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Not since the Apollo era has a team worked with sbhiccreativity to achieve a successful
lunar mission. While the Atlas team has had a numbreof novel and complex missions to
build upon, this mission required a new level of itegrated focus. The team developed and
executed an ingenious dance to deliver both the LR@nd LCROSS spacecraft into their
respective trans-lunar orbits with the Centaur uppe stage conditioned to properly function
as the impactor for the LCROSS science mission. Yesaof unique and complex mission
design analysis, described herein, have resulted inhe unprecedented use of the
Atlas/Centaur Launch Vehicle to the launch of the IRO/LCROSS mission on June 18, 2009.
The team is taking the lessons learned from this prrience to develop concepts to facilitate
commercial use for future missions.

I. Nomenclature

FOM = Figure of Merit

KSC = Kennedy Space Center

LCROSS = Lunar Crater Observation and Sensing Satellite
LGALRO = Lunar Gravity Assist Lunar Return Orbit
LRO = Lunar Reconnaissance Observer

LSP = Launch Services Program

MMS = Magnetospheric MultiScale

RBSP = Radiation Belt Storm Probes

RCS = Reaction Control System

SOHO = Solar and Heliospheric Observatory
TIP = Trajectory Insertion Point
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[l. Historical Missions

9th Atlas Mission to the Moon

he Atlas program has a long history of space flightfact, among its earliest missions were a seoifelunar

missions. In the early 1960’s Ranger 7, 8 and $weiccessfully launched on the Atlas/Agena-B vehi€lve
Surveyor missions were successfully launched asupsers to the Apollo landings on the Atlas SLV-B€htaur D-
1A vehicles. So NASA and lunar missions were keyreints of the Atlas/Centaur development.

Increasing mission complexity

More recently the Atlas program has evolved throagteries of missions that have expanded the dajeeshof
the Atlas system. The SOHO mission was an earyfarto polynomial targeting with direct insertiorio the L-1
Halo orbit. The MRO mission was the first intemmtary mission for the new Atlas V vehicle and boih the
targeting techniques developed for the Titan Cassission. The Pluto New Horizons mission took #tkas V one
step farther with the inauguration of the Bloclkallionics package and its Fault Tolerant Inertiabiyation Unit
providing the Atlas with a faster and more powerbubin. The Air Force STP1 program provided a final
enhancement to the system with the incorporatiothefGeneralized Guidance algorithm which allowedrmore
flexible mission design, including guided out-o&pé burns. The new, more capable system was frdlyght to
bear to achieve the Lunar Reconnaissance ObsdrfRD)(and Lunar CRater Observation and Sensing [Batel
(LCROSS) mission.

[1l. LRO Overview

Challenge of lunar rendezvous

The return to the moon resulted in new lessonsrfost of the team. Part of the complexity with lung@ssions
rests in the uniqueness of a “lunar rendezvousth\Wie outer planets, given the length of the erufke launch
vehicle is simply concerned with providing the sparaft the energy to be on its way.

For lunar missions, there is a significant increasthe trajectory design complexity. Given the sgwity of the
trans-lunar trajectory to the velocity and gravidf the moon (Figure 1), it is quite easy to mise #urival
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Figure 1. LRO Lunar Encounter.
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conditions. In fact, given the higher order termgoived in attraction and conjunction timing, th®lpiem quickly
becomes non-linear. This becomes problematic, divetinear assumptions in many optimization scheme

Finite Burn Effects

In fact, given the non-linear effects, it was qiyctound that the finite burn effects were sigréfit enough to
prevent guidance system target generation from lishpguburn modeling. With that discovery, it becaaontical to
the successful integration of the missions to dgvel teamed, spiral targeting process where sugeesteps in the
targeting process integrated all the way to lunacoenter. This meant that, while the arrival tasgeduld be
generated with low fidelity or impulsive burns, t@entaur targets developed using finite burn modelseved the
same lunar arrival conditions. However, this alssant that all the LV simulations integrated the fidjectory to
lunar periapsis.

Launch Availability

Another aspect of the lunar mission was the limitechber of days every two weeks when the earth-rsoon
alignment met the LRO arrival conditions. One of ttapabilities of the Atlas V system is polynonteigeting.
With this capability, the target can vary smoothlyross the launch window. It was expected that ¢hability
would be used to enhance the likelihood that laumolld occur sometime during a one hour window. ©tie
first set of targets was received, it was recoghittet there were discontinuities in some of thigdts across the
window.

