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Repeat Orbit Characteristics and Maneuver Strategy
for a Synthetic Aperture Radar Satellite
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A newly proposed synthetic aperture radar Earth-imaging mission, LightSAR, requires the orbit to be main-
tained within a 125-m-radius tube centered on a reference orbit over the lifetime of the satellite. A reference orbit
was de� ned that repeats every eight days and has a ground-track closure of about 8 cm and a radial closure of
about 16 m at the end of the repeat interval. Major perturbing forces were investigated to determine the length of
time before the perturbed orbit violated the tube constraint. The forces examined include Earth gravity (including
tides), luni–solar gravity, atmospheric drag, and radiation pressure. Of these perturbations, atmospheric drag and
luni–solar gravity were the dominant perturbations leading to violation of the tube constraint. A maneuver strat-
egy was developed to meet the stringent orbit maintenance requirement of staying within 125 m of the reference
orbit. A series of maneuvers directed in the tangential and normal directions and applied at � xed time intervals
was able to maintain the satellite position within the tube for eight days. The additional application of a maneuver
in the radial direction allows the maneuver strategy developed to be effective for up to four repeat cycles, nearly
32 days. In all, 31 maneuvers with a total D V of 910.659mm/s were required in the assumed dynamic environment
to maintain the spacecraft within 125 m of the reference orbit during this interval.

Nomenclature
A = satellite cross-sectionalarea, m2

a = semimajor axis, m
Cd = atmospheric drag coef� cient
Cr = re� ectivity coef� cient
D = distance from reference orbit in radial/cross-track

plane, m
Dmax = maximum distance from reference orbit in

radial/cross-track plane, m
D ¤ = penalty function trigger, effective tube radius, m
e = eccentricity
F10.7 = solar � ux at 10.7-cm wavelength
f = subscript denoting value at � nal time
G = performance index
i = inclination,deg
K p = geomagnetic index
k = iteration number
M = mean anomaly, deg
m = satellite mass, kg
R–C = radial and cross track
tb = timing bias in orbit comparison, s
t f = � nal time of repeat-cycle interval, s
tm = interval between maneuvers, s
t0 = initial time of repeat-cycle interval, s
u = argument of latitude, ±

W = penalty function weight
D V = change in velocity, mm/s
D VN = normal component of D V , mm/s
D VN0 = weight for normal component of D V
D VR = radial component of D V , mm/s
D VT = tangential component of D V , mm/s
D VT0 = weight for tangential component of D V
k = geodetic longitude, ±

u = geodetic latitude, ±
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X = right ascension of ascending node, deg
x = argument of perigee, deg
0 = subscript denoting value at initial time

Introduction

T HE LightSAR satellite has been proposed as a part of NASA’s
Earth Sciences Enterprise program to provide high-resolution

images on a nearly continuous basis, to map changes in land cover,
to generate topographic maps, and to provide long-term mapping
of natural hazards using synthetic aperture radar (SAR) measure-
ments. The SAR interferometricimaging requirementsdemand that
the LightSAR orbit be maintained within a 125-m-radius tube cen-
tered on a reference orbit. Such unprecedented orbit maintenance
requirementspose new challenges in the developmentof a satisfac-
tory maneuver strategy. Proceeding from mission design work con-
ductedby Lim and Schutz1 for ICESat and the TOPEX/Poseidon or-
bit maintenanceplan developedby Bhat et al.,2 this paper addresses
the following aspects of the problem: 1) de� ning a reference orbit
with satisfactory closure at the end of the repeat interval, 2) inves-
tigating the major perturbing forces that produce deviations from
the reference orbit, and 3) investigatingand developinga maneuver
strategy to maintain the LightSAR orbit within the required tube.

The mission requirements for this study prescribe that the orbit
plane have an inclination near 81deg. Three orbits were found that
meet the repeat and inclination requirements. For the purposes of
this study a reference orbit that repeats every eight days after 117
revolutions at an inclination of 81.8 deg was selected.

