
i

304
H

i
i !
5 i 6 7 i 8 9 10 11 12

T XIIID
N 1

TIEEERX
1222220222222
333333333333
ceasadesnans
55555555555
ssssssracsss
SRRERIRRRER

ssssdsessng
9999991889998
1216

[N BRINH

teswany

00000000000
JRIRLR NH ‘ltﬂl)l nn
AREREUNERRE
gzzzzz?zzzzz
1313330333338

EEXRNIRRNNY]

P

555555#55!51555555555555655555!55555#55555 5555!%555!!5!!555

l
S00080[000000{000000/000000000000000000000000/00000000000000
RANRARIRNNBID NN FIRNUSSIEINH LN PN SIS VENESUSHNSONN NDINRER T NG
IIlllllIllllllllllll!llllllllIllllllllIllllllll'llllllll
221222222222722222?222222222222?2222?22222222122 212222212
JiilJaJJJJJJﬂJllildll333313)33333)3 333333333333(39333123)
444‘44444444%44“4404040040444 4404 Odlldllllllltlllllll

§558599

iliiii@tiltikliitli“‘ll“.liGirl.‘l1|ll‘. OOIOl&llll.ll.

?lllllllllll
r!!ii!!!!!!l

THISHININD2DNDRINN B

! |
rrrrriv1111;111711111711111111p1111111111111111n11111111
slunlahnunnanauunnuuunlllnulnuklslallnlaalalluauatunclua
sosossF;ssss:ss:ssusssosussso’koo:’ossnct 999000j99000090¢

NDMNERNBREG COUS 6 nl-uuun tE R R N X ) senn NBRNNIRR®

Field Columns
1 1 - 6
2 7 - 12
3-12 13 - 72

Description
output option selector (right adjusted integer)

output t, X, y, 2, X, ¥, &

output t, lat., long., height (h)

"3" means output t, x, y, 2z, X, ¥, 2, and lat., long., h
"4" means output t, x, y, 2z, X, ¥, 2 and term values
from General Perturbations Section

means output t, lat., long., h and term values from
General Perturbations Section

means output t, x, y, z, X, ¥, % and lat., long., h
and term values from General Perturbations Section
ICAL,error analysis selector (right adjusted integer)
"1" means proceed to ephemeris calculation without
error analysis

means proceed to ephemeris calculation with error
analysis

used at this time

1APT, XYZ
'"1" means
12" means

"5 "

I|6 "

"2"

Not

FIGURE 31 IAPT, ICAL CARD
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Field
1 2 | 3 4 51 6 7 8 9 10
5 i 11
YY MM§ DD HH MM SS,.SS
.l.llﬂlﬂll'ﬁbl.lll QOB00[000000(000000D0a000i000sR0GN00N0000000000000000000000000
vr)a,closnnum“m WMRNRDAPRNAABD ENNRBPANOPUPNUSSIBANNYY SNNNONNONS BORNRBNRNN [ ]
llllllllllll?llll!llllllllllllllllllbllllillilllllllll"!llll'l'l'lﬁllllllllllll
222222222222l22222222222222221222222?22222 2222222222222222222222222222222222202
313333333333333330) 333331133333333)3?33333 33933933933{3333323333939(3332333332333p)
440808004080 80044 4‘444““4‘44“44*““4 G444 400104000800000000 0000000400000
5555$5E55555 55555§ 55555555555555555555555 §5555555555/5555595559590855035585383S
i
G65666K2G666 Siiﬁ5556‘5‘5'5555“‘0‘55"'5! CosEccscsscBscsccotscsssccsccssesocpe
nrnnnrnynnnnrninnnnnnbnn; AR R R R RRRRI RRRRERRRAAR RRRRRRERRRR] R
seoseapasssspne lllll”ll.lflll.ll#lllllllllllllllll lllllllllllﬂllllllllll. s
9999198 9!!!!F9!9!!F!!’!!#!’!l!!”!!!#!’!!l!!!’!l’l!!” 190090000091009800900000909
V208567 B0 BRI NEINNINN Iﬂ’nq”u””';llll.ﬂh HHGLRABHNNVUBEVRNDENRO NN .'.”ﬂ”-.'". [ ]
Field Columns Description K
1 1- 6 IYEAR: right adjusted integer |
2 7 - 12 MPNTH: right adjusted integer L
3 13 - 18 IDAY: right adjusted integer Epoch
4 19 - 24 IHPUR: right adjusted integer :
5 25 - 30 MINUTE: right adjusted integer
6 31 - 36 SECOND: floating point entry ‘
7 37 - 42 AGIM, éﬁ; , used in radiation pressure calculation,
If AGOM > 1 the XYZ subroutine calculates
radiation pressure effects. If AGOM < 1 the
XYZ subroutine bypasses the calculation of
radiation pressure effects
8 43 - 54 DTERM, ''d" drag coefficient (floating point constant or
0.0) TIf DTERM = 0.0, the '"d" is calculated in the
program.
9 55 - 66 DELTAT, A t, the time increment to use in XYZ sub-
routine (floating point entry)
10 67 - 78 TEND, time interval to cover in XYZ subroutine (floating
point entry).
11 79 - 80 Not used at this time
FIGURE 32 INPUT FOR XYZ SUBROUTINE
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Field

; . ]

H

1 2 3 . 4 5 6 7 8 : 9 10 11 12

1 ; ' i

§ H .

