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INITIAL CONSIDERATIONS FOR NAVIGATION AND FLIGHT
DYNAMICS OF A CREWED NEAR-EARTH OBJECT MISSION

Dr. Greg N. Holt Joel Getchius! and William H. Tracy!

A crewed mission to a Near-Earth Object (NEO) was recentiniified as a
NASA Space Policy goal and priority. In support of this gaaktudy was con-
ducted to identify the initial considerations for perfongithe navigation and flight
dynamics tasks of this mission class. Although missions RE® are not new,
the unique factors involved in human spaceflight presenteriges that warrant
special examination. During the cruise phase of the missioa of the most chal-
lenging factors is the noisy acceleration environment cased with a crewed
vehicle. Additionally, the presence of a human crew netates a timely return
trip, which may need to be expedited in an emergency sitaatioere the mis-
sion is aborted. Tracking, navigation, and targeting tesarle shown for sample
human-class trajectories to NEOs. Additionally, the berwdfin-situ navigation
beacons on robotic precursor missions is presented. Thisioni class will re-
quire a longer duration flight than Apollo and, unlike praxdchuman missions,
there will likely be limited communication and tracking deaility. This will ne-
cessitate the use of more onboard navigation and targetipgbdities. Finally,
the rendezvous and proximity operations near an asterdidhevunlike anything
previously attempted in a crewed spaceflight. The unknovewigtional envi-
ronment and physical surface properties of the NEO may ctutseendezvous
to behave differently than expected. Symbiosis of the hupikr and onboard
navigation/targeting are presented which give additioobilistness to unforeseen
perturbations.

INTRODUCTION

A crewed mission to a Near-Earth Object (NEO) was recently identified aSANspace Policy
goal and priority. In support of this goal, a study was conducted to igahefinitial considerations
for performing the navigation and flight dynamics tasks of this mission claskileVd crewed
mission presents unique challenges, previous studies have addrersea ghallenges of the NEO
mission class. Various methods have been suggested for characterziingetiular gravity field
around a NEO, including interior solid spherical harmoriddethods have also been proposed for
flexible trajectory design for beyond-Low Earth Orbit (LEO) missions gigirtwo-level targeting
schemé. Several robotic missions have done extraordinary work around Nfe®sxample the
NEAR-Shoemaker mission to the asteroid Etdghe NEAR mission to Eros culminated in a “soft”
touchdown on the surface of the asteroid using an open-loop guidartbedfieThere have even
been preliminary ideas of how one could use conceptual space cagstéens to visit NEOS.
Several studies have been conducted to identify candidate NEOs fonhexpboration based on
geometry, composition, and orbital characteristics. Figure 1 shows diseletthese NEO orbits.
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Figure 1. Several Near-Earth Objects could be candidates fdauman exploration

NOISY ACCELERATION ENVIRONMENT

One of more of the unigue aspects for Guidance, Navigation, and C¢@hefC) in human
spacecratft is the increase in non-conservative forces comparetdtar counterparts. In addition
to thermal control systems, human spacecraft require systems for idigmdsvaste material and
life support (such as atmospheric conditioning). Many of these systequsegeriodic venting of
material out of the spacecraft. Additionally, coupled attitude jet firings to minirmaeslational
accelerations may not always be possible due to concerns over fuglroption. Finally, crew
activity within the spacecraft has also been theorized to have unintendedguences for GN&C
systems, ranging from an increased uncertainty in the location of the a#ntesiss to induced
rotation motion from activities such as exercise.

Given that the magnitude of a rotational or translational perturbation om@esmft from any
single instance of these events is small, one may be tempted to ignore such impghetdesign
of the GN&C system. However, the aggregate effects of long-term ventimgudtiple venting
operations may have a significant impact to the performance of the GN&QsySie illustrate,
consider Figure 2, which maps the change of entry flight path adgj¢ due to a 1.78:/s change
in spacecraft velocity along a lunar return trajectory for an Orion-cpasecraft.

Also note that the curve in Figure 2 should scale linearly witii. Thus, this curve demonstrates
a high sensitivity of entry flight path angle to small perturbations when fayawm the Earth.
Worse, attempting to correct such a perturbation later in the trajectory resaltael consumption
penalty if the same change in flight path angle is needed. Considering ibatWas designing to
an entry fight path corridor on the order of 9dr less® the impacts of small vent forces can no
longer be considered insignificant.
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Figure 2. Entry Flight Path Angle (+y) Sensitivity to 1.73 m/sAV

Besides their contribution to trajectory perturbations, these small ver@d@also have an impact
on the quality of the navigation solution available to the spacecraft. Condlgptmare sensor
measurements are required when the knowledge of dynamics is poorefdieerin a period of
substantial venting operations, a baseline navigation plan (in terms okfiegwf measurements)
may be insufficient to mitigate the impacts of small force venting. Thus, if uncibedr, small vent
forces could impact navigation operations as well as cost (especiallyr@dsed ground tracking
or other assets are utilized). Furthermore, independent studies ¢eddycvarious NASA centers
during the Orion program confirmed that given a robust navigatioritaathre (in this case radio-
metric tracking utilizing 6 - 9 Earth-based ground stations), these smallsfoveee the dominant
sources of navigation errofs.

Finally, the ability to generate quick turn-around (otherwise known asrtsrg”) navigation
solutions during periods of venting may be hindered or completely eliminatedh §hort arc
solutions have historically been important in assessing translational mampsrf@mance, during
rendezvous operations, and contingency operations. Generatitity gtate estimates with few
measurements and poor knowledge of dynamics is a navigation analysteshufore.

For NEO missions, several mitigation techniques may be possible in order¢a kbgsimpact of
small vent forces on the GN&C system. First, it is highly recommended that ti&G3dé¢signers
of such a spacecraft engage early and often with operations teamsthrehwironment/life sup-
port designers. Such engagements will allow for the negotiation of itemsasualger tank sizes to
minimize the number of vents required and/or the ability to design venting operagiogsur out-
side of GN&C sensitive timeframes (for example, periods where high acguevigation solutions
are required). Additionally, the GN&C engineers may be able to negotiate gedeisigns such as
the use of “T” nozzles which induce substantially lower rotational or tréioslal perturbation on
the spacecraft. Another little-explored option is integrating the venting bpesainto either the
rotational or translational control system. However, this may be an ovenhplex solution with a
relatively small benefit.



