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Introduction

STATION collocation technique has been employed to avoid

the possibility of collision or radiometric interference for the
operation of multiple geostationary satellites located at the neigh-
boring longitude slots. Applications of the station collocation strat-
egy for two satellites are widely known and have been implemented
successfully. Nevertheless, the increasing number of operating geo-
stationary satellites allows us only the limited geostationary orbital
space, which in turn urges multiple satellite collocation strategies
controlling more than three satellites simultaneously.

Research on the multiple satellite collocation has been pre-
sented through many papers, but their analyses were largely fo-
cusedon case-by-casestudies by assuminga fixed number of control
satellites.' = This Note proposes a useful station collocation design
algorithm for station collocation of an arbitrary number of satel-
lites. Change in the satellite numbers does not essentially affect the
structure of the proposed algorithm. The new technique optimally
allocates eccentricity control circle positions for each satellite by
adopting a virtual dynamic model approach.

Conventional Collocation Strategy for Two Satellites

Orbit normal separation distance between two neighboring satel-
lites can be maintained by targetinginclinationvectors of each satel-
lite to differentdirections. Also the radial separationis accomplished
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by targeting each eccentricity vector to different directions. But,
if the radial and normal separation methods are applied separately
there always exist two points where the separationdistance becomes
zero. Therefore, generally station collocation methods maintain the
separation distance by properly combining the radial and orbit nor-
mal separation strategy.

Because of the small eccentricity and inclinationof tgeostationary
satellites, the eccentricity and inclination vectors can be expressed
ase=/[e,, e,]" andi=i,,i,]” in the Earth-centeredinertial (ECI)
coordinate in which the x axis points the vernal equinox, the z axis
is parallel to the Earth spin axis, and the y axis is selected to from
the right-hand coordinate system. They are defined by

e, =esin(Q + ), e, =ecos(Q + w) (D)

@

where e is the eccentricity, 2 denotes the right ascension of ascend-
ing node, w is the argument of perigee, and i is the inclination of
the orbit with respect to the equatorial plane. The relative minimum
distance between two satellites, projected onto the meridian plane,
was derived by Eckstein® and can be summarized as follows. The
meridian plane is defined as a plane that intersects the north pole,
the south pole, and the targeted stationkeepingbox center. The rela-
tive distance between any two adjacentsatellites, projected onto the
meridian plane, is

i, =icosg, i,=isinQ

D =[AF? + An?]? 3)

where Ar is the radial distance and An is the out-of-planedistance;
Ar and An are described as follows:

Ar=ri—r ~ag/(1+ecosM;)—a;/(1+e,cosM,)

~ a;(e; cosM| — e, cos M,)

“
&)

where a; is the unperturbed geostationary semimajor axis similar
to distance from the Earth center, w is argument of perigee, and
M denotes the mean anomaly. After some algebraic manipulation
considering the geometric relations

An=n; —n, = a;sin(w, + M,)i; — a, sin(w, + M»)i,

y=Q+ow+M (6)
cosM =e,cosy +e,siny @)
cos(w+ M)=i,siny —i,cosy 8)

where y is the right ascension of the stationkeepingbox center and
Q2 is the right ascension of the ascending node, the radial and out-
of-plane components could be expressed as

Ar =a,(—Ae,cosy — Ae,siny) )
An=a,(Ai,siny — Ai,cosy) (10)

where the symbol A denoteselementdifferencesbetween two satel-
lites. Substitution of Egs. (9) and (10) into Eq. (3) yields

D*=(4)a2[Ai2+ Ai2 + A2 + (Ae2 — Ae2 — Ai? + Ai?) cos2y

+2(Ae, Aey — Ai Aiy)sin2y ] (1)
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Fig. 1 Radial separation method using eccentricity control.

The minimum distance between two satellites D,;, could be derived
by taking partial differentiationof D with respectto y, and the result
is

D - «/zajmeAi cosf|

(12)

ol

[Ae? + Ai2 + (Ae* + Ai* — 2Ae?Ai% cos 260)? ]

where 6 is the offset angle between the eccentricity vector differ-
ence and the inclination vector difference. For given Ai and Ae, 6
maximizing Dy, is obtained from

oD min

9 =0 (13)

and the result turns out to be the solution & =0 or 180 deg. It is
evident from Eq. (12) that if 6 =90 deg, the minimum distance
becomeszero.Namely, to ensure the separationdistancebetween the
two satellites the eccentricity vector difference and the inclination
vector difference should be aligned parallel:

(e, — ) - (i) — i) ==xle; —eylli} — iyl (14)

Once the geometric relations presented in Fig. 1 including eccen-
tricity limit circles and eccentricity control circles are met, this re-
quirement is substantially satisfied.

