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MISSION ANALYESI1E DATA FOR INCLINED
DESYNCHRONOLS ORBITS
b "'

" Otis F. Graf, Jr. and E.C. Wane

1.0  INTRODUCTION

1.1 BRackeround

The aeostationary equatorial orbit (SED) has been extensivelw used
durinas the past 10-15 wears. Satellites in this orbit arPear nearlw
staticnary above the earth and are ideal for applications in communica-— '

. tions and earth observations,

With the increasine applications of the GED, the available space in
the orbital arc is now beina derleted. For example, the NASA Space
Transportation Svstem is exmrected to launch approximatelw 140 secsta-
tiopary missions durine the rext ten wears (Reference 1). The satellites

need to be separated bv a few desrees in order to avoid phvsical and/or

radio freauency interference.

Bercause of the extensive eplanned seostationary mission traffic and

N

: the limited number of slots available, international orsanizations are 5

attempting to sain awtharity over slot allocations. The U.S. has no

inherent claim to seonstationary “real estate” since 1t has no territorwy

end

over the eaquator. The seasstationary arc of interest to the domestic U.EI.

(55 dea W. longsitude to 135 de

a W. 1ongitude) maw in the future be shared
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with South American countries. Also, certain futuristic prodects (such a
the solar power satellites and seace manufacturing) will require larse
amounts of the gecsvnchronous or seastatiopary arc,

For the reasons cited aboves, it wil) ke important in the future ta
Ppack more satellites into useful seoswvpechronous orbits, A Promising Pro-
rasal that has been put forth is to uwse sensyvnchronous orbits whose Planes
are inclined to the equator. A gatellite in such an orbit has a asround
track that is a fisure eisht. If several satellites are placed in orbits
that have the same figure eifht sround track, thevw will all cross the
equator at the same longitude, called the "satewavw". The satewav may
reauire only a few dearees of the genstatiopary arc, while accomodatins
possibly 10-12 satellites in inclined orbits., As the satellites pass
throush the uprer (or Tower) latitudes, their around track would arpprear to
be nearly circular about a point up the ¢arth's surface. From this point

of view, thew are called "halo" orbits.

1.2 verview of this Report

Moast of the earlier studies of inclined semsvnchrmnmus orbits have
concerned seometrical relationshirs with idealized (unrerturbed) orbits,
In practice, however,the orbits will be eperturbed by sravitational and
non—aravitational forces. The result is that the orbits will be altered,
and corrective maneuvers must be exmecuted by on—board contral svstems.
Frinciral orbit perturbations are due to earth oblateness, earth s2quato-—-

rial ellipiticys, sun and moon sravity, and solar radiation Pressure.
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For eauvatorial seosvnchronous (geostationary) orbits, the effects of
these perturbations are well known., Howevers for inclined seosvnchronous
orbits, less information is known about the orbit perturbations or the
orbit maintenance delta~V resuirements.

The purpose of this report, therefore,is to pProvide certain data that
is needed for preliminary desion of inclined secswnchronous missions. In
rparticular, the obiectives are to:

@ Study the perturbations on circular orbkits with inclinations

up to &0 degrees,

® Determine the time histories of the orbital elements for

Periods of upP to ten vears.
] Determine the velocity manasement reanirements needed to

cancel the maJdor pPerturbine effects.

® Present a compilation of data on inclined circular

aeosvnochronous orbit characteristics.

HBection 1 of this report introduces the problem and sives the scope
ang purose of the studyv. A summary of the Princieple results is also
DLVEn. -

Section 2 describes the inertial and earth-fized (rotatins) co-
srdinate svetems, as well as orbit parameters and elements., The complete
familv of geasvnchronous orbits is discussed. It is shown that circular,
inclined seosvnchronous orbits comprise anlw one set in this familyw.

Section 2 sives a discussion of the madjor arbit perturbations, and

their separate eftects oan the gseosvynochronows orbit,
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Section 4 sives detailed information on the orbit perturbations of
inclined, circular seosvnchronsus arbits, The mador emphasis is to epro-
vide time history data of certain orbital elements.

ZSection 5 provides a determination of arbit maintenance delta velac-
ity reguirements to counterast the mador orbit perturbations. The pPurrose
is to provide order of masnitude estimates, and to show the effects of
orbit inctipation on Jdelta-Vy.

Section & discusses some of the considerations in mission desisn for

a multisatellite swestem, i.e¢. a "haleo” arbit constellatian.

Section 7 presents soame conclusions and recommendaticons based on
this studw.

Arpendix A 9ives a bibliography of rarers and rerorts on the subbect
of gensynchronous arbits. There is a wide bodw of literature on this
subdect. The bibliwaraehy incliudes parers of interest to this studv, as
well as backaround rParpers concerned with the fundamentals of orbital
mechanics.

Arpraendix B contains a listine of all the computer Programs that were

se progarams are on the Interdata &/32 com—

Ts

developed for this studw. The
puter at the NASA Jdohnson Seace Center. ATl routines are throushly

documented with comment cards.
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1.2 Applications of Inclined Geoswnchronous Orbits
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Several authors have discussed the possible applications of Inclined

Geosvrchronous Orbits (I5D0). Generally these orbits are useful for

applications where there must be a lons viewing time from the earth. How-

ever it is not necessary that the satellite be fixed relative to the
surface of the earth. The followina arrlications have heen pProrosed for
IGO0 orbits:

Earth observation

Solar Power Zatellite

Dommunications
® Military arprlications
Arplications and sround tracks are discussed b Akin (Reference 2),

Rielkowicz (Reference 2) and Graf (Reference 4).

1.4 The "Halo® Orbit Concert
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There is an additional application of IGD that has been proposed bev
Fielder (Reference S). His sussestion is to establish a constellation of
satellites in inclined circular seosvnchronous orbits, such that each
satellite in the constellation follows the same fisure eisht oround track
(see Figure 1). At the higher latitudes (which are of interest for the
.=5.), the satellites would aprear to rotate in a nearlwy circular orbit
relative to the earth, hernce the term “"Halo" arbits.

