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Abstract Small celestial body exploration is of great significance to deep space
activities. The dynamics and control of orbits around small celestial bodies is of
top priority in the exploration research. It includes the modeling of dynamics en-
vironment and the orbital dynamics mechanism. This paper introduced state-of-
the-art researches, major challenges, and future trends in this field. Three topics
are mainly discussed: the gravitational field modeling of irregular-shaped small
celestial bodies, natural orbital dynamics and control, and controlled orbital dy-
namics. Finally, constructive suggestions are made for China’s future space ex-

ploration missions.
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. INTRODUCTION

As one of the major deep-space activities in the 21st century, small celestial body exploration
plays an indispensable role in the course of human’s knowledge of accumulation, for example,
the recognizing of formation and evolution of the solar system, the understanding of the origins
and evolution of life and the learning to defend against collision from other celestial bodies.
Due to the abundant raw materials on small celestial body, it is known as “fossil” of the solar
system. Therefore, the scientific data acquired through exploration provide significant clues for
fundamental scientific issues, such as the study of the origin of the solar system, the evolution of
planets, small celestial bodies’ collision and defense and so on. In addition, the data can also help
to effectively validate new technologies as well as improve the ability of deep-space exploration.

The close exploration of small celestial bodies began in 1990s. With the rapid development of
space technology, the exploration has developed from flyby, rendezvous, landing to sample return.
In recent years, small celestial body exploration has become increasingly important. Among
the typical missions including Near Earth Asteroid Rendezvous (NEAR), Stardust, Deep Impact,
Hayabusa, Rosetta Mission, and so on, NEAR firstly realized orbiting and landing on an asteroid,
and Hayabusa was the earliest that accomplished the sample return mission.

NEAR probe is the first spacecraft succeeded in closing to the asteroid and orbiting it several
times. On February 14, 2000, NEAR probe orbited the 433 Eros asteroid with a potato shape and
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the size of 34.4 kmx11.2 kmx11.2 km in dimension. NEAR forms circular orbits with radius
ranging from 200 km, 50 km, to 35 km, and also proves the well stability of gravitational field
model and the frozen orbits near the asteroid. Moreover, through changing the orbital inclination
and radius, the probe comprehensively detected the surface of the Eros. On February 12, 2001, the
spacecraft landed on the south of the saddle-shaped Himeros. From then on, famous institutions,
such as Jet Propulsion Laboratory (JPL), Applied Physics Laboratory (APL), paid much attention
to issues as precise modeling of irregular-shaped small body, motion mechanism of probe and
dynamical mechanism in complex environment.

Hayabusa probe is so far the only one that accomplished rendezvous and sample return task.
In November 2005, the probe arrived at 25143 Itokawa asteroid with an irregular elongation shape
and the size of 0.535 kmx0.294 kmx0.209 km in dimension. Since the size and mass of Itokawa
asteroid are relatively small, hover orbit is applied to help fulfill the exploring mission. Hovering
is a complicated motion combining natural forces and active control together in weak gravitational
environment. Later on, Hayabusa aroused great interests in the study of dynamic mechanism of
complicated space environment among Japan Aerospace Exploration Agency (JAXA).

Rosetta space craft launched by European Space Agency (ESA) aimed at landing 67P/
Churyumov—Gerasimenko comet, which possesses a starfish shape and diameter of 4 km. The
probe will be propelled into the orbit and have long-term observations and comprehensive explo-
ration. At the same time, a lander (Philae) probe will be released on the surface of the comet.
When the comet flies towards perihelion, its tail can extend and produce large amount of gas and
dust. These products always have a crucial influence on flyby motion and landing orbits. The
issues such as the evolution of comet tail, dynamics of gas/dust products and their influences on
the stability of orbits stimulated intense interests in Advanced Concept Lab (ACT) of ESA, JPL,
and so on.