00000008000 0000000000000000000000(080000 lll“‘l.l.‘l“.l 00000000000008000000
12149 100-04u')'u~un-0'nzlnnununlnnnnuul nnlo»ur’ul."“!uluu 0NN (2 11 ] BORNNRINANIINS
lHlIlIlIllllllllllIHIIHllllllllllllllllgllllIHlllll:ll||ll*lllll”lllllllllllll

1222200022020 227 22222202222 2202 222220 222220222200 2222 0020020022222 0 220222222222
asa:33:::3:33::::::Jaaaaasas:,aaaaaasa:r:::a:saaﬁaasszbasasJassaaa 3323322323293
4cn44c444444444444344:44@‘ococcac4444444044444444444444c444q444040 4044008400000
ssssssssssssssssss&sssss?sssssssssssbsssssrsssssbssssskssss SSSSSS/SSE558588558S
sssssspaosssssssssksssss}scsss;sssss?sssscsstcschsssss SES0E{S000006600060006000886
11:171;1111111r;71711111h1111ﬂ711177;11111111111111111&11111111111 mannnmnm
sesese lllllllllllllllllPlllllhlllllhlllllllllllplllllzllll sessanjessasssosssnn
999999 ssssosss919k39393F99014099999 sssosLostss#ssson&asos#:o.oo:#:snononsonson

12)45 4" 2o

musunnzunnnun PR R ¢ R RE RS TR R Y DINMUE XY X! F EIR-S R % X°F ) [ 11 1] GORNNRNNRRINDN
Field Columns Description¥
1 1- 6 IBACK1, ephemeris exit option (right adjusted integer)

"1" means input new time values and compute
another ephemeris using the same terms
specified by NTERMS(I)

2" means input new times and terms and
compute another ephemeris

"3" means input a new value for IDCEPH to
determine whether to end program or start
another case with new elements

"4" means end program

2 -12 7 -172 Not used at this time.

*Note: See also Section 3.2

FIGURE 33  IBACKl CARD

-110-




Field
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IMNUBUBRURNIENNNUBRNAANIRNUBRI W NGPLOUSSTAANNVNUNBIBNBHOBENSNOORNIANREBNING

;lllllllltlllllllllllllllllllllllllllllllllIllllIlllll!llll!llll!llllllll
2222222 2212222é2222222222222222222222222222222222212211122222212223221221222223
11N 333313!33333333333333333333333333333!13!’33JlJl33!33!31!3!33333333333!33 )
A0 08044 404004000084 00000400044044004000004004440040440400440000010000 480000 14
§5555550355555555558559555855555555555555558555555555555555955555599555588535555583
SOEOEEOG|COOE5GE000066600665065G60C0C6C0CC0C66CC0CC60CC0000cC0000000cC00C000s00003
1110 TR I IRt I I Nt NI n It NI NI NN NNIINIIININIINININY
SOOBBI0MOB0I0CRRNERIBRBRRNRIENRNNSINRERRIRTERORNNTOSNTRNORENROTORRRNRN0SR0000S0S
999099950999999999599999899999999999995999999989995990099089999980889080890909909)9

P2305 46 HOMNOQUKBKHAINNDINNNBYBANINDNERN BB QOUNAGLCONBHRNLNUBINNIDHROUOSTINNNIINNRARINNG

"
12
H

-
- - @
-o -
-

00100 00C00000000000000000000000000000000000000000000000000000000000000008000
1
|

Field Columns Description
1 1 -8 END punched in columns 1-3 and DATA punched in

columns 5-8. This card is used at the end of the
data deck to tell the computer that all data for
this job has been read in.

2 9 - 80 Not used at this time.

FIGURE 34  END DATA CARD
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3.5 Flow Charts

The following pages contain the flow charts of the main program
and of the more significant subroutines.

Standard SPADATS Subroutines are used at many places in the program.
The flow charts for these are not shown here but a list of their names and
reference page numbers (SPADATS manual¥*) is shown below.

Subroutine Page Subroutine Page
ARCTAN 4-3 PANT 4-29
GL@P 4-29 SEPSUB 4-8
INITEL 4-59 SNSGET 4-65
KL@K 4-9 TLC 4-15
@BSGET 4-23 XSRCH 4-69
$BSLED 4-27

TABLE IV SPADATS SUBROUTINES .USED IN PROGRAM

*Aeronutronic Publication U-1691, Revised 1 QObtober 1962

-112-



FLOW CHART OF MAIN PROGRAM

INPUT
SENS@R DATA
WITH CARDS

ELEMENT
CARDS

INPUT
DC CONTROL CARD
AND OBSERVATION
CARDS

INPUT
NTERMS (1)
(89 TERMS)

BEGIN JMP BEGIN.

