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VARIOUS TRANSFER OPTIONS FROM EARTH INTO DISTANT
RETROGRADE ORBITS IN THE VICINITY OF THE MOON

Lucia Capdevila ; Davide Guzzetti *and Kathleen C. Howell T

Future applications within the Earth-Moon neighborhoatfjer a variety of mission scenar-
ios, such as NASAs Asteroid Redirect Robotic Mission (ARRMay exploit lunar Distant
Retrograde Orbits (DROs). Thus, further investigatiorransfers to and from these orbits is
useful. The current study is focused on transfer trajeatptions that employ impulsive ma-
neuvers to deliver a vehicle from Low Earth Orbit (LEO) intarious lunar DROs. The sta-
bility region surrounding specific DROs, as modeled in thetEMoon Circular Restricted
Three-Body Problem (CR3BP), may also serve to facilitagetthnsfer design process and
is explored within that context. Representative solutiares transitioned to an ephemeris
model and station keeping costs are compared.

INTRODUCTION

The recently proposed concept for NASA's Asteroid RediRalbotic Mission (ARRM) is based upon the
capture of an asteroid and the relocation of the object imtovicinity of the Moon; one initial option under
this proposal, in fact, is the insertion of the asteroid mtonar Distant Retrograde Orbit (DR®Bubsequent
manned missions might then be expected to deliver a crevetadteroid for exploration and investigation.
The asteroid redirect concept is not the sole purpose ftiduanalysis of DROs and transfer strategies from
the Earth to reach these orbits, however. Future applicatiathin the Earth-Moon neighborhood, under a
variety of mission scenarios, may exploit such DROs. Thurshér general investigations of transfers to and
from these orbits are useful.

Distant retrograde orbits are well-known trajectory typés:®:7 Such orbits have also been the focus of
a number of investigations concerning transfers. Howewest of these transfers have involved DROs about
the Earth or Jupiter's moon Europd: %1112 With the exception of two transfer trajectories from Earttoi
alunar DRO, as investigated by Ming and Shijie in 28®and a transfer from LEO into a three-dimensional
lunar DRO, as constructed by Vaquero in 2642° few transfers into lunar DROs are available in the lit-
erature. The current analysis is focused on transfer ta@jgoptions that employ impulsive maneuvers to
deliver a vehicle from Low Earth Orbit (LEO) into various RNDROs. The stability region surrounding
specific DROs, as modeled in the Earth-Moon CR3BP, may alse $e facilitate the transfer design process
and is explored within that context. Thus, this analysis imayseful in the development of future trajectory
design strategies for both manned and robotic missiondvimglunar DROSs.

CIRCULAR RESTRICTED THREE BODY PROBLEM

In this investigation, the motion of the spacecraft in thetlzdMoon environment is modeled in terms of
the CR3BP. The CR3BP equations of motion (EOMSs) can be esedess follows
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whereU is the pseudo-potential function. These equations des¢hie position of the spacecrafE =

[z,y,2]", and its velocity,V = R = [i,5,2]", in terms of components in the rotating reference frame.
The rotating reference frame is centered at the barycehteedcarth-Moon systen?3, and rotates with the
primaries. The rotating axis is directed from the Earth to the Moaghis perpendicular ta and in the plane

of the primaries, and = & x § completes the right handed triad. The rotating referermméris related to
the inertial frame through a simple rotatigh,about thet = Z axis.

The rotating frame coordinates are nondimensional bas¢deocharacteristic length,* = 384,388 km

(the distance between the Earth and the Moon), and fifes , /WJ:W) whered is the universal
gravitational constant. The pseudo-potential is denotetl @ equations ), and is computed a8 =
% (:52 + yz) + Loy ﬁ where the characteristic mass parameteis a function of the masses of the

r13

Earth,mgann, and the Moonmmoeon, such thaty = m For this investigation. = 0.012151. The
scalar quantities in the denominator; andrqg, are the distances to the spacecraft measured from the Earth
and the Moon, respectively. The CR3BP EOMs admit an integfrdde motion, that is, the Jacobi constant,
C. This constant is a function of the pseudo-potential andspeed such that’ = 2U — (i:2 +9% + 22).

The Jacobi constant proves useful in distinguishing regiafenotion in the CR3BE

DISTANT RETROGRADE ORBITS

The emergence of DROs in the literature is not recent. Ay earl1968, Broucke’s work offers evidence
of the existence of DROs in the Earth-Moon system. Brouokeraprehensive investigation onaxis sym-
metric periodic orbits in the planar Earth-Moon CR3BP mamia family of retrograde lunar orbits labeled
family “C”. Members with single loops around the Moon, aswegl in the rotating reference frame, are ob-
served as stable. Broucke also notes that family C correspnStromgren’s class “f*7 Several authors
have since contributed to the understanding of the dyndmiogerties of DROs and the surrounding neigh-
borhood in different systenis?:6:7 In Hill's limiting case of the planar restricted three-bgalypblem, these
orbits were investigated by Hénon. The 1969 publicatioiByon refers to these orbits as family & For
illustration, the family in the Earth-Moon CR3BP is plotteder a large range in Figura) The color of
each orbit indicates the Jacobi constant value, specifigtidgolorbar on the right. It is apparent that the
path of some members extends very far from the Moon, henaetine Distant Retrograde Orbits (DROSs). It
is also evident that DROs orbiting close to the Moon possigsJacobi constant values, close to the Jacobi
constant values fof; (Cr, = 3.18834) and Ly (Cr, = 3.17216), while DROs with close passes of the
Earth are characterized by much lower Jacobi constantsalue
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Figure 1. DRO properties in the Earth-Moon CR3B problem



