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Abstract

Dynamic path planning near small celestial bodies has the potential to improve asteroid study, landing strategies, and
scouting for in-situ resources, as well as autonomous missions for comet interception and deep space exploration.
Strategic missions to orbit celestial bodies have primarily considered spacecraft trajectories as a two step process:
capture of the spacecraft within the gravitational influence of the body, followed by in-orbit maneuvers. While
maneuver planning in the gravitational field of larger solar system bodies (with near-uniform gravity fields) is
relatively straightforward, planning similar maneuvers around smaller bodies such as asteroids and comets is more
challenging. Moreover, a-priori maneuver planning approaches that use earth-based measurements will tend to
generate motion plans that have a monolithic profile. Fine grained motion plans that respond to mission conditions
require a detailed understanding of the gravitational forces around the body---which can only be obtained once a
craft is in orbit, assuming the craft has sufficient onboard sensors. For example, the gravity model can be analyzed to
provide information about the mass, density, and material distribution across the body. We propose a method for
autonomous motion planning around small bodies that continually refines the gravitational model of the body while
simultaneously using the model to perform more and more accurate orbital maneuvers.

Our research focuses on a problem variant where the orbital maneuvers are designed to refine the gravity map as
quickly as possible. However, the basic idea of simultaneous gravity model refinement and motion planning is
relevant to a variety of space exploration and scientific missions. We use a receding horizon approach. During each
planning epoch, the planner considers the gravitational influence over a tree of orbital maneuver sequences (between
discrete points around the celestial body). Starting with the (low fidelity) gravity model created from earth-based
observations, the gravity model is continually updated during the mission as the spacecraft experiences varying
gravitational forces. Onboard instruments measure the force observed by the craft and the gravity model is updated
with each maneuver, eventually providing a high fidelity gravity field model of the body. The updated model is
simultaneously and continually used to re-plan the craft’s trajectory during the mission, ensuring that each maneuver
respects the most up-to-date model of the body’s gravity field (that is, respects the gravity data observed during the
mission so far). Such an approach has the potential to expand to autonomous spacecraft missions to perform
maneuvers near small celestial bodies
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Nomenclature
a Semi major axis
C Configuration space
Clree Free space
C s Observed space
D Spacecraft Dynamics
dv edge length of tree branch
F Force exerted
G Gravitational constant
G, Gravitational Acceleration
G, Ground truth gravity
G, On board gravitational field model
H Heuristics
i Current iteration
J Cost function
L Waypoint List
M Motion Planner
m Mass of body 1
m, Mass of body 2
N Total iterations
Oinit Initial waypoint
Og0al Goal waypoint
Onear Nearest waypoint
Ot Viable waypoint
Orand Randomly sampled waypoint
Oy Explored waypoint
O\ups Observed waypoint
r Distance between 2 bodies
R Reference gravity model
t time horizon
ty Initial time of exploration
ot Time taken to explore next waypoint
<T> Trajectory
v Velocity
V Gravitational potential
Wy Weight of control nodes
)] Objective function
A Position of the spacecraft in

cartesian space
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Acronyms/Abbreviations

AU Astronomical Unit

BVP Boundary Value Problem

CPU Central Processing Unit

DoF Degrees of Freedom

EGM Earth Gravity Model

GFM Gravity Field Model

GGM GRACE Gravity Model

IGM Joint Gravity Model

NEAR Near Earth Asteroid Rendezvous

PRM Probabilistic Road Map

RDT Rapidly Exploring Dense Trees

RRT Rapidly Exploring Random Trees

SLAM Simultaneous localisation and
mapping

SOl Sphere of Influence

SSSB Small solar system body
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1. Introduction

The presence of small solar system bodies (SSSB) has
sparked human curiosity to learn about their creation,
their trajectories, and the resources they house. In
near-present times, these bodies are almost exclusively
studied by remote sensing observations. Even the
limited number of flyby and impact missions that have
been performed have relied heavily on earth-based

measurements. These observations include orbital
properties like trajectory and velocity; physical
properties like albedo, density and gravitational
influence.

The knowledge of the gravitational fields of these
bodies can be used to estimate their structure. The
gravity field model of a SSSB can relay information like
mass-density distribution and in some cases, the
material composition of the body. An accurate
gravitational field model is also essential for enabling
precise flyby and landing missions.

