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Spacecraft Orbits Around Asteroids for Global Mapping

Masayoshi Utashima*
National Space Development Agency, Tsukuba-shi 305, Japan

A study is presented on spacecraft orbits around asteroids, the purpose of which is to observe asteroids globally
with high resolution. Objects of the study are asteroids smaller than 100 km in size with orbital radii between
1.5 and 3 AU. If the radiation pressure is the only perturbation, a frozen orbit whose Keplerian mean elements
do not change exists. There are two kinds of frozen orbits: one is the orbit in the orbital plane of the aster-
oid, which is not adequate for high-resolution observation, and the other is the solar plane-of-sky orbit, which
is adequate for the asteroids whose radii are below 2 or 3 km. The polar orbit, which is suitable for the global
observation and has the merit that effects of the oblateness disappear, was also studied. Basically, the maintenance
of the polar orbit requires only making the eccentricity zero. The maintenance was investigated by numeri-
cal integrations for the averaged orbital elements considering the solar radiation pressure and the oblateness.
When the ratio of the characteristic angular velocity due to the radiation pressure and the one due to the oblate-
ness multiplied by the eccentricity limit for the maintenance is smaller than about 1, the maintenance is not

necessary.
Nomenclature

a = mean semimajor axis of the spacecraftorbit around the
asteroid

B = mass-to-cross section ratio of the spacecraft, m /S

c, = characteristic angular velocity due to the radiation
pressure

Cr = reflection coefficient of the spacecraft

C, = characteristic angular velocity due to the oblateness of
the asteroid

ey = eccentricity of the frozen orbit

eymy = eccentricity limit of the spacecraftpolar orbit around the
asteroid

Fr = acceleration vector due to the radiation pressure acting
on the spacecraft

G = universal gravitational constant,
6.672 x 107" m?/(kg - 5)?

G, = solar constant, Pz R%, 1.0218 x 10”7 N

1 = inclination of the spacecraft orbit around the asteroid in
the equatorial coordinate system of the asteroid

i = inclination of the spacecraft orbit around the asteroid in
the orbital plane coordinate system of the asteroid

J = angle between the equator and the orbital plane of the
asteroid

Jo = second-order zonal term coefficient of the gravitational
potential of the asteroid

Ja = fourth-order zonal term coefficient of the gravitational
potential of the asteroid

m = mass of the spacecraft

N = right ascension of the ascending node of the spacecraft
orbit around the asteroid in the equatorial coordinate
system of the asteroid

n = mean motion of the spacecraft orbit

p = radiation pressure at the asteroid, G/ R?

P = radiation pressure at the Earth, 4.566 x 107° N/m?

R = distance between the sun and the asteroid

Rg = radius of the Earth orbit, 1.496 x 10'' m

S = cross-sectional area of the spacecraft

T = period of the spacecraftorbit around the asteroid

u = unit vector with the antisolar direction from the center

of the asteroid
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w = argument of periapsis of the spacecraft orbit around the
asteroid in the equatorial coordinate system of the
asteroid

a = maximum radius of the asteroid

B = middle radius of the asteroid / «

y = minimum radius of the asteroid / «

AVy = velocity increment required for the cancellation of the
eccentricity change due to the radiation pressure

AV, = velocity increment required for the cancellation of the
orbital plane change due to the oblateness

AV, = velocity increment required for the cancellation of the
periapsis direction change due to the oblateness

n = second component of the eccentricity vector of the
spacecraft orbit around the asteroid

0 = antisolar direction angle measured from the vernal
equinox of the asteroid

s = solar gravitational constant, 1.3272 x 10% m?/s?