The period of an orbit complements the geometry in termseépeed of the spacecraft along a particular
path in comparison to others; speed is also indicative osfgeific three-body system. The DRO orbital
periods in Figurel(b), are plotted as a function of Jacobi constant. DROs closéddvtoon (highC)
are characterized by very short periods, but DROs grow i @ecreasing’) as the orbital period passes
through the 1:3 and 2:3 lunar resonances, and asymptgtigafiroaches a 1:1 resonance with the Moon.
From Broucke’s 1968 report, a family of Earth retrogradeatsralso exists in the Earth-Moon planar CR3BP,
i.e., family “A;,”. As Earth DROs evolve from orbits in the close vicinity oftltarth to orbits with close
passages of the Moon, they appear as a mirrorimage of thellR@s across the line ~ 0.5. Similar to the
family of lunar DROSs, as Earth DROs approach the collisidritarith the Moon, the period of these orbits
approaches the period of the primary system. Also, notatilesi fact that not all Earth DROs are stable.

The stability of a periodic orbit reveals much informati@ncerning the behavior of the associated neigh-
boring flow, and a change in stability can signal bifurcagiarth other families of periodic orbits. As previ-
ously mentioned, lunar DROs are stable when only planaranagiconsidered. Nonetheless, several period-
multiplying bifurcations can be detected. The lowest nplittity occurs at”' = 2.95494 andC' =2 2.84913,
where a period-tripling bifurcation occurs. Hénon laletleis family as “g3"* Thus, such three-revolution
periodic orbits are denoted as period-3 DROs (P3DROs). étigtultiplicity period-multiplying bifurcations
also exist, as introduced by Markellos in 1974 in the Sunt@du@R3BP, and in 2007 by Douskos, Kalantonis
and Markellos in the Earth-Moon syste.However, when out-of-plane motion is considered, a biftioca
with a three-dimensional family is detectedatz 2.36871 < Cr, < Cr, as noted by Vaquero and Howell.
The three-dimensional family of orbits is stable, while DRfDat exist aC > 2.36871 are unstablé® 1>

Although P3DROs are only one of numerous period-multiglyfiamilies that bifurcate from the planar
DRO family, they play an important role in characterizing treighboring DRO dynamics. Given that a DRO
at a particular energy level exists, a corresponding P3DIR@exists. Some characteristics of both, P3DRO
and DRO families, at select energy levels, appear in Figudeor the sample trajectories, it is evident that
the path along the P3DRO remains loosely in the vicinity eflRO. The time along one revolution across
the family of P3DROs evolves similarly to the DRO orbital jpel; as demonstrated in Figu2éd). However,
in contrast with DROs, P3DROs are linearly unstable. Asabiistorbits, P3DROs have associated stable
and unstable manifolds, that is, flow that asymptoticallgrapches or departs the orbit, respectively. Stable
DROs, however, only possess an associated center maritfatds, flow that neither departs or approaches
the orbit. This ‘DRO stability region’ is comprised of theri@us period-multiplying families previously
mentioned as well as quasi-periodic DROs (QPDROB).fact, the P3DRO stable and unstable manifolds
bound the DRO stability region at all energy levEisdowever, the stability region is destroyed at the each
of the period-tripling bifurcations previously highlight. This phenomenon was first observed by Hénon in
Hill's problem; Markellos, then, confirmed it in the Sun-Jep CR3B problent.® Winter, in 2000, and then
Douskos, Kalantonis and Markellos, in 2007, corroboratedsame dynamical behavior in the Earth-Moon
CR3BP?7

The DRO stability region proves useful to transition restitom the CR3BP into the ephemeris model.
To better understand and visualize this region, consideetrergy level” = 2.91. The lunar DRO that
exists at this Jacobi constant value is plotted in black guFé3(a) The green path is the P3DRO, and a
QPDRO at the same energy level appears in gray. Howevee #xésts an infinity of QPDROS at this same
energy level, but, due to the high number of lunar revoligjanis not useful to visualize them in the— y
space. Instead, the dynamical structures in the regiomwsuding the DRO are more easily visualized on
a surface of section. Consider a two-sided surface of seafiong thex-axis at a specific Jacobi constant
value,C*, y = 0,C = C*. The surface associated wifft = 2.91 yields the map that appears in Figure
3(b). It is apparent that similar structures emerge for positiett) and negative (right)-velocities, that is,
on both DRO crossings of theaxis. Focusing only on the left half with > 0, the DRO is represented as a
single black dot, several QPDROs appear in gray, and the B3&ipears as three hyperbolic points on the
section. As previously mentioned, the stable (blue) andalns (red) P3DRO manifolds bound the stability
region. Furthermore, the distance between the DRO fixedt paia the P3DRO hyperbolic point that lies
on thezx-axis can be used to represent the width of the stabilityoreglf these fixed points are computed
at different energy levels, it is possible to generate algrab representation that indicates the width of the
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Figure 2. P3DRO properties in the Earth-Moon CR3BP

stability region at different Jacobi constant values. Aitéd range of information is plotted in FiguB{c)
across the DRO, period-3 and period-4 DRO families in(the C') plane. In the figureg is thexz-position

of the periodic orbit as it crosses theaxis perpendicularlyi{ = 0) with positivey-velocity (y > 0), andC'is

the orbit’'s Jacobi constant. As expected, DROs and P3DR@satt whert' =2 2.95494 andC' =2 2.84913

at the period-tripling bifurcations. The quasi-periodigion surrounding the DRO disappears at these Jacobi
constant values. The period-4 DROs originate from a pegigadrupling bifurcation with the DRO family,
atC ~ 2.99572, and exist within the stability regioh.