Il. THE GRAVITATIONAL MODELING OF IRREGULAR-SHAPED SMALL CELESTIAL BODIES

Gravitational field modeling is the foundation for analyzing orbital motion characteristics. A
variety of shapes present great challenges. There are two commonly used methods for gravita-
tional field modeling: series approximation and three-dimensional approximation. Series approx-
imation method usually approximates the gravitational potential energy by infinite series of some
special functions such as spherical harmonic function and ellipsoidal harmonic function. Three-
dimensional approximation generally approximates through simplified geometrical bodies, such
as triaxial ellipsoid model, polyhedral model, and particle swarm model.

A. Spherical harmonic function models

At the end of the 19th century, the method by Fourier series to approximate gravitational po-
tential function had been proposed. However, due to the complexity and slow convergence rate,
this method did not win popularity. The series approximation by Legendre polynomial function
was proposed in 1936. On account of its high rate of convergence, it was widely used in grav-
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itational field modeling of Earth, Mars, and other planets. In 1966, Kaula et al."»? established
the spherical harmonic model theory. This model has positive advantages, such as simple form,
small amount of calculation, explicit analytic expression of gravitational potential energy and
readily derived coefficients. Based on in-orbit data, the coefficients of harmonic function can be
achieved. Moreover, the analytical solution has been derived to describe perturbed orbital mo-
tion so that the influence of non-spherical gravitational field on probe orbit can be summarized.
Based on the above advantages, the spherical harmonic function model is widely promoted in the
research of celestial mechanics and orbital dynamics.

However, the spherical harmonic model also exposes disadvantages, which might result in
error in the analysis of motion. These drawbacks can be summarized into two aspects: truncation
error and convergence domain problem. The gravitational potential energy should be approxi-
mated by using the infinite series in theory. However, only finite terms can be obtained during the
actual calculations. This will inevitably cause error between actual and ideal results. Rossi et al.?
studied the truncation error and found that it tends to be more significant when the distance be-
tween sample points and small bodies are shortened. This phenomenon will lead to serious error
during the gravitational field modeling. As for the convergence domain problem, based on Leg-
endre polynomials, the spherical harmonics function could only take effect outside the Brillouin
sphere. Therefore, for those planets, which are similar to sphere, the function has no remarkable
influence on gravitational field modeling. However, as for the irregular-shaped small celestial bod-
ies, most regions may be located in the Brillouin sphere, so the influence of convergence becomes
obvious, as shown in Fig. 1.

Fig. 1. Brillouin sphere of small body.*

When the probe is located in the Brillouin sphere, no matter how many orders of the spherical
harmonic expansion are preserved, they can not accurately approximate the gravitational potential
function. This will cause difficulties for all the following activities such as flying around the small
body at close range, orbital dynamics analysis of hovering and landing, design and control of
trajectory. In order to solve this problem, ellipsoidal harmonic model was introduced afterwards.

B. Ellipsoid harmonic function model

In the middle of 20th century, Hobson® proposed the ellipsoidal harmonic model by apply-
ing the Lamé polynomial approximation. This model can provide a description of the irregular
shape of central body by ellipsoidal harmonic coefficients, and help to construct the gravitational
field.>® In 1973, Pick et al.” established the ellipsoidal harmonic function theory. Compared with
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the spherical harmonic function model, the ellipsoidal harmonic function extends convergence
domain nearby small body surface. For the irregular-shaped small celestial bodies, their Brillouin
ellipsoid can be shown in Fig. 2.

Fig. 2. The Brillouin ellipsoid of small body.*

As can be seen in Fig. 2, the region near small body surface can be approximated by the Bril-
louin ellipsoid. This method can effectively solve the convergence problem near small celestial
body surface. In 2001, Garmier and Barriot* used the ellipsoidal harmonic model to design the
landing orbits around Wirtanen comet, and implemented a series of simulation experiments. The
analysis showed that the ellipsoid harmonic model can be employed in designing landing orbits.
However, it still has disadvantages, such as complex algorithm, long CPU time, and the compli-
cated derivation process of harmonic coefficients.® In order to simplify the algorithm, Dechambre
and Scheeres’ proposed a method to convert ellipsoidal harmonic coefficients to spherical har-
monic coefficients. This method simplifies the solution of ellipsoidal harmonic coefficients, and
laid solid foundation for the application and promotion of ellipsoidal harmonic model.

