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The United Launch Alliance (ULA) has been developig a low-risk cost-effective approach for delivering
assembly elements, outfitting hardware, science pkads, and re-supply cargo to the International Spee Station
(ISS) in the post-Shuttle decade. Rather than delaping new space vehicles, ULA’s approach leveragesisting

space assets to create a practical systems-of-spagestems architecture that satisfies the projectednnual

upmass requirements of ISS. This is a responsibégproach because it ensures maximum utilization ahe more
than $5 billion of U.S. taxpayer and corporate invstments in developing existing domestic space sysi®, launch
vehicles, ground infrastructure and processes, anttained personnel. Further, utilizing existing, proven, and
operational space assets minimizes development costnd risks associated with complex space systemgjile

improving safety, reliability and robustness of a gstem-of-space systems architecture capable of supting the

evolving launch needs through the life of the Interational Space Station in its fully operational phae after
Assembly Complete.
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N I. Introduction

ASA expected to be able to utilize the U.S. Spauett& to fill the role as the primary crew andgmidelivery

system throughout the life of ISS. However, afteg Columbia disaster President Bush ordered tfetShuttle be
permanently retired in 2010, and that NASA begiveligpment on a new space vehicle to safely laun&h &ktronauts
into orbit. With the impending retirement of theu®tle, the NASA has been seeking alternate mearditibly deliver

crew and cargo to ISS. Although many conceptsaneg considered, currently only the Russian PsyrEuropean
Automated Transfer Vehicle (ATV), and Japanese Hrdnsfer Vehicle (HTV) are expected to be fullyafjied and

operational in time to begin delivering cargo t&S18efore the Shuttle is retired. As the ATV and\HbBecome

operational, they will begin carrying cargo to I&8cording to agreements worked out between NASA thed
European and Japanese space agencies. These egpedmowever, were established when the Shuttteassumed to
be the primary cargo delivery system for NASA. &sesult, the ATV and HTV missions, as currentlgrpied, will

not be able to fully meet the ISS post-Shuttle cailglivery requirements, leaving a substantial 5h# gap in the
program.

NASA estimates more than 5000 kg of internal pressd cargo and as much as 4000 kg of externalessprized
cargo will need to be delivered annually during thiy-assembled phase of ISS, post 2010. Theahctumber of
ATVs and HTVs required to meet this requirementiépendant on the mix of pressurized and unpregsligargo —
not simply on the gross cargo mass. The variépgss and shapes of pressurized internal cargexensive and
include such things as clothing, foods and consilesalkdrinking water, avionics and other hardwargerse
experiments, and literally thousands of other itéha range in sizes from tiny (e.g.; pens and aut$ bolts, etc.) to
equipment racks more than 40” wide and six feét-tatich as about as large as will fit through trech. Based on
current estimates, at least two additional ATVs/andiTVs (combined) would be needed to transpoet dnnual
internal cargo requirements of ISS. Unpressuriegtérnal cargo is typically much more massive amcludes
replacement hardware, called Orbital ReplacemeritsU®RUSs), such as the Control Moment Gyros (CMKat
stabilize the station, batteries, avionics suckasputers and controllers for the many systemsdhpport ISS, parts
for the dexterous robotic arm, radiators, and mather items. Unpressurized cargo also includesreat science
payloads which can range in sizes as small asubit ceter experiment packages weighing a few kilow (kg) to
massive research facilities such as the Alpha Magi$pectrometer (AMS) which at more than 52 cubigters and
weighing almost 8,000 kg is as large as a semidracSince the ATV is capable of handling onlygsarized cargo,
only the HTV will be able to carry external cargddowever, the HTV is limited to cargo that can dib the
approximately 2 m x 2 m x 3.7 m External Palletjchiexcludes many of the larger logistics ORUs pagoads.

This potential disparity between whatedsto be delivered to ISS and what the HTV and Adah carry is a direct
consequence of the new post-Shuttle reality. Razow and responding to this paradigm shift wasrisical
requirement in the development of the ULA cargoggortation system approach.

Since virtually all of the as-built ISS infrastrucé (e.g.; trusses, modules, logistics carriergrirational elements,
ORUEs, science and research experiments, etc.)designed to fly on — anghly on — the Space Shuttle; and, since the
Space Shuttle system is scheduled to be retire2D10; the ISS program must either: (a) be completed fully
outfitted by 2010 and every large hardware ORU tluatsn't fit on the HTV must operate through tlie iff ISS; or, (b)

an alternative architecture(s) must be implememtedugment the Shuttle for ISS assembly, while afeeting the
continuing operational and logistical requiremenitshe ISS throughout its expected on-orbit lifenfr 2010 through
2020 (and perhaps longer). To further compoundgbee, the finite and limited number of flightsween now and
the Shuttle’s scheduled retirement indicated toymarthe space community that the impending gapunU.S. space
capability should be immediately addressed.

Based on an inquiry from the NASA ISS program mamagnt in 2004, the ULA has been developing spastes)s
architectures to assure continued U.S. accessda@pport of the ISS from retirement of the Shutil@010 through
the expected ISS end of life in 2020. With thiemise, the United Launch Alliance Advanced Progrémasn has
invested significant R&D resources developing diséa and cost-effective systems-of-space systanthitecture
capable of supporting the ISS both before and &terttle retirement. The objective of the ULA aded programs
team was to use existing domestic space assdis tiréatest extent possible to develop a respotSiveargo delivery
system that met NASA’s post-Shuttle ISS re-supplguirements. Using our current space resourcessignsible
stewardship of current and past investments inclehi technology, infrastructure, processes, arakt importantly,
the trained and experienced personnel who manageyfacture, launch, and operate our existing spgstems.