In order to maximize the likelihood of launclhetLRO team had developed targets with nearly idaint
performance requirements across the window. This aghieved by rotating the line of apsides asdbadh time
moved. However, this meant that there were sigmificshifts in arrival time across the one hour windThis can
easily be understood by visualizing the earth rotabdf 360 degrees in 24 hours while it takes tlmm?28 days to
sweep through 360 degrees. Thus it takes moreaharmay for the moon to sweep the same 15 degosesed by
a one hour launch delay.

IV. LCROSS Overview

Dual Manifest Impacts

But the complexity of the lunar trajectory was dfedr by the complexity of the LCROSS targeting ffor
LCROSS was proposed as a way to use the exceswmarfce that the Atlas 401 configuration possesdet
placing the 2000 kg LRO spacecraft on course fer toon. It was proposed as a secondary missionijt but
presented the team with a series of challenges.

The LCROSS mission was constrained to be laungltezh the LRO wanted to launch. Initially this wast
seen as significant limitation, since both spadéevanted to fly close to the moon on their init@dss. The initial
proposal identified an additional 50 m/s delta Juieement to move the LCROSS from the LRO orbiitsoown
optimized orbit, termed a Lunar Gravity Assist LurRReturn Orbit (LGALRO). Since the initial flyby dhe
LGALRO sets up the eventual impact, LCROSS needsgegific flyby time each day. With LRO shiftingeth
arrival time by 4.6 hours every ten minutes throtlgh window, LCROSS needed to shift the arrivaiktdcoptimal
time each day, which might also warrant a jump fmdva day across the window.

This unexpected variation across the window aldded a wrinkle to the sequence requirements.ifitial
proposal identified a requirement of up to 50 nf/delta V. But, with the possibility of the arriviimes becoming
close between the spacecraft, the low-side delt@W went to zero. In fact, given the possible sbff24 hours in
arrival time from between two targets on a singlg,dhere was the possibility of large swings ia bturn attitude
through the window.

Two fully constrained missions and an “empty” vehite

In fact, since both spacecraft also had independets of arrival conditions across the winddve Atlas
guidance system had to control the system to aehight tolerances in the presence of normal vetpelrformance
variations. The Atlas system is designed to acelyaiiace the LRO spacecraft on its orbital patithes moon, but

3
American Institute of Aeronautics and Astronautics



the point of injection (or the true anomaly) isoated to vary under dispersed conditions. This caratds the
transfer from the LRO trajectory to the LCROSS.c8ithe orbits may not intersect at the point of ithection
burn, the guidance design needs to be constrampdetiude excessive steering to shift the positibthe vehicle
over to the desired orbit.

Additionally, the mission design effort was csamed by the LCROSS science requirements. LCR@&S
designed to look for water in the ejecta createthkyimpact of Centaur. Thus there were tight neguéents on how
much hydrogen and oxygen could be carried to thenmoy Centaur. Since liquid hydrogen and oxygen are
Centaur’s main propulsion source, extraordinary suess were required to fully deplete the Centankgawithout
perturbing the final orbit.

V. Mission Design Overview

Considerations

A rather elegant solution was developed to aghthe LCROSS requirements (Fig. 2). Some 1500nskco
after LRO Separation a partial blowdown of the mitgnt tanks was performed to provide 25 m/s imrgedted
direction. Once the desired delta VV was achieveel,Gentaur was turned normal to the velocity veatat placed
into a transverse spin, expelling the remainingitlg and depressurizing the tanks to unpreceddptess. In
addition, a hydrazine burn off was performed touas the remaining control system fluids down to liel
required for the remainder of the mission. At a&éixime after LRO separation, the hydrazine settiimotors were
activated to perform a low thrust, 15 minute, gditern to achieve the LCROSS orbit. The controfteay helium
pressurant was vented down to minimum levels whiéevehicle was oriented to allow charging with HEROSS
solar panel, to ensure successful LCROSS activakomally the Centaur control system was depletad] the
hydrogen tank further vented to minimize the paténinpact of slow leaks of the remaining heliundarydrogen
after control was passed over to LCROSS.
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Figure 2. LCROSS Sequence Overview.