In Fig. 1 the x and y axes are identical to those of the ECI coordi-
nates. The eccentricitylimit circle defines the maximum eccentricity
allowed dependingon the stationkeepingbox allocation strategy for
each satellite. If the physical dimensions of each satellite are sig-
nificantly different or the mission policies are different, different
size of eccentricity limit circles could be applied for two satellites.
The eccentricity control circle defines the area in which the eccen-
tricity vectors are actually controlled to reside, using the east/west
stationkeeping maneuvers.

As mentioned before, the eccentricity control circle centers are
aligned along the inclination vector difference. In Fig. 1 Ae is par-
allel with the y axis because it is assumed that Ai is controlled to
point the y axis through the north/south stationkeeping.

The eccentricity control circles are located to contact with limit
circle to split the two eccentricity control circles to the longest pos-
sible. The eccentricity vector tips are forced to move along the ec-
centricity circle anticlockwiseonce a year by periodiceast/west sta-
tionkeeping maneuvers. The angular positions of two eccentricity
vector tips from the eccentricity control circle center are controlled
to be identical for two satellites to satisfy the condition in Eq. (14),
thatis, 6, =6, in Fig. 1. Usually, the angular positions of the eccen-
tricity vector 6, and 6, are targeted to the right ascensionof the sun.

The eccentricity circle position and size are the major parameters
for station collocation planning.

When the conditionof Eq. (14) is satisfied, the minimum distance
of Eq. (12) is simplified into

Dmin=ax min(lAel, |Al|) (15)

Usually, the stationkeeping box allocation result produces |Ae|
less than |Ai] so that the minimum distance Dy, is simplified to

Dmin=ax|A€| (16)

From Eq. (16) it can be realized that the minimum distance Dy, is
only proportionalto the eccentricity vector difference when the con-
dition defined by Eq. (14) is satisfied. Thus bigger |Ae| guarantees
longer separation distance between satellites.

From the geometry of Fig. 1, Ae is related by

Ae=2(e; —e.) (17

where e; denotesthe eccentricitylimit circle radius and e, indicates
the eccentricity control circle radius. Then, e, is determined in the
stationkeeping box allocation stage, and kept unchanged. We can
see that better separationdistance could be achieved by reducinge,.
However, careful considerationshould be given in sizing e. because
of the following reason. The yearly minimum AV budget, required
for eccentricity control only, is approximated by

Avyear%nvxless_ecl (18)

where V; denotes velocity of the unperturbed geostationary satel-
lite and e is the steady-state eccentricity circle.” The steady-state
eccentricity circle corresponds to a circular type locus of the ec-
centricity vector tip developed by solar pressure in the absence
of corrective force. Note that decreasing the eccentricity control
circle size increases the AV requirement and the minimum sep-
aration distance as Egs. (16) and (17). Therefore, some tradeoff
study should be conducted between the fuel budget and the mini-
mum separationdistance for the selection of the eccentricity control
circle size.

Collocation Strategy for Multiple Satellites

Station collocation for arbitrary number of satellites is also
achievable by locating each eccentricity and inclination vector to
satisfy the relationshipdescribedin Eq. (14). An additionalkey tech-
nical issue to be consideredis to construct a consistenteccentricity
control circle position algorithm unaffected by the number of satel-
lites to be collocated as well as satellite parameters. As mentioned
before, the position and size of the eccentricity control circle are the
major design parameters in the station collocation.In this study it is
assumed that the eccentricity control sizes were already determined
through a tradeoff study between fuel consumption and minimum
separationdistance. First let us define d,; as the eccentricity control
circle position vector for the ith satellite. For given inclination vec-
tor i;, eccentricity control circle size e.;, and eccentricity limit circle
size ey, the optimal station collocation performance for n satellites,
is described as

n
max Z Dyinijdei, dgj, e, e, e, e, i, 1)) (19)
D=1
The preceding objective is achieved when the eccentricity control
circles satisfy the following three conditions.

Condition I: The differencevectorsbetween the eccentricitycon-
trol circle center position vectors should be aligned parallel with the
difference vectors of their inclination vectors. This condition can be
expressed as

(e[—ej)'(i[—ij)=i|e[—ej||i[—ij| (20)

As describedearlier, this conditionis required to place the maximum
radial separation 90 deg away from the normal separation in orbit
phase angle.
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Fig. 2 Virtual dynamic system for optimal eccentricity control circle
position determination.

