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COMPUTATIONAL SCHEME FOR GEOSYN@H@@US
SATELLITE ORBIT DUE TO GRAVITATIONATANOMA]
OF THE EARTH

Harijono Djojodihardjo P and Yus Kadarusman ™"

ABSTRACT

By analysing the influence of the earth’s gravitational anomaly on the arbit ol a sateftite
around the earth, a computational scheme Tor scosvneluonous sateliite orbit with small
inclination is developed. The governing eguations o1 mation. which consist ol thiee equ-
ations and have been simplitied to loke into account veasynchironaus comditions and ~analy
displacements, are solved by ninmerical techuique. by particudar the vadins of zeosyncteo.
nous orbit 1s chtained by solving the first soverning cquaton by Reguda-Falsi method.
Stationary points are obiained by indivect imethed, e, by Tust iinding the Jengitude posi-
tons with sero Jongitudinal accelerations, The tajectory of the subsatellite point is ohtain-
cd by solving the governing cquations for small Jisplacements by Runge-Kuita method.
Comparison of compurational result with Blitzer’s and Flurys. using 1AU 1908 and GEM -8
dala, ieads confidence 10 the present scheme,

I. INTRODUCTION

In an etfort to develop satellite orbital computational program for satellite
design studies, & computation scheme will he set up to caleulate scostutionary
satellite orbits, The orbit of geostationary satellite will be influenced by carth’s
gravitationai field. the gravitationul lictd of the moon and the sun, and solar
radiation pressure.

The earth’s gravitutional anomaly. the gravitationat fiekds o moon and the sun,
and solar radistion pressure will give rise to perturbation forees that perturh
the orbit from its weneral elliptic shape. Specificallv, the satellite orbit will
not be truly geostationary, and tire satellite will experience some drilt.

In the present work, only the carth’s gravitational anomaty will he taken into
account, while perturbation due to the gravitational felds of the moon and
the sun and solar radiation pressure will be dealt with in the future. The carth’s
gravitational potential witl be represented as spherical harmaonics 1 (21430
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The computational scheme outlined is a straight forward one. Several carth
models will be utilized. and the accuravy of the computational program will
be investigated.

IL. GOVERNING EQUATIONS

Since the geostationary satellite considered is moving in the same direction as
the direction of earth’s rotation. it will be of great advantage to utilize a frame
of reference rotating with the earth, It is then decided to use geocentric coor-
dinate system which rotates with an angular speed  w, which has the same
magnitude and dircction as the carth’s rotational speed. as shown in Figure 1.
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earth’s Eflualorla —
\\

Figure 1T Coordinate System

For origin located at (he conter of mass ol the carth, the gravitationad poten-

. YR
iiui can be expressed by (Y

u = n R
V=-—=1J1+2X X (—)"p 05
T n=2 m={} ]') nm (LOS 0)
(O, cos mA+ Snm sin m AY) (1)

where
r geocentric radius
4 carth’s equatorial radius
f collatitude
H product of the gravitational constant and the mass ol the carth (=kM)
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an associated Legendre polynomials

Cnm . Snm — satetlite coefticients (tesseral harmonic coefficients)
and " P ()
- 1 " 2 n, — _ y2ym{2 n X

Pn (x)—ﬁ I (x*- 75 P (x)=(1-x%) T

Now letting :

Jn = - Cm, the zonal harmonic coefficients
_ 2 12

Jom = (Cflm + Snm)
I |

N = p tan (Snm/Cnm)

the tesseral harmonic coefficients can be eliminated from equation (1) which
is then recast into the followimg form :

__H o Bn
V=- . {1 nEZJn(r) P (cos @)

o n R
+ n§2 m2=]Jnm (?)“ P (cos@)cosm(h- A, )] (2)

The kinetic energy per unijt mass of satellite in an orbit around the earth can
be represented by:

E, = 1/2[r2+12 62 + ¥ sin? 6 (A + w)? | (3)

The corresponding fotal encergy per unit mass can generally be represented by

E =E, -V (4)

where V is the potential energy per unit mass which is equivalent to the earth’s
gravitational potential at the satellite center of mass.

