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This workintroducesiQuasiStable Terminator OrbifQSTOO0 which is afamily of orbits around smallddies
and has long durationDespite the environmerg around small bodes are strongly perturbed by mainly sol
radiation pressurdQSTOdoes notsuffer from impactwith the surfaceof the sm# body or escapig. This work
shows thesolution space whereQSTO can exist and the usability of QST numerical simulatiom We
investigated th solution space by also analytical method using averaging method and solving the Le
planetary equations iparticular situations Therefore, this work verified thatanalytical way to derive theegion
where QSTO is useful is valid by comparing numerical results and analytical results.
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Nomenclature Moreover, orbiting can reduce fuel consumption compared to
hovering operation. Hogwer, the dynamics around small
r distance from the origin body is so complicated due to the strong perturbation such as
n mean motion solar radiation pressure (SRP), tidal force and so on that it is
& SRP acceleration difficult to orbit around the asteroicind designing orbit
A projected area of a spacecraft around small bodies is very restricted
3 true anomaly of the small body One of the most representativebits which is stable and
a semimajor axis ca_ln keep_ tr_lelr_ orblt_s for a | ¢
e eccentricity which has been_ mvestlgat_ed _|n some previous studies
i inclination Although terminator orbit is stable and useful for
L rendezvous missions, it also has disadvantages. The
¥ argument of periapsis . : .
. . terminatororbibt s or bi t al pl ane must al
& longitude of the ascending node lack flexibility in orbit design. Moreover, since the orbital
f" true angmaly o ) plane lies in night side, optical observation of the small body
w normalized serainajor axis is extremely restricted.
P semikitus rectum of asteroid Therefoe the purpose of this work igo extend the
J density of asteid terminator orbit concepto a family of stable orbits which
B Unit mas=f projected area includesthe terminatoorbit and does not suffer from impact
with surface or escaping. This extendedminator orbitis
Subscripts cal | e dStabl@leraimdtor Obit (QSTO) 06 i n t hi's
0 :initial A whole solution including nonlinear region is surveyed
a . asteroid systematically unlike some previous studies which analyzed
offset : offset between the origin and the foc the linearized space aroundterminator orbif® Although
of the orbit some previous studies proposemrious types of periodic
orbits around small bodie=salled iResonant Terminator loit
1. Introduction (RTO)0,5? There are few aalyses about quasiperiodic

terminator orbitsfiQuasi-Terminata Orbitd was proposed in a

These days exploration of asteroid has been gatheringrevious sidy and this orbit is quasi type @RTO. 29
attention all over the world because of its sciemtifind  Howeverthe analysis about touasi ty@ of terminator orbits
engineering importanceOne of the asteroid exploration IS not enoughThis study verified thathe terminator orbits a
mission, Hayabusa2 missignwill conduct the hovering part of thefamily of stable orbits arounterminator orbit. At
operation during stng near the asteroifl. Although ~ the same time QBO improves the flexibility of theorbit
hovering operation isonservative andafe orbiting around  design dramatically and provides several meritde¢h@inator
the asteroid can conduct mapping the asteroid and measugbit does not have such as optical observation of the small
gravity field of it more precisely than hoveringperation body.



In this work, Hayabusa 2mission properties are used in all
simulation results as an example.

2. Searching the Solution Space of Orbits around an
Asteroid

2.1. Equation of Motion

Basic equation of motion isonsidered as aAugmented
Hill 3 Body Problem (AH3BP) as shan in Eq.(1}(3).
AH3BPapproxi mates the smal|l
and includes SRP forc&hese equations are defined in Hill
coordinate The origin is the center of the asteroid and X axis
points in the direction of antolar direction. Y ®is points the
direction that the asteroid goes around andoihts out of
plane.
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Table 1 showsparametes of Hayabusa2 spacecraft and its
target astearid Ryuguwhich are used in Eq. ().

Table. 1. Properties of Ryugu and Hayabusa?2

Ryugu Hayabusa2
Gravitational| 32[ 7 ] | MassM 580 [kg]
Constant
RadiusR 435 [m] Projected 12.64 [m2]

AreaA
Semimajor | 1.19 [AU] Reflectivity | 0.113
axis d

2.2. Terminator Orbits

The method to design the terminator orbits usiag
symmetry aboutequation of motions wagleveloped in
previous studie$?. Figure. 1 showsariety size of terminator
orbits around Ryugu The contour shows the velocity of the
orbit which the S/C has when it intersect XZ plane frioyrto
+y. As shown in Fig. 1, all terminator orbits face to the solar
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Fig. 1. Terminator Orbits

Propagation is stopped when Sffpacst with Ryugu.The
first intersection points to XY planare plotted in Fig. 2 and
Fig. 3.

Terminator Orbit

Asteroid
Intersection
point

Fig. 2.Method of global search of orbits aroutedminator abits.

(Ryugubs period).