Condition 2: Each eccentricity control circle should reside within
the area defined by the eccentricity limit circles. This condition is
needed to confine the magnitude of the eccentricity in a predefined
range.

Condition 3: The eccentricity control circle positions should be
adjusted so that the distances between eccentricity control circles
are separated to the maximum length possible. This condition guar-
antees the maximum separationdistance between satellitesfor given
conditions.

There could be many different approaches possible to find a so-
lution satisfying these conditions. An analytical solution might be
feasible for a fixed number of satellites as the two-satellite collo-
cation problem described in the beginning. However, the approach
cannot be extended into a different number of satellites collocation
problems, and a different approach needs to be found with careful
consideration.

In this Note selection of the eccentricity control circle positions
satisfying those three conditions are realized using a virtually de-
vised dynamic system shown in Fig. 2. Hereafter, the term “virtual
dynamics” is used to indicate this virtually devised dynamic system.

The assumed dynamic model consists of the eccentricity control
circles, the limit circles, and a virtual point mass. The relative posi-
tion of the eccentricitycircle centers with respectto the virtual point
mass, spreads out at a constant rate, and moves to find a best fit to
eccentricity limit circles. The movement continues until no more
growth is allowed by the constraint given by the eccentricity limit
circles. During the adjustment, the relative position between the ec-
centricity control circles and a point mass are always maintained in
the same shape. In Fig. 2 each satellite possesses different sizes of
the eccentricity control circle and a limit circle, to consider differ-
ent operation parameters for each satellite, to consider the situation
of applying different operation parameters for each satellite, which
might occur more often when the number of the controlling satellite
increases.

To meet condition 1, the initial positions of the eccentricity con-
trol circle center d.; are determined by adding the scaled target
inclination vector «i; to the arbitrary base positionx,,, such as

dci =Xn + C{i[ (21)

where o and i; denote the scale factor and the target inclination
vector, respectively. The target inclination vector i; should be given
as aninputparameter. The pointmass positionvectorx,, isinitialized
to be located at the origin of the coordinate system and forced to
move by the virtual dynamics described later in detail. Condition 1

is always satisfied by Eq. (21) for an arbitrary «. In other words,
—dg=ali — i) (22)

e, —e; ~dg;
Therefore, Eq. (20) is satisfied by d; selected by Eq. (21).
Conditions 2 and 3 are satisfied by a judicious selection of « and
x,, values. For the selection of « and x,,, we adopt a virtual mass
m located at x,,. The virtual mass is forced to move by the virtual
force interacting between the control circle and the limit circle. The
virtual dynamics are described as

mx‘m + me = Z F[ (23)

where the damping coefficient ¢ contributes to improving the con-
vergence rate by removing the osculating motion. The size of the
interactionforcesis assumed to be inversely proportionalto the min-
imum distance between the eccentricity control circle and the limit
circle cord and vertically active on the control circle cord:

Fi=—[k/(ei — do — €a)*] (@i /des) (24)

where ey, d.i, e.; represent the size of the limit circle, the distance
of the eccentricity control circle center from the origin, and the size
of the eccentricity control circle for the ith satellite. The parameter
k represents an arbitrary constant adopted for scaling purpose. The
inversely proportional force is assumed to confine the eccentricity
control circle within the eccentricity limit circle and to move the
point mass to the equilibrium point, which makes best fit to ec-
centricity limit circles. For example when the eccentricity control
circles are positioned on the right side, the inversely proportional
force will try to move them to the left side because the distance to
the limit circle cord is shorter on the right side than the left side.
It is assumed that the moment causing the rotational motion does
not exist; in other words, the resultant force Z F; acts exactly on
point mass m. The rotational motion represents angular motion of
the eccentricity control circle positionaround the virtual point mass.
If the rotational motion is allowed, the constraint given by Eq. (20)
cannot be satisfied.

For current x,, the maximum o« satisfying condition 2 can be
derived after simple algebraic calculation:

|xm + C{max[i[ | =eL — € (25)
Amax = min(amax[) (26)

From the eccentricity control circle and limit circle of each satellite,
Omax; 18 calculated from Eq. (25). The maximum value among oy ;
is selected as ap,,. After selection of oy, @ 11 1s determined as
follows:

41 = 0 + K(amax - C{k)a (&%) =Oa (0 <K < 1) (27)

Thus, a4, corresponds to the eccentricity control circle position
from Eq. (21) at the k+ 1 step. The constant K is employed to
avoid possible dynamic divergence caused from excessive virtual
interaction force.