RESULTS

To explore the solution space and the dynamical behaviar the perspective of the three-body problem,
analysis is initially focused on the planar problem. Thusne transfer arcs from a 200-km altitude orbit
about the Earth to various DROs and the surrounding stab#igion are first investigated. A scheme to
design transfers into the DRO stability region and then atDRO is described, and sample results are
provided. Representative results are transitioned to derapris model. To investigate the impact of non-
periodic and out-of-plane perturbations, stationkeepgjs are also sampled.
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Figure 3. DRO Stability Region

Differential Corrections

To construct a transfer arc in the restricted problem, aeotions process is simple and efficient to im-
plement. Using a suitable initial guess and a multi-dimemai Newton-Raphson differential corrections
scheme, it is possible to numerically determine a trajgctioat departs a circular Earth orbit tangentially,
and arrives at am-position and velocity that matches the connecting trajgct

The differential corrections process allows adjustmertesfain variables to meet a set of specified con-
straints. The algorithm constrains departure from a caciarth orbit, and the initial transfer velocity is
required to be tangential to the Earth orbit. Upon arriva, finalx-position and velocity along the transfer
path are required to match that of the destination trajgcibthe crossing of the-axis (y = 0). To ac-
complish these requirements, the initial position alorgyHEarth circular orbit, the initial velocity along the
transfer trajectory, and the transfer time are allowed tg.va

Direct Transfers to Lunar DRO via L; Lyapunov Orbits: Lunar Near-Side Insertion

In the absence of manifold structures associated with destistination orbit, a Hohmann transfer is
commonly employed as an approximation for the computatfanteansfer trajectory from the vicinity of a
gravitating body to a stable orbit in the CR3BP. Thus, untdeding the geometnAV' cost and the Time of
Flight (TOF) associated with Hohmann transfers computateéntwo-Body Problem (2BP) is insightful as



a baseline for comparison with transfers constructed itCiR8BP.

The geometry of the Hohmann transfers can appear very eliffelepending on the reference frame used
for visualizing the trajectory. Figuré(a) demonstrates three Hohmann transfers as viewed in theainert
Earth-centered frame, where light blue, gray and pink dadihes indicate the radius distance g, the
Moon, andL-, respectively. Each of the three transfers originate fra@km altitude circular Earth orbit,
and arrive at a circular orbit with radius correspondindilbcations of_;, the Moon, and_,, respectively.
When viewed in the barycentered rotating reference frahreejrtertial ellipses appear as plotted in Figure
4(b). The AV cost for an Earth LEO departure and the TOF are summarizeshfdr transfer in Table. In
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Figure 4. Hohmann Transfers to L, the Moon, and L, in the 2BP

Table 1. Hohmann Transfers toL, the Moon, and L, in the 2BP

Destination Location Ly Moon Lo
AVy [km/s] | 3.1178| 3.134 | 3.1473
TOF [days]| 3.9117| 4.9775| 6.2591

this investigation, more accurate transfers are then ctedpusing the differential corrections process as an
initial investigation of transfers from the vicinity of thgarth into stable lunar DROs in the CR3BP.

Distant retrograde orbits, however, are only one type ofilfam the lunar region — even in the planar
problem. Numerous other families of periodic orbits ex&td are available in the literature. One such
family is the set of periodic Lyapunov orbits. Parts of theafig of DROs and thd.; Lyapunov orbits appear
together in Figurés(a) The color of each orbit indicates the associated JacolstanohvalueC. These
two planar families of periodic orbits overlap in geometsyt they occupy very different locations in the
energy space. Lyapunov orbits abduit exist at a higher energy level than DROs. However, the size of
the energy gap between the two families decreases as the exténd beyond the vicinity of the Moon. A
similar phenomenon occurs in comparisond.gfLyapunov orbits and lunar DROs. For some DROs, it is
possible to locate an adjaceht Lyapunov orbit, such that these orbits share a crossingenf:thxis, in
position, wheny > 0. For example, the DRO that exists@t= 2.91 and the adjacent; Lyapunov appear as
viewed in the rotating, barycentered reference frame inf€i§(b), where the symbols “0” and«” indicate
the initial and final state along each orbit, respectiveljneWthese orbits are viewed in the Earth-centered,
inertial reference frame, they appear as in Figh(®. Similarly, the Moon-centered, inertial view of both
orbits are plotted in Figur&(d). Note that, while these orbits are periodic in the rotatiragrfe, they are
not periodic in the inertial frame. Evident from the noniggital geometry of the DRO and Lyapunov orbit



paths in either the Earth- or Moon-centered inertial fragnties gravitational influence of the third body is
significant. Furthermore, the adjacdnt Lyapunov orbit associated with a lunar DRO can be employed to
re-direct an inbound Earth transfer to arrive at the DRO emibar side of the Moon.
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Figure 5. DRO and adjacentL; Lyapunov orbit comparison

Given a destination DRO, it is possible to deliver a transfgectory with a DRO insertion on the near-side
of the Moon via corresponding adjacdnt Lyapunov. After departure from LEO, these transfers inooafe
an insertion maneuver to shift into dn Lyapunov, whergy = 0 andy < 0 in the rotating frame. The space-
craft, then, follows the Lyapunov path for exactly half aipdr When theL; Lyapunov and DRO coincide
in position, a final maneuver is implemented to insert in® BIRO. Since the DROs in this investigation
are completely in the plane of the primaries, they are urygdentified by their maximum excursion in the
y-direction, that is, theig-amplitude as measured from theaxis. Let this quantity be denoted 4g. As A,
increases, the farther the excursion of the DRO path rel&tithe Moon. For each,, amplitude, the transfer
from LEO includes an associated departure maneuver, an L; Lyapunov insertion maneuveh Vs, and
AVj3 for DRO insertion. The geometry for such transfers inteplane as viewed in the rotating reference
frame is represented in Figudéa) where each transfer path is colored consistent with tta¢ 20t cost, and
the colorbar on the right translates color ikd” values in km/s. The time to reach tlie Lyapunov orbit,
T4, and the additional time until arrival onto the DRD, also vary as a function of the DRO amplitudg.