Owing to their relatively small mass and irregular
shape and composition, SSSBs exert gravitational forces
that are magnitudes smaller and more spatially varied as
compared to larger solar system bodies. As a result,
earth-based measurements generate low fidelity models
that may not accommodate the smaller gravitational
forces exerted by a SSSB.

To obtain detailed field models, measurements must
be made in the vicinity of an SSSB, an act that
necessitates the use of precise in-orbit maneuvers.
However, the erratic gravitational forces of attraction
experienced by a spacecraft in the vicinity of an SSSB
makes  collecting such in-orbit measurements
challenging. A potential solution is to continually refine
a gravity model that becomes more and more accurate
as more and more measurements are taken. From a
motion planner’s point of view, replanning based on an
ever improving gravity field model is equivalent to
replanning within an environment that is dynamic with
respect to gravitational forces. Even though the gravity
of the SSSB may not be changing, the gravity model
used by the motion planner changes each time it is
refined based on additional data.

Our research focuses on performing near-real time
path planning for orbital maneuvers in the dynamic
gravity field of SSSBs. The trajectories are planned with
the intention of refining the gravity field map as quickly
as possible with the goal of achieving a stable orbital
motion(see Fig 09 for concept). We use a receding
horizon approach. During each planning epoch, the
planner considers the gravitational influence over a tree
of orbital maneuver sequences (between discrete points
in the orbit). Way-points are explored over
sparsely-expanding geometric random-trees. Starting
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with the (low fidelity) gravity model created from
earth-based observations, the gravity model is
continually updated during the mission(as seen in
Figure 01 as the spacecraft experiences varying
gravitational forces). On-board instruments measure the
forces experienced by the craft, eventually providing a
high-fidelity gravity field model of the body. The
updated model is simultaneously and continually used
to re-plan the craft’s trajectory during the mission,
ensuring that each maneuver respects the most
up-to-date model of the body’s gravity field. Such an
approach has the potential to contribute to autonomous
spacecraft maneuvers, flybys and surface landings
missions.
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Figure O1: Refining onboard gravity model on the
spacecraft. As the spacecraft executes its motion around
the SSSB, the onboard gravity model (low fidelity
model-represented by the first plot) gets refined with the
forces experienced by the spacecraft. The blue region
represents lower intensity attractive forces and the red
region represents the higher intensity forces. The grey
points are the spacecraft trajectory waypoints around the
SSSB which become more stable as the gravity field is
refined; the forces are updated with every epoch. The
model gets more refined in intermediate plots and a
higher fidelity model is obtained in the final plot. Here,
the SSSB is located at the origin (0,0).
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1.1. Background and Related Work

Earth-based experiments to measure gravity fields of
other celestial bodies are often performed by
radiometric instruments that measure the dissemination
of the material surface of the bodies along with the rate
of change position. Additionally, the gravitational effect
on other nearby objects like moons and smaller rocks is
also an important field of study. Missions like Near
Earth Asteroid Rendezvous(NEAR) [1] and the
Hayabusa provide insights into the gravity field as the
spacecraft experienced forces, within the field of
influence. These missions offer higher fidelity data than
earth-based observations.

1.1.1. Sampling-based Motion planning

Sampling-based algorithms like PRM demonstrated by
Kavarki [2] and RRT introduced by LaVelle [3] develop
paths over way-points in the configuration space. RRT
often returns a quick solution; however, the solution
returned is only guaranteed to be feasible and not
optimal'.

In 2016, Li Y et al. worked on sparse RRT [4] that
explored kino-dynamic path planning in configuration
space for a near optimal solution. The work was based
on RRT*[S] and RRT# motion planning approaches
(see Figure 02).

- Starting Node

- Latest Explored Node
o - Auxiliary Node

.« - EndNode

- maximum distance

®
FQPP00

of exploration

. - Obstacle

Figure 02: Concept of randomly exploring random trees
Star ( RRT* )[3]

Recent works are based on planners for system
dynamics that can be linearly approximated[6].
Asymptotic near optimal motion planning in dynamic
environments was progressed by Zakary et al.[7] as a
stable sparse RRT that explored only a sparse space( as
shown in figure 03 ) while exploring a sample space.
The method introduced near real time path planning for
unknown environments. The motion plan used forward
propagation with a sparse data structure to answer path
queries and generate trajectories.