The equation (z{ motion of the satellite can then be derived by utilizing Lag-
)

range equation”™’ |, i.e. .
d dE. O0E
L (ZH- =0
dt dr dr
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dE. 9E _ (5)
3n BN -

9B, 9E _

ag a6

where r, A dan @ are spherical coordinates commonly utilized.

Substituting equation (3) in equation (4) and taking its derivatives in spherical
coordinates and their time derivates, one obtains :

9k _ réz+r(x+we)2 sin? @ - oy
ar ar
0E -
AL
ar
E =_-a_V (6)
A 3
dE 2 v .
—— =rf(Atw )sin?g
o ( o)
0E .
— =P (Atw,)? sinfi’cost?—gl
d46 o0
Q—Ij: =120
o0
Substitution of equation (6) into equation (5) yields :
S-S BPEY 2 2 av _
I-rf°-r(A+w, ) sin?f+-— =0 (7)
ar
L2 (R+wsin? o]+ 2L =g (8)
dt © d A
— (r""é)—rz(X+we)2sin8cosﬁ+?—v=0 (%
dt d48

To obtain a general solution. it is convenient to recast equations (7) to (9)
inta nondimensional forms by detining the following dimensjonless parameters:

=

£ ==

t (10)



PROCEFDINGS ITB Vol 15. No. 3. 1982 65

wZ R3
[

We then obtain

- . . o (n+1)J
z-70%~-(1+N?zsin?2f+—[1- L ———— P_{cosb)
22 n zﬂ
(n+1)1nm '
+ n E——?— P (cosBycosmiA-A_ )} =0 (1h
d . mi
o7 ln2isn? o] v X I vt P (c086) )
.sinm(?\—?\nm)=0 (12)

d ] ) J
r (z28)-(l-A)*2?sinfcosf-a I —n—zisinﬂl"n(cosﬂ)
T n Z

y=g (1D

J
nm . 4 .
ta Z X —Z—n—+7s1n6 Pl fcosB)cosmen-N o

n m

where the dotted variables indicate their derivatives with respect to dimension-
less time 7. These are the governing equations of motion of the satellite.

IIl. RADIUS OF SYNCHRONOUS ORBIT

The radius of synchronous orbit is the distance between the satellite and center
of mass of the earth at which the radial acceleration due to kinetic (angular
motion) and potenlial (gravitational potential) energy is zero. Since in addition
a true peosynchronous orbit lies in the cquatorial plane € 0 = 90 ° ), then
equation (11 reduced to @

o m+DHJ A
Z“‘(—‘;)[l-« b -~ m n
Z

Zﬂ
Ceven)
(n+ 1) A
+ 33 =R cosm (A~ A, )] =0 (14
(n—m) z

even
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where even subscript signifies even values: in equation (14), we bave taken
advantage of the fact that forg =90 °

-1)™2 p!
= Lu—— for-n even

P (cosf) = A
n n n Dy n

2 (2)?(2)3
, N B (_])(nﬂm)ﬂ (n+m)! _ . .
P, (cosf) = A= 2“( m),(n+m), for(n- m) even (15)
Pn (cos8) = an {(cosh =0 for n and (n - m) odd

Equation (14) can be solved by numerical approach to give the values of the
radius of synchronous orbits 7 for any value of longitude A,

Longitudinal Acceleration

At any longitudinal position. the longitudinal acceleration of the satellite can
be valeutated from equation (121, which can be rewritten into -

o mJ

A= T ST Tmit P (cosOrsinm - N ) (16)
or, noting that 8 = 90° -
- wmlJ A
A= o T X - 7"}?13 - sinm (A=A ) (17)
n-m g
cven

Using the value of Z obtained from cquation (14). them cquation (17) can be
readily evaluated.