Perturbing forces were investigated to determine whether, and
how quickly, they caused the satellite to violate the tube boundary.
The forces examined include Earth gravity (including tides), luni–
solar gravity, atmospheric drag, and radiation pressure.

The maneuverstrategydevelopedunderthis studyattempts to � nd
the smallest maneuver that keeps the satellite within the tube for a
� xed interval of time. Maneuvers were calculatedwith components
in two directions, typically, the tangential and normal.

Reference Orbit
For the LightSAR mission, the tube constraint on the motion of

the spacecraftmust be applied relative to a speci� ed referenceorbit.
De� ned in an Earth-� xed coordinate system, the reference orbit is
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Table 1 Reference orbit mean elements

Orbit element Value

a, m 7,031,474.54700
e £ 0.001 1.1906698
i , deg 81.8
x , deg 90.0

circumscribed by a 125-m-radius tube within which the satellite
must remain at all times. The presence of both gravitational and
nongravitationalperturbationscausestheactualorbit to deviatefrom
the reference,eventuallyforcing the spacecraftout of this tube.With
an appropriate strategy, propulsive maneuvers can be employed to
compensate for these perturbing forces so that the tube constraint
will be satis� ed.

To minimize the magnitudesof the maneuversrequiredto counter
these perturbations, the reference orbit should incorporate as many
of the anticipated disturbing forces as practical. Ideally, a periodic
orbit that returns the satellite to its initial conditionsafter the desired
eight-day repeat interval would be found to exist in the presence of
a complete force model. However, the in� uence of nongravitational
forces, notably the nonconservative forces associated with atmo-
spheric drag and radiation pressure, precludes the determinationof
such a periodic orbit. Additionally, the gravitational effects of the
sun and the moon, which vary with time and have periods exceeding
the eight-day repeat interval, hinder the establishment of an exact
repeat orbit. As a result, the selected reference orbit re� ects the
geopotential only, modeled using JGM-3 (Ref. 3), through degree
and order 70 (denoted as 70 £ 70).

To determine a suitable referenceorbit, the method developedby
Lim and Schutz1 has been employed. Lim and Schutz1 indicate that
for altitudesnear that of the LightSAR spacecraft, the frozen eccen-
tricity does not depend signi� cantly on the zonal harmonicsbeyond
degree 31. Consequently, the mean semimajor axis and the corre-
sponding frozen eccentricity that yield the desired repeating orbit
characteristics are computed in a 31 £ 0 geopotential � eld. These
values, along with the mean inclination and argument of perigee,
are shown in Table 1. The corresponding altitude is approximately
650 km.

Osculatingorbitelementswereobtainedbyapplyingshort-period
terms through the � rst order, using Kaula’s theory.4 When the equa-
tionsof motion are numericallyintegratedin the 31 £ 0 geopotential
model, the initial semimajor axis and eccentricity were iterated to
close the ground track, thus achieving two-dimensional repeatabil-
ity in the orbit. When the resulting trajectory is adopted as the truth
orbit, an estimation of all six of the initial osculating elements was
then made in the presence of the 70 £ 70 geopotentialmodel. Final
closure of the ground track was obtained through additional itera-
tion of the semimajor axis and eccentricity. In both instances, their
values were updated using a Newton–Raphson algorithm:

a0

e0 k + 1

=
a0

e0 k

¡

@u f

@a0

@u f

@e0

@x f

@a0

@x f

@e0

¡ 1

u f ¡ u0

x f ¡ x 0

(1)

The partial derivatives in Eq. (1) were numerically approximated.
The initialosculatingstate correspondedto a meanpositionin the or-
bit at the ascending node. The � nal time of the trajectory t f , which
de� nes the ground-track repeat interval, was adjusted during the
closure process so that the satellite returned to its initial geode-
tic latitude and longitude within an acceptable tolerance. Once a
satisfactoryground-trackclosure was achieved, the radius at the be-
ginning and end of the repeat cycle was examined to determine the
repeatability of the orbit in three dimensions. Table 2 summarizes
the initial and � nal osculating states for the 70 £ 70 reference orbit.

