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In July 2007, DARPA issued a Broad Agency Announceemt for the development of
System F6, a flight demonstration of an architectue in which the functionality of a
traditional monolithic satellite is fulfilled with a fractionated cluster of free-flying, wirelessly
interconnected modules. Given the large number opossible architectural options, two
challenges facing systems analysis of F6 are (1gthbility to enumerate the many potential
candidate fractionated architectures and (2) the aility to analyze and quantify the cost and
benefits of each architecture. One element necesgdn enabling a probabilistic, value-
centric analysis of such fractionated architectureds a systematic method for sizing and
costing the many candidate architectures that ariseThe Georgia Tech F6 Architecture
Synthesis Tool (GT-FAST) is a point design tool damed to fulfill this need by allowing
rapid, automated sizing and synthesis of candidate6 architectures. This paper presents the
internal mechanics and some illustrative applicatinos of GT-FAST. Discussed are the
manner in which GT-FAST fractionated designs are sgcified, including discrete and
continuous-variable inputs, as well as the methodsmodels, and assumptions used in
estimating elements of mass, power, and cost. Flha the paper concludes with sample
outputs from GT-FAST for a notional fractionated architecture, an example of GT-FAST'’s
trade study capability, and a partial validation of GT-FAST against the Jason-2 and TIMED
satellites. The ease with which GT-FAST can be apted to new fractionated spacecraft
applications is highlighted, and avenues for poterdl future expansion of GT-FAST are

discussed.
Nomenclature

Caddireplace = average cost of adding or replacing component P = total power requirement
G existing = cost of adding component via an existing module t = time on-orbit
G separate = cost of adding component via a dedicated module V = average orbital velocity
f100 = smoothing function near 100 W power boundary  f = average ballistic coefficient
f500 = smoothing function near 500 W power boundary 4V = velocity change requirement
n = number of fractionatable components in architec  p = average atmospheric density

I. Introduction

N July 2007, the U.S. Defense Advanced Researclied®soAgency (DARPA) released a Broad Agency

Announcement soliciting proposals for developmehSystem F6 (Future Fast, Flexible, Fractionatager
Flying Spacecraft united by Information eXchangeDARPA'’s goal for F6 is ultimately a flight demdretion of
an architecture in which the functionality of aditsonal “monolithic” satellite is fulfilled with a‘fractionated”
cluster of free-flying, wirelessly interconnectedbdnles. The potential benefits of the F6 appromdiude
enhanced responsiveness in delivering initial cdifjab to commercial or government (especially afefe)
customers, greater flexibility in responding to Hifd changes in requirements, and superior rosstragainst
internal failure and external attack (i.e., enhansarvivability).

Two systems analysis challenges that are espeaatigal for the flexible and architecturally coiep F6
concept are (1) the ability to thoroughly and systcally generate candidate fractionated architestand, more
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importantly, (2) the ability to assess and quarttiy cost and benefits of each architecture, arsg idoing to order-
rank the different proposed architectures accordinthe right metrics. System attributes such exsibility and
survivability, which are essential for systems @piag in distinctly uncertain and rapidly changiagvironments,
are not properly captured and valued in the trawditi cost- or performance-centric mindsets of systesign and
acquisition (e.g., achievement of a given levepefformance for the least cost, the preferred padicformer
Defense Secretary Robert McNanfaja As a result, a value-centric approach is reglio properly assess and
benchmark the benefits of fractionation compareith wiose of the traditional monolith spacecraftluéainformed
decisions regarding F6 architectures hinge upotysigaof uncertainties and value generation througlthe life of
the system.

One element necessary in enabling such a proliahilialue-centric analysis of F6 architecturea systematic
method for enumerating, sizing, and costing the yr@ndidate architectures that are introduced agtifonating
subsystems or resources. For example, in onequsyi published design for Fawelve instances of six distinct
types of fractionatable components are distribat®wdng seven free-flying modules. However, thigridhigtion of
components is just one of many possibilities. Aswn in Ref. 5, if only six components exist in tystem and
each can be independently placed in any of upxamdules, 203 distinct cluster configurations exi$f the
number of components increases to twelve (akirhéodesign in Ref. 4), the number of possible caméions
explodes to over 4.2 million. Furthermore, thesenbers do not include the multitude of launch mestihg
options? Clearly there is a need to be able to evaluatertitan a handful of these alternative configuretim
order to make an informed decision on the desigrarofF6 architecture. The Georgia Tech F6 Architect
Synthesis Tool (GT-FAST) is a point design comptivet designed to help solve this problem by allugviapid,
automated sizing and synthesis of candidate FGtacthres.