INPUT
SENS@R DATA WITH
TAPE

CALL DC
NO

Is

EXT CARD YES RUN OUT ALL
OBSERVATION
AN END@BS CARDS
CARD
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IBACKL = 4

DELTAT, TEND, DTERM,
AGEM

JMP BEGIN.BEGIN
JMP BEGIN, NTHCN

FLOW CHART OF MAIN PROGRAM (Continued)

ALCULATE
NOMINAL OR OMITTED
TERM CASE. I.E,,CALL
XYZ SUBROUTINE

OUTPUT
SUBROUTINE
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CALCULATE
GEOCENTRIC
POSITION
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FLOW CHART OF MAIN PROGRAM { continued )

JMP BEGIN.NTHCN

DELTAT, TEND, DTERM,
Ao

[P BEGIN, BEGIN
JMP BEGIN, NTHCN

CALL XYZ
SUBROUTINE.
CALCULATE OMIT-

TED TERM CASE

PERFORM
ERROR
STORE VALUES FOR ANALYSIS

ERROR ANALYSIS,

I$PT OPTIONS

0 IBACK1 = 2
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FLOW CHART OF EPHEMERIS INITIALIZING SUBROUTINE

BEGIN
yA
(SUBROUTINE) XYZSBI

P - P
P — P¢
W o WX
X
Wy — WY
W Wz XINCL — XINCLI
SINi = SINTI YZSBIR 0.0 — DLTL
cos i = C¢SI
i~ — XINCL
SIN 0 = SINg
cos Qo — C@sg
Q, - XN@DE@ XYZSBIR
el - F8Q ‘
(o]
e ~— F¢
[o)
(.l)o — (@MEGA (Le) o — XLSUNgX
NT-eZ - RTESQ aj - AgSQ
N1 -,eg — RTE@SQ 1/p ~ PA¢
ao
a, = A N — RTAUP
s up
Ya, = RTA k - XYZK1
n, — XNg k, — XYZK2
d = DTERM .
C" - C
qo - Q¢ . . .
k39 — XYZK30
Uo - Ug

B!
«=>

TO
XYZSBI

RETURN
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FLOW CHART OF EPHEMERIS SUBROUTINE

SIN2 i — SINISQ
cos? i — CgsISQ
p2 = PPSQ
e(z) - E@SQ
SIN 2 1 _— SIN 2 I
1.0=a, — AE
1.0=y — XMU

1.08245 x 107 =

I, = X2
-2.5 x 1078 = %33
-1.85 x 1076 = 5, xus
a =+ A
Na -~ RTA
e = E

IFa:qOOR
e =0—E

IF ac< 95 2

e” = ESQ
m = RTESQ
Vi-e? (148 1-e2)2 =
DENM
p—P
NP = RTP
1 =+ Q (D
g = Q (2)
0, = Q (3)
QA - Q (&)
2, = Q (5
L) xwoer
Q4o — XN@DE
w; = Q (6)
Wy =+ Q (7)
W3 = Q (8)
W, = Q (9)

'l

Ws
dw
dt

Wg

xNg
ayNg

- Q (10)

= GMGDT

=+ @MGAS
= AXN

= AYN
- WX
- WY
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wg = @MGASY
SIN W, = SINGM
SIN @, — SINMS
SIN 2w, — SIN2GM
SIN 3wy, = SIN3gM
COSw ., — CPseM
COSw 4 = CoS@MS.
COS 2w , —+ CPs20M
COS 3w = C@S3gM
-TAN ®__ — TANGM
TAN 3, — TAN3¢M
CoS i,| = AcgsI
NO
()
YES
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FLOW CHART OF EPHEMERIS SUBROUTINE (CONTINUED)

-— 2
ayN3 Q (29)
H ﬁ ayN4 —-Q (30)
Q. — #yNg =Q 6D
6 Q (11) ayN7 —Q (32)
99 =Q (14) ayN8 —Q (33)
2N, —Q (17) yWig Q (35)
axNa —FQ (19) lel Q (36)
axNS —+Q (23) Ny —Q (38)
aeNpg 2. (39) M, =Q (39)
L17Q (47) M, =Q (40)
Ls=Q (51) My =Q (41)
il—bQ (53) Ty —-Q (42)
i3—>Q (55) o -+Q (43)
My —+Q (44)
71'4 —Q (45)
Mg —+Q (46)
L, —Q (50)
NO i, =Q (54)
ayy, —Q (88
YES
Q,=Q (12)
Qo —Q (15) .
2 Q20
aeng Q@ (24 YES
axNu"’ Q (26)
Ly =Q (48) 3 e (1-} %) = mEMPL
Le — Q (52)
l ¥
2.72 .
Qg™ Q (13) i‘l [(1-e%) “-1] /= TEMPL
B = Q @D e
ayy, Q (27)  Emm——
Ay, T QGO
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FLOW CHART OF EPHEMERIS SUBROUTINE (CONTINUED)

n AM

n
o A

oL
SIN 2u
COS 2u
SIN 3u

— Q (49)
— XNGDEL
- AXNL

- AYNL

= DEIM
- XKELS@
— XLSUBL
— XN@DES
— XN¢DE
— AXNS

— AXN
~— AYNS
— AYN

- T2
—- T3
—+XL

-0

— E¢l
— EC@SE
~— ESINE
- E

— ELSQ
— RTESQ

— RDYT
= RVDYT
= AR

- C@su
= SINU
- SU

— XINCLL

= XINCLI

—+ SIN2U
- cgs2u
— SIN3U

r—.