Figure. Bontaummeansb ® i t s O
number of orbitingrespectively Figure. 3 reveals that there
are 2 areas where okeeps the S/@or long duration andhe
otherkeeps itonly short durationThe number of orbitingf
long duration area is also more than that of short duration area.
Since all of the propagation time are 474, dihe larger the
orbit becomes, the fewehe number of orbitingoecomes.
Figure. 5 shows some example of orbits about the plo{g)a)
on Fig. 3.Table. 2 shows the characteristics of etgle of
orbit. It is found that orbit (a) keeps its orbit only approxiena
10 days and finally impact witthe small body. Orbit (c) is a
very terminator orbitlt is found that the orbit is completely
closed loop. The most interesting orbit is orbit (b) and is
c al | e d-Stdbl@ Tearsnator OrbfQSTOP i n t hi
This orbitlooks so complicated butFi§. (b) 6s YZ

S

direction ¢x direction) and orbital plane has some offset to the graph rereals the S/C does not impact witte small body for

anti-solar direction (+x directionyvhich is expressed ¥rset

As the terminator orbit is far from the small body, it is close to
the L2 point.

2.3 QuasiStable Terminator Orbits

In order to search the solution space around terminator orbi

the global searchvas conductedrhe method of global search
is shown in Fig. 2The parameterg and & indicate the z
value of intersection point of the terminator orbit and the
initial longitude of the ascending node of 4 indicates the
size of orbitanday = 90 [deg] meanthe orlit is equivalent to

a erminator orbit. The initial velocity, is set to be the same
value of the terminator orbiPropagation time: 4i[day]

a long time. Figure. 6 shows thatbit (b) for 50 days from
initial state and it oscillates largelifherefoe, this type of
orbit is not a periodic orbit like terminatarbit but isstable
orbit which means that it can avoid from impa€his paper
gefines this type of orbit as QSTO. Figure. 3 also indicates
that red area is equal tiee existence region of QSTO

The important thing is that extending the terminator orbi
concept provides broader solution area about QSTO which
can keep S/C near the small body for long duration. QSTO
improves the flexibility of orbit design around the small body.
Moreover, QSTO can experience sunlit side for about half
time of its duratiores Fig5 ( b) 6 s and
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graph unlike terminator orbitThis characteristic is very
advantageous for observing the small body using optical
camera. It is verified that QSTO is useful in terms of orbit
design flexibility and observing themall body.

Thus it is should be revealedvhat determines this
boundary which divides the solution space iitgpact and
nonimpactarea The next section analyzes this boundary by
focusdng on the behavior of orbital element of the orbit around
asteroid.

Table. 2. Characteristics of each type of orbit

Type of orbit (a) (b) (c)
Duration 10.3[day] | 474[day] | 474[day]
The number of | 3 184 185
orbiting
Impactor not Impact Not Not
impact impact impact
Periapsis altitudg 0[m] 308 [m] 3000[m]
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3. Analysis of Orbital Element

3.1 The Definition of Orbital Element

This section analyzes the orbital mlent of QSTO.6
orbital elements are defined shown in Fig. At is assumed
thatthe previous section indicated that th#ial longitude of
the ascending nodeo determines if the S/@mpacts with
Ryugu or notSo, it isinterestedo know howinitial longitude
of the ascending node affects the behavior of orbit.
3.2. Lagrange Planetary Equations

Solving the Lagrangeplanetaryequationsis usefulin order
to obtainthetime history of orbital elemenThe SRP force

Orbit Plane \
S/C

XY Plane

m]

Fig. 7. Definition of arbital dements around asmall body

can be formulated asdisturbing potential anthe Lagrange
planetaryequationscan be solved usingveraging method.
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If y is defined by Eq(14), y characterizes the strength of the
SRP forcelf y is close to 0 deg, SRP forcetg small, on the
other hand ify is close to 90 deg, SRP force gets large.
Hayabusa2 and Ryugu properties provide x ¥ ¢ wA A C
whae & p¢p LTI
r OAilx pT

3.3. The Solution of Eccentricity

It is assumed thahe boundarywhich dividesthe solution
space of orbits into impact area and ndmpact area is
determined by periapsis altitude history of orbit around the
small body. Since periapsis altitude is expressedolly ‘Q
and semimajor axis® is a constant value as verified by.Eq
(12), the history of eccentricite is most important for
obtaining the solution space.In Fig. 8, since® means
semimajor axis normalized by the radius of asterdids
value is equal to 1 meassirface of the asteroid. Thus, in the
case that perigis distance history is blue line S/C does
impact with the small body howeverif the minimum of

Although these procedures are already investigated inPeriapsis distance is lower thah like the green line, S/C
previous study, this paper also shows these process to makBPacs with the asteroid.