A trajectory path that links a LEO to thie; Lyapunov orbit, is essentially a high energy arc, comparabl
an outbound Hohmann transfer arc in the 2BP. The LEO depertst for transfers with lunar near-side DRO
insertions range between1165 < AV; < 3.1317 km/s, and the TOF to thé, Lyapunov orbit insertion
point is within the rangel.15 < 77 < 5.67 days. Higher LEO departure costs and TOFs correspond to
larger amplituded,, DROs. Therefore, both of these ranges are comparable th theand TOF ranges that
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Figure 6. Direct transfers into lunar DRO via L; Lyapunov Orbits

exist between standard Hohmann transfers tdthication, and to the Moon’s location as listed in Table
Many authors have investigated direct transfers into Iunaorbits from Earth'®1° One of the more recent
studies by Folta et al. computes direct transfers from alf@ltitude LEO intol.; Lyapunovs in the Earth-
Moon CR3BP. For a similat; Lyapunov orbit amplitude range, the insertion cost repboie Folta et al. is
approximately within 350-650 mA. In this investigation AV, decreases monotonically from 710.34 m/s,
corresponding to the smallest Lyapunov that appears in Figué€a), to 368.61 m/s for the largest orbit
in the figure. Therefore, thé; Lyapunov insertion cost in this investigation is in agreaimgith previous
results.

The transfers to the lunar near-side of the DRO also inclade=cond leg, i.e., of a half-revolution along
an L; Lyapunov orbit. In comparison to the inbound transfer aoorfiEarth,L; Lyapunov orbits are slower
dynamical structures. Therefore, it is not surprising tirat along the second leg is nearly as long as the
first arc. The time spent along the Lyapunov orbit ranges 584 to 9.40 days, as orbits grow in size. Upon
arrival at the DRO, a final maneuver is required to bridge tiqeig energy existing between the arrivihg
Lyapunov arc and the DRO. Recall from Figls@), that the energy gap between the families decreases as
orbits become larger. Thus, the magnitude of this manewpels 491.96 m/s, for the smalldst Lyapunov
and DRO in Figuré(a), and decreases monotonically to 90.94 m/s for the largbgtjmair.

The AV costs and TOFs for transfers to DROs Yia Lyapunovs are characterized by the impact of the
lunar passage. Given the relatively minor variation in thetlEdeparture cost, the total difference in th&’s
is driven by the Lyapunov and DRO insertidi’s (AV> + AV3), ranging from 1.2023 km/s to 0.4595 km/s,
decreasing monotonically as the locationdf; approaches the Moon. Similarly, total TOF is overwhelmed
by the L; Lyapunov half-period, and varies from 9.9895 to 15.018%g&ycreasing with proximity to the
Moon. Furthermore, given the mirror theorem, any trajgctothe CR3BP possesses a corresponding mirror
image that exists across theaxis in negative timé! In positive time, then, the first leg of these transfers
and their mirror image form one continuous cislunar frelesretrajectory similar to those by Folta et.2l.

Direct Transfers to Lunar DRO: Lunar Far-Side Insertion

An alternative to transfers with DRO insertion on the nede-®f the Moon, transfers to the lunar far-side
insert directly into the DRO. These transfers only requive tmaneuvers, one to depart the LEO, and one
to insert into the DRO. Representative far-side arrivalseap in Figure/(a)in the zy plane in the rotating
reference frame. The colorbar on the right indicates thed tdi” associated with each color. It is apparent
that the totalAV' cost decreases with increasing DRO size. The far-sidefaensonsist of a high energy
arc that delivers the spacecraft from LEO to the DRO far-sidéance, again comparable to a Hohmann
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Figure 7. Direct transfers into lunar DRO with far-side insertion

transfer in the 2BP. For the altitude range correspondiriggdROs far-side insertions, the LEO departure
cost along the Hohmann arc is in the range 3.1428 - 3.1728 kwhésre the higher cost corresponds to the
highest altitude. Transfers to the far-side in the CR3BPadejbe vicinity of the Earth after a maneuver
with magnitude within3.1451 < AV, < 3.1734 km/s, confirming the similarity with 2BP Hohmann Earth
departure costs. The Hohmann transfer TOF increases fromté.11.14 days, as the destination altitude
grows. Much like the Hohmann TOF, CR3BP transfers with IUfaasside insertions exhibit monotonically
increasing flight times, i.e5.19 < TOF < 10.90 days. Thus, neither the Earth departure cost, or the TOF
are surprising results.