C. Triaxial ellipsoid model

The most typical and widely used method in three-dimensional approximation is triaxial el-
lipsoid model. This method relies on triaxial ellipsoid to approximate the shape of small body,
and then obtains the gravitational potential function by integrating triaxial ellipsoid body. Length,
width and height of a cuboid are regarded as the three major-axes of ellipsoid model, as shown in
Fig. 3.

Fig. 3. Triaxial ellipsoid model.
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Triaxial ellipsoid modeling has three obvious advantages: the small amount of calculation,
easy acquisition of data by astronomical observation and comprehensive representation of gravi-
tational field. However, due to variable shapes, this method also inevitably leads to error during
the research.

D. Polyhedron model

In order to obtain precise gravitational field, the polyhedral model and particle swarm model
are employed as two classical paradigms. In general, they approximate an irregular-shaped aster-
oid through new geometrical bodies. By line integral and area integral, the gravitational potential
energy is derived to represent gravitational field. The polyhedral model is proposed by Werner,'?
and then developed into a relatively comprehensive method.!'!'? For example, 216 Kleopatra and

6489 Golevka asteroids shown in Figs. 4 and 5 are based on polyhedral model.

Fig. 4. Polyhedral model of 216 kleopatral asteroid.

Fig. 5. Polyhedral model of 6489 Golevka asteroid.

Particle swarm method usually applies microspheres or cubes with different densities to ap-
proximate irregular-shaped small bodies. Therefore, it is possible to obtain a more precise model.

With the foregoing analysis, we can see that two typical methods (series approximation and
three-dimensional approximation) both have merits and shortcomings. On one hand, spherical
harmonic or ellipsoidal harmonic function can provide relevant analytical expressions and ana-
lytical description of motion behavior to facilitate qualitative and quantitative theoretical analysis
but fails to construct a highly precise gravitational field. On the other hand, triaxial ellipsoid and
polyhedron models derive gravitational field with high precision, yet fail to provide analytical ex-
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pression of potential energy function. In summary, it presents to be a major issue to combine the
two typical methods together to establish both accurate and easily analyzed gravitational field.

lll. NATURAL ORBITAL DYNAMICS AROUND SMALL CELESTIAL BODIES

There are various motional behaviors around small celestial bodies. Their motional character-
istics are highly influenced by shape, spin, and other physical parameters. According to controlled
condition of motion around small body, the orbit around small body can be classified into two cat-
egories, namely, natural motion and controlled motion. The natural motion is an orbital motion
which is only affected by gravitational force, non-spherical perturbation force, and other natural
forces. The controlled motion is the orbital motion which is formed under combined effects of
natural forces and controlled forces.

The natural motional orbit can be distinguished into orbit around the center and orbit around
the equilibrium point. Some details about these two types of orbit are introduced as follows.

A. Orbital dynamics of small celestial bodies

For small celestial bodies with relatively large mass, there may exist surrounding orbits like
that of a planet, but the motional behavior is very different indeed. Due to the non-spherical
perturbation and spin effect of a small body, the great changes of orbital energy and angular
momentum of probe maybe occur in a relative short period of time. These changes would make
the probe collide with or escape from the small bodies. So the existence and stability of the orbit
are the major issues of orbital dynamics. According to gravitational field model, these researches
can be classified into three categories: (1) the orbital dynamics on the basis of spherical harmonic
or elliptical harmonic models; (2) the orbital dynamics on the basis of triaxial ellipsoid models;
(3) the orbital dynamics on the basis of polyhedron models.

