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Tutorial Introduction

Abstract

This task aims to develop an approach for designing low-
thrust transfers to low-energy lunar orbits with south pole
coverage. The approach will use invariant manifolds to
improve the quality of the solutions and the speed at
which they are produced. Invariant manifolds are groups
of ballistic trajectories that travel to and from low-energy
orbits. Solving for minimum-fuel low-thrust trajectories can
often reveal optimal terminal coast arcs. Therefore, by
exploiting the knowledge of known coast solutions to a
desired target orbit, we can reduce the necessary
optimization while guaranteeing the coast arcs satisfy
mission parameters. This effort aims to expand the
methods and expertise contained at JPL related to
designing low thrust missions in highly perturbed
gravitational environments such as, but not limited to,
cislunar space. This will put JPL in a beneficial position
when missions of this type are necessary in the near
future.
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Problem Description

a) Context (Why this problem and why now)

. Low-thrust missions attractive for greater sciencereturnwithless propellant,and are proven (e.g. Dawn)

. Low-thrusttrajectory optimization non-trivial, es pecially in highly perturbed gravitational environments such as cislunar s pace.
. Such environments enable low energy trajectories

. Can leverage ballisticlow-energytrajectories to reduce optimization complexity

b) Relevance to NASA and JPL (Impact on current or future programs)

. NASA has plans for human exploration of Lunar south pole
. Supporting missions opportunities likely, such as surface imaging and cargo delivery to Lunar Gateway
. Examining low-thrusttransfers through cislunarspace to Lunar orbits with south pole coverageis anarea that willexpand JPL’s capabilities of

low-thrust mission design and produce opportunities for the Lab in the nearfuture.

. Low energy orbits are becoming more common as targets orbits for space exploration, andas such, JPLstands to benefit from having yet another
approach to efficient mission design usingthese orbits.
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Quasi-periodic

Methodology

a) Formulation, theory or experiment description

* Targetorbit:9:2 Southern Lunar L, NRHO (south pole coverage, low energy, NASA
Gateway selected)

z(pu)

9:2NRHO
Emean 2025

Moon
+ Near-ApoTarget States

" Inertial

¢ Initial orbit: super-GTO (GTO common for rideshare missions, | ow-thrust can
enable cislunartransfers from GTO)

* Compute NRHO stable pseudo-manifold in high fidelity model for year 2025
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* ldentify promising candidate stable manifold perigee states for each month

* Basedontime of flight, eclipse duration, argument of perigee, perigee

radius. Pseudo-manifoldsin Pseudo-manifold

¢ Show proposed method works for one candidate NRHO insertiondatein 2025

inertial frame perigee analysis

Stable Manifold Analogues (Earth Mean Equator J2000) TOF (Days)
Epoch: 2025 JAN 02 20:02:28.677

¢ Apply proposed method to find minimum fuel solutionfor each monthof2025

b) Innovation, advancement

* Replaceterminal coastarcs with known manifolds

* Indirectlow-thrust optimization in n-body model, subject to eclipse constraints via
homotopy methods to introduce model complexities smoothly
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Results

a) Accomplishments versus goals
. Computed NRHO stable pseudo-manifold perigee states foryear2025

. Candidate stable manifold perigee states selected for each month in 2025 from large set
of solutions

. Applied indirect optimizationand composite smoothing control for each step insolution
process for sGTO->manifold perigee

. Applied homotopy methods to gradually introduce eclipses and n-body perturbationsin

dynamical model
. Method proven by finding solutions foreachmonth in2025

b) Significance

. Proposed method shownto have valid applications

o Specific applicationis a currentarea of interest by NASA

. Alternate approachto trade space exploration in potential other applications using low-
thrust, low-energy trajectories
. Avoid unnecessary optimization in large searches
. Optimize onlypartof thetrajectory, and guarantee requirements satisfaction by

manifold coastarcs

c) Next steps
. Identify mission concepts that can benefit from this method of optimization
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