The DRO insertion cost for transfers from the vicinity of tharth to the lunar far-side reflects the energy
required to bridge the gap in Jacobi constant between theuimi transfer arc and the destination DRO.
The DRO insertion costA Vs, ranges from a minimum of 310.52 m/s, for the largest orbiEigure 7(a)
to a maximum of 611.75 m/s. This maximum, however, does notioat the smallest DRO. In fact, the
maximum insertion cost occurs for a DRO whasaxis crossings are loosely in the neighborhood paind
Lo, which is, roughly, also the vicinity of the Moon’s sphereinfluence. Similar to transfers from Earth
to L, orbits, transfers to orbits abodit, have also been investigated by many autf&ré. A recent study
by Folta et al. includes direct transfers from a 200-km wdtét circular Earth orbit td.o Lyapunov orbits.
The Lyapunov insertion maneuvers range from 650 m/s to 985h€omparing the DRO insertion cost to
that associated with, Lyapunovs, it is apparent that Lyapunovs are more expensive in terms of insertion
sincels Lyapunovs exist at lower energies than DROs and, theredaigt, at a further distance in the energy
space from the high-energy inbound transfer arc.

Given transfers with both lunar near- and far-side DRO ith@es, it is apparent that each transfer type
possesses advantages and disadvantages. While transfePRRO insertions on the lunar far-side are faster
than transfers with lunar near-side insertion, transfethé near-side require less propellant than transfers to
the far-side for certain DRO amplitudes. Similar to transf® the lunar near-side, transfers to the far-side
are approximately half of a translunar free-return transfensistent with Folta et. 3.

Transfers to Lunar DRO with Close Lunar Flyby

Exploiting the Adaptive Trajectory Design (ATD) softwaraqkage?® transfers to DROs with lunar far-
side insertions can also be used in combination with a lunaicdor an initial transfer design to a DRO that
incorporates a lunar flyby, similar to the transfer types@squl in Muirhead, as well as Stidt? Also using
ATD, the initial design can be corrected for continuity insgiamn and velocity everywhere along the path
with the exception of the expected maneuver locations: tieatunar flyby AV;), and at DRO insertion
(AV3). Finally, a continuation process in terms of maximum tasl (= AV; + AVs) within the ATD



environment, yields a transfer with a significant reducfiothe total maneuveAV. Note that theAl” at
departure from LEO is not included in the following discassbecause it does not differ significantly from
the values already mentioned.

For example, consider the design of a transfer with a lunbyftg reach the DRO that exists@t= 2.91,
with a period approximately of 16.44 days. The vehicle isvéeéd to the lunar vicinity along a direct
transfer path with a lunar far-side insertion into the sestIDRO in Figuré/(a) A lunar conic then delivers
the spacecraft to the DRO &t = 2.91. After this design is corrected for continuity in positiomdavelocity,
excluding the maneuver locations, the resulting trangdpears in Figur8(a), where the maneuver locations
are denoted by the red™ symbol. Continuation to reduce the totaAlV yields the final design in Figure
8(b). The final design requirés; = 5.08 days to reach the lunar vicinity. Near the Moom\&; = 151.021
m/s maneuver is executed. An additioffal= 7.75 days are required to reach the DRO insertion location,
where a final maneuver adkV, = 68.9662 m/s is required. The totahl = 219.9872 m/s, and the total
transfer time is 12.83 days. In comparison to the directstiearwith insertion on the lunar far-side for the
same DRO, i.e.' = 2.91, the transfer that incorporates a lunar flyby requires 7 d&#% longer to reach
the destination DRO. However, including a lunar flyby redutte totalAV by 387.1728 m/s. Other DROs
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€ €
= =
> >
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(a) Initial design corrected for position and velocity dooity (b) Final design with reduced tota\V/

Figure 8. Transfer into lunar DRO at C' = 2.91 with lunar flyby

are also available after a lunar encounter. Using a similacgss, it is possible to design a transfer with a
lunar flyby to a larger DRO, for example, one characterized Bgcobi constant value 6f = 2.75365 and

a 25.4973-day period. The final transfer design for the ladgstination DRO appears in Figuge This
transfer delivers the spacecraft to the lunar vicinitylin= 4.14 days. The maneuver executed near the
Moon isAV; = 147.1516 m/s in magnitude. Aftefy = 17.19 days, aAV, = 72.8481 m/s DRO insertion
maneuver is required. Thus, the tofal” (219.9997 m/s) for the transfer with a lunar flyby (to a DROhwit
a largerA, amplitude) is 264.2503 m/s cheaper than the transfer thizedethe spacecraft directly to the
DRO on the lunar far-side, but the total transfer time (29488ays) is 12.83 days slower. It is apparent that
close lunar flybys can redua®V requirements, as expected. From a broader perspecti@porating a
lunar encounter en route to a DRO is straightforward andlgl@ads opportunities to reach a variety of DRO
destinations.

Direct Transfers to Lunar DRO Stability Region: Lunar Far-S ide Insertion

Recall that, with the exception of two energy levels, DROsagally are surrounded by a region of stability.
Similar to transfers from LEO to various periodic orbitgsitalso possible to construct transfers to QPDROs
by requiring that the finat-position and the velocity along the transfer arc simplyates the state within
the stability region as defined by the manifolds of the urist®&3DRO at a particular energy level. For
example, recall the QPDRO plotted in Figu8é) that exists al’ = 2.91. The transfer to this QPDRO
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Figure 9. Transfer into 25.4973-day period lunar DRO (C = 2.75365)

from LEO has a departurAV; = 3.1503 km/s, consistent with the departure cost associated w2 BP
Hohmann transfer td., as listed in Tabld.. After a transfer time of’ = 5.9849 days, the QPDRO insertion
maneuver isAV; = 586.5 m/s, yielding a totalAV of 3.7368 km/s. The transfer path is plotted in Figure
10in dark purple, and the QPDRO is gray as viewed in tlyeplane in the rotating reference frame. In
comparison, the transfer directly to the DRO at this eneggglirequires a slightly higher insertion maneuver,