This paper summarizes the results of a multi-yaatyswhich sought to develop a system-of-spaceesystarchitecture
based on existing space assets that could effgctitber augment or replace the Shuttle withire¢hyears.
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II. Identifying the Needs
As with any systems architecture design, one mtgttiflentify the overarching needs for the systdmthis case, the
primary need identified by NASA was to “replace tBpace Shuttle.” However, when examining thisestaieed a
common heuristic in systems architecting came todmi

“Don’t assume that the original statement of thegrlem is necessarily the best, or even the rigine & >

In this case the identified problem oversimplifibe real needs and overcomplicated the desirecsetd- A new space
transportation system designed to deliver cargéS® would_notnecessarily be required to perform many of the
functions or have the unique capabilities for whith Space Shuttle system has become famous. Ee&oifpvhat the
new system wasotrequired to perform include:

¢ Launching humans to orbit (ULA assumed this willggeformed by the new Orion space vehicle)
Supporting humans in a shirt-sleeve environme b rdit-

Transporting humans to the ISS

Rescuing and/or repairing worn or damaged asseishih(e.g.; Hubble Space Telescope)
Returning to Earth and landing on a runway

¢ Re-useability; and many others.

L I R 2

In fact only four primary needs were identified for ISS cargo delivery architecture:

1. Launch already built ISS assembly elements notdaed before the Shuttle is retired;

2. Transport already built outfitting hardware andipqent (e.g.; racks of avionics and science equigjne
3. Provide regular delivery of re-supply consumabliegistical cargo, and replacement hardware; and,

4. Dispose of waste from ISS.

Though launch and transport of humans and retuhighf value cargo to Eartdre needed services, it is not necessary
— nor responsible — to require one system to “dallit As with most cases in systems engineeriwbenever
competing and conflicting multi-use capabilitieg é&&vied on an architecture, compromises must bdemesulting in
reduced efficacy and robustness of the systenfacinthe Space Shuttle system for all it technpralwess, is held up
as a cautionary example of levying too many reeuénets onto a single vehicle. As operational fléitjbincreases, so
does system complexity, cost, and risk, which caané often does — lead to tragic results. Theeeftite desired
capabilities for return cargo and transport of hosnavere deemed to be outside the scope of thicdg§® re-supply
architecture.

In support of the first need, ULA identified (atethime the study was completed in late 2007) aitleene more
assembly element flights would be required to cateplthe ISS (primarily trusses and modules). Shdhe
unthinkable happen and another safety incident roatich causes the Shuttle be permanently grourpies to
completion of ISS, the ULA system would be requitedaunch and deliver any remaining elements &@I85. This
need then scoped the scale of the system in thraidt be capable of launching large ISS assembiehts such as the
pressurized modules. This first need also dictdétetl the system under consideration must accomraaslgen the
largest existing ISS hardware (e.g.; modules) drehdy built science payloads (e.g.; AMS), leadimghe conclusion
that Shuttle-like interfaces must be inherent ia $lgstem to ensure that transition of ISS harduw@tbe new system
would not require costly modification or re-quaddtion of existing ISS hardware.

Needs number two and three are very sim

¥61l| Purpuse Logistics Module (MPLM)

and if the system was able to meet the first ngegsm : \ ExPRESS Logistics Carrier (ELC)
these needs would also be met. For instafjce

most outfitting hardware and re-supply cargojiss= %
designed to be stowed in a pressurized c8
carrier such as the Multi-Purpose Logistig
Module (MPLM) or on an unpressurized car
carrier such as the Express Logistics Car
(ELC), which are illustrated in Figure 2.

FRGF (GFE)

ROEU —POA(GFE) —

These logistics carriers are designed to meet
same Shuttle interface requirements as the
elements, therefore if the system architect

EVAEVR st 1ol shown (GFE)

accommodates the first need, then the secOng
and third needs would be enveloped by those remeints. Figure 2: 1SS Logistics Carriers®
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The fourth need identified was to dispose of ISSteia This dictated that the system architecturelémgned to
accommodate waste materials from the ISS, safgdgrti¢he ISS vicinity, and then perform a contmbltiestructive re-
entry into Earth’s atmosphere.

Some additional parameters of the system desireédebW LA architecture team included low-risk, loerpnit cost, an
IOC starting as early as 2010, as well as beirghie, safe, robust, and flexible. The overarchdegign philosophy
adopted by the ULA architecture team was to maénuitzlization of existing U.S. space assets — whichuccessful,
would support many of the other parameters ideutifi

lll.  Maximizing Existing Space Assets to Develop the Sgsn Architecture

After identifying the true needs for the systemhitecture under study, careful review was undertakedetermine
what existing space assets were both available applicable to meet the goals of the system. Sildcé has
significant existing resources, the team desiredd@imize the use of heritage Delta and Atlas haréwinfrastructure,
facilities, processes, and operations. Howeveratichitecture search space was opened to inclueesting U.S. and
International space assets that might be applicabBddress the goals. The team first reviewedatfslable space
vehicles that are and/or soon to be operational.

Currently, only three space vehicles have travedeaind docked with the International Space Stafi6s): the Soyuz
and Progress spacecraft — both Russian — and the3pace Shuttle. Beginning in 2008 the EuropeatorhAated
Transfer Vehicle (ATV) is scheduled to begin linditeargo re-supply flights to the ISS; while the alzgse H-II

Transfer Vehicle (HTV) is not expected to makefitst visit to ISS until sometime in 2010. The prdther space
vehicle on the relatively near-term horizon thatigpected to travel to ISS is the Crew Exploratit@hicle (CEV),

which is currently in a NASA preliminary systemssig phase. The CEV is not expected to begin dipesauntil

2015 and possibly much later depending on Congmesksupport, budgetary funding, and the upcomirggigential

election. Further, the CEV has extremely limitedgcacapability, thereby making it unsuitable folting other than
transport of crew to the ISS.