COS 3u — Cgs3u

SIN 4u — SIN4U

COS 4u — C@S4U

SIN 1 oL = SINIL

CoSs i — C@¢SIL
oL

SIN 21°L-' SIN2IL
COs 21 _— C@S2IL
oL

- P

Pr

- 5

YES

1/2(1+ (1/4)!L) —TEMP 2

3/2(1-1/4e} ) ~TEMP 3
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1'(1'%)1/2 —TEMP 2
°L
1-(1-e5*? 1o 3
2
‘L
uy - Q (56)
u, —Q 57
u  ~Q (58)
u Q9
ug = Q (60)
ug = Q (61)

Au — DELTU
r, —Q(62)

r, —Q(63)
ry  —Q (64)
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FLOW CHART OF EPHEMERIS SUBROUTINE (CONTINUED)

b
HerR-He R ReHsHe Hen
- N - T R S R SR

« R

— DELTR

—+Q
—=Q
—Q
—Q
—Q
—+Q
—Q
- Q
- Q

(65)
(66)
(67)
(68)
(69)
(70)
(71)
(72)
(73)

~ DELTRD

—Q
-Q
—Q
—Q
)
—Q
—Q
—+Q

(74)
(75)
(76)
an
(78)
(79
(80)
(89)

— DELTRV

—Q
—=Q
—Q
—Q

(81)
(82)
(83)
(84)

— DELN@D
— XN¢DE

-Q
—Q
—Q

(85)
(86)
(87)

—DELTIL
~RDELT1

—RDELT3
—»ABSDRB

—-»SU
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rk - R
;:k —+ RDGT
(n})k — RVDYT
i = XINCLI
SIN u, -+ SINU
cos u — CgSU
coss) sL -+ CPSNGD
SINQ sL -+ SINNGD
SIN 1 ~+ SINILI
cos i -+ C@SILI
N - XNX
x
N - XNY
y
Nz -~ XNZ
M - XMX
X
M - XMY
y
M - XMZ
z
1% - WX
X
W -+ WY
y
W —WZ
z
U - UX
x
u —UY
y
U -~ UZ
z
\) —VX
x
v —VY
y
v —+VZ
z
x —+X
y —Y
z =z
x —XDYT
y YT
z —~+ZD@T
—(*)
NO

RETURN
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FLOW CHART OF EPHEMERIS SUBROUTINE (CONTINUED)

OUTPUT THE FOLLOWING
QUANTITIES FOR OFFLINE
PRINTING:

SATELLITE NUMBER,
SATELLITE NAME, ELEMENT
SET NUMBER, T , TIME
OF EPOCH, THECINDIVIDUAL
VALUES OF THE 89 GENERAL
PERTURBATION TERMS,

a

a bl 3 a b a b}
xNS xNL stL yNs
a a

v g, % T @

AQ ’ a)sO ’LL’ no A_Tra

n AM,ip,i, A.i,?L,

sL’

x’ y’ z’ x, y’ z’ uk’
Au’ rk’ Ar’ Ar’
A, T, 100,

r A 8 I

RETURN
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FLOW CHART OF RADIATION PRESSURE SECTION
OF EPHEMERIS SUBROUTINE

IZ@UNT = 200

1/ TO 1/_ =—*C@EFA(1)

a) as]
TO CPEFA (21)

IS ,
ZOUNT < 200 NO
YES
IF ;1; <1074 . .
i .
0.0 — C@EFA (I) 1£2 <10
wrd > 04 0.0 +CPEFA(L)
ay OTHERWISE
a, — COEFA (I) aj -®CPEFA(I)
i=1, 21 1=1,21
=121 I=1,21
2 £}, -» XNOD
Wo —» gMGSH

b1 ¢ b21—»C¢EFB (1) 7

T¢ CPEFBA (21)
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FLOW CHART OF RADIATION PRESSURE SECTION
OF EPHEMERIS SUBROUTINE (CONTINUED)

( IK@UNT = IZ@UNT-199 )

'

CALCULATED

THE FPLLOWING ARE

DICPI (IK@UNT)
DISPI (IKAUNT)
DILWX (IKQUNT)
DILWY (IK@UNT)
DILTL (IK@UNT)

|

‘ 1Z@UNT

IZ@UNT + 1 ’

1zgUNT < 201

YES

-

O

DILTL (1) - DILTL (2)
- DLTL

e—E

Wy = WX

W, —=WY

wz —WZ

i = XINCLI

) = XN@DE

TTPEP - T — TTEP
Qo — XN@D

DICPI (1)
—DECPI
DISPI (1) -
-+DESPI
DILWX (1)
—+DELWX
DILWY (1)
—+DELWY

1

DICPI (2)
DISPI (2)
DILWX (2)

DILWY (2)

w, = #MGS@

...@
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FLOW CHART OF RADIATION PRESSURE SECTION OF
EPHEMERIS SUBROUTINE (CONTINUED)

XYZEF

cos ds - C@SD

Y — XFEE
L —AX

LAY
L —AZ
E — EQUT
E n — EIN

v = XYZNU
ko — XYZKO

t-to — T@FXNU
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FLOW CHART OF OUTPUT SUBROUTINE

IPPT = 4

OUTPUT TERM
VALUES FROM
G.P. SECTION OE
XYZ

OUTPUT

t’x’y!z’}.{)?)i

@UTPUT
(SUBROUTINE)

GoH TP
gPT = 1 I¢PT
@PT = 3 TI¢PT = 2
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I¢PT = 6

1¢PT = 9

OUTPUT

ta":}'yz’ii}"’i

VALUES FROM
G.P. SECTION OF
XYz
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—t = ==

§

oy ey ey

FLOW CHART OF ARCTANGENT SUBROUTINE

TAN2PI(R,YY

TAN2PI =
m+ TAN"L (Y/%)