The advantase of the "Halo" orbit scheme is that it could signifi-

cantly increase the number of usable satellites in sewsvnchronous arbit.
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Figure 1- '"Halo'" Orbit Concept
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1.5 Summary of Results

The seneral results of this study can be summarized as follows:

P

The seneral behavior of the sevsvnchronous orbit per-
turbations are similar for the inclined (up to 40 deg.) and
equatorial cases. However, the masnitudes of the rperturbing
accelerations can be different by several orders of masnitude.

When the orbit is allowed to have a sisnificant inclipation.
the mission desioan becomes more comelicated. For example,
assuming the inclination is 9iven, the inertial orientation
of the orbit ) must stil) be specified. Additisonallwv,
arbit perturbations act in a different way for different
values af L .

The drift in mean longsitude is senerally less for inclined
orbits. Likewise, delta-y to cancel this drift will also be
less foar the more inclined orbits.

The out—-of-plane orbit mainternance delta-V for inclined orbits
can be as much as four times that for equaterial opbits. Alsa,
the amount of delta-V required derends on orbit eplane orienta-
tion relative to inertial serace. This means that sach satel-—
lite in a "Hala" orbit constellatiorn would have unique

delta-V re|uirements.

w far the most important source of arbit maintenance delta-V
is the out-of-~plane component. This could be 100 times
targer than the in-Plane delta-V.
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2.0 ORBIT GEOMETRY AND DEFINITIONE

In this section, we take the oppPortunity to review the geometric
relationshirs between the secgwnohroanous orbit and coordinate svstems.
The wrbital elements that are used in the followins sections will be
defined here. Also, this section wil) catesorizy the various twpees of

geasvnohroanous orbits,

2.1 Orbital Elements and Coordinate Svstems

Define a rectansular cartesian coordinate syvstem with its orisin at
the center of the earth. The X-axis lies in the esuatorial plane and is
directed toward aries (the wernal gauinos). The Z-awis lies alone the
retational axis of the earth in the direction of the north pPole.  The

Y-amis lies in the eauatorial plane and completes the risht-handed co-

in
in

ardinate svystem (See Fisure 2(A)).
The followins orbital parameters are defined in Fisures 2(A)

and 2(R)Y:

Incltimatian,

Longitude of the ascending node,

Araument of perigee,

True anomdl v,

Satellite radial distance from the earth’s center,

pﬁﬁgb‘ﬂ

H Semi-maJor awis,

W)
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hL t  Apogee distance,

o

Perigee Jistance,

E : Ecrentric anomaly.
We also define the arbital eccentricity as
C? - Ya— Yk

& A

I order to study the satellite motion relative to the rotatins

earth, it is usetfuw” to introduce polar coordinates and a roatating co-
ordinate swstem that is fiwed in the earth. Refer to Fisure 2{(C). Let
the X*—axis lie in the ¢guatorial planeg at the intersection of the
Greepwich meridian and the equator. The Z7-axis and the Z-amis coincide.
The Y*—awis lies in the emuatorial elane and completes the primed
coordinate swvstem.
We define the followine variables:
(ﬁc ' Ansgle between the X~and X '-awxes, senerallw referred to as
the "Greenwich Hour Apsle",

A

The satellite s langitude with respect to the Greenwich

meridian,

8

Alen, notice that for a satellite in am inclined, circular 24-tour

The satellites latitude.

1]

arbits the lonsitude j& will have some mean (op averase) value over the
coupse of a dav {Fis. 2(ID)Y. The ground track is a fisure eisht and wil)
cross the eauatoar at a lopsitude, which is the mean lonsitude. We refer to
mean lonsitude as A . a Paraméter which indicates where the sround track

is located at any time., At the instant that the satellite crosses the

-
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wauator soins porth, we have the relation
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Figure 2(a).- Orbit parameters.
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Figure 2(c).- Polar coordinates.
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2.2 Mlassification of Geasvyrnchronous Orbits

In this report, the term Gensvnochronous Orbit (GO) pefers to an orbit
that has a period of one sideral dawv, i.e. the satellite”s orbital reriod
is equal to the period of ratation of the earth relative to inpertial
space, Thus, a satellite in such an arbit arPears to fallow the same
around track, day after dawv. For these orbits, the inclination and eccen—
tricity are not necessarily zero. Theretore, their sround tracks will be
closed curves of variouws shares. ExampPles of such around tracks are siven
in R

Ferences 2, 29 4y A and 7.

g
L01]

The geosvnchronous orbit is the most seneral type of orbit
that is under consideration here. Indeed, it defines a familw of arbits
that have the followine seneral characteristics:

® The around track is a cloased ocurve.
® The ground track is repeated every dawv.
® The satellite crosses the eauator twice each dav.

A subset of the general case includes the circular orbits with an
arbitrary inclipation and Jonsitude of ascending node. These are called
"Imclined Circular Geasvnochronous Drbits! (IEEU), and are the subject of
this report. Their sround tracks are the share of the familiar figure
eiaht.

We suagest the breakdown of the OO family of orbits into sets and

(]

subsets, as shown in Fisure 2. Note that the Eaquatorial Circular Geo—
synchronous Debit (BEDG0) is generally referred to ag the Geostatiocnarwy
Eauatorial Opbit (GEQ). A Satellite in such an orbit areears to be

stationary above the rotating earth. There is only one orbit in this set.

L



Earch ECG0 satellite is ip the same orbit, but at a di

“+.

ferent pasition

within the wrbit. The satellite’s pasition can be spél ied by onlv one

it
v
-+

parameter, i.€. its lonsitude.

. When arn orbit is desisned to have a significant inclipation anpd/or
gecentricityy the number of desrees of freedom for the orbit are
increased. The desrees of freedom for each 00 subset are shown in Table 1.