1. Orbital dynamics on the basis of spherical harmonic or elliptical harmonic model of small bodies

On the basis of spherical harmonics and ellipsoid harmonics research, the second degree and
order gravity field is considered as a typical model of gravitational field. A great amount of re-
searches have been carried out by Scheeres and Hu.!3~!> Firstly, motional types and qualitative
analysis have been presented in the second degree and order gravity field with no rotation. Af-
ter that, some results showed that motional plane of particles will be fixed or precess along the
axis of the maximum or minimum moment of inertia of the gravitational body. Some analytical
descriptions were also provided.'>!* Then the motional problem of particle in the slow-rotation
gravitational field was investigated. The relational average Lagrange planetary equations were
derived. The motional description was given by combining Lagrange planetary equations and
Jacobi integral. Some studies found that slow-rotation leads to 1:1 resonance of orbital plane,
and the resonance has a critical value. When the spin speed is greater than the critical value, the

resonance motion disappears. !>
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Based on the assumption of homogeneous spin, criterion of the second degree and order grav-
ity field was proposed by Hu and Scheeres.'®!” With this criterion, the stability of near circular
equatorial orbits was evaluated. The stable and unstable regions were presented, the resonance
relationships between mean motions and self-spin rates are found.'® In 2008, the periodic orbits
in second degree and order gravity field were investigated. The four equilibrium points and five
basic orbital families were brought forward. The existence and stability of these orbital families
were discussed under different self-spin rates.!’

These researches provided a relatively clear and comprehensive understanding of the motional
characteristics in the second degree and order of gravity fields. In 2009, Hu et al.'®
inary summary motion around small body and analyzed the influence of dynamical environment.
Taking the second degree and order gravity field and Castalia asteroid as an example, the research

made a prelim-

obtained a summary of characteristics of dynamics and control around small celestial bodies.

2. Orbital dynamics around small bodies on the basis of triaxial ellipsoid models

Triaxial ellipsoid modeling is the commonly used method in astronomical observation.
Though there are few researches based on this model, they are representative enough. In 1994,

Scheeres!®-20

pioneered the orbital dynamics with spinning in the triaxial homogeneous ellipsoid
gravity. According to the spin rate and shape, the triaxial ellipsoid body can be classified into two
categories. Researchers found that synchronous orbits of both types are unstable; the stability of
quasi-synchronous orbit depends on the types of triaxial ellipsoid bodies. Taking the Vesta and
Eros asteroids as an example, the research finally validated parts of conclusions.'>?° In 2004, Cui

et al.2!

studied the motion around “asteroids” by triaxial ellipsoid bodies. The research presented
zero-velocity curve, analyzed the possible motion area for the probe, and proposed boundary con-
ditions of collision between asteroid and probe. After that, the research also addressed the effects
of asteroid’s oblateness and ellipticity on the probe orbital perturbation especially in the case
of slow-spin asteroids. Several frozen orbital families and their stability conditions were finally
presented. Based on the above research, Cui et al.”! took Ivar asteroid as an example. (Ivar was
regarded as the first target asteroid for Chinese asteroid exploration activity??). The zero-velocity
curve and collision boundary conditions were presented. The effects of Ivar’s oblateness and
ellipticity on the orbit were also analyzed (as shown in Fig 6).23 In 2007, on the basis of triaxial
ellipsoid models, the gravitational field of comet nuclear was established by Byram,?* and then
the orbital dynamics of probe near comet was also investigated. At the same time, it proposed a
coma conical jet model and analyzed the damping effect of comet shape and gas on the orbit of
the comet probe.

It can be seen from the above discussions that the research framework of orbital dynamics
of triaxial ellipsoid model has been basically established. It includes the classification of triaxial
ellipsoid models, the relationship between models and the stability of specific type of orbits, and
motion near small celestial bodies and comets. Meanwhile, further studies on motion character-
istics of orbits of triaxial ellipsoid model are in urgent need in the near future. The existence and
stability of periodic and quasi-periodic orbits are the focus in the future study.
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Fig. 6. Zero-velocity curve of Ivar asteroid.??

