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Scientific speculations regarding the origin and evolution of the Martian moons have
made Phobos and Deimos attractive bodies for space exploration. Quasi-satellite orbits
(QSOs) or Distant Retrograde Orbits (DROs) are stable retrograde orbits in the
restricted three-body problem that have gained attention as a viable candidate for future
deep-space missions towards remote planetary satellites. The curiosity to explore the
Martian moons served as a catalyst for several spacecraft missions that would
supposedly land on Phobos. Unfortunately, all of these attempts failed while either en
route or in the vicinity of the Martian moon, leaving the mystery of their origin unsolved.
Japan Aerospace Exploration Agency's robotic sample return mission Martian Moons
eXploration (MMX) will utilize QSOs to perform scientific observations of the Martian
moon Phobos before landing on its surface and attempting sample retrieval. In
comparison to other planetary systems, the dynamical environment around Phobos is
distinctive, as a simple two-body approximation with Mars as the main body is not a
good approximation in the vicinity of Phobos. Because Phobos' size causes two-body
motion to be perturbed during proximity operations, MMX's proximity operations are
immensely challenging and require novel and sophisticated techniques for maintaining
and transferring between different quasi-satellite orbits.

This thesis uses dynamical systems theory to investigate new transfer design techniques
for the proximity operations around the Martian moon Phobos. The developed transfer
techniques use bifurcated QSO families to transfer spacecraft between relative QSOs in
the Mars-Phobos Hill Problem with ellipsoidal gravity secondary framework. This
thesis firstly introduces a systematic approach to compute the bifurcated families of
retrograde orbits from in-plane and out-of-plane stability perturbations, namely Multi
revolution Periodic QSOs (MP-QSOs) and Spatial QSOs (3D-QSOs).

Secondly, geometric characteristics of in-plane bifurcated families of MP-QSOs are
leveraged to introduce a novel and robust planar transfer design method. Transfer design
strategy via MP-QSOs is explored through transfer maps that illustrate transfer design
space between different altitude QSOs. It is found that transfers via MP-QSOs provide
insights on minimum AV transfers and the parameters determining the transfer cost
between relative QSOs. This transfer methodology provides a basis for robust and stable
retrograde transfer trajectories around Phobos. Even if the spacecraft skips the AV
maneuver at the designated point, the spacecraft remains in the MP-QSO, and crossings
occurring later can be used to perform the orbit injection into the target orbit. This



method involves two impulse transfers, one to escape the initial QSO and another to
insert into the desired lower altitude orbit. The proposed transfer method is explicitly
applied to MMX baseline QSOs. Furthermore, these transfer maps deliver accurate
initial guesses for optimal transfer trajectories in the vicinity of Phobos. Based on the
primer vector analysis of the impulse transfer trajectories, it is found that departing and
arriving at the same periphobian sides with an additional mid-course impulse result in
the optimal impulse solution.

Later this thesis explores the application of invariant manifolds of unstable retrograde
orbits to design out-of-plane transfer trajectories around Phobos to aid high-latitude
coverage and scientific observation capabilities to a mission. Computed families of
three-dimensional QSOs using out-of-plane bifurcations near planar orbits show that
most of these orbits are weak to highly unstable. The invariant manifolds of an unstable
3D-QSO0 are computed by perturbing the states along the direction of 3D-QSO's local
eigenvectors. The intersection of capture and escape trajectories propagated from
different locations along candidate 3D-QSOs with an oblate cylinder passing through
the two relative planar QSOs are evaluated to extract transfer trajectories connecting a
planar and the spatial QSO. This out-of-plane transfer technique provides a baseline to
estimate the costs and time-of-flight associated with ballistic dynamics between high-
altitude and low-altitude QSOs. The feasibility of using unstable 3D-QSO family
members as staging orbits between high-altitude and low-altitude QSOs of MMX
mission is later assessed. The final candidates of intermediate 3D-QSOs are ranked
based on MMX scientific requirements, transfer analyses, and station-keeping costs by
nullifying the growth of orbit injection errors along the unstable eigenvectors of
candidate 3D-QSOs.

This work's findings could serve as initial guesses for real-ephemeris implementations
to be adopted for the actual MMX mission design. The transfer methodologies and
analysis presented in this paper can be extended for future missions that seek lower AV
transfer opportunities between stable retrograde orbits around Phobos or any small

irregular planetary satellites in the solar system.
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