Modeling updates

To target this sequence required knowledge,jugitof the nominal systems behaviors but, of theigdna
uncertainties in the predicted behavior and thebaipdity density functions which best describe thestem
behaviors. Efforts were undertaken in a numberredsto characterize the behavior based on fligtibdy. New
models of the propulsion system behavior duringndlown and refined control system impingements were
developed and implemented. Higher fidelity modeisttee guidance and control system interactions vadse
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implemented in the vehicle targeting simulationeTiet result was the highest fidelity simulationstpprimary
spacecraft separation, utilized to date and trectffeness of this effort was demonstrated on ffligty.

Test like you fly & Mission Success focus

One of the primary tools ULA uses to manage efftkes this is our test like you fly methodology. &y effort
is made to ensure that our models are anchoredvinde’'ve used our systems, how we plan to use ikdrased on
our models, and the systems are tested with hovexpect to use them. As the mission design deve|oaeyl
concerns with any of the tested ranges of the elsiab-systems were tracked. Operational range$irier and
thermal were reviewed to ensure that limitatiorteesi on the design or in testing were identified sbme cases
these limitations were accommodated by refiningahalysis to ensure component temperatures wegatie In
other cases additional testing was required. Incadles, it was focus on overall mission successdiwve the
decision process.

Verification/Qualification of systems

One prime example is the low pressure use of thectiae Control System (RCS). Since helium is used t
pressurize the propulsion tanks and the RCS systemas critical to overall mission success to lowee He bottle
pressure. This meant that the control system whald to control the attitude of the vehicle asgtessure levels
dropped to untested levels. It should be notedttieflight based models did predict that the systeould perform
with plenty of margin. However, in order to ensuméssion success a qualification test plan was dpesl and
implemented.

Validation of Hardware

Similarly, given the attitude requirements for LC8® charging, the vehicle was exposed to an unpeeted
solar profile. Standard operation for Atlas is ¢l the upper stage periodically to ensure thatrtta requirements
on all components are maintained. Given the missgnirements, special techniques were developeddore that
bounding combinations of exposure profiles werdyaeal and demonstrated sufficient margin for alinponents.
While attention is always given to operational comgnts, special consideration was also given tootiher
components to ensure their survival during the d@pcruise before lunar impact.

VI. Implementation Overview

Given the mission complexities previously descriiedias essential that an integrated team approashused
to achieve the mission objectives. While the ne&dh internal team is clear from the integratesigtedescription,
it may not be obvious that an integrated custoreamtwas also critical to mission success. Givemtimber of
agencies involved, it was in fact essential thapaities worked together to develop the plansedales, deliveries
and services to achieve this launch.

Teaming with Customers — 4 way meetings

Another complexity for this mission was the intdgra of the four agencies in a single flight desigarking
group. While ULA provided the basic trajectory dpsiand flight software targeting, there were thi&SA
agencies which each had a hand in the process.gdgrdpace Center (KSC) Launch Services Program)(h&&
integration responsibility and as such also peréatimdependent verification and validation of kexlgsis efforts.
They acted as the official conduit for data flowASIA Goddard had responsibility for the LRO missiand
provided targets based on their understanding ef UhA Centaur Upper Stage capability. NASA Ames had
responsibility for the LCROSS mission and providadjets derived from the LRO targets and the IGjuirement
of an additional 50 m/s of delta V to be eked oluthe upper stage. Key to success was the implatientof
weekly teleconferences to develop the rapport tsuenissues were identified and raised quicklyheatthan
waiting for the periodic face to face working gromeetings. Many issues, like those resulting stidite launch
points across the window, were uncovered and soisitworked off through these weekly discussions.

Multiple Targeting cycles/target timelines

Given the iterative nature of the targeting problm these lunar trajectories, another key wasnigyin a
schedule that allowed evolution of the targetingcess. Providing three (and eventually 3 and ¥ thighshift in
the launch date) targeting cycles the quality addlify of the data products was greatly improveanf simply
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ensuring that coast modeling for the trans-lungr tised equivalent ephemeris data (think Joviawigonal
influences) to providing higher fidelity upper stagnodeling of the finite burn effects and delayihg application
point of the net impulse of the LCROSS insertionnmaver(s). The challenge in targeting was one @hideg
sufficient accuracy in the NASA target generaticngesses to ensure that the as-targeted hightyidadioster
vehicle would achieve the desired arrival condsioBut building in higher fidelity adds cost bothéxecution time
and in model certification to ensure that the magaelduces behaviors consistent with the on-boatdsAY flight
software program. What was normally a challenge ezmpounded by the extremely long duration of soifninhe
required maneuvers, like the 15 minute, 25 m/sctige “burn” using the Centaur settling motors. hianeuver is,
in and of itself, hardly instantaneous but when bored with the impulsive blowdown the better péariaa hour
earlier makes placement of the NASA impulsive bexen harder. Similarly, developing the pointing foe
impulsive blowdown and the 4S burn to achieve tdngdts provided from the single impulsive “burn'oped
problematic. Given the long duration between the tmaneuvers, simple propagation of the gravitatiefi@cts
made it impossible to achieve both the position aeldcity at the end of the 4S burn. With each eygtocess
improvements were made that simplified the targetihthe two delta-Vs so that by the final cyclee process was
down to a matter of hours for each days set ofetarthus allowing time to refine the process ad&eh targeting
cycle was key to achieving both the timeline anlelfty required to successfully target the mission.