The primary function of GT-FAST is to convert a udefined configuration of fractionated compongts., a
specification of which fractionatable components assigned to which modules) and launch manifest hich
modules are carried on which launch vehicles) aint desigfi. The information output by GT-FAST for each
point design is a mass, power, and cost budgeh#®rcluster and for each module in the clustersoAhtegral to
GT-FAST’s sizing procedures are user inputs fortiooous variables such as orbit altitude, inclioatimodule
design lifetime, and assumptions such as engingfi&penpulse (sy), payload mass, and payload power. Because
GT-FAST automatically (and relatively quickly) sizan F6 design, the tool is well-suited for traelies and has a
built-in capability to run a series of input setslarack any number of user-defined output mefrics.

Due to the amount of material to be covered, thderstudy process and sample results are the salbjac
separate companion papefThe details of the sizing procedures and assemptre the focus of this paper, which
is organized as follows: First, the manner in WhecGT-FAST point design is specified is descrilmmbering all
major inputs but especially focusing on the mannewhich architecture configurations are specifiedihis is
illustrated with an example point design that iedighroughout the entire paper. Second, the dumewlels for
mass, power, and cost are discussed, and samplet®atre then provided. These outputs includeogram cost
budget plus a mass and power budget for each ofrfmdules in the example point design. Additionadl two-
objective Pareto front is shown to partially ilikzge the trade study capability that is expandemhup Ref. 5.

II.  Defining a Design in GT-FAST

GT-FAST is currently implemented in Microsoft Exagith approximately 3,200 lines of supporting Visua
Basic code. The selection of Excel/Visual Basia @sogramming language is due largely to thetgtof Excel to
automatically iterate among circular referencest timny exist, a common occurrence in sizing programs
Additionally, this choice allows a great deal offadility in allowing the code to be distributeddamsed by a large
number of engineers in various organizations, dessary. Computing time depends on the compleitthe

* The nomenclature distinguishing components frapdufes, clusters, and designs is presented indBeitti

$ As a rapid sizing and synthesis point design t6dl;FAST is similar in concept to numerous otherad¢ademia
and industry, such as FLOPRTLAS"® PESST'® EXAMINE™, and ROSETTA modeld GT-FAST is unique
in that it is specifically designed for fractiondtgatellite architectures.

" These input sets are analogous to experimentshtbatesigner might like to run to characterizeddsign space
and determine an optimum design, if one such destgsts. If all inputs into GT-FAST were contingovariables,
this process would be well-suited to a classicalgieof-experiments approdch
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design in question and on processor speeds, btiteirirade study covered by Ref. 5, computatiomak tivas
demonstrated at an average of about 20 secong®ipedesign.

The first step in any execution of GT-FAST in i@irng-design mode is the definition of the pointigestself.
This is accomplished through specification of bdikcrete and continuous inputs. Because of the aizthe
combinatoric design space, the discrete inputs baee the focus of GT-FAST F6 analyses and wiltdogered in
the most detail in this paper.

A. Discrete (Fractionation Scheme) Inputs

The principal discrete inputs into GT-FAS™ Fractionatable Component E|
deal with specification of which fractionatabl “Component” for short
components are present in which modules € Modul
which modules are carried on which launc Module e
vehicles. On this point, it is important to clgrif '"dependent, free-flying spacecratt
issues of nomenclature. In this paper, the ba

unit of fractionation is called a fractionatabl Cluster/Architecture <[]
component, or a component for short. Dependi Cellection of modules on-orbit

on the resolution one desires in examinit

fractionated designs, these components can Design :
subsystems (as in Ref. 14) or resources/paylo ciyster manitested onto launch vehicles oeston e
(as in Ref. 4). As will shortly be described, t c|o]

current version of GT-FAST uses the latter . N ==
definitions of components.

Next, a compilation of components (and ar
required essential support subsystems, such Figure 1. Nomenclature for F6 designs used in thisaper.
structure, thermal, and others) into a single frec-
flying vehicle is called a module. A compilatiofi modules into an independent on-orbit F6 systeroaited a
cluster or architecture. Finally, a cluster witle tspecification of their launch manifest (e.g.,varat vehicle each
module is launched, acknowledging that multiple oles may launch on the same launch vehicle) isdad
design. This nomenclature is illustrated graphydal Fig. 1.