& = first component of the eccentricity vector of the
spacecraft orbit around the asteroid

o = density of the asteroid

Q = right ascension of the ascending node of the spacecraft
orbit around the asteroid in the orbital plane coordinate
system of the asteroid

w = argument of periapsis of the spacecraft orbit around the

asteroid in the orbital plane coordinate system of the
asteroid

Introduction

STEROIDS exploration,as well as planetary exploration,such

as for Mars and Jupiter, has recently attracted considerable at-
tention. Itis expectedthat asteroid explorationwill bring us valuable
information about the formation of the solar system. The first aster-
oidal orbiting mission, Near-Earth Asteroid Rendezvous (NEAR),
spacecraft was launched to 433 Eros in February of 1996 (Ref. 1).
MUSES-C spacecraft will be launched to 4660 Nereus in 2002 as
the first sample return mission except for the moon.?

This paper presents the results of a study of spacecraft orbits
around asteroids, the primary purpose of which is to observe aster-
oids globally with high resolution. All of the asteroids, whose sizes
(maximum radii) are below 100 km and whose orbital radii are be-
tween 1.5 and 3 AU, are objects for this study. Orbits of asteroids are
assumed to be circular for simplicity. The altitude of the spacecraft
orbitis limited to be greater than about three times the radius of the
asteroid to avoid the significant instability due to the irregular shape
of asteroids.
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Outline of Acceleration Field Around Asteroid

Though asteroids are small, they can have satellites by their own
gravitation. The sizes of the sphere of influence® for 433 Eros and
4660 Nereus are for Eros about 500 km (25 times the maximum
radius) and for Nereus about 14 km (14 times the maximum radius).
Both distances between the sun and the asteroids are assumed to be
1.5 AU.

Sources of the primary perturbationson the orbit around an aster-
oid are 1) solar radiation pressure, 2) irregular shape of the asteroid,
and 3) solar tidal force. The second source is dominant inside the
area of 2-3 times of the asteroid’s radius. Source 3 is dominant
where far from the asteroid. Because sources 1 and 2 are dominant
in the region of study, source 3 is ignored.*

Effects from the irregular shape of the asteroid can be avoided by
adopting aretrograde orbit near the equator.’ Those orbits, however,
may not be suitable for the global mapping of the asteroid.

Conditions for Study

The objects of this study are asteroids whose maximum radii are
smaller than 100 km and whose orbital sizes are between 1.5 and
3 AU. The mean density of asteroids is approximated to be 3.5
g/cm’. Orbits of asteroids are assumed to be circular for simplicity.

The spacecraft is assumed to have a mass-to-cross section ratio
of 30kg/m?. NEAR spacecraft has a value of about 41 kg/m?. The
reflection coefficient Cy of the spacecraftis approximatedto be 1.5.
Cy of 1.0 means perfect absorption, and Cy of 2.0 means perfect
reflection. An imager onboard is assumed to have 1-m resolution
from a 100-km distance.

Variation Rates of Mean Orbital Elements

The variation rates of the mean orbital elements due to the so-
lar radiation pressure and the irregular shape of the asteroid are
described in this section.

Variation Rates due to Solar Radiation Pressure
The acceleration vector F; due to the solar radiation pressure
acting on the spacecraftis given by

FR = FRug (1)
Fr = P(§/m)Cr = P(Cg/B)

The variation rates of the mean orbital elements due to the radia-
tion pressure are shown next. They can be obtained from the mean
disturbing function, which is derived by averaging the disturbing
function that introduces the acceleration of Eq. (1) (Ref. 6):

_gvl—ezF {sinwcos(Q—@) }

Rl + cosi coswsin(2 — 0)

da de

E dt 2  na

di 3 e .. .
= ———Fysini cosw sin(Q — 6) 2)

5__§na«/1—ez

dQ 3 e . .
= ————Fpsinwsin(Q2 — )

dr _Ena«/l—e2
dw 3«/1—e2F {coswcos(sz—e) } aQ
SR o e

—

dr

dt 2 nae —cosi sinw sin(2 — )
Equation (2) is based on the coordinate system consisting of the as-
teroid’s orbital plane as the reference plane and the vernal equinox
of the asteroid as the reference direction (Fig. 1). Hereafter, we call
it the orbital plane coordinate system. Here, we define the charac-
teristic angular velocity due to the radiation pressure C,, by

Cp:%(FR/na) 3)

Variation Rates due to Irregular Shape

According to Ref. 5, secular perturbations of the orbit whose
semimajor axis is larger than about three times the radius of the as-
teroiddue to the irregularshape can be evaluated with good accuracy
by Kozai’s theory considering J, and J, terms.