Note that the ED50 set has only one dearee of freedom, i.e. the mean

1opeitude.  The 06D set has two additional dearees of freedom, i.e¢. the
the inclimation and ascendine npode.
The stody in this report is concerned with the Inclined Circular

cet of seosvhchronous wrbits (I2G0).  The fFollowing analwvwses in Sections 4

' . . S - 0

» and 5 assumes that the ¢ceentricitv is small and nesglisible, and that the 4
5

f ' inzlination is in the range O 5 1 € 40 . ;
g !
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Z.0  PERTUREING EFFECTS ON GEQSYNCHRONDUE ORBITS

In this sectiop we sive a brief summary of the mador wrbit perturba-
tions ah aecsynchropous satellites. The perterbations of interest are
those of lon® period that can have an apppreciable effect over a period of
months or vears. Short eperiod perturhations (those that have periods
an the order of a few davs) will cause small oscillations about the

path of the long rericd trends in the orbital elements. The mathematical

methods emploved specifical v exsclude these oscillations in order to

i3
Ud

determine the more imeportant lope reriod effencts.

The dominant perturbing acrcelerations on the satellite are:

o The triaxial earth, i.e. earth oblateness and
equatorial ellipticity.

@ Sun and Maon apavitation.
® Solar radiation pressure.

The effects of each perturbation are brieflw described in this section.

5

Additional backesround information is siven in Reference 4. The auantita-

tive effects of these pPerturbations are described in Section 4.

2.1 Elliepticity of the Esuator

o o s St 1ot it i Bt B0 eS PO Bt b St it A O oS30 S o A S o ot s o J O G

The ecarth s esuatoria) ellipticity rauwses a slow drift (east or west)

in the satellite s mean Jopsitude ;K . These rerturbations are caused
by the j;l term in the seorotential.

.._a
Let Y be the satellite’s pogition vector in the X,Y,2Z coordinate

s imat v
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gvstem in Fisure 2(A). Then acceleration due to the seopotential is
[ ]

S _ oV

where

U= e (1-7e).

The parameter Me is the earth’s sravitational constant.
Let (e, be the mean eauatorial radius of the earth, and let .fn and
-fkna be Lesendre functions and associated Lesendre functions, resepect-

itvelw. Then the garth”’s seopotential can be expressed as (Reference )

vo= 3 5 (%) Filein o)+
T (f-,:-)n P, (2 6) Coo (A= Dam).

3

For a triaxial earth: the secopotential becomes

Ver = "‘/zf J, —Kf')z (3,04'/»»»29“1)'*'
+ j:-z {@)Z Cons' B (,0—,92(./1— 7\11) .

Mbeserve that the Ji term (owhlateness) depends on the satellite’s alti-
tude and latitude. The Jg, term (eauatorial ellirticity) depends,
additionallys, on the satellite’s longitude relative to the earth refer-
ence lonsitude 7\21 .

The seopotential pParameter szl is the ansle between the eaunatorial
ellirse minor axis and the Greenwich meridian, as shown in Fisure 4. The

ron~dimensional coefficients have the values (Retference 2)

) -0
T,= 1.08296 X 1o, T=L77/6X o,

- 21 -
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Figure 4.- The Earth's equatorial ellipticity.
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.2 Suny, Moon and Earth Oblateness
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The 31 term in the seopotential combines with sun and moon gravity
to rcause a lopgs period perturpation of the sateilite’s arbital plane. The
period is more than 50 wvears.

Forr 1 initially zera, the pericd is 53 wears and the amplitude is
1% dea. This means thatl after 24 wears, the inclination will have
increased to about 15 des.

Section 4.9 describes the motion of inclination for arbitrary initial

inclinations,

2.7 Solar Radiation Pressure

This non-~sravitational perturbatioen is wsually small, but could be
appreciable for secsvnochronous satellites with larse solar collectors,
Four the Solar Power Satellite (EP3), this perturbation has the order of
masnitude of aravitational terms due to sun, moon and ;ﬂz (Reference 4).
The solar radiation epressure acceleration is proportional to the satel-
lite*s area—-to-weisht ratio. The mador effects of this perturbation is a
wearly ascillation of the eccentricity and a rotation of the line of

apsides. Section 4.3 aives orbital element time history data for this

perturbation.

e e aas i madma s



4.0 TIME HISTORIEZ OF OREBITAL ELEMENTES

In this section we study the time histories of the orbital elements
that are importanpt for seoswnochranous missions. We senerally pelyw an
analvtical formulas to senerate the time histories. This alleows us to
parameterize a broad spectrum of initial conditions. Also, the formulas
will be used in Sectian 5.0 to determine orbit maintenance delta V.

There are some limitations in the analwtical formulas that will be
nsed. For example, each set of perturbations discussed in Section 2 is
taken seraratelwyw. The coupling (l.e. interaction) of the perturbations are
impored since the courling will be of second arder in masnitude compared
to the princirle effects. However, these formulas shouwld provide suffi-
cient accuracy for mission planning tvpe studies.

In Section 4.1 the lons term effects of earth’'s eauatorial ellipti-
citv ( J2z) are discussed. Seotion 4.2 discusses the out—-of-plane
perturbations caused b sun, moon and earth oblateness ( J2 ). Finallvw,
Section 4.3 describes the perturbations on the orbit’s eccentricity due

to solar padiation Pressure,

- 24 -
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4,1 Earth~Relative Mean Longitude

""""" A suod descrirtion of the lonsitude drift for esuatorial salt)]ites

is siven by Blitzer in Reference 2. In this section, however, we will use

the esuations from Wasner (Reference 10) since his eauations are valid fer :

non—zero inzlinations.
Let A be the mean dailv lonsitude of the satellite (Section 3.1). i’

This is alsa the lonasitude of the sate)lite asg it crosses the equator in

its fisure 3 sround track. From Reference 10, we have the acceleration of

the mean longitude siven by the esquation
. 3 ) . ( _ > (4.1)
’)\’:::-— rs F;L F(Iuﬂ/ww? 7‘ }1L7)

where

We define the following phesical suantities:
/¢4€ : Gravitatiepal parameter of theg sarth,
Vg : Radius masnitude of the srosvrnochronous arbit,
Ke t Radius of the earth,

Jaa

%11= Geopotential constant.