IV. STATIONARY CONDITIONS

Fguation (11, (12) and (13) contain stationary conditions, at which the
satellite experiences no radial aceeleration, and its angular velocity exactly
cquals Lo the angular velocity of the carth, Such condition is represented by
sets of vafues of 7. ¢ and A which are constant, i.e.
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1 = 7,= constant

A = Ag= constant {18}
B = 8y= % - 8, = constant

where 5 is the geocentric lattitude, which is not zero, although small. In the
geocentm frame of reference which rotates with the carth, then Z 7. >\ ?\ a
and @ are equal zero, thus reducing equations (11), (12) and (13} to:

s o (n"-l)]n ; _ (n+1)
Zo COS 5D_E[1_HZT ln(31n60)+§]§ o
Ao Pom (sindg)cosm (Ag - A )1 =0 (19)

m]
;ZE = P (sin §o)sinm{d,~ A }=0 (20)
I, S
z3 sin 8, +aE = P (sindg)-aX -0y P (sindg)
0 nom Zg
ccosmi(Ag - A 1=0 {21)

Since the shape of the earth is almost symmetricat and the value of J_ is
smail, then 5, can be expected to be small. Hence the vatues of the Legendre
and its dssouated polynomials in §, can be approximated. following

Bhtzcr ®) L by
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P Gindy) = A_ )
P nGindy)= A
for n and (n- m) even
P! (sin8,) = D_&, (n=m)
Pl Gindp)=D__ 5,
(22)
P, (sin8,) = B, 5,
P (sin8,)= B__ &,
forn and (n— m) odd
P;] (sin 5)0) =B, '
P (sind,}= B
where:
A _ (-1)"2 n!
ordndy
L)
A = LD+ m)
nm n-m.,.,n+m
2n (—2—)!( )!
g - 1ﬁn‘1V2(n-+1)1
n n+1
(23)
B :(-U““mfnﬂ(n+nq+1ﬂ
nm - m- +m+ 1
zn(ﬂ r;1 l)!(n r2n )
D (=DM (04 D) (n? 4 1)
B IICRal
p - DM (ntm+ ) (n? - m? +n)
nm n+m+2

2“”(“5'“)!( Yn+m+ 1)
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Substituting these values in equations (19) to (21), one obtains :

n+1)J, Al

73 - all-
(e 70
n+1J__ A
+ nnm = Cosm (Ao - A )]=0
Coven' “
mJ
Ty —= sinm(X\o-A__)=0
(n—m) Zp
even
I B J B
238ta T At - g py m_mm cosm (Ao - A, )=0 (26)
(oda) “° (adh %o

69

(24)

Equations (24), (25) and (26) can be solved numerically to obtain the sets

of stationary values (zy, Ay, 8,).

V.MOTION AROUND STATIONARY POINTS

In reality, the motion of geostationary satellite is not truely seostationary, but
drifting around its geostationary positions. Such a condition can he represen-

ted by:
Z =zt A
A=At ¢
6 =28+ p

where A €1, ¢ €57 and § <€ 7

27

To obtain this motion, cquation (26) is substituted into equations (24) (25)
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and (26) and then linearizing by ignoring square and product terms in A,

¢, 8, and their derivatives, we find*>) .
A—(1+a)ﬂ _2ZO¢+C¢ +e6 =0
Z(2}¢+b¢ +22(]A +cA +f.6 =0

B+(1+K)B +(e/22)A +(f/23) ¢ =0

where :
2o in+l)(n+2)J]_A
a=— [1- Z y non
"o (even) %o
' n+Dn+2)) A
> ) T EL—= cosm (Np - A )]
(even) Fo
m2J A
b = & ;E_E)] ngl cos m{Ag - ?\nm)
(even)
mn+l1)]_ A
¢c=-aXZ S sinm (N - A ,)
Ceven) “o
(n+1)J, B_ (n+1)J B
(oda) 0 (odd 0
.cosm(?\of?\nm)
m J B
f=a XX ——m:Jrl—“m sinm (A - A}
Coad) 70
k = ¥ Jn D" - D _om A .
« 2 23+3 o 2 2 23” cos m ( O—ij

(28)
(29)

(30)

(31)
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Lquations {28) to (30) can be solved if the initial conditions Byg, DNy, dy.
b0, Bo and By, are known, angd hence the position, velocity and acceleration of
the satellite during the course of jts motion can be determined .