Once the eccentricity control circle positions are determined, the
virtual interaction forces are calculated from Eq. (24). Then numer-
ical integration of the virtual dynamics in Eq. (23) is conducted for
the next step. The iteration continues until the following condition
is satisfied:

Qs 1/Omax > 0.99999 (28)

Figure 3 summarizesthe proposedalgorithm for the optimal position
determination of the eccentricity control circle.

After decision of the eccentricity control circle positions, the ec-
centricity vectors are targeted to the following value:

e; =d; + e cosbOii + e sinb, j (29)

where 6; represents the right ascension of the sun growing from 0 to
2m for a year and i andj denote unit vectors pointing x and y axes,
respectively. It is easily found that e; is repeated every year because
d.; is externally fixed after the final decision.
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Table1 Station collocation parameters

Satellite ID [ er e,

0 2.2282E—4 1.9300E—4 2.227E-5
1 1.9165E—4 2.3488E—4 2.227E-5
2 2.0987E—4 1.9300E—4 2.227E-5

Table2 Stationkeeping schedule

Day Satellite 0 mission  Satellite 1 mission Satellite 2 mission

1 N/S SK —_— _—
2 _— N/S SK _—
3 E/W SK —_— N/S SK
4 _— E/W SK _—
5 _— —_— E/W SK
10 E/W SK —_— _—
11 _— E/W SK _—
12 _— —_— E/W SK
15 N/S SK —_— _—

Table3 Target inclination vector

Satellite ID iy iy

0 0.001 0.001
1 —0.030 0.015
2 —0.030 -0.015

Xm() :07imo :Ofal) :0
Y

™ Xy =MD, )

v

o, =0, + Ko

d; =X, a0

NO *

F - k i d
(eL/ - dfi - erf) dci

v
Integrate Xy, +cX,, = Y'F,
)

Zin 5 0.99999

max

s — %)

ci

'— Check if

§ YES
END

Fig. 3 Optimal eccentricity control circle position selection algorithm.

Simulation Results

For verification of the proposed technique, the new algorithm is
applied to a three-satellite collocation problem. As mentioned be-
fore, the proposed algorithm is applicableto an arbitrary number of
satellites collocation problem by simple modification of the satellite
index number n. However, in this example our analysis is limited
to only a three-satellites collocation problem on account of limited
space. Table 1 summarizes the parameters selected for the simula-
tion study. The parameters for satellite 0 and satellite 1 are selected
from two actual geostationary satellites data. The stationkeeping
schedule is also established by extending that of the two satellites,
and the resultis summarized in Table 2. The target inclination vec-
tors for three satellites are selectedin a triangular shape as presented
in Table 3. Figure 4 shows the position of the eccentricitycontrolcir-
cles calculateby the new approach.Itis notdifficultto notice that the
results meet three conditions required for the optimal collocation.

Table4 Estimated minimum distance between satellites

Satellites Minimum distance, km
0-1 13.58
0-2 13.93
1-2 11.98
90
60
0.00015
30
0.00010
0.00005 Sat. #0
180 0:66000 0
210 330
300
270
Fig. 4 Resulting positions of eccentricity circles.
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Fig. 5 Time history of the separation distances.

Table 4 shows the theoretically estimated values for the distances
betweensatellites, whereas Fig. 5 displaystheresultantdistancesbe-
tween satellites from numerical simulation. The minimum distance
of the simulationresultsin well coincidentwith the maximum radial
separationdistance of Table4. The distance between two satellitesis
assumed zero at the initial time, and all satellites are placed with the
same orbital elements. As the collocation procedure proceeds, the
separation distances gradually converge to theoretically estimated
values.

Conclusions

This Note presented a new station collocation parameter design
technique based on a virtual dynamic model. The new methodology
is applicable to collision-free operation of multiple geostationary
satellites collocated at the same longitudinalslot. A minimum set of
parameters was used as input, which automatically produces the op-
timal position of the eccentricity control circles by using the virtual
dynamics. Simulation results illustrate that the proposed strategy
properly calculates the positions of the eccentricity control circle
for any number of satellites with guaranteed maximum separation
distance. The advantage of the proposed technique is that the collo-
cation of any number of satellites can be treated with natural exten-
sion of the current methodology.
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E, F,G = inviscid fluxes
E,, F,,G, = viscousfluxes
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J = Jacobian of transformation
P = pressure
0 = primitive variable matrix
qx» 4y, 4:- = heat-conductionterms
u, v, w = velocities
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X, v,z = Cartesian coordinates
o = angle of attack

Received 26 June 2002; revision received 3 May 2003; accepted for pub-
lication 13 May 2003. Copyright © 2003 by the American Institute of Aero-
nautics and Astronautics, Inc. All rights reserved. Copies of this paper may
be made for personal or internal use, on condition that the copier pay the
$10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood
Drive, Danvers, MA 01923; include the code 0022-4650/03 $10.00 in cor-
respondence with the CCC.