In addition, Table 2 characterizes the repeatability of the ref-
erence orbit in the Earth-� xed system. Whereas the offsets at t f

in geodetic latitude and longitude correspond to only 7.5 cm in
ground-track misclosure, there remains a notably larger radial off-
set of 16 m. However, because its magnitude is small enough rela-

Table 2 Reference orbit osculating initial and � nal
conditions, epoch: 1 January 2000 0:00:00

Parameter Initial Final Difference

Time, s 0.000000 687,394.7543204 687,394.7543204
a , m 7,040,775.066 7,040,775.022 ¡ 0.044
e £ 0.001 1.30422184 1.29243432 ¡ 0.01178752
i , deg 81.80645491 81.80645503 0.00000012
X , deg 359.99922683 351.98581425 ¡ 8.01341258
x , deg 66.40858554 66.29133853 ¡ 0.11724701
M , deg 293.71483206 293.83071969 0.11588764
Radius, m 7,037,091.958 7,037,108.250 16.292
u , ± ¡ 0.01336699 ¡ 0.01336763 ¡ 0.00000064
k , ± ¡ 0.00269785 ¡ 0.00269763 0.00000022

tive to the 125-m tube constraint, the three-dimensionalrepeatabil-
ity of the reference orbit was considered to be acceptable for this
analysis.

Effects of Major Forces on the LightSAR Orbit
Major forces acting on the LightSAR spacecraft were consid-

ered individually to determine the effect of each perturbationon the
LightSAR orbit. Because the LightSAR orbit must be maintained
within the control tube, it is desirable to quantify the deviation from
the reference orbit resulting from each of the major forces. Those
forces considered in this study were Earth gravity, luni–solar grav-
ity, atmospheric drag, and solar radiation pressure. In all cases, the
perturbed orbits start from the same initial conditions of the refer-
ence orbit tabulated in Table 2. The University of Texas precision
orbit software, UTOPIA, was used to propagate orbits for analysis.
The deviations of the perturbed orbit from the reference orbit were
measured in the R–C plane, de� ned by the satellite radius and orbit
normalvectors.Note that thealong-trackdeviationsimply translates
into a timing bias tb , and even large along-trackeffectsdo not violate
the tube constraint. The along-track deviation was removed in the
orbit comparison in the R–C plane for this section, by comparing
an orbit point at t for the reference orbit and a corresponding orbit
point at t ¡ tb for the perturbed orbit.

Earth Gravity
The referenceorbit in the precedingsection was de� ned based on

the JGM-3 geopotentialmodel up to degree and order 70. To evalu-
ate the effectof geopotentialmodelerror on the LightSAR orbit, two
orbits using differentgeopotentialmodels with different degree and
order truncationswere compared.The EGM-96 model5 up to degree
and order99 was used with the referenceorbit initial conditions,and
the resulting orbit was compared to the JGM-3 70 £ 70 reference
orbit. The differences in the R–C plane were less than 5 m over the
repeat cycle. Although JGM-3 and EGM-96 are not completely in-
dependent,this result doessuggest that errors in thegravity� eld will
notbe a signi� cantcontributorto anyviolationof the tube constraint.

Solid Earth Tides
Because the Earth is an elastic body to a certain extent, its mass

distribution and shape will be changed under the gravitational at-
traction of the major perturbing bodies, especially the sun and the
moon. This perturbationwill vary from repeat cycle to repeat cycle.
The effect of the solid Earth tides on the radial component of the
LightSAR orbit over one repeat cycle was less than 20 cm, whereas
the effect on the cross-track component reached more than 50 m at
the end of eight days. For the cycle investigated, the overall effect
of solid Earth tides did not violate the tube constraint.