Use of Super computers

Probably the biggest oversight in the evolutiontltd mission was the complete independence (anédh f
inverting dependence) of the targets for LRO andRDSS. The concept of operation that was develoyddLA
for targeting the mission made use of our capgtfiit polynomial target variation through the labngindow. This
seemed like a reasonable approach given the fattathtime into the window advances the moon isaacing
through its orbit in a very smooth and consisteminner. What was not anticipated was the influerfcetloer
mission constraints on the arrival time and the faat each mission had its own set of unique caimgs. In the
end, this resulted in seven unique instantaneagstt@oints across the window for each day. Themtmeant that
the combined effect of the targets on things likenbduration across the window was now a discontisufunction.
This greatly complicated the dispersion analysigctviis used to bound the impact of target effects avhole host
of rocket systems (as well as to verify some custoduration and timing requirements). Instead ckasing a
handful of points for each target block, now evianget point had to be independently assessed.

Fortunately, we were able to work closely with NAS$@ solve this problem. Just as the magnitude ef th
problem (needing to execute some 1.6 million sittes) was being realized, NASA had procured a seper
computer cluster system and we were granted acdétsthe dedicated efforts of two key engineersweze able
to re-host our high fidelity flight software simtitan onto the Linux based cluster. As a result thy final cycle
where new targets were being provided every twokedeater-falling at L-120 days), the entire set56f000
simulations for each block were executed and amdlyzefore the next set started. This was a phenaliniesp
forward in our ability to execute and analyze dispd effects.

Joint review process w/customers

One final key to our success was the level of imsand participation. We had representation frohagéncies
at each of our program-level reviews and in faateghup with critical side discussions to refine amg@rove the
overall mission design at every one of them. Thiétwlo have everyone in the room and poring otre¥ mission
plan, talking through the implications and recogmizsubtle implications was paramount for a coméiméssion of
this complexity. Another aspect of this was outdigbto review the spacecraft PDR and CDR materig¥e had
unprecedented access and communication with ounterpart on the SV team. This meant that we couddkw
together to develop solutions that met the desifdsoth systems (e.g., with telemetry coveragejens of being
constrained to the literal content of the Interf@mntrol Document.

Thus there were many aspects of the integrated tgggnoach that were necessary to achieve the iresult
mission success. This was a great example of whagllaintegrated team can actually achieve, bulidtrequire a
great deal of open communication, weekly telecarfees, bouncing issues from group to group, andngglon
others to help find a better solution to optimize team’s effectiveness, not just the individuaraxy’s bottom line.

VII. Design Details

Key to the design effort was the integrated missioocess perspective. Rather than allocating rexpeints to
specific sub-systems, the requirements were patedan integrated sequence developed and refirechteve the
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combined requirements. Frequent discussions wdtetbeensure the integrated focus was maintainetissues
were raised as quickly as possible.

Integrated stack/mission perspective

This integrated focus extended to the overall rissiesign, with the target definition extendedtie tunar
arrival. This shift in focus was essential to emestirat all decisions reflected the net impact an Itimar arrival
conditions critical to the customer mission succeBBis focus also enabled early identification gfstem
issues/impacts as well as catching assumptionsléowled rapid refinement of the mission sequence.

One key development from this focus was an eaftyrefo compare the simulations from the varioudipa. As
a result of this effort, the team was able to reizg some of the impacts of the customer impuldiven
assumptions. This resulted in a decision to plaoelation constraints at the TCM state rather tHantraditional
Separation (or Handoff) plus some few number ofut@na. That decision resulted in future simplifioatiin the
targeting methodology described below.