TANZ2PI =
27+ TAN ' (¥/X)

FLOW CHART OF GEOCENTRIC POSITION SUBROUTINE

2

@
1

g

2
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FLOW CHART OF DIFFERENTIAL CORRECTION (D.C.) SUBROUTINE

ENTER HERE FROM
MAIN PROGRAM

T

SET ERROR EXITS. PICK
UP INITIAL ADDRESS FOR
OBSERVATION BUFFER FROM
THE LOCATION LPOBLOC,
ENTER AKLOK ROUTINE TO
GET CURRENT TIME. SET
UP PAGE HEADING,

¥

IF RESOP # 0, SET THE
OUTPUT FLAG TO PRINT
RESIDUALS, CORRECTIONS,

"AND’ CORRECTED ELEMENTS

FOR EVERY ITERATION.
SAVE INITIAL ELEMENTS,

¥

ENTER EDATE ROUTINE TO
GET EARLIEST DATE THAT
OBSERVATIONS ARE DESIRED
FOR THIS SATELLITE, ENTER
OBSLOD ROUTINE TO OBTAIN
ALL OBS. BEYOND THIS
DATE FOR THIS SATELLITE
WITH THE ASSOCIATED
SENSORS OR TO INITIALIZE
THE OBSGET ROUTINE IF
OBS ALREADY INPUT BY
MAIN PROGRAM

v

COMPUTE egr . ENTER

cccA To INIPIALIZE THE
ROUTINE THAT DETERMINES
WHAT ELEMENT SET TO
CORRECT AND WHEN DIVER-
GENCE OR CONVERGENCE
HAS OCCURRED (CCCC).
SET ABSMX TO 1000 KMS.

v

F5

ENTER OBSGET ROUTINE TO GET
NEXT OBSERVATION, WITH ASSOCIATED
SENSOR, IN CORE FORMAT.

¥

SET UP OBSERVATION FLAG TO

INDICATE WHICH QUANTITIES WERE
OBSERVED. ENTER OBVEC ROUTINE
TO PROCESS THE OBSERVATIOM AND
SAVE IT IN OBSERVATION BUFFER.

SET THE MAXIMUM FOR
RANGE AND ANGLE
RESIDUALS (MAX) TO
ABSMX AND FOR RANGE
RATE RESIDUALS (MAX2).
70 0.5 KM/SEC, SET
TO PICK UP FIRST
OBSERVATION FROM
OBSERVATION BUFFER.

v

e Y

RESTORE NEXT OBSERVATION
FROM OBSERVATION BUFFER

v

ENTER COEFFI ROUTINE TO ACCUMULATE
THE SUM OF THE SQUARES OF THE GOOD
RESIDUALS .

v

COMPUTE RMS1 = ROOT MEAN SQUARE
OF THE GOOD RANGE AND ANGLE
RESIDUALS, RMS2 = ROOT MEAN SQUARE
OF THE GOOD RANGE RATE RESIDUALS.
SET MAX TO m °* RMS1 AND MAX 2 TO
m * RMS2 (m = CONSTANT).
INITIALIZE LEAST SQUARES MATRIX,
SET TO PICK UP FIRST OBSERVATION
FROM OBSERVATION BUFFER.
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FLOW CHART OF D.C. SUBROUTINE (CONTINUED)

RESTORE THE NEXT OBSERVATION
4 FROM THE OBSERVATION BUFFER

3

ENTER COEFF2 ROUTINE TO
ACCUMULATE THE SUM OF THE
SQUARES OF THE GOOD RESIDUALS
AND TO ENTER THE COEFFICIENTS
IN THE LINEAR CORRECTION EQUA-
TIONS INTO THE LEAST SQUARES
‘MATRIX.

IF OUTPUT FLAG IS SET, OUTPUT
- RESIDUALS AND ASSOCIATED
INFORMATION FOR THIS
OBSERVATION.

L.

COMPUTE RMS1 AND RMS2. SOLVE L K
THE LEAST SQUARES MATRIX TO
GET (AS REQUIRED)
&g/, , Layy , dayyos
(o]

AV_20,, AL, Ac, AND
Ad. SET TO ZERO THi. CORREC-
TIONS TO THE ELEMENTS THAT
WHERE NOT BEING CORRECTED.
OUTPUT THESE CORRECTIONS IF
THE OUTPUT FLAG IS SET.

ENTER CCCC ROUTINE TO DETER-

DIVERGED

TINUE

COR | RECTING

ENTER CREKT ROUTINE TO COMPUTE|
THE CORRECTED ELEMENTS PRINT
THESE NEW ELEMENTS,IF THE OUT-
PUT FLAG IS SET

RE

SET SWITCH 1 TO 1

PRINT OLD AND NEW RMS'S, LAST
CORRECTIONS TO THE ELEMENTS,
NUMBER OF RESIDUALS USED (AND
REJECTED) COMPUTE AND OUTPUT
THE OLD ELEMENTS AT THE NODAL
CROSSING TIME CLOSEST TO EPOCH.
GOMPUTE AND OUTPUT THL NEW
ELEMENTS AT THE NODAL CROSSING
TIME CLOSEST TO EPOCH.