The navigation system has some additional unique options that may be cedsidrst, and
most obvious, is to increase the fidelity of the inertial measurement unit. Howi#Ns may sub-
stantially increase system costs with minimal improvement. Sensor alignmentifimoegrtend to
mask the actual events they are attempting to measure. Additionally, due to the ¢pviude of
these vents, the detection threshold may be above all but the most sensiisve u

Second, ensuring the navigation architecture is sufficient to handleventifiorces can be done
by adding robustness in sensor availability. For on-board sensorgdlyisot be much of problem,
but when considering ground-based tracking it becomes paramoursetsAsiust be scheduled
properly and available for quick call-up to ensure that quality and timely solsitan be generated
in the presence of weak knowledge of the dynamic environment.

Finally, there is historical precedent in both the Apollo and Shuttle progranifudge factors”
in the navigation solution and trajectory prediction capabilities. These haerally manifested
themselves as additional solve-for terms in the downtrack velocity or aatielebias to improve
the estimate of the state. During the Apollo program, these biases were utilizeghirohbit where
lunar gravity field uncertainty introduced a large amount of navigation rteiogy. Biases were
solved-for as a function of lunar ground track and were repeategheajover the same lunar-fixed
location. In the Shuttle program, downtrack acceleration biases weredsiolvas a function of
attitude and altitude. Theses biases have been shown successful in mitiigatangss-coupling of
attitude thruster firings into translational perturbations.

ROBOTIC PRECURSOR MISSIONS

With so little known about general NEO composition and structure, planningna@damission
to a NEO will require specific and credible intelligence about the NEO ernwieont before making
the attempt. Since every NEO is different in terms of shape, size, and grawffigient care should
be taken to understand the specific environment of the NEO that is ultimatedgrcho visit. In
addition to knowledge gained about the environment of the NEO, identificatiendmarks, and
the placement of navigational aids and a structural anchor at the NEfBeananned spacecraft
will be required. Landmarks will provide precise NEO orientation whenrugpacecraft return
so a controlled descent can be initiated. Since any manned mission to a NE@pahdion a
high precision approach, navigational aids that provide range aneéoinig will be critical pieces
of information to the crew. Without the navigation hardware, surface cortauld be made at
an arbitrary and perhaps precarious location with little information availablestorgw other than
altitude. With such a weak gravitational field at the NEO, an anchor or dgt&mget will need to be
in place so that the spacecraft will be held in place at the NEO surfatedonission stay. Robotic
precursor missions will play this critical role of determining which NEOs to engploharacterizing
the NEO environment, and delivering navigational aids to the NEO surfasample set of NEO
candidates is shown in Table 1.

The NEO Surveyor and Explorer Missions

Begun in 2010 and sponsored by a joint collaborative effort from été*dopulsion Lab (JPL),
Glenn Research Center (GRC), and Johnson Space Center (JS€EL)rére framework for explo-
ration of NEOs consists of three phases of mission classes. In chracallogder, they are the
NEO Surveyor mission class (launch in 2014), the NEO Explorer missios (msnch in 2018),
and finally the NEO manned mission class (launch in 2025). Like the MerauyGemini pro-
grams leading up to the Apollo program for the first lunar exploration, th® ISErveyor and NEO



Table 1. Select heliocentric ecliptic osculating elementsf candidate NEOs for the Surveyor Missions
(Courtesy NASA/JPL)

ccentricity | Inclination (deg

Apophis 0.19 3.33 0.92
1999 RA32 0.09 10.52 1.02
2008 EV5 0.08 7.43 0.95
2001 Ccc21 0.21 4.80 1.03

1991 JwW 0.11 8.72 1.03
1999 AO10 0.11 2.62 0.91

2000 SG344 0.06 0.10 0.98

1989 UQ 0.26 1.29 0.91

Explorer programs will lead the way for the first manned NEO explorationhpeogram will have
definable goals and objectives and the knowledge gained from eachk pfdbursor missions will
lead to the greatest probability of successful manned exploration at thesNEace. A conceptual
NEO Surveyor spacecraft design in shown in Figure 3.

The NEO Surveyor missions will focus on understanding the NEO envirohitself and laying
the foundation for the NEO Explorer missions. The goal of the Surveyaiomss to simply gather
data and examine the environment. There will be very few, if any, requirtenimposed on the
Surveyor missions that resemble constraints for a manned mission. Forlexar8prveyor mission
cruise phase to the NEO will take approximately three years - unlike a mannsidmghich will
take only three to six months. The extended cruise time to the NEO envisionduef&urveyor
and Explorer missions is not acceptable for manned missions due to lifersgpopsiderations,
exposure to cosmic radiation, and crew physiology concerns. Whileeelaric propulsion can be
used almost exclusively with unmanned spacecraft, chemical enginegewdbired for a manned
spacecraft (perhaps in concert with solar electric propulsion) taceethe time of the cruise phase
and to account for the larger manned spacecraft mass. This incressedis due primarily to
the required consumables, radiation shielding, and increased faultntosgracecraft systems not
typically seen on unmanned missions. Unfortunately, this has the possibility to linpoteatial
NEO target pool. Further, the use of chemical engines will provide thanestichange in velocity
to return the crew to Earth, whether by nominal design or in contingenagbpes.
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Figure 3. Conceptual NEO Surveyor Spacecraft (Courtesy NAS/JPL/GRC)

Unlike a manned mission, surface contact of a NEO by a Surveyor gpéiciscnot necessarily
required. Surface contact is highly desirable, but from a prograsnparspective, it may be better
to simply have the spacecraft survey the environment immediately surrauthéitNEO rather than



attempt a surface contact. This information, along with information from otE€$\that are visited
by the Surveyor program, will be used to determine which NEOs are bigsti $ar the Explorer
missions and manned exploration.

Even if a surface contact by a Surveyor spacecraft is not attempteatj\antage of extended
proximity operations at the NEO will be the location and identification of surfacdmarks and
the development of a landmark data base (much as with the NEAR-Shoemak@miisThese
landmarks can be used for precise determination of rotation rates of the MiitDcan be used in
concert with man-made navigational aids. Indeed, when first encangptee NEO, one of the first
objectives will be to determine the precise orientation of the NEO so that aonégiision approach
can begin. Further, optical landmark tracking can be used in conjunctibribsep Space Network
(DSN) radiometric data for high-precision navigation. Both of these ssus€navigation data will
be important for a successful manned landing attempt.

The Explorer missions will focus on refining the logistics and operationsaetéo human ex-
ploration of NEOs. They will serve as a bridge from the more sciencexdr8urveyor missions
to the more human-driven manned missions. Indeed, additional constrantsenmaposed on the
Explorer missions (i.e. cruise phase duration, approach geometerythaticcjosely resemble con-
straints on manned missions. There will be fewer Explorer missions thaeygumissions simply
because the results of the Surveyor program will yield the best two ar ME©Ss that have the best
possible chance for a successful manned mission. The constraintsroatireed mission will be
weighed against the intelligence gathered by the Surveyor mission. The MaOmeet most, if
not all, constraints for a manned mission will again be visited by the Explossespaft.