One of the early successes of this approach wadeteetion of conflicting window assumptions. Théamary
payload mission, LRO, streamlined their targetimgcpss to allow use of the Atlas polynomial tamggtivhich
increased the launch availability and by extendhmglaunch window. LCROSS required specific arritales so
some targets had a discontinuity when the targéticlsed from shifting to an earlier time to shifting a later
arrival. This resulted in the decision to targetesediscrete opportunities each day, to facilitée discontinuity
while maintaining the maximum launch window andisg\effort to assess intermediate launch oppoigsivhich
would not have been viable to the LCROSS customer.

Ingenious design

Of course, the success of the design approactdrefiedetail design refinements in each of the maystems.
The effort required a number of enhancements oludwaary refinements to work. The success of #ffert really
rests on the basic evolutionary approach of thasAtlehicle. By taking incremental improvements praviding
significant test programs for major changes, ai@mt amount of data is available to define thpeaxted behavior
of each system. By leveraging this experience lagesuccess was achievable.

Adaptation of Development Spiral Model to missiondrgeting

One novel leveraging example was in the guidanogetimg effort. The historical approach is to degek
simplified open loop model of the system performeafar use in optimization simulations. Guidancetesystargets
are generated from the open loop simulation andrfexla closed loop system simulation. Target lsame then
refined with the closed loop model to achieve tesitd separation conditions.

One of the major concerns coming out of the fiasgeting cycle was the time required to develog st the
guidance system targets. It was decided that ingnants in the open loop simulation were requirecethuce the
targeting timeline to ensure that the final cyclewd produce sufficient targets should the launate dlip.

Thus an additional effort was added to refine dpen loop models based on the closed loop simulatial
targeting bias effort. This allowed significant tdinutors to the bias to be included in the opeopl@ffort. One
example of this was the determination of the blowdattitude. Initially, a handful of possible attites were
evaluated in the closed loop and the one with ¢laestl 4S burn impact selected. By the last cycke,often loop
included sufficient fidelity to model the impact thfe transverse spin attitudes and the startinyicét was included
in the optimization. With this effort, order of matude improvements to the targeting timeline wachieved each
cycle.

Blowdown modeling

Another key aspect was the refinement of the mofitie blowdown of the Centaur propellant tankse Tritial
effort was focused on developing a flight based ehad the thrust and flowrate effect from each tafke result
was a model that bounded the flight experiences Weas combined with the knowledge of the contratesmy
behavior during the second burn to define a prdistibimodel of the system behavior during the ldown (both
impulsive and non-impulsive).

The result of integration with this refined modehs the identification of coupling issues with thititude
control system. The combined effect of the two eyt is that during the transverse spin, the vehidleactually
perform a cone maneuver, riding the switch-linesuling in a net acceleration along the velocityctoe

7
American Institute of Aeronautics and Astronautics



Identification of this effect allowed its inclusion the targeting process, removing a significaisisbfrom the
injection accuracy.

Guided RCS “Burn”

Another of the novel developments in support of thission was the application of the guidance bogic to
the 4S settling thrusters. One of the early stubliesipport of this mission involved studying theewf such a low
thrust system. Of key concern was the impact ofrobrsystem firings on the net “acceleration” vectbor the
Centaur system the four settling thrusters onlydpoe 24 Ibf of thrust. The pitch/lyaw thrusters eapable of
providing 25 Ibf thrust combined in the lateraleadition. While the lateral control firings are forelatively short
period of time this still results in significantitgs” to the sensed acceleration vector.

A number of minor, parameter changes to the nongin@ance system operation were made to accommodat
the low thrust system. They were all based on tecles developed for other uses of the Atlas V sysfEhese
changes allowed a larger integrated effect to buidso that the system response to small devetiothe velocity
vector was reduced. They also reduced the impattteo€ontrol system firings and reduced the bummbdity for
effects which provided little benefit to LCROSSféat covered in the injection accuracy section Wlo

Thus by building on the techniques commonly appirethe Atlas V family, the low thrust aspects b&t4S
burn were successfully characterized and mitigaléis allowed the guidance system to effectivelgnpensate for
variations in initial state and 4S thruster perfante to accurately achieve the desired LCROSStinglitions.

Controlled Depletion and Handoff

One of the hardest aspects of the design was thketaen of the hydrazine control system fluid. Givehe
conflicting constraints of guidance systems needafovariable 4S burn and the avionics battery lifgdrazine
management took on a new level of importance. TEdmentation was further complicated by the LR@dh#or
potentially three different park orbit coast lergytilvhat ensued was a tiered approach to hydrazamagement.