Geapotential canstant,

The nmumerical values for these suwantities are given in Appendix R.
The function F:(IQzL is called the "inclipatiop facter"., It has

the effect of decreasing the acceleration of jA «  Thus, it can be seen

[ - R e S ey
AR A . . .\-“.'\.ﬁ
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from equation (4.1) that the nature of the lonsitude deitt Ffor dinclined

it

arbits 1s similar to the e¢auatorial case.

i

Notice thae only the ellipticity of the eauator (i.e. I;; term) is
ifpziuded in this analwsis. A1) the scopctential terms are siven by Wasner
in eauation (1 ) of Reference 10, However, we onlw include the 3}4_ term
kere because that will sive sufficient acouracy for our own PUrPeses, and
also will demonstrate the nature of the moation.

I usine eauation (4.1) to deseribe the motion of the mean lonsitude,
we hav&'made the following assumptions?

® Terms proportional to the eccentricity can be neslected. That is,
the wrbits are nearly circular.

® The ‘311 term in the seopotential describes the longitude drift
with sufficient acouracy.

® There is no coupling of 3}1 with the sun and moown perturbations.
This means that the inclination does not chanse sisnificantly durins
the time of interest.

The sun and moon have a verw small direct effect on the mean lonsi-
tude drdift. Their direct effect is on the arder of the neslected seopo-
tential terms. However, in the newt section it is shown that the inclipa-
tion can change by several desrees in a few vears. Thus, a "mean” (or
averase) inclipation should be used in esuation (4.1).  This should give
sufficient acouracy for our Purposes here.

The lona—term drift in mean lansitude is shown in Fisures S5, &

was senerated from the LIORIFT

I
P4

and 7. The data presented in these figurg
proaram that is listed in Arpendix B. This erosram includes the following
roulbinest

LORIFT: Mzin proaram and numerical intesration driver. It also prints the

data to the CRT screen and writes the data to an ocutput file.
This file is later input to the plot erosram PLOTIT.

R R 2 e

L. T




LINFUT: Routine for ineput anpd initialization of constants and common
blacks.

LOERIV: Routine to compute the the risht side of the differential
equations (4.1).

\ REF4S @ Runse-kutta numerical intesration routiid.  This routine is eart
of the FDE-2 utility Vibraerw apd is not iisted in Appendix H.

DISCUSSTON OF FIGURE 95
(1) These fioures show the motion in "Phase sPace", i.¢. the motion of
lopaitude drift and drift rate. The arrows indicate the direction
af the motion.

(2) Notice that when the drift rate is sero, the drift acceleration is
not zéro,

¢2Y) Each gessvrnchronous statellite will be on ane of the closed curves
or "opbits" showr in Fiaure S. Thus, it is assumed that that a
satellite will litbtrate and not be in the "circulation resion.

(4) The optimum location to elace and maintain a satellite is at the
position in Phase space where the drift rate is zero. That will be
o the horizonal line in Fisure 5. The satellite will then tend to
moave awawy in the direction of the arrows.

(5) There will he gsimilar plots for mean lonsitudes in the range 180
to 260 dew.

(4) The effect of opbital inclipatiorn is to squeese down the the orbits
' in Phase JPavce. The total ewcursion in lonsitude is pot chansed,

r but the mamimuam drift rates will be less for the hisher inclina-
tions. This is represented as decreased orbit correction delta-Vv
requirements, as shown in Section 5.1

OISCUSSION OF FIGURE &
(1) These Ffisures show mean lonsitude as a function of time, for
r various initial lopsitudes and inclinations.

() Notice that the amelitudes of the wscillations depend very stronglw
. an the initial lepsitude. The stable longitude is npear 75 dea.
Thus the amplitudes in Fisures A(2) and &0 are the smallest of
those shown. For 2,= 75°% ( or Jpg © west), the fisure wauld
show nearly a straisht line.

- 27 -
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QIISCUESION OF FIGURE 7

Pl

(32) The opbit is initialized near the unstable eoint in Fisure &(G). It
is seen that the amelitude is very larae, but that the motion is
initially very slow. Thus we can expect very small fuel resuire-
ments in arder to maintain the satellite“s poasition near the
unstable points (19 and 145 dea),

(4) The effect of an inclination is to reduce the rate of chanse of the
mean lonsitude.

This fiaure demonstrates how the pericd of the Tibration wil)
change as a function of inclination and initial longitude. Notice
that the function is hishlvy non~linear., Orbits with larser inclin—
ations have a lonser period of libration.
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du.t Motion of the Orbit Plane

The differential esuations for the motion of the orbit ePlane are

takern from Reference 11. The eguations for dnclipnation I and ascending

. Tl e (! are
",(.I -z ({3 v, I o L} /J/ -4 M'J Q.Q)

© TE
(4.2)

Ao 2 [/4' g dT o2 (1= Co0 212 ﬂ"'*’I]
A E sk L L | *
The seombool E is the eccentric anomaly. Far small sccentricities, an
increase in £ owe 2T coarresponds approximatelw teo one dav in time.

The parameters in the above eauations depend on the spavitational terms of

the sur. moon. and J2, as well as the obliauity of the eclirtic and the

altitude of the satellite. Thev are non-dimensional rarameters with the

vl e

e 00 AIE e bl 2l fE 0187,

The derivation of equations (4.2) and the derinition of the raram-
eters are given in Reference 1l. Also siven there is an anpalwtical
solution that is valid for small inclinations.

We are interested here in seosvnchronous orbits that mav have a
larse inclimation. For this case, there is no analwvtical solution to
(4.2, However, we can solve them by computing a numerical solution.

Nete that the followins intesral of motion ewists:

CZB — cﬁ‘/aai,p;;lj -/§,<Lv;vja conl oot =

- Vi T Conacl .