Like the Surveyor missions, the Explorer missions will also have unique goabjectives.
The Explorer missions will focus mostly on manned surface interactionsrrdtae immediate
environmental surveys. Perhaps one of the most important aspects Expgl@er missions will
be the delivery of navigation aids on the surface of the NEO. These gidesaps the Explorer
spacecraft itself) will include such devices for future spacecraft tasmes range and bearing from
the proposed surface contact. Also, a secure attachment point assveetiantact target will be
delivered to the surface. It is possible that the surface target wilhmeleethe current Internation
Space Station (ISS) docking target (Figure 4) that will measure appraad alignment angles
between the target and the spacecraft.

The Explorer spacecraft will examine the NEO surface at close rargeohtent, composition,
structural stability, and suitability for human exploration. The results of thgldegr missions
will yield detailed imagery of the surface contact location, and specific aiwditzed manned
exploration objectives will be determined. This information will form the basisdeveloping
a mission timeline for the manned missions including the length of the surface stalen of
Extravehicular Activies (EVAS) required, the content of those EVA®] hardware construction
requirements.

NEO Rotation

In addition to gravity field determination, deep space radiation examinatiorisibte and ther-
mal albedo characterization, one of the primary factors that the SuraeybExplorer missions
will measure is the precise rotation of the NEO. The rotation rate of the NEOestlyilinked to
its suitability for exploration. A NEO with high rates of rotation (perhaps in ak¢haxes) is highly
undesirable from a surface contact and controllability standpoint andlkedly limit the regions on



Figure 4. An optical sighting system such as the ISS dockingtget could prove useful
for a crewed NEO mission.

the NEO where surface contact can be attempted. The maximum rate of theokon that will
permit a NEO surface contact will be dictated by 1) Propellant required tolmspacecraft trans-
lation and rotation, 2) Gravitational attraction of the NEO, 3) Spacecraftact rates at surface
encounter, and 4) Crew physiological adaptation.

When a spacecraft attempting a surface contact approaches a rot&tihghs rotation and trans-
lation rates of the spacecraft with respect to the NEO surface must be e&ohiffdis requirement
is not unique to NEOs. For Apollo missions after lunar orbit insertion (asxéneree case), the
powered descent to the lunar surface performed the job of matchindatianal rates. For NEOs,
matching rates is far less expensive as the gravity field is much weakeex&ample, a JPL pub-
lished white papérdevised a reference trajectory to a hypothetical NEO that was 7605680x
meters in size. This object is about twice the size of asteroid Itokawa and abe third the size
of asteroid Eros. It had a small mass and rotated every 3.6 hours. In syniiRa simulations
indicate it took only about 21/s in order to match rates and provide a near vertical landing at 0.2
m/s. This should not be surprising since orbit velocities are very small faddfypically on the
order of 3m/s .

If the spacecraft is not held in place by either an anchor or other dgckiechanism that is
permanently affixed to the NEO, the gravitational attraction of the NEO museeite centrifugal
acceleration caused by the NEO rotation. As an example, one of the NE®s consideration by
the NEO Surveyor design team is 2001 CC21. It has a radiu868 meters and a rotational period



of 5 hours. The centrifugal acceleration at the surface is less thamitgajronal attraction on some
parts of the asteroid, but not all. It can be concluded, thereforestimaé parts of 2001 CC21 may
have rocks or boulders while other areas will be bare simply becauseithasufficient gravity to
hold them there. While a smooth and bare surface may seem attractive fatiaglathere is very
little potential for sample return unless drilling or other such destructive exqpbm is attempted.

If manned exploration of a NEO is considered, the Coriolis Effect uporhtiraan explorer
should be considered. While space adaption sickness has been deaduedtssfully during
manned missions to date, the area of “coriolis nausea” is an area that shoeik further ex-
amination. With a continuously rotating central body and clear views of a fiteedield, it is likely
there is some point where nausea could be induced. At what point thissoiscunknown - if it
occurs at all. But obviously the minimization of rotation rates would also serweinianize the
potential for such an event.

The landing site chosen will be based on the observed rotation rate dadest@atures. A NEO
with a larger rotation rate may indicate fewer surface sample opportunitiegiatagial locations
and require larger amounts of propellant to match the surface speedeadtatihe vehicle. At
the poles, excessive dust and rocky surfaces pose exploratiandsaaven though less propellant
would be required to attempt surface contact. It is likely that initial contactaitions will focus
on mid-latitudes. Firm intelligence regarding the surface characteristicmedtiom the Surveyor
and Explorer phases will be critical for landing site selection.

The Explorer missions, with their preliminary surface contact and interatformation, will
be able to provide an indication of the amount of dust on the NEO surfatexpborers will have
to endure. After surface contact has been achieved and explorasdrequn, the low gravity envi-
ronment will make movement on the surface challenging. Any dusty srthet are “stirred up”
during an EVA will likely limit local visibility for extended periods - analogous tioténd sediment
being stirred up on the ocean floor. In extreme cases, an exploration gitee®a to be abandoned
altogether because of visibility reduction. Excessively dusty surfadealso pose problems for
EVA equipment. To mitigate these concerns, thorough examination of theswaditions dur-
ing the Explorer mission phases will be necessary in order to providauatiecequirements for
human-rated hardware design.

In summary, the NEO Surveyor and Explorer missions have the potentiahtpteck credible
and specific information about NEOs that can be explored by astroriBhitsinformation is crit-
ical in identifying not just what NEO to ultimately visit, but what environmentua the NEO
and on its surface should be anticipated. After gaining this information, misisi@ines can be
developed, system hardware on the spacracft can be designed caibe planned, and operations
concepts and software can be written to maximize the success of the NE@atigploWithout this
information, the prospects of a successful mission are minimal. Ther#ierase of robotic precur-
sor missions to gain insight into the immediate environment around a candidata®&e€ll as its
surface is highly recommended. In addition to the scientific information gathmréhe Surveyor
and Explorer missions, expertise would be gained in the areas of missign desl operations. As
was the case for every manned space mission, an intense flight desiga witjlired as well as de-
velopment of the infrastructure required to access, process, and atilihe telemetry information
from the spacecraft. Mission rules, procedures, and techniqugsaoé gravel in the deep-space
region will be generated as well as courses of action for contingemiasios. Software for orbit
determination, maneuver targeting, and flight planning will be developeaenified for ground
use. Finally, once a NEO has been chosen based on the results of tegd@wuanwd Explorer mis-



sions, integrated simulations involving ground controllers as well as the wikwe performed
in order to fully prepare for the mission. The specific objectives of the m@mnission, to some
extent, depend upon what is discovered by the precursor and asadthe flight dynamics focus
of this paper.