Ocean Tides
The effect of the ocean tide perturbations,also inducedby the sun

and the moon, on the LightSAR orbit was an order of magnitude
smaller than the solid Earth tidal effect. Using the Center for Space
Research TOPEX/Poseidon Ocean Tides model6 to generate the
perturbations, the effects were about 1 m in the radial component
and 5 m in the cross-trackcomponentat the end of the repeat cycle.
These effects clearly do not violate the tube constraint.
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Luni–Solar Gravity
The luni–solar gravity perturbations will introduce variations

with signi� cant amplitude and periods of 14 days (fortnightly) and
183days(semiannually), aswell as long-period(18.6years) andsec-
ular effects on the node location. Because these periods are longer
than the repeat cycle period, the luni–solar effects will change from
repeat cycle to repeat cycle.Figure 1 shows an example of the effect
of the luni–solar perturbations over an eight-day period after the
epoch of the reference orbit. Note that the effect is mainly in the
cross-track component, and the tube requirement is violated after
about 3.9 days. Figure 2 shows the effects of the luni–solar per-
turbations on the LightSAR orbit inclination and longitude of the
ascending node in the geocentric nonrotating J2000.0 system over
a one-year period. The secular change in the node due to the luni–
solar effects is evident. The inclination and node variations are the
primary contributors to the cross-trackcomponent differenceswith
the reference orbit. A 1-arc-s change in the inclination or in the
node results in about 34-m deviation from the reference orbit in the
cross-track component.

Atmospheric Drag
The orbit decay associated with drag necessitates the orbit ad-

justments required to maintain the repeat cycle. Figure 3 shows the
effect of drag over the eight-day repeat cycle. The DTM model7

with high solar � ux conditions (F10.7 = 200.0 and K p =2.0) was
used with Cd A / m = 0.0293 m2/kg. The tube constraint was vio-
lated after only 0.88 day.

Radiation Pressure
Figure 4 shows the effect of solar radiationpressureon the Light-

SAR orbit over one repeat cycle. The effect was mainly in the radial
component, and the tube requirement was not violated by the end
of the repeat cycle. A constant area model of 33.7 m2 with a re� ec-
tivity of 0.3 was used. Note that the solar radiation pressure effect

Fig. 1 Effect of luni–solar perturbations.

Fig. 2 Long-term effect of luni–solar perturbations.

Table 3 Effect of major forces on the LightSAR
orbit over one repeat cycle

Maximum deviation from
reference orbit, m

Time
for tube

Cross Distance in violation,
Perturbation Radial track R–C plane day

Atmospheric drag 386.7 10,253.6 10,255.4 0.88
Sun and moon gravity 7.0 232.4 232.5 3.94
Radiation pressure 101.0 28.4 103.8 ——
Solid Earth tides 0.2 53.1 53.1 ——
Ocean tides 1.1 5.1 5.2 ——

Fig. 3 Effect of atmospheric drag.

Fig. 4 Effect of solar radiation pressure.

is seasonal, and Fig. 4 shows the maximum effect because the dis-
tance between the sun and the satellite was the shortest over the
investigatedperiod. Also, note that the LightSAR orbit was in Earth
shadow about 25% time during this one repeat cycle.

The effects of Earth radiation pressure, which consists of Earth
albedo and emissivity, were less than 10% of the total solar radi-
ation pressure. Speci� c cases were not computed because the so-
lar radiation component dominates the overall radiation pressure
perturbation.

Maneuver Strategy
Table3 summarizesthe effectsof the consideredperturbingforces

on the LightSAR orbit over one repeat cycle in relation to the tube
constraint. From the analysis of the perturbations, it is seen that
the actual orbit of the satellite will quickly violate the 125-m-tube
boundary for the assumed conditions. To keep the satellite within
the tube during its operationallifetime, a series of orbitalmaneuvers
needs to be applied. Any maneuver strategy developed must main-
tain the orbit within the tube and do so in an ef� cient manner. This
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section presents an investigationof one possible maneuver strategy
and comments on its effectiveness and ef� ciency.