ORIGINM
PAGK
= P@@P £arimg ("7?"\




Foarmulas result, The formulas

An advantase of the analwsis dope in Reference 11 is that concise

do not erovide hish erecision, but do

pravide enoush accuracy to adesuately describe the motion. That is our

purepnse in this report, i.e. to determine the nature of the motion of the

orbital plane.

In Vooking at the effects of the perturbations on the orbital elane,

we ftirst look at the rate of changse of jr and ufl . It is of interest to

COmPAre AI and [).ﬂ- for different inclinations and nodes.

It can be shown that for I;, =0 . then Z)I: &7 des/vear.

Compare this with the data in Figure 2. It cam be seen that for non—zero

inzlinations, ‘A I' is generally less than for the zern inclination case.

]
In fact, when ﬂo = /5’0 v then AI:O . However, this deoes not

imply that the orbit will be gtabkle. By observips Fisure ¥, it is seen

that A X  can not be zers. Thus as Lk moves, it will induce a
mation in I . These considerations will be important in computins

ont-of-plane orkit correction delta-V reauirements in Section 9.

The solutions of (4.2) were obtained on a desk—top calowlator, using

an Euler method for the numerical intesration. Time histories for inclina-—
tion are shown in Figsures 10 for various initial valuwes of inclination and

ascending node.

DISCUSZION OF FIGLIRE 10

o bt Dol

(1) Durine the caurse of 10 wvears, the inclination can chanse by ue to
to & dearees, either increagina or decreasins. The amount of the
chanae derends stronalw on the value of the initial ascendine node.
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GRly ane curve is shown For the Lo = © case (Fisupre 10¢(A)). This
is because the ascending node is not defined when the dnclination
is nero. In Reference 11, it is shown that as the inclination
increases, the node becomes defined at 20 dew east of the vernal
equinax direction and moves west (l.e. L decreases from 20 des).

The "inclination offset" method for maintaining inclination is

own' i igure 1€ an Lp= 19 and o=270° :
shown' in Fisure 10(A). Notige that when Lo= and o= s the
inzlination remains less that L deo. for a lonser period of time
than when Ip= O .

The seneral nature of the inclipation time histories are similar
for dnitial inglinations of 40 and &0 desrees.

Remember from Section 2 that each satellite orbit in a "figure 2
copstellation" has a different ascending node.  Thus, we see from
Fiaures LOCE) and (2) that the orbital elanes of the satellites

in the copstellation will have a comelicated motion relative to one
another.

- --r‘..‘w‘q




a
1

f

i

F
oy s el

NOILVNITONI 40 39NVHO 40 31vd 8 34n914

(*930) ONM 3QON 9NIQN3JOSY TTVILINI

0ctl 09 0 :

Q

09¢ 00¢€ Gve 08t

I N
| ~ ]
Y/ <
e Ee

°T 4

- 44 -

N
~
\!

7
o
/
N

\

/
/
/
[

///
o
('930) dVIA ¥3d NOILYNITONI NI 3FONVHO

3
/]
i
1

B




oW

\ N & ki i It A TR AT e T T T e e AR A R e e A e e 7 TR TR TR TR ..1. “4

JAON 9NIANIISY 40 JONVHI 40 3ivd 6 Junold : w
('93Qd) ©7F 3AON 9NIAN3ISY IVILINI e
L 5
09¢ 00¢€ 0} 724 08T 02T 09 GW C
| s
~f
g 0°8-
/] .// S
o =T 1~ -~ N e
° «\ , 0°2- o
/ <
=
/ Py
3 .
N j
i —_ i
/ Z,
i 0 9- >0
/ &5
_ m
i y =
(w)
_ N =
e — @
./ i
/ m
/ @
0 b m
>
X
r — T &
| = ®
// \ O.Ml _
/ \
\.\/[’Y\u\\\;\
9 =T
| i
.w;




od="° 0="° (V)
AHOLSIH 3WIL NOILVNITONI 01 34N91d

(S¥V3A) 3WIL

8 L 9 ] 14 € 2 T 0

e

-
\

- 46 -

('93d) NOILYNITIONI 7IWL1FYHO

H
4 h ]
; | 8
- i
: :
H H
i i
i (08 !
T i ; i
: :
: : { i
i
t i ! :
£ ! i
13 N !
] i ; u
H 3 -
* i 3
i i
H H
| ; |
F " ]
3 §
E
- it



~

-~ -y

00% = O] (9)

AYOLSIH 3WIL NOILVNITIONI 0L 3dN9Id

(S¥V3A) IWIL

(9p]

S 4

-

m— " - 5

[ETRRTS PN

('930Q) NOILVNITIONI 7vLIF¥H0

- 47 -

e AL

st




-t

m
ﬁ O
| 09 = °1 (9
W AMOLSTH 3IWIL NOILYNITIONI 0T 3dNSId
(Syv3iA) JWIL
8 L 9 5] i4 € (4 T 0
i
W 9¢
_mw
; rJ/. -
M / ¥ o
. 2, "'/ o)
b cXr Eor—y—0 | gs =
m ; Y = i
Y'/. —
/.V.rl ! | — &
" “ l’[l’lll‘ /[/I?l n
| i i e 09 T
* >
277 ] 5
‘\\\ =z
.\\\\\ —
e c9 @
\ ~—
\
\l\
o
oL 2
14 79




4,3 hanse in Eccentricity

o o B K o i ot EF 0 o S S 290t 0 G e 4 S Bt TR (S P SUBS B S b

As discussed in Section 2.3, the solar radiation pressure will cause
the orbital eccentricity to chanse and the line of arpsides (once it can be
defined) to rotate. Ordinarily, the solar radiation pressure has a verwy
small effect on the orbit, and is not usually considered in advanced Plan—
ine studies. However: we will studw this rerturbation here hecause solar
radiation pressure could become impoptant for seosvnchronous satellites
with larae saolar arravs.