ONBOARD NAVIGATION AND TARGETING
Navigation

Traditional onboard absolute navigation systems for human spaceekaftdonsisted of state
propagation of ground generated solutions. These ground-gemstate estimates have utilized ra-
diometric tracking from ground stations and/or the Tracking Data Relay Satjiiem (TDRSS).
Recent upgrades to the Space Shuttle and current Orion design relpmibre Global Positioning
System (GPS) as the primary sensor for absolute navigation. In the foa@etingencies (particu-
larly loss of communications), the Apollo and Orion programs relied on optaagation and to a
lesser extent, so did the Space Shuttle.

Obviously, the feasibility of utilizing either GPS or TDRSS is greatly constraiioech NEO
mission. However, there have been studies on weak signal tracking®8i@e lobes outside of the
GPS constellation shell. Unfortunately, these methods require specialimhaiana for the weak
signal tracking or prohibitively large antenna arrays. Additionally, littlesfiedity has been shown
for this method outside of the range of the Earth to the Moon.

If ground based radiometric tracking is selected as the primary method igltian for a NEO
mission, it comes at a price. Previous analysis has demonstrated the abilitynaddte quality
navigation solutions from ground tracking measurements (range, 2andy3-way Doppler) is a
function of the geometry of the observing stations. Consider Figure Sentherability to resolve
the Orion entry flight path angle (for an Earth return trajectory) is plottedlfostation ground
network.

Figure 5 illustrates that better performance is achieved when observimanstariss-cross the
Northern and Southern hemisphere as well as provide a sufficienV¥Eesdtbaseline. The impli-
cation here is that approximately 3 stations of continuous tracking are chéegeovide a robust
navigation architecture. This implies a significant investment in tracking assgtssponding to
a network ranging from 6 - 12 stations scattered about the Earth (degeol asset availability,
redundancy requirements, and the desire to protect for short at@salin the case of contingen-
cies).

It is worth noting that a ground station architecture consisting of fewer stanoay be able
to provide the necessary geometry to resolve the navigation solution, lmrhé@scat a penalty of
time. The relative motion of the spacecraft with respect to fixed Earth allonstdtions to come
in and out of view with changing geometries. As an example, 2 stations with agast\West
baseline may obtain observeability in the East-West components due to thal natation of the
Earth. For quiescent operations, this may be a way to mitigate the cost of mimigtaitarge
network of stations, but it sacrifices the ability to generate short arc satutiddditionally, the
uncertainty in the spacecraft dynamics due to both noisy acceleratioasatguh by the spacecraft
and uncertainties in the gravity field of the NEO (Figure 6) may make this solutieadible.

Considering the substantial cost of maintaining a large network of groawc#itig stations, it
is worth examining the feasibility of replacing the ground tracking network withoard optical
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Figure 5. Ground Navigation Using the Apollo Network

navigation as the primary source of state estimates. Figure 7 illustrates theoPtiical navigation
concept, which leveraged off the Apollo optical navigation system.

Obviously, there are other options with respect to optical navigation antiélasurements they
provide (and they should be fully explored in the design of a NEO-cdpalspacecraft), but the
design shown in Figure 7 suffers from the following limitations:

1. The optical navigation measurements do not change quickly in time. Teeguence of this
is that filtering successive measurements in time is roughly equivalent to fijltdrnsame
measurement repeatedly. Therefore, optical navigation is limited in its abilityovider
short arc solution capability. This also limits the ability of filtering algorithms to map the
measurement into known dynamics, thus further limiting the ability to resolve thgaten
solution.

The limitations on short arc capability also imply a limitation on navigation accuraite
presence of noisy accelerations or poor knowledge of the gravity firetsther words, a poor
knowledge of the dynamical environment reduces the length of an arevbieh a navigation
solution may be generated.

. While providing excellent geometric information, the optical navigation nreasents have
no direct measurement of range. The direct measurement of rangélig tigrelated to the
spacecraft speed and therefore makes resolving important parametie s entry conditions
difficult.

Again, it is worth repeating that these observations are based on the Agadion design and
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Figure 6. Gravity Field Effects on a Close-in orbit about NEO433 Eros

may not be true for other instantiations of optical navigation. Howeveretiregations lead the en-
gineers on both programs to limit the scope of optical navigation to continggreraions, specif-
ically for the case of loss of communications and autonomous Earth returtiheAdilization was
limited to this scope, navigation engineers negotiated a relaxed set of equiyeraents that for-
feited such capabilities like precision landing in favor for items such as arlargey flight path
angle corridor. These negotiations were a direct consequence oéginadg:d navigation perfor-
mance with optical navigation as compared to radiometric tracking. Such negwifor a NEO
mission are subject to the design and capabilities of the spacecratft.

Thus far the discussion on navigation for NEO missions has focused a@r aithradiometrics
(with its excellent and proven performance but high lifetime costs) or all @ptiavigation (with
its degraded performance but lower lifetime costs). However, a thirdritiybolution may hold
substantial promise. Given that the complete elimination of ground trackindjkelyrto occur for a
NEO mission (if for no other reason than to maintain communication with groungpes), then
it stands to reason that the simultaneous use of optical navigation and réttsriseoperationally
feasible.

1. The utilization of 3 DSN stations only for radiometrics

2. Optical navigation only.

3. Optical navigation and DSN tracking.

4. Radiometric tracking from an Apollo-like network (approximately 12 traglstations).

A hybrid navigation system could deliver performance comparable to tladaoge ground track-
ing infrastructure. Such a navigation design has the benefit of obtainingxitellent geometric
information available in optical navigation while getting the direct measuremesangk from ra-
diometrics. Additionally, as the geometric information is now provided from optiegigation

measurements, this hybrid solution may offer long term operational casfysaas a large network
of ground stations is not required. Furthermore, it may be possible toindht&aentire primary

11



LLO Landmark Tracking
Measurements
(On-board)

Star-Lunar Horizon
Measurements

Star-Earth Horizon
Measurements

CisLunar OpNav
(On-board)

Apparent Earth
Diameter
Measurement

Figure 7. Sample Optical Navigation for a Lunar Mission

navigation system onboard the vehicle if a sufficient clock is provided herg¢e 1-way range
measurements. Further study on the feasibility of such a hybrid navigatstensys necessary to
validate its use for NEO missions.