this discussion cleatEquationscan derive orbital elemeist
differential equations by secular potential

potential function of SRP isxpressedy Eq. (5. And then,

secular potential can be calculatedaweragingthis potential

functionover the S/C mean anomaly as expressed (6)
Y & i AT1O QAI_O O6FI
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Thus, if this seclar potential is substituted tthe Lagrange
planetary equations, these differential equationsdaréved
about orbital elementas shown in Eq.(7)12) wheree=sin(,
the parametery is indicated by Eqg. 1Q3), ¥ c=63.6067
km(kg/m?)(cmé/g)Y2(AU)Y3, and & means seminajor axis
normalized bythe radius of the small body.
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caused by
pertubation. In this case the perturbation is SRP forcg an
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Fig.8 Theanalogyof periapsis altitude

These complicated défential equations can be solved only in
some special cases usitige particularchange of variable®.
Whenabsolute value ahe inclinationi, argument periapsis,
and longitude of ascending node are /2 in condition that
indicated by Eq. @), the eccentricity is frozeas expressed

by Eq. (9.

0 _m —h u —
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The abit shape is also frozen and this indicates terminator
orbit. Note thaty is a constant value determined by
parameters of asteroid and S/C and sewjor axis of orbit.
The QSTOO6s s ol ucterizedibyhe lpebaviar |
of the orbitelementwhen theabsolute value oinclinationi
and augment periapsis are /2 andlongitude of ascending
nodea-is any valueexpressed by Eq. (16l this condition,
analytical eccentricity solution can be solvedias expressed

by Eq. (17).
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1 is also a constant value indicated ly ' indicates

asteroids true anomaly. Therefore, eccentricity history gets
simple sine waveand periapsisaltitude @ p 'Q is also
obtained ’ is anintegral constant.

The next subsectioshows the result of the comparison of
the analytical solutionindicated by Eq. (17and numerical
solution in somexcase fixing the size of the orbit.

3.4 Comparison of Analytical and Numerical Solution

Initial longitude of ascending node is set to be 4 cases
(90, 85, 60, 30 degand the size of orbit is 1400 mand
GEG@Y @ p1 wTtA A Gase indicates terminator orbit and
only _ omA A Qs impact case and other caseare
nonimpact case. Orbital elements are approximately
calculated every round and numericalution is derived by
them and alculation is continued even if the SitBpact with
the small body Figure. 9 (a)(d) shows the history of
eccenticity (red lin@ and periapsisaltitude (blue ling.
Integral consint 3 is adjusted to make the initial values of
analytical solutions the same values of the numesialitions.
Dash lines indicate the analytical solutions and solid color
lines indicate the numerical solutions.Fig. 9 (a) terminator
case,both of eccerricity and periapsisltitude are constant
values and analytical and numerical solution completely
coincide.On the other handt is shown that the behavior of
eccenticity and periapsisaltitude are sine wavein Fig. 9
(b)-(d). The aalytical solutions almost coincidewith the
numerical solutions Since slid black line in figures of
periapsis altitudéndicates the surface of the small bpdyis
found that only_ o tcase indicates the S/C impacts with
the small bodyOn the other handeriapsis altitudes of other
casescan keep ovet and the S/C can keep its orbit for long
duration. Therefore, these resslcan verify that analytical
solution coincides witmumerical result.
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Fig.9. Comparison of numerical and analytisalition of eccentricity
and periapsisltitude

Finally, we investigatedhe @mparison of analytical and
numerical solution about different size and longitude of
ascending noderigure. 10shows obtained by global search
about the size of orbit and initial longitude of ascending node

in previouss e c t iarmlgsts.sPink lineindicates the
boundary which determines if the Sit@pact with the small
body or not and is obtained analytically. Analytical solution
can be expressed Bylving thefollowing equation.

orfkh. op Q p T p Y

op Q means the minimurof the periapsisaltitude for
orbiting around the small body. Thusile F > 0 means that
S/C neverimpacs with the small bodyand orbit maintain
long duration,F<0 means that S/@npact with the small
body and duration is mch shorter that he s mal |
period. This pink line solved analytically coincides with



numerical boundaryvery well Therefore, this boundary
depenls on the strength of SRP forte the size of orbitd)
and initial longitude of ascending node.

4. Conclusion 1)
First of all, this work examined the solution space about

near terminator orbit under strong perturbation environment
where SRP is dominant by global seaiitlis found that there 2)
are QSTO that has long duration even if orbit element
oscillates.QSTO can provides not only the flexibility of orbit 3)
design because it exists much broader region than the
terminator orbits but observability of the small body because
the S/C can observe the sunlit side ofghell body for about 4
a half of its duration. Subsequently, the boundary which
determines whether QSTO exists or not is analyzed solving

the Lagrange planetary equations. It is verified ttag 5)
boundarycan be obtained bgnalytical approachTherefoe,
if the parameters such as the small baayl the S/C the 6)

region of QS is useful an be obtained edg

7

8)

9)

Fig.10 Comparison of dundary thatividesimpactandnon-impact
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