Table 1 Characteristics of three asteroids

Name Ida Eros Gaspra
Maximum radius a, km 26.5 20.0 9.5
Middle radius/a(B) 0.43 0.35 0.63
Minimum radius/c(y) 0.34 0.35 0.63
J 0.096 0.088 0.073
Jy —0.0267 —0.0248 —-0.0152
Semimajor axis, AU 2.86 1.46 2.21
Eccentricity 0.042 0.223 0.174

Rotational axis

Equatorial
plane acecraft’s orbit

(anti-solar
direction)

Vernal equinox

Fig. 1 Orbital plane and equatorial coordinate systems of asteroid.

Table 1 shows the shapes and orbits of three asteroids: 243 Ida,
433 Eros, and 951 Gaspra. In this paper, only « is changed, and
B =0.5and y = 0.35 are fixed. J, is approximated by Eq. (4) for
the triaxial ellipsoid with the radius ratio of 1:8:y (Ref. 5):

L=+ +p-29% @)

Forﬁ = 0.5and y = 0.35, J, = 0.1005 is obtained. Effects by J,
terms are less than 3% of those of J, terms in this asteroid model
fora/a > 3. Therefore, only J, terms are used hereafter.

The secular rates of both the right ascension of ascending node
N and the argument of periapsis W by J, terms are described by
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Here, we define the characteristic angular velocity due to J, terms
C; by

C, = %(az.lz/az)n 6)

Applicability of Frozen Orbit

The solarradiationpressureis the principal perturbationfor orbits
whose sizes are several times the asteroid’s radius. The frozen orbits
whose Keplerianmean elements do not changeexistunderthe condi-
tion that the radiation pressureis the only perturbation The feasible
region for the frozen orbits is studied from the viewpoint of obser-
vation with high resolution in the plane consisting of the maximum
radius of asteroids and the semimajor axis of the spacecraft orbit.

Necessary Conditions for Frozen Orbits

The averaged Keplerian elements are used. This approach
neglects a dynamical effect of the radiation pressure that causes an
offset of the orbital plane from the center of the asteroid. Because
the author has not evaluated it quantitatively as yet, a constraint
that the offset should be smaller than 1—10 of the maximum radius of
the asteroid is used here tentatively. Hereafter, the validity of this
11—0 should be checked by numerical simulations. This constraint is
expressed by

~ L
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Eccentricity of Frozen Orbit

There are two kinds of frozen orbits: one in which the orbital
plane corresponds with the orbital plane of the asteroid, the other’s
orbital plane is perpendicular to the solar direction. The former is
called the frozen orbit in the orbital plane; the latter is called the
solar plane-of-sky frozen orbit. For both orbits a/« is obtained by*

167G, pBy
a_ MRBZQZAZ (8)
o 27G3C2
A in Eq. (8) is given by the eccentricity of the frozen orbit for the or-
bit in the orbital plane and the solar plane-of-skyorbit, respectively,
4
as

(orbit in the orbital plane)

A= \/3 ©)

(solar plane-of-sky orbit)

Region Where Radiation Pressure Is Dominant
From the condition that the characteristicangular velocity for the
radiation pressure is larger than k times of that for the oblateness,

A4
A\ 7
4 Yk GphaBy \" pi gt 4 (10)
o 3G, Cy

is obtained. J, is fixed to 0.1, and k = 10 is used in this study.

Constraint of Altitude
The altitude of the spacecraft orbit is limited to H,,, by the fol-
lowing in order to secure the resolution at observation:

ajoa <1+ (Hpax/a) (11)

Feasible Region for Frozen Orbits

Figures 2 and 3 show the feasible regions (vertical hatching) for
the frozen orbit in the orbital plane and the solar plane-of-sky orbit,
respectively. Figure 2 shows that the feasible region of « is very
small and about 40-50 km. The limiting factor for the smaller « is
the eccentricity of 0.3, and the one for the larger « is the altitude
constraint of 1000 km. The expected resolutionis about 7-10 m. It
turned out that the frozen orbits in the orbital plane are not enough
for the high-resolution observation.