With limited qualified space vehicles availabledan expectation of the impending Shuttle retiret&RASA initiated
the Commercial Orbital Transportation Services (S program to encourage industry to develop innoeatiow-
cost commercial orbital transportation solutionsreet the ISS re-supply requirements in the posttghtimeframe.
The COTS phase | demonstration program is schedaleah through 2010, with the COTS Phase |l suppontract
expected to be awarded in 2008. This limits theeline for development and demonstration of any nemmercial
space system to less than three years. Howevdonhisas shown that space systems, especially atad-rspace
systems such as those that are required to ddble i8S, routinely experience difficult developmantl test programs,
escalating costs, and slipping schedules. Althotigere has been considerable press coverage ofateve
entrepreneurial companies developing new commeceiejo delivery systems, at this point few of tlienmercial
space ventures have working hardware, fewer hageatipnal space experience, and almost none hgerierced the
Byzantine world of NASA’s manned space program émegal or the ISS program in particular. Basedoblicly
available data there appears to be no conclusiliedtions that such systems will materialize, big/fqualified, and
become operational in time to support the ISS gaaetirement of the Space Shuttle, and perhapfongears after.

Independent of the COTS program, ULA has been wgrkin a cost-effective and low-risk approach foplementing
an ISS cargo transportation system based almdsetlgridn existing, flight proven ULA launch systeéechnologies. If
begun in 2008, this system could have an Initiaei@ponal Capability (I0C) as early as late 2014 avould be
capable of providing complete end-to-end cargospartation to the ISS using flight proven domeatid international
space assets. Full operational capability (FO@) an annual internal and external cargo upmagahibty exceeding
projected NASA requirements, could be phased iready as
2011. This additional capability could be used teliver
government and commercial utilization payloads awiEnce
hardware not currently manifested on any plannightfito ISS,
as well as to deliver assembly elements and datfithardware
not launched prior to the Shuttle’s retirement.

In this proposed architecture, ULA’s flight provemd fully
certified Delta IV (DIV) and Atlas V launch vehidgFigure 3)
would be utilized to deliver assembly elements eadjo to low
Earth orbit (LEO). The DIV and Atlas are the owlgerational Delta I - y
U.S. launchers capable of lifting up tom25(55,000lbs) to Figure 3: ULAsfllght proven launch veh|cle§
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the ISS LEO transfer orbit (nominally 300 km ciraubt 51 degrees inclination). The only other @ace vehicle
that has this capability is the Space Shulttle, vkl be retired in less than three years.

The ULA approach was based on maximizing utilizatad U.S. space and infrastructure assets in lawetficles,
ground infrastructure, and trained personnel. Qdrgnsportation would be provided by derivativésxisting U.S.
EELV’'s. By utilizing these existing, proven, andly operational U.S. launch systems, the ULA ajpgfoavoids the
considerable operational impacts and developmestscand risks associated with embarking on thetioreaf

completely new launch systems to meet ISS requinésne

A review of the United States aerospace and laundbstrial base indicates that we already havectpability to

supply the International Space Station following tetirement of the Space Shuttle in 2010. Thaesttian of the ISS
Cargo re-supply services to existing launch vehmleviders is extremely beneficial for the U.S. apandustry,

NASA, the Air Force, and the Department of Defense

as it will serve to increase launch vehicle proguctassembly, and launch thereby increasing riéitiabf EELVs and

lowering costs to all government customers overetimCurrent ULA launch vehicle operations includsks the

activities needed to support ISS cargo missionsidiieg manifesting, packaging, integration, andhdatinch and on-
orbit operations. Utilizing existing assets woaldo provide high technology, good paying jobs ®wWbrkers, further
U.S. space innovation, lessen U.S. reliance ondofdaunch service providers, and increase natisealrity.

Therefore, ULA believes that U.S. produced launehieles launched from U.S. launch sites be a psimeguirement
for any proposed system architecture that seelksupport ISS post-Shuttle. The use of domesticdauior ISS
transportation services should also be in accomlavith current U.S. Space Transportation Policy Bi&kSA ELV
Policy Directives. This will serve to sustain amdintain the U.S. launch industrial base and enfaisteer economics
of scale and cost savings for not only launch Jehitime contractors, but also for critical supsief the launch and
aerospace industry, reducing U.S. government lacosts.

The Commercial Space Launch Act provides the fraomkvior NASA to procure domestic launch servicesjlev
honoring the basic agreements to the ISS partoessigply the already agreed-upon launches of AT¥ lmV. In
short, further reliance on foreign launch providersiot needed. While an operational domestic capakfiditylSS
cargo end-to-end services does not currently eafsrational domestic capabilities do exist fomiehing that can be
modified to successfully integrate and perform fillerange of ISS Cargo missions. ULA stands retalyffer our
Delta IV and Atlas V launch vehicle families thaeaot only available, but are fully operationallgsroven systems
that have achieved the necessary NASA flight dedtiion to perform this critical mission.

Existing U.S. ground infrastructure space assetgu(E 4) include ULA’'s extensive manufacturing, guetion,

integration and launch facilities at Decatur (AHgrlingen (TX), San Diego (CA), Denver (CO), Capan@veral Air
Force Station (CCAFS), and the Kennedy Space CER&E). Leveraging the more than $5 billion of gavment and
commercial investments in existing U.S. space asfeetdelivery of cargo to the ISS is financiallgsponsible and
good stewardship of our country’s infrastructursoteces.

ATIES B S8 O PR S Cabtar

Figure 4: ULA Ground Infrastructure Assets®
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ULA’s substantial launch vehicle production capitypibt its state of the art launch vehicle prodmatifacility in
Decatur, Alabama should be more than sufficienhe®t both anticipated national security space lauaquirements
as well as NASA’s future launch needs. Curreniglta IV production takes up less than 50% of thecddur
manufacturing facility’s capacity, and a larger tfaint would not be necessary even if the rate wergo to 20
boosters per year. Decatur is currently staffedl tawled to build 7 Delta IV boosters annually id-ahift operation,
and up tol4 in a 2-shift operation. Decatur i® asrrently staffed and tooled to build 5 Deltaugper stages in a 1-
shift operation, and 10 in a 2 shift operation.