1. Fractionatable Components currently modeled in GNSF

The current implementation of GT-FAST uses fivefatd#nt classes of
fractionatable components, consistent with thosReft 4. An architecture car 24/7-1 | |HBW1
contain up to three payloads, up to two 24/7 comipation units, up to two high-
bandwidth downlinks, a solid-state recorder, amdission data processor. Icon
- . o . 24/7-2 | |HBW2
used in this paper to represent these nine indavifilactionatable components ar

shown in Fig. 2. Payloads are specified by theissn sunlight and eclipse powe
requirements, and pointing requirement. Unlike fieForce Satellite Control [PL3| | SSR MDP
Network (AFSCN) communications unit which every natadis sized to include,
a 24/7 communication unit provides near-continucoisimunications capability Figure 2. Icons for
through a relay satellite such as one of the NASAcKing and Data Relay fractionated components
Satellites (TDRSs). High-bandwidth downlink unésiow for high-volume  cyrrently implemented in
downlinks that could not otherwise be provided WKRSCN or 24/7 links. A GT-FAST.

solid state recorder allows high-volume data steyagd a mission data process

is a resource allowing for onboard high-speed cdingu

2. Example Specification of Fractionation Scheme iRFABT

To illustrate the way in which an arbitrary architee can be input into GT-FAST, we use the exardpkgn
shown in Fig. 3. In this design, there are foudmies. The first holds Payload #1, the primarydsstate recorder,
and the primary mission data processor. The secmulle holds one of two high bandwidth downlinktsimvithin
the architecture. The third module holds Payloaa#d the second high bandwidth downlink unit, sredfourth
module holds Payload #3 and a 24/7 communication udote that there is only one 24/7 communicatimrit
within this architecture even though the currenmsim of GT-FAST can support up to two 24/7 comneation
units (i.e., in general, the fact that a componerdvailable does not mean that it must be usea imodule or a
cluster). The black block on each module signifiest all modules also include all essential suppobsystems,
such as structure, thermal, power, and others.
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Figure 3 also represents that Modules #1 and #Barefested to ]
be flown on the same launch vehicle. Modules #B#heach launch | Example Design
separately. Note that launch order is not reptese(or needed) by
GT-FAST; that is, the representation in Fig. 3 does preclude .SSR E-
Module #4 from launching first or second. Alsoval be discussed,
the actual launch vehicle is selected by GT-FAS3eHdaon required
launch mass, launch vehicle payload capabilitied,launch costs. M

The example design shown in Fig. 3 is specifiechwitGT-FAST
through two matrice§. The first, shown in Fig. 4, maps th | [p.3 24,7_1.
fractionatable components (columns) to the modthas carry them
(rows). Thus, each row represents the configuratb a single
module and is color coded to appear similar tordpgesentation in
Fig. 3. Each element of the matrix is allowed aket one of three
character values: P, F, or N. The letter “P” aatles that the
particular component exists in the design and ésqmt on the corresponding module. The letteririBicates that
the component exists in the design but is not ptese the module. The letter “N” indicates that tomponent in
guestion does not exist in the design. Thus, ahynen which is not filled entirely by the letter "Nk allowed to
have only one “P” (and all other elements of theiem must have the letter “F*j. Thus, the first row of the
matrix in Fig. 4 shows that Module #1 carries Pasgilétl, the solid state recorder (SSR), and theianisiata
processor (MDP), just as indicated by Fig. 3. Nb#g the column for the second 24/7 communicatio s filled
with the letter “N” since the second 24/7 commuti@aunit does not exist in this example design.

The second matrix, shown in Fig. 5, maps the mad{r@ws) to the launch vehicles that carry thenufoos).
Thus, each column shows the modules that laun@giwen launch vehicle. Each element of the masradlowed
to take one of two character values: O or N. [Efter “O” indicates that a particular module isread onboard a
particular launch vehicle. The letter “N” indieatthat a particular module is not carried abogpdrtcular launch
vehicle. Thus, the element in the first row andtfcolumn of the matrix in Fig. 5 is marked “Ofdicating that
Module #1 is carried by Launch Vehicle #1. By resity, all other elements in the first row are nearkKN”, since
Module #1 can only be launched on one vehicle.

HBW1

Figure 3. Architectural depiction of
example design used in this paper.
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Figure 4. Input Matrix Mapping of Components to Modules for the Example Design.

™ Although the matrices in the current implementatid GT-FAST are limited in dimension to 9 x 9,stvan be
easily modified for future implementations involgimore fractionatable components.