AV, = 602.0297 m/s, and a longer transfer timé,= 6.36 days. Certainly, transfers to QPDROs appear to
be an interesting alternative.
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Figure 10. Transferto QPDRO atC = 2.91

Despite constraining the QPDRO energy level to one valudtamdhsertion location to the lunar far-side,
transfers to a particular QPDRO still offer an infinite véyief insertion locations, each corresponding to a
differentz-position and velocity within the stability region. Moresy an infinite number of QPDROs exist
at a particular energy level. Of course, thé” cost and TOF vary for transfers to different locations withi
the stability region at a particular energy level. For exempiguresl1(a)}11(b)highlight the DRO stability
region captured ag = 0 andC = 2.91 and outlined in black by the P3DRO manifolds at this energglle
The DRO at this energy level appears as a black dot at therceihtke stability region. Unsurprisingly,
given that transfers to QPDROs are similar to Hohmann ahes,LEO departure cost increases, almost
exclusively, with increasing QPDRO insertion locationrajdhez-axis. However, the overall variation in
departure cost3.1495 < AV; < 3.1547 km/s, is relatively small; the variation in the insertionmeaver,
579.2455 < AV, < 620.2080 m/s, is apparent in FigurEl(a) The range in transfer TOF,86 < 7' < 7.23
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Figure 11. Direct Transfers into DRO stability region, C' = 2.91

days, is easily appreciated from Figut&(b) Transfers with negative arrival-velocity “overshoot” the
final location to achieve the final condition, and therefaguire more time to reach the QPDRO insertion
location than transfers with positive arrivedvelocity. Therefore, certain locations within the qupsiiodic
region are associated with faster and cheaper transfere gidbility region, than the single DRO at the same
energy level. Targeting the stability region in nearly eqlént to targeting the DRO. The QPDRO may offer
advantages when transitioning to higher fidelity models.

The DRO stability region can also be employed as an interateditep to deliver the spacecraft from
LEO to a lunar near-side DRO insertion. For example, thestearto the DRO at” = 2.91 in Figure12
is constructed by combining a transfer to a QPDRO (at a loa@eoldi constant than the destination DRO),
a specified number of lunar revolutions along the QPDRO, alutha near-side DRO insertion maneuver.
For this transfer the total V' is marginally less costly than the direct transfer with aalufar-side DRO
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Earth

x [km] % 10°

Figure 12. Transfer to DRO via QPDRO

insertion for the same destination DRO. The sample transfdre QPDRO was constructed to exploit the
DRO stability region at different energy levels to reduanianeuver cost. Therefore, TOF is not particularly
meaningful in this type of transfer because the QPDRO igefvcation can always be adjusted to meet a
specific TOF requirement.

In the presence of perturbations in higher fidelity modelR(3 appear as QPDROs. Therefore, trans-
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fers to DROs are essentially transfers to QPDROs. Henaesfees to QPDROs can be very useful when
transitioning solutions to a higher-fidelity ephemeris relod

Transfers to Lunar DROs in the Ephemeris Model

To validate the characteristics of the transfer trajeegrsample transfers are transitioned into a higher-
fidelity model and, in fact, generally retain their geomgetmaneuver costs and TOF. This evaluation is
achieved using the ATD softwafé. First, the transfer trajectory, as well as several revohgiof the des-
tination DRO are discretized into numerous arcs, represesd position and velocity states, and saved in a
suitable format to interface with ATD. These states are thgrorted and, within the ATD environment, cor-
rected for continuity in position and velocity (except atmaaver locations) in an ephemeris model. Before
the corrections process is applied, however, several mptee specified:

1. Ephemeris epoch: The ephemeris date corresponding fogheiscretized state must be specified. In
this investigation, the first discretized state is locatiediegarture from LEO, and each sample transfer
is converged in the ephemeris model for epochs correspgndithe first day of every month in the
calendar year 2021. Furthermore, the departure epoch sreamed at the desired date throughout the
corrections process.

2. Central and perturbing bodies: The central and pertgrbadies are selected to characterize the equa-
tions of motion to propagate the imported states. Here, dréhks specified as the central body, and
the Sun and Moon are included as perturbing bodies.

3. Reference CR3BP: The reference CR3BP system is spedifiedefving and output purposes. The
Earth-Moon CR3BP is selected in the current analysis.

4. Apse, altitude, and inclination constraints: Specifiatest may be required to remain at a specified alti-
tude, to occur at an apse corresponding to a specific griavitdtody, or to possess some inclination
with respect to a specific central body’s equator throughioeitcorrections process. For the transfer
paths here, the first state is constrained to be a 200-kmdstjterigee, at 2825nclination with respect
to the Earth’s equatorial plane.

5. Maneuver locations: The ATD differential correction®@ess adjusts the states to produce a path
continuous in position and velocity, except at locationgmmaneuvers are allowed. These maneuver
locations are specified before the corrections processpkeap Direct transfers with lunar far-side
insertions incorporate one maneuver at the DRO insertioation, while direct transfers via aby
Lyapunov orbit with a lunar near-side DRO insertion inclumiee maneuver at the Lyapunov orbit
insertion point, and one at the DRO insertion point.

In ATD, all trajectories converged in the ephemeris model dewed in the reference CR3BP rotating,
barycentered frame. Thus, unless otherwise stated, alisison related to results obtained in the ephemeris
model in this investigation are reported with respect toréference Earth-Moon CR3BP rotating, barycen-
tered frame.