VI. DATA AND COMPUTATIONAL ASPECTS

Computational Scheme

Equation (14) can be solved for the radius of synchronous orbit 7 by utilizing
Regula Falsi method. Thus the values of 7 for various longifudinal positions
can be obtained and plotted. By substituting values of 7 lor any longitudinal
positions in equation (16). one can obtain 1he longitudinal aveelerations A .

The positions of stationary points (ZO,AO,EiO)can be obtained trom equations
{25) and (26) for Ay and &g, Tespectively. To obtuin Zg values, an alternative
method which ts more expeditious than solving cquation (24, and hence
avording simultaneous solution of equations {24). {(25) and (20) is utilized.
For this burpose, z, values are solved by identifying longitudinal positions
where the fongitudinal acceleration vanishes and cmploy these values 10 ob-
tain z,.

Next, simultaneous differential equations (28), (29) and (30) which represent
the equations of motion of the satelite about its stalionary points, are solved
by utilizing Runge-Kutta method. For otlier points along the geosynchronous
orbit the system of equations (119, (12} and (13) have to be solved instead of
(28), (29) and {30} by using solutions of the latter system of equations as jni-
tial approximation. Direct solution of equations (11), (17) and (13) is pre-
sently being worked out,

Figure 2, 3 ang 4 outline the algorithms yse( for the computational procedures
mentioned above,

Earth and satellite coefficients data

Two sets of data are utilized in the computation; these are (he carth and
satellite coefficients data given by Internationa) Astronomical Unjon (IAL)
in 1968, as tabulated In reference 6, reproduced in Table 1, and Goddard
Earth Model 8 (GEM 8) published in reference 7, and reproduced in Tabie 2.
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Figure 4 Flow chart for the solution of equation {28), {29) and (30) by using

Runge-K utta method
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TABLE 1. Coefficients of the Geopotential for |AU 1968

u= 3.986 x 10° km®/sec?; R = 6 378 km

n 106 Jn

~N O Ee WA

1082.70

256
1.58
0.15
0.59
0.44

nm 10° Cppy 10° Spm
21 0.0000 0.0000
22 1.5700 -~ 0.8970 |
31 2.1000 0.1600 ’
32 0.2500 - 0.2700
33 00770 0.1730
41 - 0.5800 - 0.4600
42 0.0740 0.1600
43 0.0530 0.0040
44 - 0.0065 0.0023

TABLE 2. Coefficients of the Geopotential for GEM -8

u = 3986008 x 10° km3/sec?; R = 6378.145 km

i 10° J,, n m 10° C oy, 10° S\
2 1082.6254 21 - 0.0007 0.0004
3 - 26357 22 15710 - 0.9007
4 ~ 16200 31 2.1940 0.2696
5 - 0.2259 3 2 0.3066 - 0.2129
6 0.5426 3 3 0.0999 0.1976
7 - 0.3613 41 - 0.5098 ~ 0.4495
8 - 0,2066 4 2 0.0777 0.1489
g - 0.1142 4 3 0.0589 - 00118
10 - 0.2475 4 4 - 0.0041 0.0065
29 - 0.0238 30 28 - 0.8556x 107 0.1019 x 10““'1

Coefficients of the geopotential are derived from the normalized vilues given by GEM-8 {1977},
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VII. DISCUSSION OF RESULTS

Taking into account the earth’s gravitational anomaly, the radius of synchro-
nous orbit r = ZR is obtained by solving equation (16} and shown in Figure §.
The values of r varies from 42164, 7830 km to 42164.7952 kin, where the
smallest value occurs at A = 75° and the larpest value occurs at » = 162.5°.

4 - I o i
g

42164.795
/ A
-

42164.790 /

(kmy)

42164.785 | \

42164.780

|
N —_— S E —— i _.lf__J,,...—_l;__I

Q 3¢ 60 90 120 150 180 210 240 270 300 330 36Q
- ————= Longitude {deg)

Figure 5 Radius of Synchronous Orbit

it the influence of the carth oblateness (J,) alone is laken into account, the
rdius of geosynclironous orbit turns out to be 42164.78087 km for any longi-
tude. This value can he compared with the radius of Keplerian orbit (without
considering the gravitational anomaly) of 42164.26687 km. Thus the influen-
ce of Jy s increasing the geosynchronous orbit by 520 m, while higher order
terms of the gravitational anomaly increase the radius further hy 510.13 mup
to 52I8.33 m. {t can be confirmed, that indeed (i dominant value is due to
J,.