Maintaining the satellite orbit within a 125-m-radius tube is a
much stricter requirement than that imposed on other exact repeat
orbits such as TOPEX and GEOSAT. These satellitesrequiredmain-
tenanceof their ground tracks to within 1000 m of a referenceat the
equator. No requirement was made on the repeatability or closure
of the radial component of the orbit. Because of this, both TOPEX2

and GEOSAT8 used a maneuver strategy based on the decay of the
mean orbital elements of the satellite and used widely spaced tan-
gential maneuvers to maintain the exact repeat of the ground track.
This type of maneuver strategy is ineffective for maintaining a tube
orbit for long periods of time.9

Atmospheric drag is the dominant perturbation on the satellite
orbit, causing a predominantly radial deviation from the reference
orbit. Luni–solar gravity is also a signi� cant perturbation,causinga
cross-trackdeviationfrom the reference.Developmentof a compre-
hensivemaneuver strategy requires addressingboth of these effects.

Fixed Interval Targeting
A maneuver strategy has been developed based on applying ma-

neuvers with D V components in the tangential and normal direc-
tions at � xed intervals of time. The magnitudes of the D V compo-
nents, D VT and D VN , were computed to minimize the following
performance index:

G1( D VT , D VN ; tm) = D VT D VT0

2
+ D VN D VN0

2

+ max 0, Dmax ¡ D ¤ W (2)

This performance index combines the magnitude of the D V , which
we want to minimize,with a penalty function that is used to exclude
solutions where the satellite violates the tube constraint. The value
of G1 was calculatedafterpropagatingtheorbit forwardin time from
the applicationof one maneuver to the next, over the predetermined
maneuverinterval,tm . The parameters D VT0 , D VN0 , D ¤ , and W were
preselected and held constant.

The performance index was minimized in the following manner.
At a givenepoch,an initial guess for the D V was applied,and the or-
bit was propagated forward in time, through one maneuver interval.
From thepropagatedarc, the maximumdeviationfrom the reference
orbit in the R–C plane, Dmax , was computed, and the performance
index evaluated.The gradient of G1 was calculated to yield the ini-
tial search direction. A new D V was calculated and added to the
original initial state. The orbit was again propagated forward, and
G1 was recalculated.This was repeated until a minimum of G1 was
found in the search direction.

A new search direction was chosen using the Davidon–Fletcher–
Powell method (see Ref. 10). The minimum was found in this search
direction, with a new arc integrated for each new D V . This was re-
peated until convergenceat the minimum of the performance index
was reached. Convergence was de� ned as a less than 1% change
in the performance index. All orbits were simulated with UTOPIA,
and the required partial derivativeswere calculatednumerically us-
ing forward differences. The state of the satellite at the end of the
maneuver interval was then used as the initial state for planning the
next maneuver.

In this study, tm was chosen so that the maneuvers would always
be applied near the equator. This approach was adopted to prevent
the normal component of the D V from inducing a precessionof the
eccentricityvector.Additionally,tm was selectedso that the location
of the maneuvers alternatedbetween the ascendingand descending
nodes. This considerationwas made to keep the eccentricity vector
bounded and thus maintain the frozen characteristics of the orbit.
The constant parameters D VT0 , D VN0 , D ¤ , and W in the perfor-
mance indexwere chosenso that the one-dimensionalsearch routine
would converge in a reasonablenumber of iterations,which limited
the number of orbit integrations required. The values selected were
D VT0 = D VN0 =0.1, D ¤ = 100.0, and W =100.0.