Thoughnocommon areato Eqs. (7) and (10) with k = 10 existsin
Fig. 3, we consider the region around the hatched area to be feasible
because the constraintby Eq. (7) might be relaxed. Asteroids whose
maximumradii are smallerthan about3 km are feasible. The limiting
factoris the eccentricity of 0.3. Because the altitude for the feasible
region is low, resolution less than 1 m is expected.
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Fig. 2 Feasible region for the frozen orbit in the orbital plane: R =
2 AU and B = 30 kg/m?.
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Fig. 3 Feasible region for the solar plane-of-sky orbit: R = 2 AU and
B =30 kg/m?.
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Fig. 4 Maintenance AV for the frozen orbit in the orbital plane: R =
2 AU and B = 30 kg/m?2.

Maintenance of Frozen Orbits in the Orbital Plane

Because the frozen orbits in the orbital plane have large altitudes,
the maintenance of the lower frozen orbits in the orbital plane by
maneuvers is studied. The desired region is shown in Fig. 2 by
horizontal dotted lines. In this region, rotations of both the orbital
plane and the periapsis by the oblateness of the asteroid should be
canceled by maneuvers.

The velocity increment for canceling the rotation of the orbital
plane during At is evaluated by

3 Jon? 4 ByG
AVp:—Llsin 2J|At n’=—=np by
4 (a/a)? (1 —e?)? 37" (afa)
(12)

The velocity increment for canceling the rotation of the periapsis
during At is evaluated by

AV, = (na/2)e|W + NcosJ —60|Ar  (fori = 0)

AV, = (na/2)e|W — NcosJ + 0|Ar

éz\/lis/R3

Thus, the AV required for the maintenanceis the sum of AV, +
AV, anddependson J. Itis said that J is widely distributedbecause
of the collision history of the asteroids. Therefore, the maximum
AV for various J is used for the evaluation. Figure 4 shows the
maximum AV for the inclination of O deg. The region enclosed by
a polygon is the one shown by the horizontal dotted lines in Fig. 2.
About 1.7-100 m/s is required for 365 days in this region.

Though AV of 100 m/s for 365 days is not a large value, this
strategy should be replaced by the polar orbit strategy mentioned in
the next section if no special requirements exist.

(fori =m) (13)
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Polar Orbits Around Asteroids

In this section, we introduce polar orbits around asteroids. Po-
lar orbits have an advantage that the rotation of the asteroid can be
utilized for global mapping. The orbital plane of the polar orbit is
not affected by the oblateness [see Eq.(5)], and the radiation pres-
sure does not affect orbital planes if the eccentricity is controlled
to be zero [see Eq.(2)]. Because the eccentricity is affected by the
radiation pressure, it must be maintained near zero by maneuvers.
If the fuel cost for these maneuvers is small enough, this strategy is
promising.

AV for keeping the eccentricity zero is evaluated. Because the
eccentricity of near zero is treated, the eccentricity vector defined
by Eq. (14) is used:

E=ecosw n=esinw (14)

The variationrate of the eccentricityate = O isevaluatedby Eq. (15)
using Eqs. (2) and (14):

le| = 2(Fr/na)y/cos*(Q — 0) + cos? i sin*(Q — 0) < 2(F/na)
15)
Therefore, the required AV for the interval of At is expressed by

AVy = (na/2)le|At < 3FrAt = 2P(S/m)At (16)

For At = 365 days, m/S = 30kg/m? and R = 2 AU; AVy = 0.9
m/s is obtained.

This AVy is constant for all of the region in Fig. 4 and is smaller
than any value in the polygon of Fig. 4. The advantages of the polar
orbit are summarized as follows.

1) The maintenance fuel is significantly small.

2) The rotation of the asteroid can be utilized for mapping.