The direct sravitational effects of suny mosn and J2 on eccentricitw
is small. That is because these terms are proportional te & 5 which is

considered to be small. Therefore, we include oanlwy selar radiation

pressure e¢ffects oan orbital eccentricity.
As before, we assume that the eccentricity rewmins rather small

(less than O0.1). Therefore, we can use the ewvations in Reference 4.

Intraduce the non—sinsular e¢lements

,D:GC/M(W-fﬂ) ) ZZGWW{W?&QB’ o)

These elements remain defined for circular orbits.
In develoring the acceleration ot the satellite due to solar radia-

tion Pressures the followine simeptifications are made:

® The satellite can be modeled as a flat surface which is
perpendicular to the satellite-sun line.

[ The satellite is a 10% reflectins bodv.

o The earth moves on a circular orbit about the sun.

o The solar energw Flux is constant in the vicinity of the
earth.




Further details on the above described model are fiven in References 4,
12 and 12,
Atter makine the assumptions and simelification described above,

the differential eguationg for P and Z are found in Reference 4 to be

ﬁlﬁ —%g{[ﬁf&?m}«;@(zfv"éﬁaﬂwpv -

JE-
[0t C (1)1 0t S P (2-(044%)) - G5 (b aL)s
+87 (sLrap) (1-Ca'r 07) (2- (L% &2?) )7 mv))

i/-i - 2{[121(1-471>~ P& (ZI’NP/J)]% 2+

)
(4.5)

AE T 2
[N G Ee-nt 5@ (a-(0 @) " + G pL (rL+Gp)-
— Sp(r L 1) - (@ ) (=076 | ain )

The above esmuations make use of the Followinw abbreviations:
_E': /i*‘/ I o & - y
coel Lo ) Q= =V1- coal rumI2,
2
L= 1—(1711“2'0

)
368,25 Q@ .
Also, define the followine pParameters:

6f@ = anale of the sun in the ecliertic eplare, measured from the

vernal equirnox.
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- Cowo (35-5‘0)

T,

L\
1

J

' 2
(S’.oé X /p'7> ~—£; —% (4.6)

il

¢

/4 is the cross—~sectiopal area of the satellite in square meters, and
W is the weisht of the satellite in kilwsrams. The Parameters '3
amd Ke_ have been Previously defined,

In order to determine the lone term chanse in eccentricity, the diff-
erential equations (4.5) were solved by usins a Rupse-kutta numerical int-
egration method. Element time histories are shown in Fisures 11,12 and 13,
The data presented in these fisures was senerated from the EDRIFT prosram
that is listed in Apependix B. This prosram includes the followins
routiness
EDRIFT: Main program and numerical intesration driver. It also prints the

data to the CRT screen and writes the data to an output file.
This file is later ineput to the Plot prosram PLOTIT.

EINFLIT: Routine for input and initialization of constants and common
bloacks.

EDERIV: Routine to coampute the right sides of the differential
equations (4.9).

RKF45: Rungse-kutta numerical intesration routine.

The data in Fisures 11, fﬁ and 1% was senerated based on an area to weisht
ratio of 1.72 th (kjs- . This is an assumed value for the Solar Fower
Satellite (Reference 4). Howevers since the Perturbins parameter E;

derends directiv on A/@&’ (see equation (4.4)), we can e¢xPect that

- 51 -
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satellites with different %)/}V/ will have propartiapate behavior as

shown in Fisures 11, 12 and U3,

DISCUSSION OF FIGURE 11
(1) The purpose of these eivht fisurgs is to show the eccentricity time
history, and how it derends on L and L .

(2) When the arbits lie near the ecliptic plane ( =0 ), the inclina-
ion does not have much effect on eccentricity time histopvy.

2y A1) curves kave a period of one vear. However, the maximum value nf &
can derpend stronsly on inclination and node.

DISCERI0ON OF FIGURE 12

(1) This fisure can be thousht af as a plot aof F and Z in polar
coordinates (see gauations (4.4)). As time increases, the closed
curve will be traced in the direction of the arrows, startine from pP=0,

=0 ., The value of the ezcentricity wil) be the distance from the

arigin. The angle W+ will be the arngle between the radius vector
and the p=0 awis. Fuor example., in Fisure 12(A), W+ AL heains at
zeroa degrees and asvmptotically areroaches 180 des.. to start the
cnle asain.

(2) For different inclinatioens and nodes, the share of the closed curve
will change. In the I=0 case, the curve is slishtly flattened. Vhis
ig becauwse the oarbit is inclined to the eclieptic plane (the Plane of
the sund.

(2) For a node of 90 des. and inclivations of 20, 40 and 40 deo., the

muprve is flattened. Comeare with Fisure 1100,

DISCISSTION OF FIGURE 13
The purrose of the fisure is to show the Tong term (10 wvears) motion
af eccentricity. Mote that the motion is periodic with a period of
arne wvear. Thus, it igs onlw necessary to look at the motion within
OrE vEear.
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5.0 VELOCITY REGUIREMENTS FOR COREIT MAINTENANCE

In this section we determine the delta velocity increments that are
reauired to offset the orbit perturbations.

“.1 Irn—-Flane Delta-y

o B s i o S St S A s SR B P U et Gl e A BB B Pt

F.1.1 Mathematical Develarmants

This analwsis presented in this section makes use of equations and
results from References 10, and 14, The following twoe assumptions are
made?

(1) The arbit is nearlv circular. Thus the delta-V A\/ ) in the
radial direction is nealigible as compared to the tansential
component.

(2) There is no couwrling between the in-elane and out-of-plane pertur—
bations., This is a limitatien of the amalwtical eerturbation
methads and was discussed in the Previous sectian.