Two cases were investigated to demonstrate the effectivenessof
this maneuver strategy.Case 1 evaluated the ability of the maneuver
strategy to maintain the satellite in the 125-m tube in the presenceof
the dominant perturbations, atmospheric drag, and luni–solar grav-

ity, for one eight-day repeat cycle. Case 2 examined the viability
of the maneuver strategy over four repeat cycles, or 32 days, in the
presence of a full force model that additionallyincluded solid Earth
and ocean tides and radiationpressure.This longer intervalwas con-
sidered to identify trends in the longer-termbehaviorof the orbitand
to assess the effectiveness of the maneuver strategy in addressing
them.

Results of Fixed Interval Targeting
Because the satellite was expected to violate the tube in approx-

imately 0.88 day, under the in� uence of drag alone, a maneuver
at the initial epoch and a maneuver interval of approximately one
day, or 15.5 orbits, were chosen for case 1. The calculated maneu-
vers are summarized in Table 4. Figure 5 shows that the maneuvers
were able to maintain the satellite within the tube for eight days
in the presence of both drag and luni–solar gravity. The alternating
bands denote the interval between maneuvers.The eight maneuvers
required a total D V of 131.072 mm/s.

In case2, to examine the longer-termbehaviorof theorbit, thema-
neuver strategy was applied over four repeat cycles, nearly 32 days,
using the more complete force model. As with case 1, a maneuverat
the initialepochand a nominalmaneuver intervalof 15.5 orbitswere
chosen. Subsequently, 18 maneuvers with tangential and normal
components were calculated using the performance index G1, and
they are summarized in Table 5. However, subsequently it became

Table 4 Maneuver summary, case 1: drag and luni–solar models

Maneuver D VT , D VN , Total
Maneuver interval, s mm/s mm/s D V

1 91,060.0 3.221 ¡ 0.255 3.476
2 91,060.0 22.755 2.616 25.371
3 91,060.0 11.611 ¡ 0.996 12.607
4 91,060.0 20.444 ¡ 1.647 22.091
5 91,060.0 16.771 ¡ 1.647 18.418
6 79,340.0 13.627 1.400 15.027
7 79,340.0 20.069 ¡ 2.269 22.338
8 73,460.0 10.418 1.326 11.744
Total 687,440.0 118.916 12.156 131.072

Table 5 Maneuver summary, case 2: full force models

Maneuver D VR , D VT , D VN , Total
Maneuver interval, s mm/s mm/s mm/s D V

1 91,070.0 0.00 1.931 ¡ 0.151 2.082
2 91,070.0 0.00 23.473 2.635 26.108
3 91,070.0 0.00 15.220 ¡ 1.442 16.662
4 91,070.0 0.00 13.923 1.170 15.093
5 91,060.0 0.00 20.944 ¡ 2.234 23.178
6 91,060.0 0.00 15.168 1.434 16.602
7 91,060.0 0.00 16.309 ¡ 1.491 17.800
8 91,060.0 0.00 20.932 2.408 23.340
9 91,060.0 0.00 18.140 ¡ 8.304 26.444
10 91,060.0 0.00 16.025 24.467 40.492
11 91,060.0 0.00 16.572 ¡ 21.663 38.235
12 91,060.0 0.00 17.102 10.647 27.749
13 91,060.0 0.00 19.361 ¡ 2.076 21.437
14 91,060.0 0.00 17.438 1.437 18.875
15 91,070.0 0.00 21.216 2.037 23.253
16 91,070.0 0.00 8.352 ¡ 0.940 9.292
17 91,080.0 0.00 26.298 3.476 29.774
18 91,080.0 0.00 20.899 2.339 23.238
19 91,060.0 90.653 21.550 0.000 112.203
20 91,060.0 0.00 5.689 144.153 149.842
21 91,060.0 0.00 21.012 ¡ 2.396 23.408
22 91,060.0 0.00 19.714 4.932 24.646
23 91,060.0 0.00 17.294 ¡ 2.367 19.661
24 91,070.0 0.00 20.211 7.187 27.398
25 91,070.0 0.00 27.775 ¡ 3.244 31.019
26 91,080.0 0.00 3.022 0.167 3.189
27 91,080.0 0.00 27.620 7.811 35.431
28 91,080.0 0.00 18.854 ¡ 9.599 28.453
29 91,060.0 0.00 19.759 6.260 26.019
30 91,060.0 0.00 18.865 2.483 21.348
31 17,610.0 0.00 7.940 0.448 8.388
Total 2,749,590.0 90.653 538.608 281.398 910.659
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Fig. 5 Deviation from reference; case 1.