4

COMPUTE AND OUTPUT NEW
ELEMENTS FOR TIME OF )
NODAL CROSSING INTO THE PRE-
DICTION REVOLUTION. PUNCH THE
7 NEW NODAL ELEMENT CARDS FOR
THIS NODAL CROSSING TIME WRI1E
EITHER '"AFTER RECYCLE ALL
ELEMENTS CORRECTED" OR "ALL
ELEMENTS CORRECTED IN FIRST
ATTEMPT"

SET OUTPUT |

FLAG

:

EXIT TO MAIN
ERQGRAM..__

[ SET SWITCH 1 TO 2 j
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FLOW CHART OF D.C, SUBROUTINE (CONTINUED)

R

£

=t

S st e

WRITE: '"ELEMENT CORRECTION NOT CONVERGING,
SATELLITE RUN -TERMINATED,'" RESTORE LAST
GOOD SET OF ELEMENTS. WRITE THE OLD AND
NEW RMS'S, LAST CORRECTIONS TO THE ELE-
MENTS, NUMBER OF RESIDUALS USED AND NUMBER
OF RESIDUALS REJECTED, ALL FOR LAST GOOD
ELEMENTS. COMPUTE AND OUTPUT THE LAST
GOOD SET OF ELEMENTS AT THE NEW EPOCH.

PUNCH THE 7 NODAL ELEMENT CARDS FOR THE
LAST GOOD ELEMENTS AT THE TIME OF NODAL
CROSSING INTO THE PREDICTION REVOLUTION.
OUTPUT ORIGINAL ELEMENTS AT ORIGINAL
EPOCH AND AT NEW EPOCH. WRITE "LIMITED
CONVERGENCE ELEMENTS NOT REPLACED."
WRITE "ELEMENTS SUCCESSFULLY CORREATED:
(LIST OF CORRECTED FLEMENTS)

# 0 — IDIV

EXIT TO MAIN
PROGRAM
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FLOW CHART OF D.C. SUBROUTINE (CONTINUED)

COMPUTE t, ty, 6, AND R.
SAVE STATION NUMBER, ASSOCI-
ATION INDICATOR,t-t,, R, AND
OBSERVATION FLAG IN OBSERVA-
TION BUFFER.

WAS
OBSERVED

SAVE P IN OBS. BUFFER

WAS @,
6 OBSERVED

WAS A,
h OBSERVED

?

No

YES

COMPUTE Ap, Dy, Ly, S, E, COMPUTE A, D, AND L
S E AND SAVE THEM IN
AND Z. COMPUTE X, D, AND L, OBSERVATION BUFFER
AND SAVE THEM IN OBSERVATION .
BUFFER .
2 4

WAS p

OBSERVED X0

COMPUTE R. SAVE p AND R
IN OBSERVATION BUFFER.
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FLOW CHART OF D,C. SUBROUTINE (CONTINUED)

COMPUTE NEW L , n_,

aoa axN ’ ayN ’ eO’
Ow hO

qo’ Poa % 2% o

d",Q_,®  AND UPDATE

THE ELEMENT RECORD IN
MEMORY
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FLOW CHART OF D.C. SUBROUTINE (CONTINUED)

[ ~
| COMPUTE p¢s po AND THE

RESIDUAL, Ag. IF A <
MAX2, ADD ITS SQUARE INTO
ENTER XYZSB ROUTINE TO THE RMS, SUMMATION
COMPUTE r AND r AT TIME

OF OBSERVATION COMPUTE
.E.Ac *

WAS
o OBSERVED
?

2 COMPUTE THE RESIDUAL, Ap .
IF Ap < MAX, ADD ITS

SQUARE TO THE RMS;

[ SUMMATION

COMPUTE L, AL AND THE A
OR o RESIDUAL, IF THE
RESIDUAL < MAX, ADD ITS
i SQUARE TO THE RMS;

SUMMATION

| 3+

COMPUTE THE h OR & RESIDUAL.

IF IT < MAX, ADD ITS

5 SQUARE TO THE RMS;
SUMMATION,

WAS
0 OBSERVED
?

YES

- -132-
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FLOW CHART OF D.C. SUBROUTINE (CONTINUED)

COEFF 2

ENTER XYZSB ROUTINE TO COMPUTE
r, £ PLUS MANY INTERMEDIATE
QUANTITIES. COMPUTE L-L, PLUS
THE COEFFICIENTS RH, » Ry,
RyNs R U0 Uens Oyns G
COMPUTE @ ., R , L .

[ o

WAS
P
OBSERVED

COMPUTE AL. COMPUTE THE
COEFFICIENTS Cpn. CA, . »
o’ xN

Chayy: AU CaQs CAp> Chcns

Cpg DEPENDING ON WHICH ELEMENTS
ARE BEING CORRECTED, FOR A OR
«, COMPUTE THE A OR « RESIDUAL
IF IT IS < MAX, ADD ITS SQUARE
TO THE RSM1 SUMMATION AND ENTER
THE ABOVE COEFFICIENTS INTO THE
LEAST SQUARES MATRIX

v

COMPUTE THE COEFFICIENTS CA'B’
~

CAaxN’ JAayN, CAU,

CAQ CAi» CAcm» Goq DEPENDING

ON WHICH ELEMENTS ARE BEING
CORRECTED. COMPUTE Ap. IF

| Ap|<MAX, ADD (Ap)2 TO RMS1
SUMMATOR AND ENTER THE ABOVE CO-
EFFICIENTS INTO THE LEAST
SQUARES MATRIX.

