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The work presented in this dissertation takes inspiration from robotic sampling-based motion
planning ideas and presents an astrodynamics-informed kinodynamic motion planning (AIKMP)
algorithm which is a single-step sampling-based kinodynamic approach to orbital motion planning
problems (as opposed to existing two-step sampling-based motion planning approaches in litera-
ture). The AIKMP algorithm can quickly find solutions to spacecraft relative transfer problems
in a very cluttered environment and it iteratively improves on its computed transfer solution and
thus holds the potential of computing near-optimal transfers given a sufficient number of algo-
rithm iterations — without needing an initial guess of the solution. This algorithm introduces an
astrodynamics-informed pruning module that allows the motion planner to maintain and store a
sparse set of nodes improving its overall computation efficiency by = 98% and storage efficiency by

80%. This work also presents a novel extension of the linearized Lambert solution (LLS) called
the closed-loop linearized Lambert guidance solution that allows a spacecraft to apply correction
burns during the transfer to improve the targeting accuracy in relative guidance problems in the
presence of perturbations like Drag, J2, and Solar Radiation Pressure (SRP). This novel closed-
loop guidance law is applied to Spacecraft Formation Flying (SFF) problem, and by presenting
theoretical developments backed with multiple simulation results it is shown that the algorithm
allows for stringent targeting accuracy with fuel efficiency in different SFF problems. It is also
demonstrated that closed-loop LLS guidance can be used to enable a spacecraft to safely follow a
reference trajectory generated by an orbital motion planner like the AIKMP algorithm at a cost of

3% fuel increase as compared to open-loop guidance that is unable to provide safety guarantees
in a cluttered and perturbed environment. Lastly, this work presents an extension of the popu-

lar E/I vector separation method derived for the case of drifting relative motion to infuse passive



iii
collision avoidance capabilities in sampling-based orbital motion planners. The resulting motion
planner performs tree extension in a more informed way such that collision avoidance constraints
are satisfied by each node and edge in the sampling-based tree. This way, every transfer solution
computed from the tree is guaranteed to be collision-free for the entire duration of the transfer in
the presence of multiple static (static relative to a moving reference frame) and moving obstacles
— a capability that is crucial for SFF applications. Overall, the AIKMP algorithm describes the
sufficient number of steps that can be adapted from a sampling-based robotic motion planner with
required modifications to achieve fuel-efficient and collision-free sampling-based motion planning
in astrodynamics applications. A notable aspect of this proposed motion planning framework lies
in its modularity, as individual modules of the algorithm can be adapted to any existing sampling-
based motion planner (tree-based planners or graph-based planners) to improve their applicability

to orbital motion planning.
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Chapter 1

Introduction

1.1 Background and Motivation

A space mission designed with multiple smaller spacecraft has many advantages compared
to a mission comprising a single traditional monolithic spacecraft. Besides introducing a single
point of failure to the entire mission, building, testing, and launching a monolithic spacecraft can
be more expensive compared to modular designs as the cost of manufacturing and integrating
all components into a single structure can be substantial. In fact, the complexity of assembling
and testing an entire monolithic spacecraft can also lead to longer development and deployment
cycles [20, 97, 91, 113]. As a result, there has been an increased interest in developing distributed

spacecraft formation ying (DSFF) missions in the aerospace sector [35]. Ever since NASA's Gemini

(a) NASA's Gemini 6 and 7 (1965) (b) ESA's Proba-3 mission (planned 2024)