Computational results for longitudinal acceleration X as function of A are
shown in Figure 6, Here it can also be observed. that the largest contribution
is duc to Jap. The values of longitudinal acceleration vary between - 0.59007
x 107 degrees/day? and 0.655853 x 10'3{iegreesf’day2. For x = 77.5° up to
160° and for » = 255 “upto 347.5°. the satellite expericnces an acceleration
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al the same direction as the

71

rotational speed ol the carth, while otherwise

it experiences an acceleration in the opposite direction,

A {1072 degree/day?}

a0

L |
AN o

T )
L’l};{,

Wi A4
v

E‘L'J __/‘”' e
g R 9

LIo-An)
S R 4 T U [ R — §

120 150 180 270 240 270 300 330 360

-- ---—--»w  Longitude {tien!

Figure 6 Longitudinal Acceleration

For Kepleriun orbit, all points gre stationary and located at the couatorial
plane on g ring with a radius of 1y = 421064.26687 km. However, the influence
of the gravitational anomaly reduces the nwnber ot stationary points to four,
and they are not precisely located al the cquatorial plane. Compulational
results for stationary points are tabulated in Table 3.

TABLE 3. Equilibrium Pasitions {GEM 8)

Position

ry Ao bg
{ km } { deg) {rad )
42164.7830 | 75.0238 | ~35880x 107"
42164.7952 . 162.0093 ‘ 0.4805 x 10°%
42164.7847 i 254.7888 , —2.7790 x 1078
42164,7936 348.3743 0.6912 x 107%
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The trajectories of the satellite about stationary points for various values of
inclination i are shown in Figures 77 8 and 9.

= 42164.783 km

0.0 -
Reres
02t \
0.4t

12+ s QIS z -i=040°

A -i=0862

| o -i=0.89

1 1 o o o-i=10°

] 0.5n w 16n 20 n
—_— W 1

Figure 7 Variation of orbital radius as function of time
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—0.2 M
—04 7
o
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—— T (we 1)

Figure 8 Longitude variation of stationary point as function of time
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Figure 9 Variation of the lattitude of stationary peint as function of time

These figures exhibit changes of satellite positions  {rom ils stationary poeints
in one cycle {one revolution around the carth), which has a period of one day.
The corresponding subsatellite trajectories (or ground tracks) with well known

figure

8 configuration for various values of inclination i are  shown in Figure

10 for Jarger inclination, the ground track 1y ulso larger.

Assessment of Computational Results

To assess the accuracy and validity of the computational scheme, comparison
will be made with results obtained by previous workers. By employing data

used by Blitzer

(3) , Le. I, following King — Hele (1964) and J o Tollowing

lsak {1964)%) present results will be compared with Blitzer'stsy | Blitzer
utilizes the following formula ¢

Ly

Ao

= (6.63
m Jnm Anm 5T
%751: _?T— smm A, - N ot
( ) - =
sT ¢ven
= Apt a2 m2 - o (32)
. mn nn . ST
X —— ——— sinmiA,- At )
n 22 nm 3
(nﬁrn) A -
even
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Figure 10 Ground track {subsatellite trajectory) about stationary point for various

inclination of orbit.
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J_B J B
6g = - X ”n“- + X X —M—n—@- cosm{A, =X )
n Zy (n m Zo
Cadd) odd )

where s=1, 2, 3, 4.