Maneuver Targeting

The obvious difference between a robotic mission to a NEO and a mannedmrissie need
to guarantee crew return and survival. Robustness and redundangyrevent many spacecraft
systems contingencies, but maneuver targeting does not lend itself talegsyrmanagement. To
carry out nominal mission objectives or to return the spacecraft andtor&arth in the event of
communication failure, careful scrutiny during the development of theatipgis concept of the
NEO mission. For all manned missions performed from Mercury to Shuttle, tnaostiational ma-
neuvers (often referred to as “burns”) have been determined lpdnarocessing and the resulting
inputs to the onboard guidance system (often referred to as “targeted) been uplinked to the
spacecraft for execution. The exception to this philosophy is with réspeendezvous and prox-
imity operations where onboard computing resources and onboard eessite information was
used to compute burn targets to achieve the proper position for the finge pifaendezvous and
docking. However, even when the onboard targeting systems computeaghts, the ground was
always monitoring the solution and could intervene if required.

With the exception of the Mercury program, there has always been sameofoonboard tar-
geting capability, and it is beneficial to retain this capability. This ability was sstzted by ren-
dezvous and docking operations where external sensor data inteffeither optical or radar data
was incorporated into the navigation state in order for the best possibtigeetation to be used in
computing the required maneuver. Cooperative rendezvous radavaitéeble during Gemini pro-
gram and the Apollo program lunar module had a cooperative renderadar with a transponder
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on the Command Service Module. Additionally, some optical navigation inputs passible using
a sextant for angle data and Very-High Frequency (VHF) rangingdsition.

For shuttle rendezvous, beginning at the Nominal Corrective CombindtiG) burn and con-
tinuing through Midcourse Correction 4 (MC-4), a Lambert algorithm wssduto provide the
targeting for the burn. Beginning prior to NCC, onboard relative staternmdtion was obtained
by optical navigation data obtained through star trackers (angles ordyglaser in by use of the
rendezvous radar (angles plus range and range rate). The ber@msomputed using onboard states
and were closely monitored from the ground until the maneuver was exedrégely was a burn
performed without communication capability with the ground. In fact, signifiefforts were made
to increase the communication coverage with the TDRSS constellation duringiticisl phase of
the mission.

The process of computing burn targets will likely evolve considerably 8ONmissions or any
manned mission beyond Earth orbit where communcition with the ground charastsured. It is
easily understood that there are two extremes for computing the targetsermditvhich will be ac-
cepetable for manned missions. At one extreme, uplinking burn targetswn-@¥-burn basis can
be accomplished - as was the case historically. However, this method segoinenunication from
ground operators and does not provide any insight for the crewtofefuburns or other upcoming
trajectory events. In this case, the crew blindly takes the targets thatoaidgunt and executes them
as directed. Any complications that may occur during the preparation ougar of the burn (i.e.
system failures) resulting in a delay of the burn will likely invalidate the targatsirig a ground
recomputation of targets to achieve the trajectory goals. This would initiateeangthink process
with the new targets and the crew would re-execute the procedure atedirdccomplete loss of
communication prior to the burn that would last for an extended period of timenneay that the
burn may be missed altogether which could jeopardize mission objectives arellosafety.

At the other extreme, a trajectory optimizer application could be used onbwatrdill take the
current navigation state along with appropriate future trajectory contstrenrallow the crew to
compute their own targets. The time for the burn would be at the time outlined in edlaghor the
crew’s own choosing in a contingency scenario. The resultant odivacessing would optimize
the burn (presumably for propellant or other such cost function) whilisfging the remainder of
the trajectory constraints. This process is completely autonomous, prdkiglesew insight into
future trajectory events, and requires little, if any, communication with thergkotiowever, the
targeting procedures to fully utilize the optimizer application will likely be very claxps will the
inputs to application. Training for the crew to perform this task will be equallyglicated. If a
crew size was far bigger, then it may make sense to have a dedicated tgageqiert crew member
become proficient in the use of the optimizer and the many nuances thaganmedeto determine
the burn targets. More importantly, this crew member would be able to verifyolloécan and to
resolve any issues that could arise during their computation. Howevesnfall crew sizes (of
which early NEO missions will likely have a crew compliment of four or lesspvjling such
specific training for a function that may only be required a few times duringnilssion is simply
not feasible. Further, the process of certifying the onboard trajecimtiynizing software for use
will be a lengthy endeavor and will likely be cost prohibitive as a result. iGlethis option is just
as infeasible as the burn by burn approach and again, could jeopanidig®n objectives and/or
crew safety.

Two-Level Targeter The use of a “two-level targeting” algorittihis good medium between the
two extremes of the burn-by-burn process and the fully autonomous sobffered with a trajec-
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tory optimizer. The two-level targeter uses future epoch/position poiniedgaatch points) along
a reference trajecotory and constraints that can be imposed at eablppatitto achieve the de-
sired trajectory results. Such constraints take the form of any paramaterath be derived using
position and velocity vectors. The constraints can be of scalar naturdighs path angle, latitude,
longitude, etc.) or vector nature (i.e. velocity continuity across patch poiDtging the targeting

process, the patch point position vector and epoch will be adjusted intordeeet the constraints
using an underdetermined minimum norm solution. While the solution cannots&@eoed opti-

mum (since there is no cost function to minimize), the resultant trajectory will likelyery close

to optimum if the initial patch points were determined from an optimum trajectoryceour

For any manned mission beyond the Earth orbit, a more autonomous methodexfveatarget-
ing will need to be utilized that will not require excessive interaction with tlogd and be easy
enough for crew execution. For a NEO mission, we propose that the txgbtéggeter be used as the
primary means of onboard maneuver targeting once Earth escape haacbam/ed. The software
to compute the targets is far more easily created, maintained, and executeehalittle training
would be required for the crew. The crew could execute the targetintegduwe without ground
intervention and would have complete insight into future trajectory evenstarget computation
process can easily be reduced to a push-button effort to arrivalitygiargeting results.