* Assistant Professor, Department of Mechanical Engineering.

TProfessor, Department of Mechanical Engineering.

* Assistant Professor, Department of Mechanical Engineering. Member
ATAA.

§Professor, Department of Mechanical and Aeronautical Engineering.

§.n.¢ = general curvilinear coordinates
T = tensor of stresses
0 = specific mass

Introduction

HIS study is concernedwith developinga supersoniccombined

computer code to be used on microcomputers as an aerody-
namic design tool in preliminary and middesign stages. The CPU
time needed for solving the Navier—Stokes equations for compress-
ible flows is very high and normally requires a large computer mem-
ory; thus, in most cases supercomputersare used for such extensive
computational efforts.!-2

In preliminary design stages, however, extensive computer re-
sources might not be available and/or might be too costly. In prac-
tice, some approximate forms of the Navier-Stokes equations are
solved.? The thin-layer Navier-Stokes (TLNS) equations are de-
rived by neglecting the viscous terms in a streamwise direction.
Although the use of TLNS decreases the required computer time
and memory, the required resources are still large. The parabolized
Navier—Stokes (PNS) equations are obtained by further neglecting
the unsteady terms in the TLNS equations. For supersonic flows the
PNS equationshave a hyperbolic—parabolicnature and can be solved
using space-marching algorithms. Therefore, the solution proceeds
plane by plane, considerably decreasing the required computer re-
sources. Using the PNS equations, however, is limited to the cases
of supersonic flows with small streamwise pressure gradients and
a starting plane of data is required in all cases to initiate the com-
putation. Also, certain modeling must be taken for the subsonic
streamwise pressure gradient within the boundary layer to suppress
the upstream propagation of information. Hence the PNS equations
are not appropriatefor blunt-bodyand wing-body problems because
of the subsonic flow restriction.

One alternative is to use a dual-code combination, that is, using
the PNS code in most of the region and the use of the TLNS code
wherever the PNS is not applicable. Wood and Thompson* imple-
mented such a combined solution procedure for hypersonic flow
fields about blunted slender bodies using a TLNS code (LAURA?)
in the nose region and a PNS code (UPS®~®) in the afterbody re-
gion. The application of integrated LAURA-UPS procedure was
demonstrated for two slender blunted cones.

Sturek et al.” reported the application of a three-dimensional
TLNS solver, which was a central-differencing technique to pre-
dict the Magnus force and moments for hemisphericaland flattened
blunt-nose configuration and the PNS code to compute the flow
over the remainder of the spinning shell. Emdad et al.'° developeda
PNS code to provide solutions on supersonic spinning slender bod-
ies at high Reynolds numbers and moderate angles of attack. This
code is a finite volume, shock-capturing, upwind scheme with the
Roe method!! that is fully implicit and second-orderaccurate in the
crossflow planes. An option was included for turbulence using the
Baldwin-Lomax model'? and its modifications. This code is used
as a part of a dual-code strategy in this study.

Alishahi et al.!*!* developeda TLNS code. Roe’s method is used
to discretize the inviscid terms'*"!¢ and central differencing for the
viscous terms. Time-derivative terms are discretized with the ex-
plicit technique. The Baldwin—Lomax model'? and Degani-Schiff
modifications are used for turbulence modeling. The algorithm is
based on a finite volume approach. This code is used as the other
part of the dual code.

In this study a PNS code is combined with a TLNS code to solve
supersonic flows around the spinning bodies. An interpolationsub-
program receives the data from the TLNS code and then prepares
the needed initial data plane for PNS code. The cases of a supersonic
flow over a nonspinningand spinning secant-ogiveat Mach number
3 are studied. The dual-code simulation results are compared with
experimental data, and the results are in good agreement with ex-
perimental data. It is found that the dual-code computer time is one
order of magnitude less than that of TLNS code at comparable ac-
curacy and thus provides a useful tool in preliminary design stages.
Applicationofthis dual-codeprocedureto a wing-body combination