U RRT is not designed to optimize for solution length or any other
distance metric.
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Figure 03: Stable sparse RRT for optimal path planning
with asymptotic near optimality[7]

Research conducted by Otte and Frazzoli [8] studied
the problem of replanning in a dynamic environment
with unpredictably changing obstacles. In this work, an
asymptotically optimal single-query algorithm was used
to solve the dynamic motion planning problem
(replanning the planned maneuver sequence after each
time that unpredictably moving obstacles change the
topology of the environment). The vast majority of
previous work, including [8], has considered problem
variants that deal with geometric changes related to
obstacles. In contrast, in the current paper we consider
replanning based on the changing gravity field model.

Based on asymptotically near-optimal approach for a
kino-dynamic motion planning problem developed for a
cost function J with finite cost J *, the probability that
the algorithm will find a solution of cost J < tJ* for
some factor > 1 converges to 1 almost surely as the
number of iterations approaches infinity.

1.1.2. Motion Planning for spacecrafts

The notion of satellite autonomy as explored by Golden
[9] states the requirement of a dexterous motion plan in
space using state-of-the-art technological readiness. In
2002, Richards et al. [10] worked on trajectory planning
using mixed-integer linear programming for satellite
maneuvering. In 2007, Dario and Lorenzo[l1]
introduced autonomous and distributed motion planning
for satellites in a swarm ecosystem by inverse dynamic
calculations for equilibrium sharing. The research
concentrated on the pre-planned formation of the
multi-agent system and did not accommodate for a
dynamic approach in state space to plan a real time path
for the satellites.

M.Pavone at Stanford University working on
algorithmic foundations for real time spacecraft motion
planning [12], studied the methodology of randomly
exploring dense trees to plan in a dynamic environment
near these small bodies. In his approach, gravitational
influence of bodies was not accommodated. This would
affect the developed trajectory, which is one of the key
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elements of consideration for our research. An approach
like this requires near-real time measurement of gravity
mapping and replanning of trajectories in order to
execute exploration, fly-bys within the vicinity of
bodies in space. With these advancements and the
curiosity to explore small bodies in space that host an
inherently dynamic environment, it has become the
need of the hour to develop path planning approaches
for spacecraft to study SSSB during in-orbit maneuvers.

2. Material and methods

The autonomous trajectories used by the spacecraft
must account for the gravitational acceleration. The
simulation environment relays the location of the
satellite, which is used to explore further nodes. The
instruments[13] and propulsion systems are assumed to
perform to the near-ideal expectations to justify
performance viability. This section illustrates the
modelling of the gravity field model, algorithm
development and the simulation environment for the
current research. A decrease in thrust is expected which
is synonymous to the motion getting more stable as the
on-board field model is refined.

2.1 Gravity field model

Equation 1 gives a generalized foundation to the
measurements used for calculating the forces exerted by
the SSSB within its sphere of influence. The field
models are generated as the potential at a particular
distance from the centre of the SSSB with the spacecraft
position in the cartesian coordinates. Earth based
measurements are considered as the initial model to the
motion plan. During actual maneuvers, the field model
is updated with real-time measurements, while
respecting the previous values. The algorithm identifies
the key frames within the field model as illustrated in
Table O1.

X Y Z Grav Acceleration
(ms*)

X, Y, Z, G,

X, Y, Z, G,

Xy Y, Zy Gy,

Table 01: Key frames for gravity field model:
gravitational acceleration at cartesian coordinate
based on the in-orbit position of the spacecraft and
associated gravitational acceleration.
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The algorithm is implemented using the Python
programming language and associated libraries
mentioned in Appendix B Table 03. The simulation
environment is modelled in Visual Python, using the
WebGL graphics library and related dependencies. The
environment hosts a small solar system body and the
exploring spacecraft. The SSSB is a static body,
rendered as a mass concentrated model (see figure 04)
and exerts the associated gravitational field. The astropy
python library engine serves as a source of universal
constants and the Sun is considered to be the center of
the simulated environment.

Figure 04: Small solar system body as a mass
concentration model

The spacecraft’s motion plan solves a single body
motion problem. The spacecraft trajectory was
visualized in visual python (Figure 05).

Orbital Frame Render
60.1 renders/s * 0.5 ms/render = 29.5 ms rendering/s

Orbital
spacecraft(orange) in the gravitational field of the
SSSB. The direction vector (grey arrow) points towards
the heading direction and the gravitational magnitude
and attraction is represented by the gravity vector

(green arrow)

Figure 05: trajectory(green path) of the

3. Problem Statement

Our research focuses on active re-planning of
spacecraft trajectory by simultaneously measuring and
mapping the gravitational forces exerted by the SSSB
on the orbiting spacecraft. In the approach, we orbit the
spacecraft within the SOI of the SSSB and perform
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gravity dependant maneuvers by respecting the updated
gravity model and planning future maneuvers.