It is proposed that optimum patch points (from a trajectory optimizer) be wgdirfkom the
ground in time to perform the burn. If the burn were to be delayed, it woeldrb easy effort
for the crew to change the time of the burn and recompute the targets batbeddmsired trajectory
patch points. The newly generated trajectory would be very close to thealraptimum solution.
Further, multiple sets of patch points could be uplinked that the crew woukkadtneeded in
response to various failure scenarios. For example one set of patds pod constraints would
contain the nominal mission trajectory. Another set would contain the patcts@oid constraints
needed to return to Earth in the minimum amount of time given the current propalailability.
Still another set would contain the patch points and constraints requiretlitn te Earth using the
minimum amount of propellant given the current quantity of consumableso@&e, considerable
ground operations would be needed to determine these patch points. A ggrqied based tra-
jectory optimizer would be utilized of which the resultant optimum trajectory woudd the used
to generate the patch points. This is a far superior method where trajegfmstethat have been
trained to execute and verify targeting solutions can accurately relay ftéinum solutions to the
spacecraft. Every scenario that was deemed necessary for misgaotiveas and crew safety could
be generated and subsequently uplinked to the crew on a regular lasieelp space missions with
only small perturbations expected during the cruise phase, it is felt theg fhetch point uplinks
could be made daily or even weekly to incorporate all available navigatioradatanulated. Use
of the two-level targeting technigue is an elegant solution to a very compddésemn.

In summary, the use of a two-level targeting algorithm offers a numbenafradges over many
methods of onboard autonomous maneuver targeting. The greatesteavesthe ease of use and
the quality of results. The inputs to the algorithm are only the time, position veg¢tpsonal)
velocity vectors, and the constraints, if any, imposed on the trajectorycat gatch point. All
of these can be generated on the ground and relayed to the spaeératinically without any
action required of the crew. When the time comes for a maneuver to be exeeutew step
procedure to incorporate the inputs into the algorithm can be used to compuiarth For a loss
of communication with the ground, several sets of inputs can be accespeatitecce high quality
trajectory results to account for a wide variety of scenarios - nominatantingency. The crew

14



can use this algorithm to compute quality targets for both single and multiple bunasrioout
mission objectives and assure crew safety.

RENDEZVOUS AND PROXIMITY OPERATIONS

The term “rendezvous” for the duration of the space program hastoegefine the sequence of
events and translational maneuvers required to successfully bring eog@thorbiting spacecraft.
The term “landing”, of course, refers to a spacecraft achievingeaczandition on the surface of a
planet or moon. From a NEO perspective, the term “landing” is a misnomee itnatlitional sense.
One cannot simply “land” on a NEO, even very large NEOs with their owmébfe gravity field.
The “landing” is far more like a rendezvous and docking. For a mannedaniss a NEO, this is
a significant advantage. First, propellant requirements are substargiddiged for station keeping
and movement around the NEO. The only major source of propellant usdge initial braking
performed at the NEO after the long cruise from Earth and for the initiakaéion required for
Earth return. Second, unlike the Apollo Moon landings where successfdings occurred only
six times and training environments were limited, the knowledge and experiaimagighroughout
the ISS program related to high precision approach and docking will nbtdee of great benefit to
the success of NEO surface exploration. It is clear that the techndtmgg, and crew procedures
of present ISS rendezvous and proximity operations are directly apfdita NEO rendezvous
operations.

A NEO encounter with an unmanned probe, like the NEO Surveyor or NEfloEer missions,
will be far different than with a manned encounter. For the SurveyoiExmiorer missions, there
will be extended stays (perhaps months) in proximity to the NEO without actuaéisnpting any
surface contact. Indeed, this is precisely the plan for the Surveyor misEie Explorer mission,
while designed for surface contact, will likely spend considerable time ¢tobat not necessarily
in contact with the NEO. Conversely, a manned mission to a NEO will seek to mining@zebunt
of time in proximity operations with the NEO in order to minimize threats to the crew ahdree
the chances of successful mission objectives at the NEO surfacee Wilknot be unnecessary
loitering in proximity to the NEO and once the rendezvous operations begir ahthof the cruise
phase, surface contact operations will be initiated at the earliest possible

Like all manned missions into space, crew physiology must be accountaddltbphases of the
mission and especially the rendezvous. Excessively long work dagysy@jate time off for meals,
personal attention, and sleeping all must be a part of the timeline and hatoehe rendezvous
sequence. It makes no sense to have a rendezvous profile thaesetipgrcrew to be awake for
more than 12 hours. Such a long day would lead to severe degradatioemoperformance and
perhaps loss of mission objectives. Therefore, a rendezvous phafiléits easily into a single crew
day will be a requirement for any manned mission.

Unlike the NEO Surveyor and Explorer missions, the manned NEO rendgzavould be able
to utilize perhaps the most flexible and powerful of navigation aids - the ey@s looking out of
the spacecraft windows. The knowledge, judgment, and expertise ofdhepiloting is what sets
apart the manned from the unmanned missions. The immediate visual obsefeatiback to the
crew, the ability to anticipate future events, and the capability to troublesingot@rect system
anomalies all assist in making a manned mission far more likely to succeed.
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The Four Phases of Manned NEO Rendezvous

Although the boundaries are somewhat arbitrary at this point, there will lbelseveral phases
of rendezvous operations required to successfully make a high precsioned surface contact
with a NEO. Each phase is generally comprised of a translational manéaii@red by a trajec-
tory coasting arc, and finally by station keeping until conditions are apiatepo continue with
the rendezvous. This is very much like shuttle rendezvous operationsS8thivhere there were
predetermined points along the trajectory that were convenient forsasersof spacecraft health.
These points are also useful positions where the rendezvous coubdzEneéntly delayed without
major impact to the mission. Such points in the shuttle rendezvous included thEeRpitia theR,
theV, and at predetermined distances from the docking target. We proposiedteabe four phases
of NEO rendezvous to achieve successful manned surface conkecfolr phases of rendezvous,
as seen in Figure 8 are the “End of Cruise” (EOC) phase, the “appr@ase, the “transition”
phase, and the “final” phase.

Transition Phase
(NEO Rotating Reference Frame)

Align with Target Site
and Match Rates

<k

NEO

Approach Phase

‘a4 Final Phase

NEO
Orbit

tationkeeping

Target Site

End of Cruise Phase

Figure 8. Sample NEO Rendezvous Profile

End-of-Cruise Phase. For much of the long outbound mission cruise, the target NEO is simply
treated as a point mass in heliocentric orbit for purposes of maneuvetitaygTo provide maxi-
mum protection of the spacecraft and crew, the initial approach will n@inbi@tercept trajectory.
Rather the trajectory will be constructed such that if the mission were to béedhbarior to ren-
dezvous or if the propulsion system failed at the braking burn at the MB@volvement by the
crew would be necessary for their safety. The spacecraft would sifiypby the NEO at a safe
distance. While the mission may be lost, the crew will survive and return to .Baftien the NEO
encounter begins, the spacecraft will enter into the first rendezvioasep the EOC phase. The
purpose of this phase is to demonstrate adequate propulsion systermaerde and to provide the
first close up view of the NEO to determine its precise orientation using a lakdatabase and
visual observations. Additionally, the EOC station keeping will allow the fitshapt to contact the
NEO surface navigation aids that presumably have been left behind lpyebeding Explorer and
Surveyor precursor missions. Station keeping at the EOC position cdarasturs or even days to
allow for the proper crew sleep cycles to be adjusted for surface tigresaver the coming days.
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If there are any systems anomalies present, this would be a convenient tiesaheerthem before
committing to further rendezvous operations.