3) It can be applied to any size of asteroids.

4) Autonomous keeping of the eccentricity may be easy, because
the detection of the eccentricity is not difficult by using altimeters.

For the polar orbit to be applied, the rotational motion of the
asteroid must be the regular one around the principal axis. The
timescale in which the irregular rotation of the asteroid is damped
to the simple one is large for asteroids whose radii are small and
whose rotational periods are large. For an asteroid with the radius
of 1 km and the rotational period of 8 h, the damping timescale
is thought to be about 100 x 10° years.” Therefore, asteroids
whose radii are larger than 10 km can be assumed to be simple
rotators.

Simulation of Polar Orbits

By the numerical integration of the mean orbital elements con-
sidering the radiation pressure and the oblateness, variations of the
eccentricity vector and the orbital plane were studied. Asteroids
whose maximum radii are 10-100 km are objects for the simula-
tion. The orbital plane coordinate system is used in the numerical
integration.

The variation rates of the mean orbital elements due to the radi-
ation pressure are rewritten using the eccentricity vector as
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Changesof the mean orbital elements due to the oblatenessappear
in N and W in the equatorial coordinate system of the asteroid [see
Eq. (5)]. The eccentricity e and the inclination / do not change by
the oblateness. The variation rates of N and W are converted, as
shown subsequently, to rates in the orbital plane coordinate system.

From the cosine law (see Fig. 1),

cosi = cosJ cosI + sinJ sin I cos N (18)

is derived. By differentiating Eq. (18) and utilizing the sine law,
sini sin 2 = sin N sin/ (19)
the next equation is obtained:

di dN
& =sin J sin Q— (20)
dt dt

and cos / in dN /dt is expressed from the cosine law by

cos = cosi cosJ — sini sinJ cos 2 21)

Next, by differentiating Eq. (21),

dQ ] dN
— = cosJ + C?Sf sinJ cos Q2 |— (22)
dr sin i dt

is obtained.
From the definition of & and n by Eq. (14),

dé¢ de . dw dw
— = —cosw —esino— = —n— (23)
dr dt dr dr
dn de . n dw £ dw 24)
— = —sin ecosw— = E—
ar ar e Y T

are derived. From the sine law,

sinJ sin /
- == (25)
sin(W —w)  sinQ
is obtained, and by differentiating this equation,
dw _ ﬂ sinJ cos Q2  dQ 26)

ar dar cos(W — w)sin/ dr
is derived. From the cosine law,
cos(W — w) = cosQcos N + sin Q2 sin N cos J 27)

sin N is obtained by Eq. (19), and sin I and cos N are calculated by

sin] =+/1—cos? 1 (28)

cos N — cosi — cos.J cos/ 29)
sin J sin /

The variation rates of the mean orbital elements just obtained are
integrated numerically by the fourth-order Runge-Kutta method
with a fixed step size of 1 day. The polar orbital plane has the
freedom of 1 around the rotational axis of the asteroid. From the
intrinsic constraints to each mission, the desirable orbital plane may
be defined differently.In this study,however,i = = N = Q =90
deg were selected for the nominal orbital plane. The reasons for this
selection are as follows.

1) This nominal orbital plane can be realized for any value of J.

2) If the orbit normal of this polar orbit nearly points to the sun
and/or the Earth during the planned mission phase of several months,
this selection might be advantageous to the maintenance of power
and the communications with the Earth.
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Results of Simulations
In this section, the four points a, b, ¢, and d in Fig. 2 are used
for the simulation. The following conditions are used commonly for
these four points:
R =2AU = 0 = 0.35deg/day B = 30kg/m’

The approximated variation rates of the mean orbital elements are
given for convenience at the study of the simulated results as

d 1
d—f':.CpAicose-f-ECjn (30)
dn . . 1
E:.—Cp sinf — Ecjf (31)
di . . .
E':.—Cpf cosf + C,sinJ(AicosJ — AQsinJ)  (32)
dQ . .
E =—Cpncost + C,cos J(AicosJ — AQsinJ) (33)

Elements with A indicate the deviation from 90 deg.