Figure 1.1: Evolution of spacecraft formation ying missions



space program demonstrated the ability to perform coordinated spacecraft operations for the rst
time [64] (Figure 1.1a), distributed spacecraft systems have attracted the interest of several leading
aerospace organizations. There are multiple NASA [126, 60, 11], DoD [112, 22, 40] and ESA missions
[62, 49, 90] that use spacecraft formation ying technology and are either ying, under development
or proposed. A few of such exciting missions include the Laser Interferometer Space Antenna
(LISA) mission that aims to detect and accurately measure gravitational waves [38, 65], the Darwin
mission that is a long-range interferometry mission to nd Earth-like planets [62, 39], and the
upcoming PROBA-3 mission which will demonstrate high precision formation ying technologies
and technigues without relying on information from the ground [90, 125] (Figure 1.1b). Distributed
spacecraft systems also have great applications in on-orbit servicing (O0OS)[68, 59, 88, 95]. In fact, a
recently released national strategy document by the United States White House details their interest
in developing autonomous robotic servicing space missions to aid satellite servicing, refueling, in-
space construction, and maintenance of large structures [1]. Such missions will heavily depend on
multiple spacecraft working in coordination to achieve the mission goals.

While spacecraft formation ying is an enabling technology for many next-generation space
missions, they are inherently very risky as multiple spacecraft need to coordinate and operate
in close proximity to each other [5, 7]. Recon guration of spacecraft within the formation is
considered one of the major challenges of such systems, which is why a great deal of research goes
into the problem of spacecraft motion planning with collision avoidance [51, 108, 117, 24]. The
stringent requirements of formation ying demand that the states of each agent in the formation
are de ned relative to the other agents; this new dynamical description renders conventional control
and trajectory design approaches (used on monolithic spacecraft) ine ective. Hence, there is an
immense need for fast and e cient algorithms to compute near-optimal, safe, and collision-free
relative trajectories for such multi-spacecraft systems.

In the eld of astrodynamics, traditional guidance algorithms like Lambert's solution can
compute the transfer orbit for a spacecraft between two given position vectors [17, 32, 131]. How-

ever, such algorithms do not come with obstacle-avoidance capabilities. State-of-the-art methods



3

for spacecraft collision avoidance include model predictive control [101, 132, 136] and arti cial po-
tential functions [12, 28, 72, 135]. These methods work well in static uncluttered environments;
however, they often fall short when optimization and time-varying constraints become key features
of the problem. Moreover, gradient-based methods like arti cial potential functions are also known
for their possible convergence to local minimum solutions. Another well-known approach for space-
craft collision avoidance is conjunction assessment. This method handles collision avoidance by
actively tracking the obstacles and performing escape maneuvers whenever the collision probability
gets higher than a speci ed threshold [102, 25, 114]. However, such an approach is only valid for
short-term encounters which is why they will be impractical for spacecraft formation ying appli-
cations. This is where inspiration can be taken from the vast literature on collision-free motion
planning techniques, popular in robotics, that can be leveraged for collision-free motion planning
applications in astrodynamics [79, 84, 123, 122, 57].

Building self-reliant autonomous systems has always been the ultimate goal in the eld of
robotics. While popular robotic planning methods like the Monte Carlo tree search (MCTS) ex-
ists, they are e ective for planning in discrete action spaces and hence have great applications
in designing game-playing bots or solving sequential decision problems [124]. As a result, in this
work, ideas from another powerful robotic motion planning technique called sampling-based mo-
tion planning algorithms are leveraged due to their e ciency in exploring high-dimensional state
spaces and handling complex, continuous environments making them more suitable for real-world
applications [76, 63, 70, 73]. The e cacy of these methods has been already proven in several chal-
lenging real-world systems such as the 2007 DARPA Urban Challenge [21] and the 2021 DARPA
Subterranean Challenge [105, 99]. In the 2007 DARPA Urban Challenge, vehicles were required
to race autonomously in a simulated 60-mile urban setting. Several teams in the competition used
sampling-based planning as their primary guidance technique, including MIT's 4th-place winning
Talos car (Figure 1.2a) that used the Rapidly-exploring Random Trees (RRTs) [87, 81]. In the
2021 DARPA Subterranean Challenge, robots were required to conduct search and rescue oper-

ations in challenging underground tunnel environments with dangers like stairs, rough pathways,
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