COMPUTE THE COEFFICIENTS Cn>

CA&XN’ (‘AayNs (‘AU: CAQ, n
Cais» Cac's QAd DEPENDING ON

WHICH ELEMENTS ARE BEING
CORRECTED FOR h OR 6 . COMPUTE
THE h OR 5 RESIDUAL. IF IT IS
< MAX, ADD ITS SQUARE TO THE
RMS1 SUMMATION AND ENTER THE
ABOVE COEFFICIENTS INTO THE
LEAST SQUARES MATRIX

A, h or @,
& OBSERVED
?




P
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.

FLOW CHART OF D.C. SUBROUTINE (CONTINUED)

COMPUTE @, B¢, Xy, €Yy, AND THE
ENTS

COEFPLCL okar Ravy Ry, Re

R4,U,, Un, Uxn, Uyﬂ AND U4, U,.

COMPUTE THE COEFFICIENTS

C C

%)CAaXN) & C b

’c b4
o AU’ AR

c

Ci’ Cacm » Cad

DEPENDING ON WHICH ELEMENTS ARE

BEING CORRECTED, COMPUTE THE RESIDUAL
Ap . IF|Ap| < MAX2, ADD (Ap)2 TO
THE RMS2 SUMMATION AND ENTER THE
ABOVE COEFFICIENTS INTO THE LEAST
SQUARES MATRIX
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FLOW CHART OF D.C. SUBROUTINE (CONTINUED)

CCCCA

SET SWITCH A TO 1

»

CORSPEC = 0

(C TABLE) -+ K TABLE

LOAD SPECIFIED
CORRECTION PATTERN L_

INTO KTABLE REGION

(SET RPT) — RPT

-135-

SET UP (KNTRL) TO
CORRECT SPECIFIED
ELEMENTS. SET SWA TO

3

CORNUM —» SET RPT




FLOW CHART OF D.C. SUBROUTINE (CONTINUED)

(RMS) - SVELT + 7
(RMS2) —» SVELT + 8
SET SWA TO 2

(CONTEST)

ﬂOLDSUHZ - Rnsq
OLDSUM2

1\

D/0~ DIVFL

-136-
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FLOW CHART OF D.C. SUBROUTINE (CONTINUED)

(RPT) -1 = RPT

F

(RCNT) = 0

NO

Gus 1: (TEST 4))-31

<
A
(ABSMX1) = ABSMX
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PLOW CHART OF D.C. SUBROUTINE (CONTINUED)

NO

¥
[£0 —prvr |

[ps2 =~ oupswmz |

CORSPEC = 0
[ES

SAVELT
(SAVES ELTS)

D/0 —DIVFL

(TEST 2)=@$LDSUM
(TEST 3)— @LDSUM2
ABSMX2 — ABSMX

SVELT + 7 — $RMS
SVELT + 8 — ¢§RMS2

2

NEXT ELEMENT
CORRECT FROM

CORRECTED =
COUNTL —A

BUFFER — KNTRL.
(SETRPT) —+RPT,
NUMBER OF ELTS TO BE

SET TO
KTABLE

{‘Iiiiii|}
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Qs

G@ T¢ CELGUT AND
ADJUST ELEMENTS T¢
NJDAL CROSSING

T

COMPUTE Py AND NEW
EPOCH REVOLUTION

REVOLUTION
GIVEN

FLOW CHART OF D.C. SUBROUTINE (CONTINUED)

COMPUTE NEW FINAL
REVOLUTION

ENTER FKL¢K ROUTINE

TO GET CURRENT TIME.
COMPUTE THE REVOLUTION
NUMBER AT THIS TIME
AND THE NEW FINAL
REVOLUTION NUMBER

¥

SET NEW EPOCH (NODAL)
ELEMENTS , ,
(axN_ - 3yN
h_, L) INTO ELEMENT
RECORD IN MEMORY.

ADD 1 TO ELEMENT SET
NUMBER
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FLOW CHART OF D.C. SUBROUTINE (CONTINUED)

PEL@AUTB

COMPUTE g, AND koL .. ENTER
XYZSB ROUTINE TO COMPUTE
ORBITAL ELEMENTS. COMPUTE
h. SET THESE ELEMENTS AS
THE NEW EPOCH ELEMENTS INTO
THE ELEMENT RECORD IN
MEMORY. ENTER BEGIN ROUTINE
TO COMPUTE MORE INITIAL
ELEMENTS. ENTER CELSUT
ROUTINE TO COMPUTE ORBITAL
ELEMENTS AT CLOSEST NODAL
CROSSING.

-140-

COMPUTE a , Ey, My, Mo AND
ty, t,. COMPUTE g AND
kely, ENTER XYZSB ROUTINE
TO COMPUTE ORBITAL ELEMENTS
AT NODAL CROSSING. COMPUTE
h, Py, ®, Py AT NODAL
CROSSING.
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AERONUTRONIC DIVISION

3.6 Program Symbol Definitions

This section shows many of the symbolic locations used in the
program and the quantities which they contain. The units of the 89 General
Perturbations terms, Q(1l) to Q(89), are also shown.