Using formula (32), Blitzer arrived at values of stationary positions shown in
Table 4. If these values are substituted in equation (253, the right hand side
will be equal to = 107%, while using similar hasic data, we obtain values of
stationary positions which are very close to Blitzer’s results, as also shown in
Table 4. However, il our values are substituted in cquation (25), the right
hand side will be closer to zero, i.e. 10718,

TABLE 4, Camparison of Equilibrium Position resuits with Blitzer's

- _ S
\ Present Method E L. Blitzer's -
POSitiOn z(] - 7 ﬁﬁl— T T T7 Tt o/ o

Mo L 10, A 10%x &,

P { deg } J_ { sec) | (deg) | (sec)

1 6.63 ’ - 15,201 [ -10,456 o 15,2 - 11

2 6.63 ’ 76,062 \ 37,374 75.1 37
3 663 | 161,708 | -15,823 161,7 16
4 663 | 110,861 ~43,965 ~110,9 ~aq |
1. I R R S

The subsatellite trajectory results will he compared 1o Flury’s. According to
Flury(m , the subsatellite trajectory is represented by -

Sr=0a-8accosM=8a-8ancosh-daksin
dL=2esinM+(n-w )t=2nsinA-2tcosAtin- w )t
b= 1sin(w+My=FsinA- acos A

where
n = ecos (4w E=csin(+w)
o = sinisin £, f=sinicos 2
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M =nt, n=mean motion
L = longitude
A = (2twtM)

As indicated by Table 5. the agreement of our results with Flury’s is indeed
exellent.

TABLE 5. Comparison of Ground—Track results (GEM 8} with Flury’s

—

inclination Present Method Flury's
(deg) width height width height
{rad} {rad} (rad) {rad)
0,1 0,761545x10 6 | 0,349060x1072 | 0,761543x1076 | 0,349065x10 >
0,2 '0,304620 x107% | 0,698100x1072 | 0,304617x1075 | 0,598131x1072
0.3 0.685388x10°5 | 0,104716x10~! ! 0,685389x10° | 0,1:34719x10”1
0,4 0,121850x10~4 | 0,139620x1071 | 0,121860x10~% | 0,139626x10 !
0,5 0,190385x10~% | 0,174524x10~! | 0,190385x10~4 | 0,174532x10 !
0,6 0,274153x10°% | 0,209420x1071 | 0,274155x10~% | 0,209439x10 1
0,7 0,373163x107% | 0,244340x10°! | 0,373156x10~% | 0,244346x10~!
0,8 0,487380x10% | 0,279240x10~" | 0,487387x10~% | 0,279252x10 "
0,9 0,616838x10 % | 0,314140x107! | 0,616850x10~% | 0,314159x10 !
1,0 0,761525x10 % | 0,349040x10°1 | 0,761543x10~% | 0,349065x10 ~!
S TR § . & —

Comparison of [AU 1968 and GEM 3 results

Satelite coctlicients have now been obtained with increasing accuracy: the la-
test information known to the authors is known as GEM--10, with higher order
celficients i the ranye of hundredtli. However, in (he time of writing, only
data of GEM- -8 and TAU 1968 are availablic. Preliminary work using IAU 1968
data was reported in reference 9. Comparison of results using these sets of data
and present methed is intended to investigate further whether the computation-
al accuracy is adequate.

Results are tabulated in Table 6 and 7: it seems that there are some discre-
pancies, althongh they are small, However. these results can gave confidence
in the present computational scheme, [0 should be noted that computational
dectracy is very importaat, since, due to the faot that satellite follows similar
paihs repeatedly. resonance may occur, giving rise to larger disturbances
originating from smaller anes,
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Table 6 Comparison of stellite trajectory {(eq. 28, 29 and 30) using GEM-8 and {AU 1968