Two transfers to the DRO that exists @ = 2.91 in the Earth-Moon CR3BP system are selected for
transition to the ephemeris model incorporating the Surthezand Moon gravitational fields. The first path is
directly targeted to the lunar far-side of the DRO for ingartwhile the second arrives at the near-side of the
Moon, initially inserts into arl,; Lyapunov orbit and, after a half-period along the Lyapuriorgaches the
DRO. Projections onto they, zz, yz planes, as well as a three-dimensional view of these tresafe plotted
in Figures13(a)and13(b) respectively, as they appear (after convergence) in therapris model, and as
viewed in the rotating, barycentered Earth-Moon frame fpatture epoch January 01, 2021, O hours. The
“x" symbol denotes the maneuver points. For different depadpochs, solutions similar to that for January
01, 2021, 0 hours can also be computed in the ephemeris modkis investigation, solutions for departure
epochs on the first day of every month throughout the caleyekar 2021 are calculated. The magnitude of
each maneuver, as well as the TOF (first approach to the legam) are summarized in Figuré4-15as a
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Figure 13. Transfers to DRO (CR3BPC = 2.91) converged in the ephemeris model
for departure epoch of January 01, 2021, 0 hours as viewed irhe rotating, barycen-
tered Earth-Moon frame.

function of the corresponding ephemeris date. The blackesiindicate the value for the quantity associated
with the ephemeris model solution, and the flat blue linesliadt the values that characterize the initial
guess from the planar CR3BP.

The variations in the results are clearly influenced by thpaot of the perturbing bodies on the initial
guess as the trajectory is corrected for continuity in tHeeeperis model corresponding to different epochs
in 2021. As a demonstration of the impact, and for predicfarposes, consider the distance between the
Earth and the Moon in 2021 plotted in the top plot in Figliteand the inclination of the Moon’s orbit with
respect to Earth’s equatorial plane plotted in the bottoat pf the same figure. The daily values appear
in black. The values at each departure date are highlightgdeen, while the values at the arrival time in
the lunar region are highlighted in red for the far-side itisa case, and in purple for the near-side insertion
transfers. For transfers to the near-side, recall that ddi&ianal maneuver is required to insert into the DRO.
The values corresponding to this maneuver are highligintédht blue. Clearly, the Earth-to-Moon distance
at departure influences the magnitude of the departure nmanéul’; (which is also naturally influenced by
the solar position). The farther the Earth-to-Moon distaribe larger the departure maneuver is, consistent
with any Hohmann transfer. Similarly, the transfer timer@ases as the distance between the Earth and the
Moon at the departure epoch increases. For the transfeetltiar far-side, the DRO insertion maneuver
decreases with increasing distance between the Earth amdadbn at arrival. For different departure epochs
in the ephemeris model, the transfer insertion locatioftshicross the width of the DRO stability region.
When the Moon is closest to the Earth, so is the stabilityargdictating that the initial guess from the
CR3BP is shifted to the outer-most part of the stability oegi Therefore, the converged solution yields a
transfer path that inserts into the most expensive parteftthbility region, as previously noted in Figure
11(a) Conversely, when the Moon is farthest from the Earth, th&BmRinitial guess yields a trajectory
in the ephemeris model with an insertion to the inner-maowd, lass expensive, part of the stability region.
Furthermore, the distance and orientation of the Sun wipeet to the Earth-Moon system is also influential.

DRO Stationkeeping

Given that a potential application for distant retrogradats in the Earth-Moon system is future manned
missions to lunar DROs, an assessment of the stationkeéplidgcosts associated with maintaining such
orbits is useful. For this initial consideration of stati@eping, the investigation refers to the model in the
CR3BP. The long-term SK strategy described by Pavlak is epepl for a preliminary consideration of DRO
maintenancé* Such a scheme is particularly useful in dynamically sersitegimes. Given a trajectory
that is continuous in position and velocity in a particulasdal, this SK scheme uses a multiple-shooting
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Figure 14. Variation in maneuver size and TOF throughout yea 2021 for transfer to
DRO (CR3BP C = 2.91) with lunar far-side insertion in ephemeris model.

algorithm combined with a sequential quadratic progranditgct optimization routine to compute each
SK maneuver that is required to maintain the given trajgctorthe presence of navigation/modeling and
maneuver execution errors. First, the SK keeping costcided with periodic orbits across the planar DRO
family are computed for a baseline error level. The DR@'at 2.91 is a representative orbit for the SK
analysis, one that is beyond the Earth-Moon libration ming., beyond the Hill region. Thus, the SK costs
are expected to be relatively smooth. Three additionalatesn compare the SK cost associated with the
DRO that exists af’ = 2.91 to:

1. DROs in 1:3 and 2:3 resonance with the Moon
2. AQPDRO atC = 2.91

3. An adjacent.; Lyapunov orbit

Each scenario considers higher error levels in comparisdhd baseline set that is employed across the
planar DRO family.