Fig. 6 Deviation from reference; case 2.

Fig. 7 Radial difference from reference; case 2.

necessary to reduce the spacing between maneuvers drastically to
maintain the tube. It can be seen from Fig. 6, that by maneuver 18,
the satellite no longer passes near the reference at the center of the
tube, that is, the deviations no longer approach zero at any time. It
was decided, at this point, to apply a set of correctivemaneuvers to
bring the satellite closer to the reference.

Figure7 shows the radial deviationof the orbit from the reference.
It can be seen that, despite the reductions in radial deviation due to
the nominal maneuvers and the discontinuityin the reference itself,
the radial deviation steadily increases with time. To reduce this
accumulated radial deviation, a maneuver with components in the
tangential and radial directions was applied. The magnitude of this
maneuverwas calculatedby minimizing the followingperformance
index:

G2( D VT , D VR ; tm ) =
1
W

D dt (3)

This performance index corresponds essentially to the area under
the curve in Fig. 6. The integral was calculated using a rectangular
approximation and a value of W =100,000.0.

Because no limit was placed on the magnitude of this maneuver,
its radial componentof 90.653 mm/s is several times larger than the

earlier calculated maneuvers. This maneuver was very effective in
reducingthe radial deviationof the orbit from the reference.Figure 8
indicates that the satellite deviates greatly in both the radial and
cross-trackdirections followingmaneuver 18, but Fig. 9 shows that
the radial deviation is signi� cantly reduced after maneuver 19.

To reduce the large cross-trackdeviation that is still present after
maneuver 19, a maneuver with tangential and normal components
was calculated using a performance index of the same form as in
Eq. (3):

G3( D VT , D VN ; tm) =
1
W

D dt (4)

Maneuver 20, calculated from this performance index, has a very
large normal component, 144.153 mm/s. Figure 10 shows that the

Fig. 8 Maneuver 18.

Fig. 9 Maneuver 19.

Fig. 10 Cross-track difference from reference; case 2.
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Fig. 11 Maneuver 20.

Fig. 12 Frozen orbit characteristics of maneuvered orbit.

cross-track deviation has been signi� cantly reduced. After the ap-
plicationof these two maneuvers, the satelliteagainpassesvery near
the center of the tube, as shown in Fig. 11.

The remainder of the maneuvers summarized in Table 5 were
calculated using the original performance index. When this combi-
nation of nominal and corrective maneuvers are used, the satellite
can be maintained within 125-m of the reference for four complete
repeat cycles, nearly 32 days.

Figure 12 shows the eccentricity vs argument of perigee for the
maneuvered and the reference orbits. It indicates that the frozen
orbit characteristics were preserved for the maneuvered orbit over
the four repeat cycles.

Comments on Maneuver Strategy
The � rst of the two cases examined demonstrated the ability of

a � xed time interval maneuver strategy to maintain an orbit per-
turbed by drag and luni–solar gravity within a 125-m tube around a
referencefor a periodof eightdays.The secondcase,which included
a full force perturbation model, revealed that, after 18 maneuvers,
the deviation from the reference in both the radial and cross-track
directionshad accumulatedsigni� cantly. Reductionof the accumu-
lated radial deviation required application of a maneuver with a
large radial component. Reduction of the accumulated cross-track
deviation required application of a maneuver with a large normal
component.