data, for inclination 0.2°

7 GEM-8 1AU 1968
(we * 1) T
4 x 104 o X 10°% g% 102 A X 104 ¢ X 10° g X 102

0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00600
0.15708 --0.00969 —0.09417 0.05461 -0.00890 —0.08903 0.05190
0.231416 -0.03815 —0.17920 0.10787 —0.03662 ~-0.17516 0.10526
047124 -0.08258 —0.24677 0.15847 —0.08047 —0.24360 G.15602
0.62832 ~0.13865 ~0.29026 0.20517 —0.13615 —0.28820 0.20295
0 78540 ~0.20085 —0.30542 0.24682 —0.19822 —0.30459 0.24488
094248 -0.26310 —0.29075 0.28240 —0.26100 -0.29116 0.28078
1.08960 -0.31931 —0.24771 0.31101 -0.31718 —0.24923 0.:30976
1.25660 --0.36398 —0.18050 0.33197 —-0.36242 —0.18291 0.33112
1.41370 -0.39272 —0.09570 0.34476 --0.39190 —0.09868 0.34432
1.57080 0.40274 —0.00161 0.34905 —0.40273 —0.00480 0.34904
1.72790 --0.39305 0.09256 0.34475 ~0.39385 0.08855 0.34517
1.88500 —D.36458 0.17758 0.33196 -~0.36613 0.17513 0.33280
2.04200 ~0.32015 0.24514 0.31100 ~0.32228 0.24357 0.31223
2.19910 ~0.26409 0.28862 0.28237 —0.26660 0.28816 0.28398
2.35620 --0.20189 0.30377 0.24680 —0.20453 0.30454 0.24873
2.51330 —0 13963 0.28910 0.20514 ~0.14215 0.29110 0.20735
2.67040 ~0.08342 0.24605 0.15544 —0.08567 0.24917 0.16087
2.82740 —-0.03876 0.17883 0.10783 —0.04033 0.18284 0.11043
2.98450 —0.01001 0.09403 0.05457 -0.01085 0.09860 0.06727
3.14160 ~0.00000 —0 00007 —0.00004 —0.00001 0.00472 0.00270
3.29870 ~0.00969 —0.09424 —0.05465 —0.00890 —0.08964 —0.05194
3.45580 -0.03815 -0.17927 —0.10791 —0.03662 —0.17523 —0.10529
3.61280 —0.08259 —0.24683 -0.15851 —0.08047 —0.24367 —0.15606
3.76990 —-0.13866 —0.29032 —0.20521 ~0.13616 —0.2B826 —0.20298
3.92700 —0.20086 —0.30547 —0.24685 -0.198823 |, —0.30464 —0.24491
408410 —0.26312 —0.29080 —-0D.28242 —0.26061 —-0.25120 -0.28080
424120 —0.31933 —0.24774 ~0.31103 —0.31720 —0.24927 —0.30978
4.39820 —0.36400 | -0.18052 —0.33199 —0.36244 —0.18294 -0.33113
456630 -0.39275 —0.09571 —0.34476 ~0.39193 —0.09870 —0.34432
4.71240 —0.40276 —0.00161 —0.34905 —0.40276 —0.00480 —0.34904
4 B6950 —0.39307 0.09256 ~0.34474 —0.39388 0.08956 —0.34596
5.02650 —0.36461 0.17760 —0.23195 —0.36616 0.17515 ~0.33279
5.18360 —-0.32018 0.24517 -0.31008 —0.32231 0.24360 —0.31221
5.34070 —0.26411 0.28866 —0.28235 —0.26662 0.28820 —0.28395
5.49780 ~0.20191 0.30382 —0.24677 —~0.20455 0.30458 —0.24870
5.65490 —D.13965 0.28916 —0.20511 0.14217 0.29116 —0.20732
581190 -0.08344 0.24611 —0.15840 -0.08559 0.24923 —0.16084 |-
5.96900 -D.03877 0.17890 -0.10779 —0.04034 0.18290 —0.11039
£.12610 —0.01001 0.09409 -D.05453 —0.01086 0.09867 -D.06723
5.28320 0.50000 0.00000 |  D.0000B —0.00002 | 0.00478 000266
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Table 7 Comparison of satellite trajectory {eq. 29, 29 and 30} using GEM-8 and [AU 1968