* 1t is reasonable to ask why there is a need toindisish between the “F” and “N” designations sirtbés
implementation of GT-FAST focuses on the distribatof payloads and resources (i.e., to size a modlllthat is
necessary to know is whether a particular comporewnboard, regardless of whether it is presenamother
module. The distinction between “F” and “N” dokswever, become useful if the components are stérags as
in Ref. 14. If we take the case of a fractiongiedier subsystem through power beaming, for examysesee that
an “F” indicates that power is produced in anotimadule and beamed to the module in question, soniodule
must carry power receiving hardware. An “N”, howewvould indicate that no power beaming occuith@design
at all, so the power subsystem could be sized moee traditional manner. Thus, although the “F! \§”
distinction is unimportant in this implementatiofi GT-FAST using payloads/resources, the nomendatsr
retained for future flexibility of the tool.
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Tot. Launch Mass (kg)  340.61 143.06 134.49 0.00 0.00 0.00 0.00 0.0o 0.00

Launch Cost ($FY08M) 2200 22.00 22.00 0.00 0.00 0.00 0.0o0 0.0o0 0.00

Figure 5. Input Launch Manifest Matrix for the Exam ple Design.

An additional note to make about Fig. 4 and Figs 3hat, prior to any execution of the GT-FAST i
program, a series of consistency checks are peefbram both of the two matrices to ensure that npli@
constraints are violated. For the matrix in Figthds involves verifying that the following conidihs hold:

The number of modules input above the matrix (fouFig. 4) agrees with the number of non-blank
rows (modules) within the matrix.

Components are assigned to modules sequentiatiyngtavith Module #1 (i.e., if any rows are left
blank, they are at the bottom of the matrix).

If any column is not filled by N's, then there muing exactly one element in that column marked with
the letter “P” (and all other elements in the catumust contain the letter “F”).

An SSR and MDP must be present in any design teiggadata storage and processing capability;
thus, the last two columns in the Fig. 4 matrixraatrcontain any N’s.

At least one high bandwidth downlink unit must lbegent in any design; thus, at least one of the two
high bandwidth downlink columns in Fig. 4 must rohtain N's.

At least one 24/7 communication unit must be preseany design; thus, at least one of the two 24/7
communication columns in Fig. 4 must not contais.N’

At least one payload must be present in any dethas, at least one of the three payload columns in
Fig. 4 must not contain N’s.

For the launch manifest matrix in Fig. 5, the cetesicy check is somewhat simpler. This check iresl
verifying that the following conditions hold:

The number of launches input above the matrix éhmeFig. 5) agrees with the number of non-blank
rows (modules) within the matrix.

Modules are assigned to launch vehicles sequansitting with Module #1 (i.e., if any rows aréle
blank, they are at the bottom of the matrix).

No modules may be assigned to multiple launch Vesiithus, a maximum of one letter “O” may exist
per row in Fig. 5.

All existing modules defined in Fig. 4 are assigned launch vehicle in Fig. 5. If four moduleg ar
described in Fig. 4, then all four must be mangesh Fig. 5.

In concluding this discussion of the discrete fawtion scheme input into GT-FAST, it is importaatnote
that the example used in Fig. 3 is just one of naossible fractionation schemes that an F6 desigiddake. The
combinatorics involved in placing components intodumes and modules into launch vehicles resultserfact that
the possible designs for this problem actually nemib the millions. A clear advantage of a tool like GT-FAST is
that, when automated, it can allow for a rapidngjzsynthesis, and trade-space evaluation evdarfye numbers of
possible designs. Topics related to such a trpdeesevaluation are covered in Ref. 5.
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B. Continuous Inputs

In addition to the discrete inputs involving fractation scheme, several inputs to GT-FAST are tyrec
controllable from the main input sheet (additioc@htinuous-variable parameters are documentedsasgions in
Section 11l and can also be changed if necessamdwjifying the models used). These inputs canrbaped into
the three broad categories of orbit, payload, aargm.

In terms of orbit-related inputs, the GT-FAST usarst specify the altitude and inclination of theided orbit
for the F6 cluster. The baseline implementatiofGdtFAST assumes that the orbit is a circular lcavtk orbit
(LEO), although the program has been demonstraiedet adaptable to non-LEO orbits. These altitude a
inclination inputs allow GT-FAST to select launchhicles and to budget propellant for orbit mainteraagainst
atmospheric drag. If a higher-fidelity power sufisyn model is used by GT-FAST in the future, thisrimation
can also be used to estimate the percentage afb@niroeclipse (i.e., for battery charging andattiarging). The
example design used throughout this paper assuBi&8 km altitude and 28.5° inclination.