We now formally define the problems that this
research has been designed to solve.

Problem 1. Finite time horizon planning for SSSB.
Given an SSSB with a gravity model G,, and a

configuration space C = C,,, 1 C ., and a spacecraft

with dynamics D, and a time horizon ¢, calculate a
motion plan M = <T,>..<T,> such that
M, C,  andrespects D.

free

Problem 2. Minimizing difference between on-board
gravity field model and ground truth gravity field.
Given an SSSB with a gravity model G,, and a

configuration space C = Chrec 1C and a Spacecraft

obs >
with dynamics D, and a time horizon ¢, find the path
M that we expect to best refine G,.

Problem 3. Solving simultaneous motion planning
of the spacecraft while continuously updating the
gravity field and re-planning the trajectories.
Repeatedly, solve problem 2 while simultaneously using
the difference between the spacecraft’s actual motion
from its planned motion to update the gravity model G,
3.1 Exploring Viable waypoints to develop the
trajectory

We begin by performing motion planning in the
known, but inaccurate, gravitational field model
acquired from earth-based measurements. The path is
then automatically updated to reflect the most recent
gravity field model (the gravity model itself continually
refined by measuring the forces experienced by
spacecraft). We define the configuration space (the
search space relevant to motion planning) as the
cartesian product of the environment and the spacecraft
state space.

The configuration space is denoted by C . Our goal is
to find a useful path the free space Chee. C that

maintains orbit while respecting the current gravity
model of the SSSB. A trajectory < T > is the geometric
curve followed by a spacecraft through C. A feasible
trajectory exists entirely in the free space(no collisions
occur) and satisfies the motion constraint of the
spacecraft. A finite horizon motion plan is created by
linking waypoints in C by feasible trajectories. From
an abstract graph theoretical point of view, the
waypoints and trajectories can be represented as nodes
and edges, respectively. In a receding finite time
horizon approach, the waypoints (nodes) connected to
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the motion graph are constrained to exist within a user
defined duration into the future.

The trajectory is developed over the optimal
way-points (randomly explored within the finite time
horizon) which maintain a user defined Euclidean
distance from the target body (Figure 06). While nodes
are randomly explored using a random sample base
approach, only the viable nodes that lie within

H (o0,,.,r ), are considered.

W, o

a
inactive

Ciree

Figure 06: Sparse exploration of waypoints in
configuration space where the viable waypoints are
selected to explore further and non viable waypoints are
stored in inactive space

3.2 Measuring gravitational attraction
The concept of wuniversal gravitation[16] is
mathematically expressed as

F = —G% o (1)
where,
ry = 2 (2)

Work done for the force required for a particular
displacement; gravitational potential V' at a distance r
can be written as

V() F.dr (4)

Il
Sl
88—~

using equation (1)

Vi)

L[ ot gy )

on solving the integral, we achieve,

vo= - (©6)
The gravitational influence experienced by the
spacecraft was mapped as a function of its position
within the exploring orbit, which was mostly affected
arbitrarily by the unknown attractive forces exerted by
the target body.

Page 6 of 14



71* International Astronautical Congress (IAC) — The CyberSpace Edition, 12-14 October 2020.
Copyright ©2020 by the International Astronautical Federation (IAF). All rights reserved.

3.3 Simultaneously
re-planning maneuvers

For every new measurement, the motion planner M
considers the updated field knowledge Gf to plan the
next trajectories for way-point exploration in the
configuration space C .

This involves simultaneously mapping of the gravity
field during orbital maneuvers by onboard instruments
that relay the data to the field model. This simultaneous
mapping of the gravity field and planning the next
trajectory is analogous to SLAM however it considers
the gravity field distribution around the SSSB to decide
upon the further trajectories. The planned trajectory
however should comply with the control constraints
defined in H . The motion plan is developed of a series
of trajectories that approach a stable state.

updating gravity model and

M= <T,>..<T,> ®)
Starting with a low-fidelity model, as explorations
progress, the gravity model gets more detailed.
Simultaneously, the receding horizon tends to a stable
orbital motion. Hence the motion plan should have the
capability of executing the previous maneuvers with
low level knowledge of the gravity field. It should also
consider the updated values to execute a series of
maneuvers to attain a stable orbit around the SSSB. For
every spacecraft position that the gravity is measured,
the values are updated on the on-board gravity field
model as the latest measurements performed within the

orbital maneuvers. The previous field model _Gf

measured over multiple measurements of 7 is mapped
and updated with the real-time measurements Gf.