The EOC phase will begin with a large braking burn required to match orbits with the NEO.
Once this burn is complete, the spacecraft will be able to station keep andimaintarly constant
distance from the NEO center of mass. Depending on the size of the NE@jdfsince can range
from a few thousand to tens of thousands of meters. During station keépégroposed location
for station keeping is along the heliocentric Vbar where little input from the @reuld be required
to maintain a safe distance from the NEO. This is especially important if the staépirg is to
be maintained during crew sleep periods or for other extended time periws the crew may not
be able to make inputs to the flight control systems.

Approach Phase. After the EOC phase, the next phase of rendezvous will be the apippbase.
The purpose of the approach phase is to bring the spacecraft to etgorathed point above the
surface of the NEO that is near the location of where the NEO surfadaatds expected to occur.
If the contact point is near the equatorial regions of the NEO, the statigping at the end of the
approach phase will be near the zero latitude position. By the same tokelarapntact attempt
will dictate that the station keeping at the end of the approach phase bealloeatethe polar region.
The spacecraft will maintain position at the approach phase station keegimguntil such time
when NEO rotation will cause the surface contact point to pass below dvesaft.

The approach phase begins by ending the station keeping at the EOE gptthperforming a
series of small translational thruster firings to bring the spacecraft toge raf approximately 1000
meters relative to the NEO surface. As with all rendezvous phaseggehtbi® approach begins,
sufficient redundancy will be verified and adequate propellant willroéepted in order to execute
a breakout if required. From a crew standpoint, it is conceivable thgatoal time to begin the
approach phase would be after crew wake up on that particular daye (st sleep activities are
complete, the rendezvous operations would begin. Just as is the cake fifferential Height
(NH) burn on the morning of ISS rendezvous, so is the case for exeauitihe approach phase.

The amount of time spent at the approach phase station keeping point tedligyethe rotation
rate of the NEO and where precisely the spacecraft is expected tamestation keeping. It
is possible that the approach phase station keeping may last severaldicas little as a few
minutes depending on where the surface contact point is located. Fmpkxastation keeping
for an equatorial contact approach may take longer as the crew awagsrflee contact point to
rotate underneath the spacecraft. However, station keeping for agooltact approach will likely
be very short since the polar surface region is very slow moving anddwemain almost fixed
with respect to the spacecraft. For this polar approach, surfacdattiansmatching would not be
required and only attitude matching would be necessary. Once the sudatzet point is below
the spacecraft, the approach phase station keeping will end and tlezvend will enter the next
phase of approach - the transition phase.

Transition Phase. The transition phase is designed to transition from an inertial referemcefr
to a NEO rotating reference frame. This transition phase in a small-body fiiaete has been
studied and described by BroschittThe transition phase begins by performing a translational
maneuver of the spacecraft such that spacecraft will match the rofataieaf the NEO to keep
the surface contact point directly below the spacracft. The coaseptagd be eliminated in this
case and station keeping would begin immediately following the burn. The tranghi@se station
keeping will likely be a very active phase for the crew as extensive “mameimoop” inputs to the
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flight control system will be required to maintain the correct orientation wisipeet to the NEO

surface. This is similar to the True Orbital Rate Flyaround (TORF) techraguemplished today
with ISS departures (Figure ). During the TORF, the attitude pitch rate issohasd a constant
range is maintained as the shuttle transitions from theA368 1SSV . The transition phase station
keeping will continue until lighting and communication constraints are expectbd toet at the

time of expected surface contact after a controlled NEO descent.

+VBAR

+RBAR
o Emm

ISS-Centered LVLH Frame

Figure 9. Rendezvous Characteristics of the Space Shuttle

Final Phase. Atthe completion of the transition phase, the spacecraft will begin its folndke
of rendezvous - the final phase. The final phase will continue to matatiawal rates of the NEO
while still maintaining the spacecraft at a zenith location with respect to thacgidontact point.
However, the altitude will be decreased at a controlled rate sufficientie\acacceptable lighting
and communication conditions when the spacecraft reaches the NE©@esuFtaadd flexibility to
the final phase, a delay for any reason in the surface contact time caadseby simply nulling the
range rate at any point along the descent. If an abort is declaredtghactivity will be required to
not only null the range rate of the spacecraft but to provide an adulepacape trajectory.

As the spacecraft continuously lowers its altitude with respect to the NH&@csithe use of an
“approach corridor” can be used to control the approach withougesinessive amounts of propel-
lant. This “approach corridor” would rotate with the NEO as it tumbles. As gaeascraft altitude
is decreased, the corridor will shrink as it approaches the surfataatdarget. This method has
been used extensively and successfully during the shuttle/ISS rendeggquence where manual
inputs provided by the crew maneuver the shuttle to dock with the ISS. Inmutsrfavigational
sensors are critical in this time period that would include range to targeg ratey and a visual cue
from the contact target to verify and correct spacecraft aligneméetfimal phase will be complete
when contact and capture of the surface target is achieved, as sh&igure 10.

In summary, the manned NEO rendezvous sequence will likely be compridedrophases.
Each phase will consist of a translational burn, followed by a trajectoagt; followed by a period
of station keeping. Each phase will bring the spacracft closer to the NIE@ce contact point in a
controlled manner as to maximize crew safety in the event of system failuresimmum amount
of time. There will be defined “performance gates” before the crew wililllmved to continue to
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Figure 10. NEO Spacecraft Staying Within a Rotating Approat Corridor

the next phase and breakout procedures will be present if fughderzvous operations are aborted.
The EOC phase will station keep at a distance from the NEO to make contat¢hevitiavigational
aids on the NEO surface and to allow a convenient point to resolve angitatHifficulties as
well as to allow crew sleep shifting to acceptable for surface operatidms.approach phase will
move the spacecraft to a point above the NEO surface where the eswdatact point will pass
directly below the spacecraft. At that time, the transition phase will begin andpgacecraft will
match rotational and translational rates with the NEO of the surface comtiatt @nce stable over
the contact point, the final phase will begin where altitude will be decrealeed) an approach
corridor to finally make contact with the NEO. A NEO with multi-axis tumble could usestime
process, but would be much more crew-intensive. Many of the cregedroes and techniques for a
successful rendezvous and docking with the ISS can directly be applesticcessful NEO surface
contact. Thisis because landing on a NEO is far more like an ISS docking thaditional landing.
Such concepts of attitude matching, approach corridors, a controlledagbp and a docking target
are all tools used today for ISS rendezvous operations and variatithese methods are clearly
possible for a NEO rendezvous. The experiences gained during IS®nssvill be instrumental in
training future crews for their rendezvous with a NEO. The technologd ts train crew members
and simulate approach conditions is a capability already in use today.
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A crewed NEO mission? It’s never too
early to start thinking.