The orbit-averaged longitude deitt of an inclined circulap orbit
was siven in Section 4.1 as
")": AZZWZ(—}"’A;L?.)) (5. 1)

where r‘oia/
A =~ % Faz F(I>"-l (sidl- O/“>’>z ’

Qince we are interested in the deviation «of the mean longitude of ascend-—

ineg node of agasynchronous arbits, it is conveniént to linearize the above

equation in terms of the variation A’% defined by the réltation
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A= Do+ 4 A (5.2)

wher e ).S is the desired mean lTonsitude of ascending node of the wrebit,
By substitution of G2 into (5.1) we set

A5+ [-2A0n Cao2 (A= X22) 47 = Ass 2in 2 (D= D). e

The salution to the correspondins homoseneous esuation of (5.3) is

AA}”: Ci CWJ’W/-/"/" CZMW)f )
\ Iy
w = ["‘:2)42.)_ 64592(]6_’)2_2):’) 2

The rparticuwlar inteoral carn be Found by assumins

A%ﬁzcz

Substitutine inte eauation (5.3 and soalving for C3 we setl

C ::-'5,:,./"0&”“2(7),5“]22.,)'

wherea

Therefare, the complete solution is
it =t A (300
A A = C/ C/M[v(/j'f—‘ C‘Z‘WDLUJ'—' ZM’MQ‘ (]5. 12/

The intesration cornstants can be fourd by assumins there is no
initial orbit dndection error, so that ] = O
[ ]
ard Z] ) — O at =0
(1) Fuor ]f:o Ard AZ:@ »thern
oL, . )
C =g toam2( Q= Au.).
() For Jf’:o Al A)‘:o ythen
C, =0

Thereftore the solution becomes,

A)= Z/W"Q(%5~—A22>[CMW)*-1] . (5. 4)
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Zance A7 is smatls esuation (5.4) can be further simplified by expanding
C;oau;/ranﬁ inserting the erpression for W o The result is

A‘)t = “/42-1. jl@""”g (?\5 - ;}12.3 (5.5)

Im Reference 10 1t 16 shown that the rate of chanse of the circular

sempchrarnous arbit radiug satisfies the eauation

r: = B,, 4 2 (7\" 7}‘2«2) J (5.

Bozay 5 () T F(Da.

Eauation (3.4% can linegarized in terms of variations A'}E and AY ywhich

[
-

where

is defined bv the relation
= hk+ 4r.
Zubstitote the ewpressions invelvineg AF and A4 into esuation(®.4) to set

Ar = Bzzmp’(?\s_}z:.>+25“ le(]s“:}h)A} . (5.7)

Bvw substituting equation (5.5) intﬂ (5.7
A"”: B, /@"/"‘:“(%5"/\7—2—>+ (
, . \ L
+ 2 ﬁ;_z_ Cog 2 (%5"),2,,_)[“‘/'111/7’” A 2 (?\gm}zz‘ﬂo

SZalvimg the differential e;n-lati.:nr; (5.8
Ar = By, a2 () "7];_;)2"“. |
2 - 3 [ _ (5.9) |
— L B,y coo2 (M=) An Aeim 20 A0) FC.
As ketfore, assume that there 1 rmo dnitial irdection error, 1.oe. For |
St=0 and AY=0 5 then C=o

We thus have the ewpressions

Ar= 5;1 j’,@i‘/"iz(zs—)zz>£j_-TB’?:—A?Z/%LW(;\&—]ZL)j. (S.10)

i
|
|
|
- j
‘l:'ut.J')
J
|
|

T N SR
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To determine the station-heepring .Al/ requirements, consider a
satellite which has been driftins, such that A A = d7\0 . Bv
usine eauation (S5.5), the time of drift can be found. At that time it
will have a radial distance of g + 4V . For a near circular orbit the
velacity relative tn the iruert‘ia'l space is_ =iven by
' v, :(@+AY>¢e“ CRV/ R (5.11)

where A‘F is the variation in true apomalw alops the oerbit, and ¢e
is the rotational rate of the earth.
Te cause the satellite to return to the orisinal value of %5 )
i¥ will be necessary to transfer to a circular orbit of radius G-—A r
with a velocity VZ r'ela.t:‘ive to the iner"tia] space aiven by
\/;23(}2“1“”>¢e +GA7C' (5.12)

* I this rew orbits the satellite will drift back to ’))5 » and then beain

e e

the cvele amain. (Note that this takes advantase of the iinearity far
forr small deviations.)

The minimum eneravw coplanar circular orbits transfer is a Holmann
transfer ellipse with aposee and perisee distances of IZ+4F and }fs-Ar' )

respectivelw. The two velocitw imepulses are

\
| 2 ’
AV/: 2/, 9+ r+Ar _:Z )
’G-Ar (5. 13)
' ~ Ar
. AV, Z -7V -
S
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2V, - (Q-}-AV)

- T +(\@+Ar) ) (S.14)
.
A4V, = - % V2 "‘f;’ .

Note that these two impulses are applied at one half a sidereal daw arart.

Ev substitutine equations (S.11) and (5.12) ipto (5.123) and (5.14), we get

2V, =% [or ¢ + 7 (67) be — 45 24r],

2y = % [or do-t (1) G + 4 2]
By nealectine second and hisher apder terms of the small variations, we
met Az//;’_——}; Ar @e
AV, S -5 AF be -

The station~keerina AV resuirement is then

AV = /AV,/ /Al/z} /AV¢@/- (5.15)

The time period for the cwole is esual to J.T' y where from (5.95)

1820 /(- Azs i 2 (5= 2))] &

In equation (5.10) the second term in the risht hand side is on

-

the order of ]0 af the first term, If we the nealect second term in

¢quation (5.10), we can write ,A V as

f./.'—/ = / By, @4 2 (7& )2,,3 4)@ (5. 14)

which is inderendent of the time period of the correction cvole.
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S.1.2 Numerivcal Results

| The eauations to compute in~-plane delta V have been implemented in

' prosram DELTAV (Arpendix B). Results from that erosram are siven here.

| ) The in~eplane delta V reauirements are shown in Fisure 14. The lansi-
? . tude is measured relative to the stable points (105 dea W and 75 des E).
| There will be four lonsitudes which reauire zero delta V (the two stable
and tws upstable eauilibrium eositions). The overall effect for inclined

orbits is te decrease the delta V requirements. This goes back to the
L)

"imclination factor” in the exmpregsion for ;A .
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.2 Dut-of-Flane Delta V
This section will discuss the delta V reauirements to correct for
the rerturbations of the orbital elane. These perturtations were discuss—

e in Section .3,

S.2.1 Mathematical Developments
The normal to the orbit plane can be represented in inertial coordi-

nates as

A
(jf A/Im‘mfm\rl ——gf,a&ml'caaﬂ +_k cacl

If the orbital elane has keen perturbed throush the small ansles ALl and
A-I- y then the normal to this eperturbed plane can be rerresented in

incrtia1 coardinates as

(/ 7 ,@w(l"-fdl'>m (n+4) -4 W(Ifdl')caq(.awﬂ_) +
+_h coo (T+41) .