The orbital maneuvers continue over <7 > as
explorations progress and a detailed model of the
gravity is mapped.

4. Theory and calculation

In our approach, the in-orbit maneuvers are used to
explore various state trajectories from the current state
to the next-future state, by randomly sampling the nodes
within the constraints of distance and velocity. As the
spacecraft navigates in free space, a single-body
problem is solved considering the spacecraft to be the
only moving object. With each iteration, an
optimization level is achieved which is not considered
as final. As the exploration horizon keeps shifting
forward to sample the new space, near-asymptotic
solutions are explored within the environment as the
posteriori state.

A receding horizon approach for a sampling based
motion plan is developed over sparsely expanding trees.
It realizes an iterative function over a finite horizon
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optimization  within  defined constraints while
minimizing the cost. Each exploration is performed for
a time horizon in a finite-time interval in the future
represented as [¢; £, +©¢ ]. The control algorithm
uses the topology as illustrated in Figure 08.
o Consider the initial field model to execute plan
initial trajectory
e Perform real-time measurements update on-board
gravity model
e Minimise cost function over control statements
e execute re-planned trajectory based on updated
gravity model

A sequence of valid configurations considering the
configuration space, free space, target space, obstacle
space, is planned, as illustrated in Figure 07. Anything
beyond the free space, is believed to be outside the
sphere of influence of the gravitational pull of the SSSB
and is considered as the danger space, while any space
in extreme proximity to the SSSB is the obstacle space.

SSSB
~_ Free Space
@ Target Space
@ Danger Space
Obstacle Space

Figure 07 : Motion planning spaces defined for the
scope of the research. The spacecraft is planned to
explore the gravitational forces exerted by the SSSB
and attempt to achieve a stable orbital motion in the
target space.

While maneuvering, the gravitational acceleration is
measured spatially inwards between the centre of the
spacecraft and the SSSB, assuming the SSSB to a
continuous mass distribution.

The heuristic defined in equation 9 is a constraint of the
spacecraft dynamics (D) and the distance (r) of the
spacecraft from the centre of the SSSB within the orbit
of exploration.

Hef[D,r] )
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Figure 08 : Trajectory Model Control for spacecraft maneuver and updating trajectory with
every epoch. It is modelled as an iterative process control
for receding time horizon optimization [15] .

4.1. Cost Function

The cost function in equation 10 was modeled to solve
the single body approach for the iterative exploration of
nodes while attempting to minimize J over a period of
spatial exploration. By considering the difference of the
updated gravity model as compared to that of the
reference gravity model ( ground truth model ) and the
control nodes are minimised, iteratively..

N N
J= Y w (R—x) + ¥ w, A (10)

i=1 i=1

4.2. Objective Function

The objective function is defined as a combination of
cost optimization (see equation 10) and a constraint
function (see equation 11). This is implemented as an
iterative receding horizon approach. During each
planning epoch, random sampling is used to explore the
space of trajectories within the current finite event
horizon. The best trajectory that is found within that
planning epoch is used for the next set of spacecraft
maneuvers.

The objective function for our approach takes into
account the initial point of exploration and is sparse
over multiple nodes until the goal is reached. This is
denoted as a weighted sum of all iterations over
minimizing the cost function.

A= Y wA, (11)
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The objective function defines the inter nodal distance
between two consecutive nodes of exploration,
considering the velocity (v ) of the spacecraft as -

(12)

N —
— 2 4 2
MEENETY

where v, is the velocity at initial node and vy is the

velocity at the goal node. This is penalised by a
proximity to obstacle parametric approach with a
minimum viable distance determined as

(13)

N dv,— 0. \\2
Ay = X Omin(5 )
i=

4.3. Constraint Function

The constraint function ensures the motion constraints
by realizing the obstacle space and the danger space
(see figure 06). The motion constraints enforce the
spacecraft to maneuver within the limits of the escape

velocity for the SSSB bounded between v, and v,
with control limit as :
vimin < vl < vimax (14)

and the viable distance from the SSSB is reduced as

dv <dv; —0;<0

(15)
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