Point a in Fig. 2

Here « = 20km anda = 200km (a/o = 10). The characteris-
tics of this orbit are shown in Table 2. The e};y,; (= 0.1 in this study)
is the keeping boundary for the eccentricity. Effects of the radiation
pressure are larger than those of the oblateness to some extent in
this orbit. Equations (30-33) show that the change of 1 is maximum
because only the first term of dn/dt does not have small quantities.
The element that has the secondary large variationis €2, because the
first term of Eq. (33) has 7.

Figure 5 shows the simulation results for / = 0 degand 6, = 0
deg. The direction of the change of 1 depends on the sign of sinf
[see Eq. (31)]. Effects of J are very small. As Fig. 5 indicates, by
selecting an adequately positive 1 in this case as the starting value,
2 can be returned to the initial point. This orbit can be kept by
maneuvers with the interval of about 100 days.

Point b in Fig. 2

Here « = 20km anda = 100km (a /o = 5). The characteristics
of this orbit are shown in Table 3. Effects of the oblateness are about
10 times of those of the radiation pressure in this orbit.

Table 2 Characteristics of orbit: = 20km and a = 200 km

Items Symbols Values
Acceleration by radiation Fr 5.708 x 1078 ny/s?
pressure
Mean motion n 1.308 x 107 rad/s
= 1.130 rad/day
Orbital period T 5.56 days
Characteristic angular C, 0.002828 rad/day
velocity due to radiation
pressure
Characteristic angular Cs 0.001695 rad/day
velocity due to
oblateness
Cp/(Cs etimit) 16.7 (ejimit = 0.1)

Table 3 Characteristics of orbit: a = 20km and a = 100 km

Items Symbols Values
Acceleration by radiation Fr 5.708 x 1078 m/s?
pressure
Mean motion n 3.701 x 1073 rad/s
= 3.197 rad/day
Orbital period T 1.97 days
Characteristic angular C, 0.001999rad/day
velocity due to radiation
pressure
Characteristic angular Cs 0.01919rad/day
velocity due to
oblateness
Cp /(Cs elimit) 1.04 (etimit = 0. 1)

Table4 Characteristics of orbit: a = 50 km and a = 200 km

Items Symbols Values
Acceleration by radiation Fr 5.708 x 1078 m/s?
pressure
Mean motion n 5.172 x 1073 rad/s
= 4.468rad/day
Orbital period T 1.406 days
Characteristic angular C, 0.0007 152rad/day
velocity due to radiation
pressure
Characteristic angular Cs 0.04189rad/day
velocity due to
oblateness

Cp (Cs etimit) 0.17 (ejimit = 0.1)

8.5

i
L
!

-8.5 £2-90(deg) 8.5

8.2

essin(w)

Interval=120days

2.2

8.2 e*cos(@) 8.2

Fig. 5 Changes of e vector and orbital plane: o = 20 km, a = 200 km,
J=0deg, 6y =0 deg.

Figure 6 shows the simulation results for / = 90 degand 6, = 0
deg. This orbit also can be kept by maneuvers with the interval of
about 100 days.

The change of & increased compared with Fig 5. This increased
change of & can be explained by the second term of Eq. (30). The
change of i alsoincreased due to the increased £ in the first term and
the increased C; in the second term of Eq. (32). Though €2 can be
returned at the time of the next maintenance maneuver, the deviation
of i cannot be removed. Maneuvers for i might be necessary if a
mission life of several years is required.

Point c in Fig. 2

Here « = 50km anda = 200km (a /o = 4). Figure 7 shows the
1000-day simulation results of this orbitfor / = 0 deg and 6, = 90
deg. This orbit needs no maneuvers for maintenance with ejiyi
of 0.1.

The characteristics of this orbit are shown in Table 4. Effects of
the oblateness are about 60 times of those of the radiation pressure
in this orbit.
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Fig. 6 Changes of e vector and orbital plane: o« = 20 km, a = 100 km,
J =90 deg, 6y =0 deg.
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Fig. 7 Changes of e vector and orbital plane: o« = 50 km, a = 200 km,
J =0deg, 6y =90 deg.