ULA is in the process of moving segments of thea&ty/ manufacturing to Decatur in the near futu@ace the move
is complete Atlas V production is expected to u28% of Decatur's capacity to deliver a 6 LV perryegpability.
ULA plans to maintain the LV manufacturing capadityDecatur to deliver a mixed fleet totaling 12obters plus 12
upper stages annually in support of the existind-\EEontracts. With our extensive manufacturing aaifity,
production limitations are not expected to be auésin Decatur, regardless of the quantities ofitad@l launch
vehicles necessary to support ISS. Increasingodgpap to 20 boosters a year — much more than dvbalneeded to
support ISS re-supply — would only require a midiroapital influx for tooling modifications, and thglans and
processes are in place to execute should that kepeatity.

ULA’s operational launch site infrastructure at €&panaveral Air Force Station (CCAFS) includes ldu@omplex
37 for Delta IV and Launch Complex 41 for Atlas both of which would be used to support ISS Cargtiviesy
mission requirements. These existing, flight-prowemplexes are capable of launching up to 10+h24diper year
each providing maximum manifest and schedule assurémcéSS Cargo needs. The cargo and payload psoges
requirements in support of ISS re-supply missiores @mpatible with the numerous payload proces§iogities
available at CCAFS for the pre-launch servicing amegration with payload carriers. Depending arstomer
requirements, ISS support missions could be predess the existing ISS and Shuttle-related faeglitat NASA
Kennedy Space Center (KSC) or at commercial faglitsuch as Astrotech Space Operations (ASO) at the
SPACEHAB Payload Processing Facility (SPPF). A%#2ated in Titusville, Florida, is capable of presing
spacecraft and has facilities capable of integgabam Payload Fairing (PLF) encapsulations. Thecgssing and
integration timeline for cargo missions to ISS wbbk similar to processing flows provided in thdt®¢V and Atlas
V Payload Planner's Guid€swhich are available to the public.

Once the cargo is integrated with the LV, the Atlasl Delta rockets can accurately deliver payldadast about any
location required by the customer. With the dentraesd ability of our upper stages to provide Ior3 burns with
short or long coast periods, the Atlas and Delthictes have delivered payloads to LEO, MEO, suncByonous,
GTO, GSO, various Earth escape velocities and dniy io between. This flexibility allows NASA toustomize their
launch to the orbital requirements. ULA’s uppergss, with their demonstrated mission design fléikand proven
unparalleled injection accuracy can directly delithee cargo carrier to just outside of the ISStirigi vehicle stay out
zone. Direct delivery would reduce time from lalrio ISS rendezvous. This flexibility is enabledthe advanced
avionics, flight software and mission design calitésds developed over decades of support to NASA ather
customers.

Many of these capabilities can be combined to pl@significant launch window duration while mininmg the
imparted velocity requirements for an ISS re-suppligsion. This combination, as an example, caruged to
maximize the likelihood of launching by providinglanger window, while minimizing the extra analysffort
necessary for the current earth-relative ascefectiary designs. All of these capabilities argytiti proven with
demonstrated accuracies well within ISS missiomiregnents.

ULA's Atlas and Delta launch systems are both falperational which provides NASA with mutual baclegpability
to space via reliable U.S. based launch systemseapdrienced launch teams. Further, by using oistieg fully
operational and qualified Atlas and Delta launcétams, NASA is provided with the flexibility of iegendent launch
systems that can launch virtually any proposed iorissany combination of cargo types and quantityd avith
immediate capability to utilize either launch systas appropriate.

The architecture team baselined the use of existittgs and Delta space manufacturing, productiotegration,

launch, and mission operations facilities and panegq for the ISS cargo re-supply system. Thisr@gagh minimized

the costs and risks inherent in the developmentification, and operational verification of newdannproven space
transportation systems. With all of the “big bdniesplace, the architecture team next identified bnly significant

missing pieces of an end-to-end cargo transporntaystem: the cargo carrier and a means of rendezaod docking
or berthing with the ISS.
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IV. The Payload Bay Fairing©

Existing operational vehicles capable of transpgrttargo to the ISS include the Progress, whichiesapnly limited
pressurized cargo, and the Shuttle Orbiter whichbEconfigured to carry substantial amounts ofi [ppessurized and
unpressurized cargo. Once it becomes operatitimalEuropean ATV will be capable of carrying onkessurized
cargo. Although the Japanese HTV is being desidoeshrry both pressurized and unpressurized cégexternal
cargo transport capabilities are limited to thod®US that weigh less than 1500 kg and can fit oraehy@oximately 2
m x 2 m x 3.7 m External Pallet. Several cargoiess have been proposed by various participangaesof the COTS
initiative, although few of the designs have pregesl much farther than the concept or viewgrapiestand none of
the participants have developed flight proven hamdwor an operational launch vehicle. This leaN&SA in an
unenviable position — either purchase additionaVBiBnd ATVs to meet their approximately 10 mT arhrzago
shortfall after the Shuttle stops flying, bopethat one of the COTS participants actually sucsdeddeveloping,
qualifying, launching, and certifying an ISS cargesupply system in less than three years.