The nature of the different park orbits resulteagignificantly different requirements for hydrazirer the short
park orbit, we simply turn to the second burn adki and hold that for 15-20 minutes; for the loagkporbit (given
Centaur’s cryogenic fuel) we turn roughly normathe sun and slowly spin the stack to balance ol $ieating,
reversing the spin periodically for a variety ofsens. Since no constraints were placed on theskhat could
occur for a long versus short coast, the full 58 o@pability had to be provided under the long taaages. Since
the park orbit duration could vary from day to d#ye hydrazine bottle had to be fully loaded foctedaunch
attempt, regardless of the planned consumption demwthe first and second burns. Thus the first itiethe
management approach was to drive the hydrazinétiew® consistent by the end of the second burn.

To that end a hydrazine burn-off capability wasisTitilized the on-board hydrazine monitor functtortarget a
desired cumulative consumption and fire the motor§l that consumption was achieved, either dupark orbit
usage or 4S burn-off during the 2nd burn. One beleefit of this was more consistent mass propedigsg the
LRO separation event.

The second tier of the management approach wasl loaisthe guidance targeting process. Since thetskgry
through the window there can be significant diffexes in the guided 4S burn duration from point einpin the
window (basically from 200 to 900 seconds). Gitleis variation and the battery limit constrainimg tduration of
the final depletion phase, it became apparent ¢haecond burn-off period was required. To enhantssiom
success, this was placed late in the transverse(spvard the end of blowing down the gas pressuthe Centaur
tanks). The target was developed by removing theaiging fluid required, based on the 4S burn dargtfrom the
full bottle. Thus the second tier allowed more cohfluid to be available during the beginning bettransverse
spin in case un-expected behaviors occurred anellegpvhatever wasn't needed for the remaindehefrissions,
based on the nominal target for each point in thelow.

The final tier of the management approach was tfopa a balanced, hydrazine depletion after the DGS
was ready to assume attitude control. LCROSSelidire a series of attitude maneuvers and discmetenands to
be performed after the 4S burn was completed. giugided a smooth power up of the systems and edsbat the
control system cat bed was ready for operationrbetite Centaur hydrazine depletion began. The tepléogic
was configured to minimize the disturbances immhae the stack as the hydrazine was depleted.

Based on historical flight data, it was expecteat the resulting torques would be very small. Brgresmall
torques can result in significant attitude errox®rotime, so two techniques were implemented tovideo the
handoff of control to LCROSS. Once an attitude eluilt to a parameterized level the discrete wdiddsent, but if
the threshold had not be tripped by a certain (Wl before a battery failure would result in paviess, but after
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the latest depletion of fluids) then the discretauld be issued. This ensured that control woulghdssed over to
LCROSS without any loss of power due to rotatiothefr solar panels away from the sun.

Injection Accuracy

It was apparent from the beginning of the missiesigh effort that injection accuracy and especiaiigsion
variability was going to be a key challenge. Triadially, there are two effects that impact injenticcuracy: the
ability of the system to achieve the target andabgity of the system to know where it is. Muchtb& mission
design efforts described above were developeddocesthe impact of performance dispersions on dreldff or
separation conditions. Typically the vehicle digpen effects are approximately ten percent of theigation
instrument errors and the result of the designreffes that this relationship was maintained foe thCROSS
injection as well.

There were actually two separate aspects to the iskinjection accuracy for the LRO/LCROSS missiamow
to describe the errors and how to compute themefadiy system accuracy is simply a matter of deteimg or
defining how well the system can place the spaéemtm a desired orbit. For most satellites, psety where on
that orbit is of little consequence since thersame need to either phase or precess to the findd er constellation
relative location during a checkout period prioatdivation. There is usually a significant perafdime to trim out
any injection errors at the optimal time or locatior each orbital element. Thus for most sata]ithree or four
orbital element requirements suffice to constramerrors that will impact their maneuvering system