SYMBOL CONTENTS SYMBOL CONTENTS
A a (earth radii (E.R.) COS1 cos io
ABSDRB | Arx | (km) C@SII cos 1
AE a (E.R.)) COSIL cos i .
A cm2
AGPM =y (=) CPSILI cos i
m gm
2,
Ap a (E.R.) COSILS cos”i
AXN a COS14 cos4i
xN o
SL
AYN a COS21IL cos 21
yN oL
SL
AXNL a COSN@D cos 0
xN.
L
AYNL ayNL cose cosw _
AXN@ axNo Ccos2gmM cos Zwso
AYN@ ayNo COS3gM cos 3 .
AXNS a N c@su cos u
S
AYNS yNs C@SUN cos u
c c" (1/min) cPs2u cos 2u
co <, (days/revz) cos3u cos 3u
CPSEQ cos (E+w) CPs4U cos 4u
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SYMBOL
DELIE*
DELM
DELN@D
DELN@E*
DELRE*
DELTAT
DELTI
DELTR
DELTRD

DELTRV
DELTU

DELUE*
DTERM
E
EC@SE
ELSQ
EQ

E@L

E@SQ

CONTENTS
Ai

n, AM
Af

Af

Ar

At

Al

Ar

At

A (xv)

(rad.)
(rad.)

(km)

(min)

(rad.)

(E.R.)
(E.R./ke'1 min)

(E.R./ke-l min)

(rad.)

(1/min2)

SYMBOL CONTENTS
ESINE e sin E
ESQ e2
FLO8 A

HX¢ hxo
HY@ hyo
HZ@ hzo
NDECAY n,
MMEGA w,
MMGAS w,
OMGASS W
$MGDT gfg

P 12

P Py

PI T

P P,

Qe q,

(1) Q,
Q(2) Q,
Q(3) Q,

*These symbols are used in the Error Analysis Section of the program

-142-
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SYMBOL CONTENTS SYMBOL CONTENTS
Q(4) -Q,(Rad. /min.) Q(23) a xns(dimensionless)
Q(5) Qs " Q(24) axNg "

Q(6) w, " Q(25) a = "

Q(7) ®, " Q(26) axN11 "

Q(8) w5 " Q(27) .-ayN1 "

Q(9) w, " Q(28) a"“z "

Q(10) W " Q(29) ayN3 "

Q(11) Qg ~(rad.) Q(30) ayN4 "

Q(12) Q, " Q(31) ayNS "

Q(13) Qg " Q(88) a"“e "

Q(14) Qg v Q(32) W

Q(15) Qo " Q(33) ayN8 "

Q(16) axNl (dimensionless) Q(34) ayN9 "

(17 %N, Q(35) "

e aXN3 A36) N, '

e o, aGn W,

20 Wy A Wy

Q(21) axN6 " Q(39) M (rad/min.)
Q(22) axN7 " Q(40) M, "
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SYMBOL
Q(41)
Q(42)
Q(43)
Q(44)
Q(45)
Q(46)
Q(47)
Q(48)
Q(49)
Q(50)
Q(51)
Q(52)
Q(53)
Q(54)
Q(55)
Q(56)
Q(57)
Q(58)
Q(59)

CONTENTS

My

(rad. /min)
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SYMBOL
Q(60)
Q(61)
Q(62)
Q(63)
Q(64)
Q(65)
Q(66)
Q(67)
Q(68)
Q(69)
Q(70)
Q(71)
Q(72)
Q(73)
Q(74)
Q(75)
Q(76)
Q(77)
Q(78)

CONTENTS

(rad.)

(earth radii

(E-R;))

(E.R./lilmin)
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SYMBOL
Q(79)
Q(80)
Q(89)
Q(81)
Q(82)
Q(83)
Q(84)
Q(85)
Q(86)
Qe
R

R
RDELT1
RDELT3
RDOT
RDOT

RTA

CONTENTS

~145-

* SYMBOL

RTESQ

RTESQ

RTP .

RVD@T
RVD@T

SINE®

SINI
SINILI
SINILN
SINILS
SIN2IL
SINN@D
SINGM
SIN2@M
SIN3MM
SINU

SINUN

P
v

¥,

(E.R.)E

(E.R. /k;lmm)

sin (3+ w)

sin io
gin 1
SIN 101‘,;
2
sin 101.
sin ZioL
sin Q

sin wso

sin 2 Wg,

sin 3 wg,

sin u

sin u
n
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SYMBOL
SIN2U
SIN3U
STNLU
sU

SU
TEND
THGR

THRG®

g
{3
UN
Ux
(104
JZ
Vi
vy
V7

Wi

CONTENTS

sin 2u

sin 3u

sin 4u

(rad.)

(min.)

(rad.)

SYMBOL,
WY

Wz

X

Y

z

XD@T
YD@T
ZD@T
XIN
XINCL
XINCLI
XINCLI
XINCLL
XJ2
XJ3
XJ4
XKE
XKELSQ

XL

-146-
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2

X (E.R.)

L (rad.)
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SYMBOL CONTENTS
XL@ Lo (rad.)
n
XLSUBL LL
MU v (Earth MassFunction)
XMX M
X
XMY M
y
XMZ M
z
XN@ n (E.R. /ke'lmin.)
XN@DE Q (rad.)
1
XN@DE Qg
1"
XN@DEL Q L
1
XNGDEN Qn
XN@DE® Q, "
1"
XN@DES Q so
XN@DAT %EL: (rad. /min.)
XNX N
X
XNY N
y
XNZ N
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