ULA has been working independent of the COTS pnogta develop a cost-effective and low-risk appro&sh
implementing an ISS cargo transportation systenedadmost entirely on existing, flight proven ULAuhch system
technologies. If begun in 2008 and an aggressivedule was implemented, this system could havéndial
Operational Capability (IOC) as early as late 2@h@ would be capable of providing complete endrib-eargo
transportation to the ISS using flight proven doticesnd international space assets. Full operaticapability (FOC),
with an annual internal and external cargo upmagsilility exceeding projected NASA requirementsjldde phased
in as early as 2011. Therefore, if implemented édiately, the ULA cargo systegould be ready to support ISS
before the Space Shuttle is retired. This wouttbelthe gap for ISS re-supply, and ensure NASAaheisble and
reliable approach to supporting ISS in the postttkhera.

In order to complete the end-to-end cargo tranagiort system architecture, the ULA team had to ligwve cargo
carrier capable of meeting the requirements idienttifor ISS cargo. Dozens of possible conceptisrttight fulfill the
cargo carrier element of the architecture were idensd, but most of the concepts were abandonete@mical or
feasibility reasons. After considerable analysid design, one rather elegant solution evolved effatiently met all
of the requirements of an ISS cargo carrier elemdtite ULA advanced programs team dubbed the ceagier the

“Payload Bay Fairin(a” or PBF° (Figure 5) because it was essentially an EELVIgeay fairing modified to emulate

Figure 5: Payload Bay Fairing®
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the Shuttle Orbiter cargo bay. As designed, thE B&s approximately the same cargo volume as th#eDpayload
bay (Figure 6), and employs latches and payloagiécaterfaces designed to emulate those curramkyd in the Space
Shuttle cargo bay (Figure 7). This design phipgo ensures existing ISS elements and other ISSSindtle
hardware can be utilized with no modification ormuealification. Further, in order to support IS&embly, the ULA
PBF was specifically designed to accommodate I88ehts as large as the Japanese Experiment MatitN&) ¢ the
largest of the pressurized ISS elements. Thisifeagnables the ULA PBF system to augment the [8hottsupport
ISS assembly, if needed, or to deliver un-launcélethents such as the Centrifuge Module and/or seigayloads
such as the Alpha Magnetic Spectrometer (AMS) af&® assembly is
complete. The primary mission of the PBF, howevesuld be to deliver
outfitting hardware, cargo
and logistics in support off
the long term needs of ISS

Orbiter
Docking
System

The launch environmentd
) were then analyzed td
‘_Experlment ensure that the ISS
Module elements and cargo would
Orbiter ] not be subjected to shoc
Payload 4% | LclllECl  events, loads, or othefiieion

Bay <4 Bay environments  exceeding.s

; ' Aairing® their design margins. Afterf~

several months of analysi
the team concluded that a
PBF environments werg
within limits and, in some |-
cases even more  benigf) o ,f'sf‘u"z“s‘ﬁéi“-f,
than Shuttle environments DN Ehcanon
which would potentially ||¢ 1
eliminate the need to re
qualify or modify existing
ISS hardware.
Figure 6: Shuttle Payload Latche3 Figure 7: Orbiter vs. PBF Comparisor?

Japanese
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PBF mission integration would be performed in mtled same way that ISS missions are currently iatedrinto the
Shuttle payload bay. A typical PBF re-supply nossisuch as the MPLM would be encapsulated in arbAtlas
payload fairing (Figure 8) and mounted to a Deltiaihch vehicle (Figure 9). The PBF would theraeiched into
an insertion orbit compatible with the ISS standatdb degree, 220 nautical mile low Earth orbitnalty, since most
of the new hardware ang

systems needed to comple’]e

the architecture areg
relatively simple 1SS Element/Carga (MPLM)

derivatives  of  existing 1SS Dacking/Berthing Mechanism
Delta IV and Atlas V

technology, the ULA cargo
transportation system could
be developed relatively
quickly.  In fact, initial
indications are that the first
flight units of the cargo
carrier could be completed
within the standard EELV
build schedule, S0
potentially both the carrier
and launch vehicle could b
shipped to KSC before th Upper Stage Skirt
Shuttle is retired.

Transfer Vehicle Docking/Berthing Mechanism

ATLAS Fairing

Payload Bay Fairing® (PBF©)

Payload Adaptaor Fitting (PAF)

Figure 8: PBF with MPLM Payload Encapsulated in Atlas Fairing®
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Figure 9: PBF Launch Configuration8

b

=

- —— P
- y— f
T S CE—

1l

Payload .
Bay V. The “Last Mile”

Fairing® Nicknamed “the last mile,” the last remaining magochitectural element
needed to complete the ULA cargo transportationesysvas a means of
rendezvous and docking (or berthing) the cargoierato the ISS, which
was perhaps the most difficult operational elenteatarchitecture team had
to solve. Although ULA’s upper stages, with thdemonstrated mission
design flexibility and proven unparalleled injectiaccuracy, can directly
deliver the cargo carrier to just outside of th& K8siting vehicle stay out
zone, the upper stages aret designed to rendezvous and dock or berth
with another satellite such as the ISS. Furthee, ISS Visiting Vehicle
Requirements are extremely stringent, which is s&aey to protect the
safety of the Space Station and on-board crew, mgaltie problem more
difficult.

The architecture team considered dozens of possibheepts that might

solve the “last mile” problem, but most of the cepts were abandoned due
to feasibility, schedule, cost, and/or risk issuesfter trade studies were
conducted on transfer systems, the architectuma realized that the best
way to meet the cost and schedule constraints wdsliow the team’s

overarching philosophy to utilize existing spacse#s to the greatest extent
possible. This architecture philosophy not onlgwerd the lowest cost and

54m
Fairing

P e —
| M N | E—
i

DIV
Heavy
Launch
Vehicle

W \ ;; \1/ operational risk, it also provided the architecttihe ability to rely on
proven systems, thereby minimizing the considerabtest and risk
associated with a “clean sheet” design approadihetoproblem.