3. Orbital dynamics of small celestial body on the basis of precise polyhedron models

The polyhedral model and particle swarm model are the most accurate models of small ce-
lestial bodies until now. With the development and improvement, researches have become more
accurate and mature. It is worth mentioning that Scheeres et al.>> did a lot of work related to this
field.

In 1996, Scheeres et al.>> studied the orbital dynamics based on the polyhedral model of 4769
Castalia asteroid. The research found that there are periodic orbits near Castalia asteroid. The
further analysis showed that all of synchronous orbits and direct orbits in the region with triple
average diameter of the asteroid are unstable and prone to collide or escape. The conditions and
regions of escape and capture were given by numerical analysis.>> This research revealed the basic
laws of motion near the 4769 Castalia asteroid. It laid firm foundation for future close exploration.

4179 Toutatis asteroid, as the target of Chang’E-2 (CE-2) probe, also received wide
attention.’62% In 1998, Scheeres et al.>* presented the polyhedral model of 4179 Toutatis as-
teroid as shown in Fig. 7(a). The orbital dynamics around the non-spindle self-spin asteroid was
studied on the basis of the model. The study showed that this system belongs to Hamilton system
and possesses all its properties. However, there is no Jacobi constant and the zero-velocity sur-
faces can not be used for the analysis of motion behavior. The quasi-periodic “frozen orbits” were
found by the Lagrange equations of planetary motion (shown in Fig. 7(b)). Some of these orbits
are stable, especially the retrograde orbit family in “frozen orbits”.>? Toutatis asteroid is a typical
non-spindle self-spina steroid. However, it still remains as a question whether all of non-spindle
spin asteroids have these properties.

In terms of orbital dynamics, the periodic orbit and its stability have received special attention.
Recently, Yu and Baoyin®'-3? took the polyhedral model of 216 Kleopatra asteroid as an example
and studied the dynamic behavior and stability of three-dimensional periodic orbits. 29 basic
periodic orbits families were found. The motional characteristics and stability evolution were
revealed.’! What is more, the resonance orbit families near asteroid were also studied.*> Through
numerical analysis, Lara and Scheeres®® studied the boundary conditions of stability of three-
dimensional orbits around a small celestial body. The study also analyzed orbital stability of
three-dimensional periodic orbits, and discussed the resonance orbits, and so on.** In addition,
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Fig. 7. Polyhedral model and frozen orbit of Toutatis asteroid.>"

some researchers have proposed the terminator orbits,** which show strong robustness under all
kinds of perturbation forces, such as weak gravity force, non-spherical perturbation force, solar
radiation pressure force, and so on.>>~33 This kind of orbit most satisfies the requirements for long
time in-orbit work. In a word, the study proposed a novel idea for application of perturbation
forces around small body.

“Frozen orbit”, “terminator orbit”, periodic orbits, and stability issues are the hot topics in
orbital dynamics research. Due to variable shape, spin and other physical parameters, these topics

proposed great challenges.

B. Abstract model its equilibrium points and their periodic orbits of irregular-shaped small celestial
bodies

Equilibrium points near small celestial body usually include Lagrange points generated by the
third-body gravity and libration points generated by the irregular shape of small celestial body.
This paper focuses on the latter one. These equilibrium points are a kind of unique phenomenon
caused by irregular-shape and self-spin of small celestial bodies. There are a plenty of periodic
and quasi-periodic orbits families near the equilibrium points. Due to the variety in shapes, small
celestial bodies’ equilibrium points are distributed in different places with different degrees of
stability. All these factors exert influence on the orbit family. In order to explore and discover the
universal laws, some researchers observed the abstract or ideal model. They found some possible
universal laws of motion, and then extended the approach to the motion around general small
bodies.