Although missions to a NEO are not new, the unique factors
involved in human spaceflight present challenges that
warrant special examination.

There are complicating factors such as:

~-Lack of Knowledge about the NEO Environment

-Noisy Acceleration Conditions

-Onboard Navigation and Targeting
-Rendezvous and Proximity Operations

4+
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Many near-Earth objects present
targets of opportunity.

NEO2001CCC21

NEO1999RA32

Several studies have been
conducted to identify

candidate NEOs for
human exploration

based on geometry, TN TN TV

NO2008EVS
Apophis

NEO1991JW

com pos'tlon’ and Apophis 0.19 3.33 0.92

1999 RA32 0.09 10.52 1.02

orbital characteristics. ,usevs 0.08 43 0.95

2001 CC21 0.21 4.80 1.03

1991 JW 0.11 8.72 1.03

1999 AO10 0.11 2.62 0.91

‘+_ _+_ 2000 SG344 0.06 0.10 0.98

+ 1989 UQ 0.26 1.29 0.91
FLIGHT AAS 11-051 / Holt, Getchius, Tracy
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Robotic precursors can help
characterize the NEO environment.

e Gravity field, deep space radiation, temperature,
minerology, landmarks, visible/thermal albedo, and more

e Surveyor class — science driven, gather
data and examine

e Explorer class — bridge the gap to
crewed missions

4+
_¢_
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Robotic precursors are invaluable
preparation for a crewed mission.

Just as Ranger, Surveyor, Lunar Orbiter
paved the way for Apollo

Precursors can be used to study the NEO
content, composition, structural stability,
rotation, and suitability for human
exploration - perhaps even anchor a
docking target/navigation aid!

And, of course, they provide valuable preparation for

+ 4 ground flight controllers and mission designers.
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A noisy acceleration environment
makes navigation challenging.

Entry Flight Path Angle Sensitivity to .73 m/s AV~ One of the more

1 unique aspects for
° navigation of human
° spacecraft is the
7 . .
_ N increase in non-
o 6 .
3 AN conservative forces
o 5 .
S N\ compared to robotic
b N counterparts.

Z N
N _ Difficult to

]
\
-80 -70 -60 -50 -40 -30 -20 -10\0 aCC%JratEIy mOdEI for
+++ Time Before Entry Interface (Hours) Orblt determination
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Ground-based radiometric tracking
comes at a price.

El Flight Path Angle

1-o Uncertainty (deg)

o o o o o
- N w IS 3
T

o

Ground Stations Utilized

All Northern Hemisphere Sites
All Southern Hemisphere Sites

Poor Longitude Geometry

2 of 3 Sites Poor Se
I 2-site Tracking

paralion} Poor Planar Observability
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The ability to
formulate quality,
timely navigation
solutions from
ground tracking
measurementsis a
function of the
duration and
geometry of the
tracking passes.

[ Need lots of sites to be prepared for contingencies J
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Optical navigation reduces the need
for ground-based tracking.

' ; H LLO Landmark Tracking
- Measurements
(On-board)

A hybrid navigation

system could

deliver absolute
performance  Sgrear Hoer
comparable to

that of a large
ground tracking
infrastructure.

Star-Lunar Horizon
Measurements

~ CisLunar OpNav
(On-board)

Apparent Earth
Diameter
4+ + Measurement
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A major difference from most robotic
missions is crew return and survival.

 Maneuver targeting should strive to achieve crew autonow \
for mission success and allow safe return in the event of )
communication or other failures.

e Trajectory optimizers achieve this goal but have disadvantages.

— Difficult to use, far too many input parameters for efficient crew
interaction

— Difficult and expensive to test and certify (ground or onboard)

* Ground uplink of maneuver targets on a burn-by-burn basis
offers no autonomy.

— No reliable targeting if communication is lost
— Noinsight to the crew of upcoming trajectory events

4+
_¢_
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The two-level targeting algorithm offers a
medium between those extremes.

e Uplink a reference trajectory defined by patch points

e Update the epoch and position of each patch point to
meet constraints (velocity continuity, flight path angle,
altitude, etc.)

 Not an optimizer, but...

— quality solutions, easy to use, requires much fewer lines of
code, easily implemented (even onboard)

* Additional trajectories can be uplinked for contingencies

Easy for the crew to change the time of the burn and re-compute
targets based on the patch points (push button). The newly generated
trajectory would be very close to the original optimum solution.

4+

_¢_

FLIGHT i ,
I MNAMICS AAS 11-051 / Holt, Getchius, Tracy 10




A NEO “landing” is far more like a
rendezvous and docking.

The technology, tools,
and crew procedures of
present ISS rendezvous
and proximity operations
are directly applicable to
NEO rendezvous
operations.

4+
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A phased “approach” can be used to
“approach” the NEO.

A four-phase manned NEO rendezvous offers a high-precision and stable approach.
-End of Cruise Phase
-Approach Phase

.- Transition Phase
-Transition Phase (NEO Rotating Reference Frame)
-Final Phase :

Align with Target Site

—
and Match Rates Vneo
Approach Phase
"Nes _Final Phase
NEO tationkeeping
Orbit
Target Site
End of Cruise Phase ﬁNEO
&
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Maintaining correct orientation with
respect to the NEO is challenging.

But it is similar to the Twice
Orbital Rate Flyaround
technique accomplished
today with the ISS.

+VBAR
o |

+RBAR i
e N
ISS-Centered LVLH Frame )
4+ e +RBAR
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Each phase brings the spacecraft
closer to the NEO contact point.

The approach occurs in a controlled manner so as to
maximize crew safety in the event of system failures.

Transition Phase .
(NEQ Rotating Reférence Frame)

Align with Target Site
and Match Rates

" g/, Final Phase

To Sun
R Earth | ¥
+ .+. FINEt:)
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Many aspects of NEO rendezvous are
already familiar.
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Attitude matching, approach corridors
are all in use today.
The experiences gained during ISS missions

will be instrumental in training future
crews for their rendezvous with a NEO.
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