The team established top-level requirements foinespace “tug” capable of rendezvousing with theé=P8&ither by

direct docking or capturing (e.g.; grappling) thBF? and then transporting the PBF and/or the palylmeck to ISS.

Since the list of existing space vehicles certifiedlock or berth with the ISS was very small, énehitecture search
space narrowed down to five existing operationalaam-to-be operational space vehicles:

(1) Space Shuttle Orbiter;

(2) Progress;

(3) Soyuz;

(4) HTV; and,

(5) ATV.
After careful review of each vehicle, the Progressl Soyuz were eliminated due to International ficah Arms
Regulations (ITAR) issues with U.S. providers atilig Russian vehicles to service the ISS. The hi#¢ eliminated
because it had neither the necessary delta V nprcapability that would enable it to operate asimspace tug.

Therefore, the only two vehicles that remainediledyt candidates capable of performing the “laskefnior the ULA
system were the Space Shuttle Orbiter and the EaropTV.

A. Shuttle Orbiter

The Shuttle Orbiter has had a long and successiigec performing missions similar to that desired the ULA

architecture. Past Shuttle missions have set@egent allowing the Orbiter to perform “space tog%sions including
changing orbital altitude, performing multiple dddiparameters per mission, rendezvous and retrid\satellites and
spacecraft in orbit, and capture and re-boost teflgas into higher orbits. Example missions iruz:

¢ STS-32 deployed SYNCOM IV-05 and retrieved LDEFfeturn to Earth
¢ STS 41-C captured the Solar Max satellite — whiath been launched on a Delta launch vehicle

¢ STS 51-A deployed TELESAT-H & SYNCOM IV-1, and capd and returned to Earth with PALAPA-B-2
& WESTAR-6, a mission requiring three different ivab altitudes and two separate rendezvous anducapt
operations
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¢ STS 51-I deployed AUSSAT-1, ASC-1, & SYNCOM IV-hen rendezvous and salvaged SYNCOM V-3
which involved capture of the satellite withoutngsigrapple fixtures

¢ Hubble Space Telescope (HST) Servicing missionsr (§@parate missions) where the Orbiter rendezdouse
with HST, captured the telescope with the SRMStHaeetr the HST into the payload bay for servicingl #ren
reboosted and released the 12-ton HST into a higtiér

¢ STS-88 the first ISS mission that launched ISS Nbdehich rendezvoused with the Russian-launcheB,FG
captured the FGB with the SRMS, docked ISS Node the FGB, and reboosted and released the fledgling
ISS into a higher orbit

Thus, the Shuttle is not only capable of perfornmimgpace tug operations similar to what is neddethe PBF, it is a
proven system with decades of experience performingessful in-space tug missions. With the hélBaeing’s
Shuttle operations team in Houston, TX, we perfatragop level feasibility study and concluded tthetre were no
technical show-stoppers preventing utilization 8tauttle as an in-space tug. The architecture tbam developed a
concept of operations for the combined ULA PBF &pace Transportation System (STS) architecturejdamdified
the requirements and capabilities of such a systdmpace systems architecture.

B. Automated Transfer Vehicle™

The Automated Transfer Vehicle (ATV), illustratedkfigure 10, is a 20-metric-ton unmanned expendsjidee cargo
transport vehicle, which has been in developmentesii994 by the European Space Agency (ESA). Thé docks at
the rear ISS Russian port and is capable of déigarp to 7700 kg of a variable mix of pressurizedgo, refueling
propellants for the Russian Segment of the ISSyedisas additional fuel required by the ATV to relsbthe ISS.

The general architecture of the ATV is simple, maduand designed for easy manufacturing, testimdy @assembly.
The ATV upper section, or Integrated Cargo Carfliec), is the portion directly docked to ISS andriees the dry and
fluid cargo (e.g.; gasses, propellant, and watarXfie mission. The ICC is an ISS human-ratedsqunézed volume,
allowing astronauts shirt-sleeve access, and iteriar is fully compatible with the NASA manned vebs

specifications. The ICC also carries on its froobe all the hardware, sensors and ranging cuesdded the final
approach and docking to space station, as wellgas attitude control thrusters.

The lower section of the ATV comprises all the @9 needed to support and execute the missidngding eight main
propellant tanks, two large helium tanks, the plsipn tank pressurization system, propulsion aniudé control
command system, four main thrusters, twenty atittidrusters, power generation and storage, nawsigationtrol,
command, and telecommunications systems, anduheHhavehicle payload adapter containing the sdparaystem.

The expensive and high risk development effort éiased with creating a transfer vehicle capableisiting the ISS

has largely been completed for the ATV, with thastfilight spacecraft (“Jules Verne”) schedulechrform an ISS
cargo mission in early 2008. This working flightllvprovide full checkout of all ATV ground and §ht operations,
including all aspects of cargo processing, intégnatlaunch, orbit rendezvous and docking with |5 crew cargo
loading and unloading, ISS departure, and destreict-entry. The Jules Verne will also demonsttatenew ATV

laser docking system, which will replace the ardigd Russian docking system, and will perform seveafe escape
modes from ISS.

While current ATV mission requirements dictate agalocking period, the ATV is also capable of dagkdurations
as short as one week, and can perform multipleidgclindocking, maneuvering away from the spadiostaoitering
and re-docking operations. This short-durationkdar and loiter capability could be utilized by thd A cargo
transportation system to perform in-space tug djmers

with the PBF.

The ULA cargo transportation system approach weekek
to work with the Europeans to adapt the ATV to mfoitly

utilize the existing built-in spacecraft capabdgito enable
the transfer vehicle to operate as an in-space

Preliminary discussions with the ATV developme
contractor and ULA indicated that such modificatio
could be achieved, and were in fact already un
consideration. These design modifications woulchgrily

be limited to enhancing the on-orbit proximity ogons
software to interact with a United States Operatio
Segment (USOS) docking/berthing port and adjusicleh

10
Copyright © 2007 United Launch Alliance. All righteserved.

Figure 10: Automated Transfer Vehicle®




maneuverability to compensate for the larger coedhiATV/PBF, and so would have minimal impacts te th
qualification status of the ATV and its certificati to operate as an ISS visiting vehicle. Theeftmited technical
and programmatic risk would be introduced by thapaation of the ATV to support the ULA cargo traogption
system.