From the perspective of ideal model, Liu et al.’* extended the previous studies on orbital dy-
namics near ideal model such as strips, rings, and so on, and presented homogeneous cube as
well. The positions of equilibrium points and their stability were studied, periodic orbits and the
heteroclinic orbits were analyzed as shown in Fig. 8. After that, Liu et al.*’ further investigated
periodic orbits around the fixed homogeneous cube by the Poincare sections and homotopy meth-
ods. More widely applied periodic orbits were presented in Ref. 40. These studies facilitate the
research of orbital dynamics near irregular-shaped small bodies, which can be approximated by a
number of cubes.
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Fig. 8. Equilibrium points and heteroclinic orbits near the homogeneous rotating cube.>”

In 2012, Yu and Baoyin*! studied the equilibrium points and periodic orbits in the vicinity
of 216 Kleopatra asteroid from the perspective of polyhedral model. Four equilibrium points
were found through zero-velocity surface. Analysis showed that these equilibrium points are non-
linear and unstable. The six major periodic orbits family were found at the same time also showed
instability.*!

According to the previous studies, Li et al.*> put forward dumbbell-shaped model which is
abstracted from 216 Kleopatra asteroid. They further analyzed this model from the perspective of
equilibrium points, the degree of stability, periodic orbits, and some related motion characteris-
tics. The dumbbell-shaped body is further evolved to double spherical cap through increasing the
diameter as shown in Fig. 9. The changes of equilibrium points and stability were also studied.*?
In a word, this research extended the motional analysis from single body to combined bodies and
promoted the orbital dynamics research in the vicinity of irregular-shaped small celestial bodies.

The above analysis shows that equilibrium points and periodic or quasi-periodic orbits have
unique influence on small celestial body exploration. For research in this area, the major difficulty
comes from the variety in shape of small celestial body. Therefore, it is almost impossible to
obtain the universal laws on distribution of equilibrium points and the periodic orbits.

IV. CONTROLLED ORBITAL DYNAMICS AROUND SMALL BODIES

The probe can perform special motion behaviors under the effect of combined forces such
as two-body gravity, irregular-shaped perturbation, environmental disturbance, and active control
force. The weak gravitational field of small bodies resulted in unstable natural orbit. However,
this property also improves the active control ability. Hover motion is such an example, and the
hover orbit near the Eros asteroid is shown in Fig. 10. In terms of the orbital dynamics, this kind
of motion belongs to a motion under continuous control and is different from orbit corrections
and sustaining. Some research progresses and difficulties in this area are introduced as follows.

In this aspect, Sawai et al.*** studied the hovering orbit control and its stability of uniform
spin or non-uniform spin asteroid. For the small bodies with different spin rate, the stable and
unstable hovering points were presented, and the possibility of translational motion was discussed.
At the same time, the resonance phenomenon between spin of an asteroid and motion of a probe
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Fig. 9. Dumbbell-shaped body and equilibrium points of different length-diameter ratios.*>
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Fig. 10. The hovering orbit around Eros asteroid on basis of different controlled law.*3

was found. This phenomenon may lead to unstable hover motion in the vicinity of asteroids.** For
uniform-spin small bodies, the closed-loop control strategy of hovering orbit was analyzed. The
controlled method of stable hovering orbit is presented based on the altitude information. And
this method was applied to the spherical and ellipsoidal uniform-spin small bodies, as well as the
control of hovering orbits.*’

The stability of hovering orbit is crucial in orbital dynamics and control. Broschart and
Scheeres*® presented a numerical method to analyze the stability of hovering orbits. The sta-
bility and stable region of the hovering motion in the body-fixed frame and inertial frame were
examined by this method. The research found that the hovering motion is stable in the region of
resonance radius in the body-fixed frame. On the contrary, it is unstable outside of resonance ra-
dius region in the inertial frame. Later, Broschart and Scheeres*’ verified the stability of hovering
controlled law and reliability of thrust-solution in the body-fixed frame and inertial frame. Taking
the Itokawa asteroid as an example, the study analyzed the stability of hovering region.