Expanding and neslectina himber ar :Jur' terms in AL and 42 :
1= 4 (W T hm 2t 80 2hn T Coot + 4T coaT 2in)*
n 3 (i cooir + 40 2T @i 2 = DT ConaT Com2)*
+ h (cowl - 4T 2inI) ,

The amnaular momerntam of a geosynchronous satellite in the wrisipal
orbital plane is - Al
h=rf .,
The amsular momentum of & geaswvrchronous satellite in the rerturbed plane

'_’ 2 * A /

HW=rt u.

Therefore the chanse in the ansular momentum vecotor 1w
A = rzé[,é (40 2T coar + AT coaT i (1) +
+§(M_ ainT @i (L = AT cool cao ) -
A [}
~ b (4T i)
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The masnitude of .A_/% can be approsimted by

!
WRl= v 4 [(4T- 0-0 eénI) 42 AT 00 2mT]

The relation betueen A/h ard A V is givern b

A= riV.

I+ we make the following assumplions

AT=1 2T , An=.00 AT,

then the delta V resuirement rper unit time is siven by
'4%‘: rfL(I -JP—MIB*‘QIJLWI—J

wheee 1: and _(L are siven kv oesgation (4,2

i
X:

EoR0E Numerical Resuwlts

The eauations to compute out-of-plane delta V resuvirements have beern

imelemented in Prosram DELTAVN (Appendixs BY.  Results from that erosram

are siven here.
The out—-wf-plarne delta V reauirements are presented srarhically in ;

Figures 18(A) and 18(R).  In the first case, the delta V is siven as a |

furection of inclination. In the second sase. delta V ois aiven as a

Furmetion of ascending node,

(1) It in seen that the delta V reauiremerts for our-of-plane orbit
corrections are nearly 100 times the mamimom delta V of inp-plane
coarrections.  Therefore, these results olearly predominate when consi-
dering mission feasibilit

D) When I=0, there is no distinction between A P/ for different values
of L . This is because L becames undefined. (Fisure 15(A))

2y In Fisure 185(AY, the curve for (A =0 should intersect the abcissa
at I=7.3 dea. It fails to do that becavse of the sranularity of the
data. Remember that for I=7.3 des. and (L =¢ , the orbit rlane is
in eauwilibrium, and no delta V is reauired.




(4) Imclined orbits require muoch more delta V o than do the nomipally
equlitorial Case.

(%) Fuor 4 nominal anclination of 40 des, (desirable for "Halo" orbits),
the delta V resuirements are mearly the same for all e . However
these arbits require nearlty the masimuam delta V.
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g
Lo RISCUSSION OF MULTIZATELLITE SYSTEMS
:
; 4.1 FProblem Areas '
[ ] e o G — - S " oo Wi s tares

% , It has been proposed that Inclined Circuwlar Geosvnchronous

(Figaure =) orbits mav be useful as a means to significantly increase

the number of 24-hr. satellites in sPace. ‘Several authors have investi-
3 . . . .
i aated the satellite-sraund station gseosmetry for such orbits,
%

This report has been corncerned with the orbital mechanics of

inclined, circular seosvnchronous orbits. It was found that station—
keering velocity reauirements could be an erder of masnitude larser
than for equatorial orbits.

Whereas pPrevious studies on this toric have been concerned with
the utility of a sipgle satellite in a nonstatiopary geosvnchronous
arbit, additioral studies need to be concerned with a svstem of such
satellites. The emphasis should he on mission desisn concerts that
illustrate the practicality of this arproach.

W

i

sugaest an extension of the work on arplications of nonsta-

tationary seasvrnchronogs (Z4-hr.) orbits. with the followine Primary 1

abjectives:

(1) Studv the arplications of seosvnchronous orbits that have
arbitrary eccentricity and inclination.

() Develar miszion desisn concerts for malti-satellite
Vmapnstellations” in seonsynochronoys orbits.

v s el
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L. Mission Desian Concerts

" —— o e G S B W W et fart LA A B4 P S} S0 S TS B e P Sy b

An aPPropriate next step in this studv would be to develop mission

desian concepts for a "constellatiopn” of satellites. The followins are

some suswested study areas:

(1)

(2

(2

4

Develop mission desien ablectives and aroundrules for a
constellation of satellites in agoswvnchronous orbits.
Take into consideration:

® Individual user requirements,
® Uround station tracking reauirements,
® Launch vehicle capabilities.

Determine the number of satellites reanired in order that a
aiven around Jocation has continuous coverase. Consideration
muet be siven to cptimum eccentricity and inclination of the
arbhit. This part of the mission desion showld consider the
longitnde arnd latitude of the arosund stations, as well as the
equatorial crossing lonsitude of the satellites.

Nevelop an "inclinaticon—offset" techniaue that minimizes aut-of-
plane orbit correction reauirements. This concert has been used
with existine equatorial satellites, and must be generalized to
the case of inclimed orbits.  There is an additional degsree of
freedom to this problem since each satellite in a svstem has a
different eauatorial crossing point relative to inertial space.

Study the relative motion between satellites and deteéermine the
delta V reauirements to maintain desired orbit Positions.

Investisate the problem of collisien and interference avoidance
at the eauatorial crossing.

s
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