The ATV is not only capable of performing in-spdag operations similar to what is needed for thé-PiBwill soon
be a proven system and will have performed at wastand possibly three re-supply missions to ®®, Iverifying its
safety, reliability, and capabilities. With thelphef the ATV design and operations team in EurdpeA intends to
perform a top level feasibility study and to enstivat there are no show-stoppers to utilizing tiie/Aas an in-space
tug that can capture the PBF, transfer back to I&8] dock/berth to a USOS port. With the asswnptat the ATV
can be used as an in-space tug, the ULA team develapszhcept of operations (Figure 11) for the combhi/LA
PBF and ATV architecture, and identified the regmients and capabilities of such a systems-of-spgstems
architecture.

VI. Concept of Operation

The ULA cargo transportation system concept of afpgns (CONOPS) is naturally divided into three gg® mission
requirements analysis, ground operations, andtfliglerations. In each phase, the ULA cargo trariapon system
would rely on processes, facilities, equipment patsonnel with experience on related missionsgthereducing or
eliminating additional critical verification and rtiéication requirements. The ULA cargo transptida system would
also benefit from existing systems, operationssgemel and infrastructure already qualified anglace for the Atlas
V and Delta IV launch vehicles.

A. Mission Requirements Analysis

In support of Mission Requirements Analysis, a enfpre-mission planning activities are performesll in advance
of the mission. Typical pre-mission planning aitié include launch vehicle and cargo carrier piaithn; mission
requirements and cargo manifest definition, andyéical integration of the cargo being manifested.

In support of the ISS re-supply missions, oncemission planning was complete, ULA would work wRIASA to
sequence the mission into the annual ISS traffidehto ensure the mission does not overlap andg8®&mission to
prevent multiple vehicles performing visiting opsas at the same time. In support of the cargssions, ULA
would work directly with the NASA ISS Program Officdrawing on extensive resources currently supmpktoth ISS
and Shuttle cargo operations. Our ULA payload essing experts would work closely with their NAS@uaterparts
to provide complete ISS cargo mission supportfitrahodeling, cargo analysis, and related actisitiecULA and
NASA experts would finalize the mission traffic nedddevelop detailed processes and schedules, amgplete
preparations for handling of the ISS cargo.

B. Ground Operations

ULA launch site ground operations would commencenvthe Delta IV or Atlas V launch vehicle and tH@HPare
delivered “on dock” at KSC. Once on site, the LMlahe PBF would be transported to one of the Uht&gration
facilities and prepared for launch. As soon asI8&® element or cargo is transferred to ULA from $84 both the
PBF and ISS element/cargo would be transportedh texssting integration facility (candidates includstrotech and
the NASA KSC Space Station Processing Facility [§pPwhere PBF and element/cargo integration aml fi
assembly would be conducted. The integrated PRFedement/cargo would be checked out and finalfication

completed. Assembly, cargo loading, processintggimation, and checkout of the PBF would be perémtniby

experienced launch site personnel from ULA. PBHE &S element/cargo launch site processing woulg og

existing ULA, NASA, and KSC procedures to the maximextent possible, further reducing operationatso

The ULA launch vehicle team would prepare a laweticle (either Delta IV or Atlas V depending o theeds of the
mission) for launch of the PBF and ISS elementfzarging existing, proven processes and infrastractiihe LV first
and second stages would be integrated and te$ten, ttansported to one of ULA’s Launch Complexe€@®AFS,
where the launch vehicle is erected into launcHigaration.

Once the PBF and ISS element/cargo complete irttegrarocessing, they would be handed over to thA lhunch
team, who would mate the PBF to the Payload Adalpitting (PAF), and encapsulate the PBF in an ABasm
composite fairing. The encapsulated PBF wouldifbed! to the top of the vertical integration fagiliand integrated
with the launch vehicle, where final checkout wobklconducted and any late access operations vibeuperformed
prior to launch.
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C. Flight Operations

Flight operations would encompass launch, on-odperations, ISS Activities, ISS departure operatjoand

destructive re-entry. Launch operations would tiigemature capabilities of the ULA launch vehides successful
deployment of the PBF in the ISS LEO transfer offrxitminally 300 km circular at 51 deg inclinationpnce the PBF
is deployed to orbit, in-space operations woulg o#l established facilities, procedures, and persbat NASA's JSC
Control Center, who would serve as the mission rcbridenter for PBF on-orbit operations from launathicle

deployment up to PBF arrival at the ISS approalipselid.

In developing the ULA PBF Concept of Operations [IPS) a system-level overview of ISS assembly arslpply
and operations identified the PBF system conceptesign drivers. The process utilized by the Ukan involved

developing a top-level list of mission sequencelipfved by a detailed mission timelines. The time$ developed
contain information not just on time, but on deltaand propellant consumption for each phase ofntission. Three
different mission timelines were developed: a nahtimeline illustrating a typical mission, a maxim-case timeline
using three-sigma dispersions and worst-case p#éessneand a sizing timeline using a root-sum-squafrehe

dispersions. For individual mission segments edéht worst-case parameters were used. As an éxafopde-orbit
propellant calculations, ISS was assumed to bésdtighest altitude (460 km), because that is wiieeepropellant
consumption for de-orbit is greatest. However,R&F orbit lifetime calculations, ISS was assunwebéd at its lowest
altitude (278 km) because that is where it may ttie longest to phase the PBF orbit to that of (5&; least
difference of altitudes between PBF insertion oaitl ISS). Obviously, these two events cannottisedly happen on
the same mission, yet our sizing analyses used dathts to envelope the “worst-on-worst” case aislfor fuel,

phasing, and operational timelines.