An initial exploration of SK across the family offers contexn the computation of SK costs associated
with select members of the planar DRO family, navigationdeling errors are simulated as random, and
normally distributed with 1z statistics equal to 1 km in position and 1 cm/s in velocity.d&idnally, after
each SK maneuver is computed, @ Inaneuver execution error of 1% (in magnitude only) is apghli
this analysis, each periodic orbit is maintained over 12opks; with maneuvers at each crossing of ihe
plane in the rotating frame. The final crossing is constidittematch the original trajectory in theand
z-position. Then, the total SK\V cost associated with the maintenance of each orbit is thatiregs mean
of 500 Monte Carlo trials, extrapolated for 1 year of maimtece operations. When applied to the family of
lunar DROs in the Earth-Moon CR3BP model, the costs in Fidirare obtained. Recall the range of DRO
orbital periods in Figurd(b). The three DROs plotted in dashed black lines in Figiifare periodic orbits
in the planar DRO family that bifurcate to other families. eTémallest and intermediate amplitude DROs
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Figure 15. Variation in maneuver size and TOF throughout yea 2021 for transfer
to DRO (CR3BP C = 2.91) with lunar near-side insertion in ephemeris model.

plotted in dashed black lines are in 1:3 and 2:3 resonandbstiné Moon, respectively, and are bifurcating
orbits with the planar family of P3DROs. The largest DRO islied black is the out-of-plane bifurcation
orbit, a member of both the planar and three-dimensionallizsyof DROs as described by Vaquero and
Howell 1*1° The range for SK costs in these DROs, i.e., 0-14 m/s, tota fame year maintenance strategy,
is reasonably low when compared to other orbits in the luegion. For example, given a comparable error
framework,; and L, Lyapunov, halo and quasi-halo orbits possess SK costs ipproximate range of 0-
35 m/s. Similar to the.; and L, orbit families, DRO SK costs increase as stability decre&sm particular,
there are specific regions where SK costs are noticeablehilan those throughout the rest of the family.
These regions coincide with the 1:3, 2:3 and out-of-plafgtations. Also, as expected, higher SK costs
are associated with unstable DROs than those that are stable

Given a variety of potential applications for lunar DROs, &iéts are investigated in the presence of larger
navigation/modeling and maneuver execution errors. Thigaton/modeling errors considered for the first
two scenarios are summarized in TaBle Three examples are explored. In each sample, results dor th

Table 2. High error levels

Multiplication Factor

Position Error [km]

Velocity Error [cm/s]

x1 1 1
x 10 10 10
x 100 100 100

representative DRO are compared to other notable orbitseasioned previously. In the first scenario, the
SK costs for a DRO with a 16.4421-day orbital periéd-£ 2.91) is compared to each of the planar DROs in
resonance with the Moon. The SK costs are computed for tlee #ror levels as described in TaBleThe

results, summarized in Figuls, reveal that for % 1” and “x 10" error levels, the orbits in resonance with
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with respect to the Earth’s equatorial plane (bottom plot) throughout year 2021

the Moon require higher SK costs for maintenance, than therasonant orbit. However, at the highest error
level “x 100", perhaps exceeding the linear range, the SK costs are manpetitive.

The second scenario compares SK costs for the same re@isemRO as emphasized in scenario 1,
and the QPDRO plotted in black in Figut&(a)at the same energy levél;, = 2.91. For each Monte Carlo
simulation, the final QPDRO crossing of theaxis is constrained to remain within2, 500 km in thez andz
directions relative to the initial state. The resulting G including the maintenance maneuvers, is plotted
in blue in Figurel9(a) and the red ¥” symbol denotes the SK maneuver locations. It is apparerut et
surprising, that the QPDRO shifts to the boundary of the waimgs inx as the corrections and optimization
process is applied. The SK costs for both orbits are sumethiiz Figurel9(b) Clearly, a lower SK cost
is associated with maintaining the QPDRO rather than the @Rall three error levels considered in this
investigation. For the QPDRO, the looser constraints onctagis crossing is beneficial. However, more
investigation is required for the Monte Carlo simulatiomee < 10% of the trials did not converge for the
higher error level %100".

The third scenario compares SK costs for the DRO and Lyaponaivin Figure5(b). Due to the close
lunar passage present in the rather large Lyapunov orlidt,ntlotion is difficult to maintain. Moreover,
a significant % of the Monte Carlo simulations may not coneefghumerous Lyapunov revolutions are
required, and/or a high maneuver execution % error is agpliderefore, to obtair 99.99 % converged
trials, only 3 Lyapunov revolutions are required, and orflg &f the maneuver magnitude execution error
is applied. However, the DRO is still maintained for 12 rexmns, and a 2% maneuver execution error is
applied. The resulting SK costs for the DRO and Lyapunovt@id compared in Figur20. Although this
scenario considers significantly smaller error levelss vident that the Lyapunov orbit requires SK costs
that increase at a higher rate than that required to maititaiDRO. However, recall that this representative
DRO remains beyond the Hill region. The relatively large pyaov orbit does enter the region between the
Moon andL; the perturbations are significantly influenced by the hedéi close lunar pass.

CONCLUDING REMARKS

Through this investigation, DRO characteristics such alsilty, period, and properties of the surrounding
stability region were found insightful in the analysis of 8#sts associated with maintaining motion along a
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Figure 17. Earth-Moon SK costs in CR3BP across the DRO family
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Figure 18. Scenario 1: DRO SK in CR3BP in the presence of highreor levels

DRO, and the behavior in the ephemeris model. The differanster strategies explored provide a baseline
understanding of the costs and TOFs associated with thendga®f traveling to DROs and the surrounding
stability region from Earth. Several transfer options wiaidentified, including direct transfers with lunar
near- and far-side DRO insertion, as well as transfers irR®ROs. In particular, transfers into QPDROs
facilitate the understanding of solution characteristib&n transitioned to an ephemeris model. This inves-
tigation also revealed relatively low SK costs associatéti WROs, with isolated exceptions that can be
predicted from the stability information available for DR@om the CR3BP analysis. These preliminary
results suggest future directions for additional work. fSunwestigations are ongoing.
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