data, for inclination 0.6°

!—_ - T Tttt o 1
, GEM_38 IAU 1968
(e = 1) ax 104 $ X 105 5 X 102 A X104 & X 105 g% 102 -
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 |
0.15708 008724 | -0.84753 0.16381 —0.08012 | —0.80612 0.15569
031416 034338 | 161280 0.32360 032958 | —1.57640 0.35176
0.47124 —0.74325 | -2.22090 0.47541 —0.72421 | —2.19236 0.45807
0.62832 —1.24780 | -2.61230 0.61561 122534 | —2.59373 0.60884
0.78540 —1.80760 | —2.74870 0.74046 178395 | -2.74120 0.73462
094248 -236790 | —2.B1680 0.84718 234533 | -2.62035 0.84232
1.00960 -2.87380 | —2.22940 0.93303 285455 | —2.24300 0.92927
1.25660 327580 | —1.62440 0.99590 326176 | —1.64609 099333
1.41370 ~353460 | —0.86122 1.03430 352709 | —0.88806 1.03294
157080 362470, | —0.01440 1.04710 ~3.62458 | —0.04311 1.04711
1.727%0 —3.53750 0.83311 1.03420 ~3.54467 0.80606 1.03549
1.88500 —3.28140 1.59840 0.09587 ~3.29520 1.57631 0.99838
2.04200 —2.88150 2.20540 0.93297 290058 219226 0.93668
2.19910 —2.37690 2.59780 0.84710 _2.39944 2.59360 0.85191
2.35620 —1.81710 2.73420 0.74038 —1.84083 2.74105 0.74617
251330 525680 260220 | 081543 ~1.27944 2.62017 0.62205
2.67040 —0.75089 2.21480 0.47530 —0.77022 2.24280 0.48261
2.82740 —0.34889 1.60990 0.32348 —0.36302 164588 0.33129
2.98450 —0.09015 0.84663 0.16369 009769 0.88782 0.17181
3.14160 0.00001 -0.00020 0.00012 ~0.00020 0.04285 0.00810
3.29870 —0.0B724 | -0.84773 | —0.16393 —0.08011 | —0.80633 | -D.15581
3.45580 -0.34335 | —1.51300 | -0.32371 —0.32959 | —1.57660 | —0.31588
3.61280 _0.74327 | -2.22110 | —0.47552 —0.72422 | —2.19256 | —0.46817
3.76990 124780 | -2.61250 | -0.61561 -1.22537 | —2.59391 | —0.60894
3.0270 ~1.80770 | —2.74890 | -0.7405% 178398 | -2.74136 | -0.73471
4.08410 236800 | —2.61690 | —0.84725 234358 | -2.62048 | —0.84239
424120 _287390 | -2.22950 | -0.93308 ~285461 | 224311 | 092932
4,39820 _327590 | -162450 | —0.99594 326182 | —1.64617 | —0.99337
4.55530 _3.53460 | -0.86126 | -1.03430 ~352716 | —0.88811 | —1.03296
(471240 ~362480 | —0.01441 | 104710 _362465 | -0.04312 | —1.04711
4.86950 —3.53750 0.83313 . —1.03420 _13.54475 0.80607 | —1.03547
5.02650 ~3.28140 159840 | —099583 ~3.20527 157636 | -099834
5.18360 —2.88150 220650 | —092202 —2.90065 219234 | —0.93662
5.34070 —2.37700 259790 | —0.84703 —2.39951 259371 | —0.85184
549780 ~181710 2.72430 | -0.74029 —1.84090 274118 | —0.74608
/6.65490 ~1.25680 260240 | —0.61532 ~1.27950 262023 | —0.62195
5.81190 —0.75093 221500 | —0.47519 —0.77027 224298 | —0.48250!
5.96900 -0.34892 161010 | —0.32336 —0.36306 164606 | ~033118°
6.12610 —0.09017 0.84633 | ~0.16357 ~0.09772 . 008802 | -0.17168°
16.28320 ~0.00000 0.00000 | -0.00024 L -000022 | 0.04053 [ ~0.00798’
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VIIL. CONCLUDING REMARKS

A computational scheme to calculate the orbit of geostationary satellite due to
the carth’s gravitational potential has been developed. taking special care to
the influence of the gravitational anomaly. Resulls obtained have been com-
pared to those of Blitzer and Flury, and established contidence in the present
scheme. Further development is planned to  account for the effect ol the
maon, the sun and solar radiation pressure,
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