As discussed previously, the PBF would rely onegitthe Shuttle Orbiter or ATV to complete the “laste” transfer
from its insertion orbit, so separate CONOPS wenestbped for each approach.

Orbiter/PBF CONOPS

For Orbiter/PBF on-orbit perations, the (Figu
11), the PBF would be launched weeks
months prior to the Shuttle launch, and rema
in a loiter orbit near the ISS. After the Shutile
primary mission was complete, the Orbitg
would undock from the ISS, translate to th
PBF loiter orbit, rendezvous and capture t
PBF, remove the ISS element/cargo from t
PBF and stow it in the Orbiter cargo bay, af ©
return to the ISS where standard Shulttle/|
element/cargo would be performed. Since t
element/cargo would be removed from th
PBF, after the Orbiter returns to ISS the PE
would perform a disposal operation, ar
destructively re-enter Earth’s atmosphere.

Figure 11: Orbiter and PBF© CONOPS?®

ATF/PBF CONOPS

For ATV/PBF on-orbit operations (Figure 12), cores@bly more flexibility would be possible as to whihe PBF
would be launched. The ATV/PBF could be been laadcmore or less concurrently, the PBF could bedaed

weeks or months prior to the ATV mission and remaim loiter orbit near the ISS, or the PBF couédlaunched
weeks or months after the ATV mission and the ADMId either remain docked to ISS or wait in a lo@gbit near the
ISS. Regardless of when the PBF was launched, @fteATV’s primary mission was complete, the AT\owid

undock from the ISS, translate to the PBF loitévitprendezvous and dock with the PBF, and retarthe ISS and
dock or berth at one of the USOS Nodes. Once dfbkethed to the ISS, the element/cargo would beved from
the PBF by the SSRMS and transferred to the apjatedocation on the ISS. Trash and failed ISSQiWware would be
stowed in the now-empty PBF cargo bay, and the ABF would undock from ISS. Once safely out of IS8

departure ellipsoid, the ATV/PBF would perform amtisal operation, and the PBF would destructivelgnter Earth’s
atmosphere. Preliminary calculations by the ULéh@tecture team indicated that the ATV could beatdg of at least
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two, and possibly three PBF rendezvous and transfer
operations, before its fuel was depleted.

The ATV Control Center located in Toulouse, Framesuld
serve as the mission control center for ATV on-bojpierations
from launch vehicle deployment up to ATV arrivaltae ISS
approach ellipsoid, where NASA’s JSC Mission Cohtvould
assume control. The ULA cargo transportation systeould
rely on the same TV departure operations as worket
directly between NASA and the ESA for their natibna
missions. This commonality of operations essdgtial
minimizes new on-orbit operational risks with th&€AJcargo
transportation system.

VII. Conclusion

ULA has developed a low-risk, cost-effective intggd
systems-of-space systems architecture to meet N&ASA’
requirements for ISS cargo delivery in the postiBéuera.
The ULA cargo transportation system team has deaseost-
effective cargo delivery approach utilizing spaseeds that are
either in operation or nearing completion — the cgp8huittle,
the European ATV, and ULA’s Delta IV and Atlas \hidies

of launch vehicles — avoiding substantial cost askl inherent

in development of new space systems.

These assets — plus ground support equipmentsinfure,
operations and support personnel — have been gmatlover
the past two decades with more than $5 billion (ldi&lars)
invested by both the aerospace industry and the. U.S
government. The ULA cargo transportation system isique
system-of-space systems solution that stands readheet the
large and demanding cargo delivery requirementhefSS.

After careful review of the results of more tharotyears of
R&D, we concluded that ULA could implement a lowki

¢ cost-effective cargo space transportation systepatla of

S— - providing complete end-to-end cargo transportatmthe ISS

igure 10: ATV and PBFOCONOPS using flight proven domestic and international gpassets. If
begun in 2008 and aggressively managed, this systeid have an Initial Operational Capability (1043 early as late
2010, and would be ready in time to close the indpengap resulting from Shuttle retirement, religyipressure on
NASA during the final years of the STS program, analiding reliable and robust cargo re-supplytfee ISS through
the next decade and beyond.
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Nomenclature

AMS Alpha Magnetic Spectrometer KSC Kennedy Space Center
ASO Astrotech Space Operations LDEF Long Duration Exposure Facility
ATV Automated Transfer Vehicle LEO Low Earth Orbit
CCAFS Cape Canaveral Air Force Station LV Launch Vehicle
CEV Crew Exploration Vehicle m meters
CONOPS Concept of Operations mT metric Ton (1000 kg)
COTS Commercial Orbital Transportation Services MEO Medium Earth Orbit
DIV Delta IV MPLM  Multi-Purpose Logistics Module
EELV Evolved Expendable Launch Vehicle NASA National  Aeronautics and  Space
ELC Express Logistics Carrier Administration
ESA European Space Agency PAF Payload Adapter Fitting
GSO Geosynchronous Orbit PBF°  Payload Bay Fairirig
GTO Geosynchronous Transfer Orbit PLF Payload Fairing
HTV H-Il Transfer Vehicle R&D Research and Development
HST Hubble Space Telescope SPPF SPACEHAB Payload Processing Facility
I0C Initial Operational Capability SRMS  Shuttle Remote Manipulator System
ICC Integrated Cargo Carrier SSRMS Space Station Remote Manipulator System
ISS International Space Station STS Space Transportation System
ITAR International Traffic in Arms Regulations ULA United Launch Alliance
Kg Kilograms (1000 grams) UsosS United States On-orbit Segment
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