Solar sail propulsion system exhibits a promising prospect in the deep space exploration. This
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propulsion system generates power or controlled force only from the solar radiation pressure.
Thereby it saves certain amount of energy on satellite. Morrow et al.*® proposed the concept
of hovering in the vicinity of an asteroid by the controlled force generated from solar sail, and
searched for the hovering points and orbits in different sizes of asteroids for solar sail probes.
Meanwhile, the study also found that, as for the asteroids with small mass, the controlled force
generated by solar sail is greater than required. The stable hovering orbit can still be found by
restricting the magnitude of control force.

Hovering is a special type of motion in small celestial bodies’ exploration. The hovering
orbit problem is associated with both the dynamics environment and control force. These factors
resulted in the complexity and diversity of this problem. It is a major issue to find an optimal
control strategy of hovering orbit, which could not only meet the mission’s requirements but also
keep the orbit stable.

V. PROSPECTION TO THE DEVELOPMENT OF ORBITAL DYNAMICS AND CONTROL FOR SMALL
BODY EXPLORATION

After successful implementation of the lunar exploration project, related researches on aster-
oid exploration have been carried out in China. Orbital dynamics and control, which is the key
problem in the asteroid exploration mission has received wide attentions. The future development
of orbital dynamics and control in China may confront the following challenges:

(1) Modeling and evaluation of dynamics environmental around small celestial bodies

Small celestial body exploration will concentrate on orbiting, landing, and sample return. For
these tasks, accurate and reliable dynamic environment is indispensable. How to comprehensively
evaluate major physical parameters (such as mass, shape, gravity field and spin state, and so on)
and construct an accurate model are essential issues for future research.

(2) Dynamic mechanism under the effects of various disturbing forces

The effect of disturbance force (such as solar radiation pressure, solar tide, etc.) becomes
more prominent in weak gravitational environment. Making full use of combined effects to design
long-term and stable periodic orbits is a significant direction.

(3) Orbital dynamics and control issues for accompanying fly and hovering motion in week
gravitational environment

Compared with the planet, the mass of small bodies is much smaller. But it still covers a range
of magnitude. For the asteroid with small mass, it is difficult to form an orbit only by the gravity
force. To achieve the hovering or accompanying fly, the dynamics relationship among the Sun,
asteroid, disturbing forces should be further studied. What is more, the conditions and criteria of
forming special orbits should also be given enough attention.

(4) Orbital dynamics and control issues of binary bodies

According to astronomical observations, almost 10% of near-Earth asteroids belong to the
binary body type. For the binary-body system, the basic motion behavior will be an important
issue in the future. The orbital dynamics of binary-body system is different from two-body and
three-body models. Since the mass of two bodies and the probe can not be ignored, the mutual
influence becomes significant.
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VI. CONCLUSION

Orbital dynamics and control is of great significance in achieving orbiting and landing ex-
ploration activities. This paper firstly reviewed the development of foreign exploring missions.
Secondly, it discussed the following three aspects: modeling around irregular-shaped small celes-
tial bodies, natural orbital dynamics, and the controlled orbital dynamics. Then it analyzed the
orbiting dynamics and control from the perspective of periodic orbits, quasi-periodic orbits, and
the hovering orbits. Finally, constructive suggestions are made for China’s future space exporta-
tion.

At present, orbital families with high practical value have been put forward and applied in
some of the researches. With the development of small celestial body exploration, periodic, quasi-
periodic, and hovering orbits are the main choices for exploration activities. China has fulfilled
the first flyby mission, and is planning to accomplish orbiting, landing, and sample return task in
the future. Due to the numerous of impact factors such as large amount, shape, complex dynam-
ical environment, etc., the researches and analysis of orbital motion are still confronting serious
challenges. In conclusion, it is proved absolutely necessary to further promote systematical and
thorough research in small celestial body exploration.
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