Over the course of the 32-day period studied, one radial and
one cross-track corrective maneuver, totaling 234.806 mm/s, were
required. Once these corrective maneuvers were applied, the � xed
interval targeting strategy was able to maintain the orbit within the
tube until the end of four repeat cycles. On average, approximately
21 mm/s of D V were applied per day, not including the maneuvers
employed to remove the accumulated biases.

The results of this study indicate that it should be possible to
maintain a satellitewithin a tube orbit for its mission lifetime.How-

ever, before a long-term maneuver strategy can be selected, several
areas require further investigation.

This study used two forms of the performance index being min-
imized. The � rst minimized the D V applied, and the second min-
imized the deviation from the center of the tube. It should be de-
termined which version of the performance index is more effective
in maintaining the satellite within the tube. Further consideration
should also be given to the values of the � xed parameters used.

A maneuver interval of 15.5 orbits was chosen for this study. A
longer or shorter interval may improve the ability of the maneuver
strategy to maintain the orbit. All of the maneuvers in this study
were applied near the equator at either the ascending or descending
node. Applying the maneuvers at some other location may improve
their performanceor eliminate the need for maneuverswith a radial
component.

Maneuvers calculated in this study were limited to having com-
ponents in two directions.Because it was necessary to apply a larger
maneuverwith a radial component, it would be worthwhile to exam-
ine a strategy that includesmaneuversthathave componentsin three
directions. If it is found that maneuvers to remove biases are neces-
sary, theoptimumspacingof thesemaneuversshouldbedetermined.

Once a maneuver strategy and spacing have been selected, the
long-term ability to maintain the orbit for a variety of drag and
luni–solar conditions should be investigated. Orbit determination,
satellite pointing,and maneuver execution errors will all impact the
maneuverstrategy,and theireffects shouldbe studied.If an effective
maneuver strategy can be found, it could be automated for real-time
operation of a satellite.

Conclusions
The LightSAR mission requires that the satellite orbit be main-

tainedwithin a 125-m tube surroundinga referenceorbit. By the use
of the techniquesdevelopedby Lim and Schutz,1 an eight-day,117-
revolutionreferenceorbitwas designed that is nearly periodicin the
presence of the geopotentialmodeled through degree and order 70.
It was found that the referenceorbit repeated to within 7.5 cm in the
horizontal direction and 16 m in the radial direction.

The effects of various perturbations were examined, including
a 70 £ 70 Earth gravity � eld, luni–solar gravity, ocean and solid
Earth tides, atmosphericdrag, and radiation pressure. For this study
it was assumed that the area-to-mass ratio was 0.0133 m2/kg, the
solar � ux F10.7 was 200.0, and the geomagnetic index K p was 2.0.
The effects of each perturbation were investigated over a repeat
cycle to determine the nature of the resulting deviations from the
referenceorbit.Atmosphericdrag and luni–solar gravitywere found
to be the dominant perturbationsthat produced violation of the tube
constraint. Neither Earth gravity model errors nor solar radiation
pressure alone caused the satellite to violate the tube constraint
during this interval.

A maneuver strategy that applied nominal maneuvers in the tan-
gential and normal directions at � xed intervals was investigated.
This strategy was found to be effective in maintaining the satel-
lite within the required tube for one repeat cycle. Maintaining the
satellitewithin the tube for longerperiodsof time requiredthe appli-
cation of larger corrective maneuvers in both the radial and normal
directions to keep the satellite near the reference orbit. With the
applicationof two correctivemaneuvers it was possible to keep the
satellite within 125-m of the reference orbit for 32 days.

This study indicates that it should be feasible to maintain a satel-
lite within a 125-m-radiustube about a referenceorbit. Several areas
require further study before a long-term maneuver strategy can be
selected. The optimum spacing and location of the maneuvers, as
well as the form of the performance index used, should be inves-
tigated. A strategy using maneuvers with three D V components
should be examined to determine if the corrective maneuvers ap-
plied in this study can be eliminated.Finally, the long-termbehavior
of the maneuver strategy should be studied under a variety of drag
and luni–solar conditions.
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