For interplanetary missions, the effort is takestep further. Again the goal is to quantify thesteyn error
impact on the spacecraft fuel budget. Unfortunatetyors in traditional orbital elements don't fgalescribe the
impact on the spacecraft. Instead, a Figure of (MEOM) technique is employed. In a nutshell, tiyaife of merit
process develops a linear transformation matrisibyulating unit changes to position and velocityglegermine the
impact at the planet encounter, both at separatimhthe correction point (called TIP) some numbedays away
from earth. Then by relatively straightforward npatmath, the uncertainties at separation can hestoamed into
the delta velocity corrections required for compizs at TIP. Since delta velocity has a lineaatiehship to the
fuel requirements (as a function of the spacecttaftisters) this provides an excellent representatb the
spacecraft impact from launch vehicle insertiomesr

For LRO/LCROSS the fuel to correct the launch gihinjection errors would need to be consumedrectoey
arrived at the moon (i.e. in the first half of thelivered orbit). Mission constraints dictated timabst of the
correction be accomplished at 24-25 hours out. #althlly, since the moons gravity actually rips gpacecraft out
of the earth orbit it was injected into, apogeerignvariations can have significant effects. Fipathese effects can
be non-linear, since for instance, overshootingnio®n could cause the spacecraft to pass behinchdloa instead
of in front of it. Thus neither the typical eartmbdal element nor the Figure of Merit approacioal good
characterization of the impact on the spacecrait fu

The new methodology developed for LRO/LCROSS isyarid method again reflecting the evolutionary
methods. The approach involved diagonalizing thditional state covariance matrix. The six eigetvecare then
individually simulated and the dispersed TCM optied for the arrival conditions. These values amt iKum
squared to define the launch vehicle impacts o @l.

VIIl. Results/Summary

While there was still an incredible amount of woskd analysis to develop the final targets, with the
incremental, integrated approach to the developrienteam was able to waterfall targeted closeg toajectories
back to NASA as quickly as LCROSS was able to glevinal targets (basically a block every two wegeks

On June 18th 2009, LRO was successfully inject&al liff orbit. LRO only used 1.3 m/s of 20 m/s alltoa to
correct for LV injection errors. Similarly, LCROS&as successfully injected into its LGALR Orbit. LOBS only
required 8 m/s out of the 30 m/s allocation. Thatue also reflects a decision by the LCROSS teashémge to
more optimal fly by condition after final targetere delivered to ULA. Thus three quarters of therexion was
due to this target change, and only 2.5 m/s woalkkrbeen used out of the 30 m/s requirement. dtsis worth
noting that the ability to launch on the initialobk opportunity also preserved more than 75 m/sarsfection
LCROSS had reserved for the later opportunities {he arrival condition in the next block of dagsuired more
than the 50 m/s of adjustment from the LRO orbityited by Centaur). This provided more than endugROSS
control fluid to accommodate the issues encountierdédyht.
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Model estimates predicted vehicle behavior

ULA post-flight analysis found excellent performancompared to pre-flight predictions. The deltafdvided
during the LCROSS mission phase was 20.57 m/s se26l64 m/s targeted. The blowdown duration was405
seconds versus the preflight prediction of 210 sdsoThe pointing behavior during the transverse sas exactly
as predicted. The delta-V imparted during the trarse spin (exclusive of the impulsive blowdown)sva5 m/s
versus the nominal prediction of 4.2 m/s. As altate 4-S burn only needed to impart 7.7 m/s vetbe preflight
prediction of 8.7 m/s.

As a result of late LCROSS analysis of possiblet@amleak rates, an additional balanced vent ohifgrogen
tank after handoff reduced the tank pressure ®ttesn 0.9 psia. This represented less than 0.bfbigdrogen left
at the beginning of the LCROSS cruise and matcheflight prediction to less than 0.1 psia. The onexpected
behavior was in the torque from the low pressune fthrough the oxygen tank fill and drain valveeathandoff.
While this resulted in higher than predicted distince torques, it also decayed much more quickly giredicted.

IX. Future Opportunities

The knowledge gained in the execution of the LRQRASS mission directly enhances the capabilities and

preparedness of ULA to execute future missions. @iffeanced understanding of the blowdown forcegiisgoused

to refine the final orbit of all Centaur missiomsnhitigate conjunction concerns with all activeedlites. The lessons
learned from the mission unique Flight Software sedements are being pursued in support of futurdi-mu
spacecraft missions. The delta-V capabilities ai@d considered for new and challenging missioks NASA's
Magnetospheric MultiScale (MMS) and Radiation B&iorm Probes (RBSP) missions. With the flight eigrere

and detailed system knowledge ULA possesses, weaveltepositioned to extend our reliability recorddaflight
expertise into a myriad of commercial venturesupport of NASA's future missions.
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