Table 5 Characteristics of orbit: a = 100km and a = 300 km

Items Symbols Values
Acceleration by radiation Fr 5.708 x 1078 m/s?
pressure
Mean motion n 7.962 x 1073 rad/s
= 6.880rad/day
Orbital period T 0.913 days
Characteristic angular C, 0.0003097rad/day
velocity due to radiation
pressure
Characteristic angular Cs 0.1147 rad/day
velocity due to
oblateness
Cp (Cs etimit) 0.027 (ejimit = 0.1)
8.5
iy
z
T
g
-2.5
-9.5 Q-9Q(deg) 2.5
28.01
RS PSRN
4 AL
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2.m
-2.81 eroos(w) 9.01

Fig. 8 Changes of e vector and orbital plane: o = 100 km, @ = 300 km,
J =45 deg, 6) =90 deg.

Because the order of Ai and (&, 1) are 0.01 rad and 0.1, respec-
tively, the second terms of Egs. (30) and (31) are dominant. Then,
the motion of the eccentricity vector becomes like a harmonic os-
cillation. The angular velocity for the motion is C,/2. The change
direction of the orbital plane depends on J from the second terms
of Eqgs. (32) and (33) (see Figs. 7 and 8).

Point d in Fig. 2
Here « = 100km anda = 300km (a/o = 3). Figure 8 shows
the 1000-day simulation results of this orbit for / = 45 deg and
0o = 90 deg. This orbit also needs no maneuvers for maintenance.
The characteristics of this orbit are shown in Table 5. Effects of
the oblateness are about 370 times of those of the radiation pressure
in this orbit.

Conclusions
From the study for the feasible regions of the frozen orbits, the
following results were found.
1) The frozen orbits in the orbital plane are feasible for asteroids
whose radii are about 40-50 km.
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2) The solar plane-of-sky frozen orbits are feasible for asteroids
whose radii are smaller than about 3 km.

3) The frozenorbitsin the orbital planehavelarge altitudes. There-
fore, they are not adequate for the observation with high resolution.

If the altitude of the frozen orbit in the orbital plane is reduced,
effects of oblateness become large and the necessary condition for
the frozen orbit is not satisfied. Though the altitude-reducedfrozen
orbitin the orbital plane can be maintained by maneuvers, a velocity
increment of about 100 m/s for 1-year maintenance is required for
the orbit whose semimajor axis is about three times of the asteroid’s
radius.

Next, polar orbits were studied because they have the following
advantages.

1) The polar orbital plane is not affected by the oblateness of the
asteroid.

2) The solar radiation pressure does not change orbital planes if
the eccentricity is controlled to be zero. The required AV for this
control is very small.

3) The rotational motion of the asteroid can be utilized for global
mapping of the asteroid.

Variations of the eccentricity vector and the orbital plane of the
near circular polar orbit due to the radiation pressure and the oblate-
ness were studied by numerical integrations of the mean orbital
elements. When C,/(C,eyn;) is larger than about 1, eccentricity
control is required about every 100 days in the case of ey = 0.1.
When C, /(C,eéjy;) is smaller than about 1, the polar orbit does not
need the eccentricity control (see Tables 2-5).

From these studies, a guideline for the design of orbits around
asteroids whose radii are smaller than 100 km can be made as fol-
lows.

1) The solar plane-of-sky frozen orbit is the first candidate for
asteroids whose radii are smaller than about 3 km.

2) The polar orbit is the first candidate for the other asteroids.

Asteroids whose radii are smaller than about 3 km have the pos-
sibility that the rotational motion is not simple around the principal
axis. This motion is, however, not a problem for the selection of the
solar plane-of-sky frozen orbit. For larger asteroids, simple rotation
can be expected. Therefore, the polar orbit can be selected.

Because this is a study using the mean orbital elements, de-
tailed studies by the osculating orbital elements are necessary here-
after.
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