In addition to orbit altitude and inclination, tlestimation of orbit maintenaneg/ requires inputs for mission
duration and vehicle ballistic coefficient. As Wike documented in Section Ill, the propellantreation model for
GT-FAST also includes attitude control propellantl aesiduals; any propellant that does not fit ohthese three
categories can be input by the user @/a Enginels, is required to convert allV values to propellant masses.
Currently all of these inputs are assumed to besdimee for each module, although future versiofGTGFAST may
allow for non-homogeneous mission durations, batliefficients, orbital elements, etc. The exégesign used
throughout this paper assumes a 2-year missiortiolyd 10 kg/m? ballistic coefficient (based on mage values
from Ref. 15), 300 s specific impulse (represemeatif a bipropellant hypergolic thruster), and widitional user-
definedAV requirements.

Payload inputs include the mass, power, and pgmggquirement for each of the up to three payl@didsved in
the current GT-FAST implementation. Power inputsdivided into both sunlit and eclipse requirerseatiowing
a user to input a low or zero eclipse power requam, for example, if a payload is a visual imagktass and
power inputs directly feed into the mass and pdwetgets for the modules carrying the correspongingoads.
Pointing requirements (coupled with a fourth nogkpad pointing requirement which could be useddooant for
communications antenna pointing, for example) aftetitude determination and control system (ADC®}t
estimates from the Small Satellite Cost Model 2@B8CMO07)*° It deserves note that the GT-FAST requirement of
only four inputs per payload allows portability imat only minimal information need be passed betwgsyload
designers and GT-FAST users. In the example ddsigthis paper, Payload #1 is modeled after theARI
Search and Rescue Repeater (SARR) instruMdPayload #2 is modeled after the transponder pdytathe
Orbcomm LEO communications satellife? and Payload #3 is modeled after the science sqesdoads of the
recent Interstellar Boundary Explorer (IBEX) spaedtc’’ Although this payload set is notional, it highlig the
potential for F6 to accommodate a variety of diggrayloads within a single fractionated infrastuoet

Finally, the user may specify four independent rnmapercentages to be used for dry mass, propeaftess,
power, and cost. These margins are added toafdkh respective budgets for each module to addoupossible
growth during the development, production, and afiens of the program. Special notes to makelaethe cost
margin is not applied to the launch vehicle, ararirass margin is not applied to the launch adapéess. In the
example design for this paper, 25% margin is usedry mass, propellant mass, power, and cost.

Table 1. Assumed Payload Characteristics for Exane Design'>*"*®

Payload Payload Flight Mass Sunlit & Eclipse RepoL:ir;teI:rrlgent
No. Description Heritage (kg) Power Requirement (W) ? deg.)
1 Search & Rescue Repeater NOAA-N 24.0 53 1.0
2 LEO Transponders Orbcomm 8.4 10 5.0
3 Sensors and Electronics Unit ~ IBEX 26.0 16 0.5
6
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lll.  Sizing and Costing Models

At the core of GT-FAST is a set of mass, power, enst estimating relationships constructed primdrivm
Refs. 15 and 16 and complemented by estimates @rmoensatellite manufacturer. In this section, wevey the
sizing and costing models used by GT-FAST. Fstsurvey the power and mass models by subsys=soond,
we survey the cost models by line item, includindiscussion of launch vehicle selection. Althoulgis section
describes the GT-FAST models as currently impleegnt should be kept in mind that these modelsnawdular
and can be (and have been) adapted if a user ptefese a model better suited for a particulatieaon.

A. Mass and Power Modeling

Individual modules are sized to be independeng-fiygng spacecraft, allowing for the applicatiohresass and
power estimating relationships from sources suclRefs 15. The mass and power models for the ntgjofi
subsystems (propulsion, attitude determinationamdrol, thermal, power, and structures) aboarth @adule are
no different from typical models for conceptualigaswhich will be described next. Depending on ¢bmponents
present on a given module, the communications stdasyand command and data handling (C&DH) subsystem
may use modified mass and power models, whichalgth be described next.

1. Models for Typical Subsystems

Since the only fractionatable components in thipl@mentation of GT-FAST involve communications, adat
storage, and data processing, the subsystems miilpran, attitude determination and control, thdrrpawer, and
structures are sized as usual for a first-orderceptual design. In terms of mass, this means Hisorical
percentagés are used which relate a subsystem mass to thledigtanass of the module. For example, using
historical data for LightSafs,the structural mass of a module is expected 2208% of the total dry mass. In the
example design of Fig. 3, the resulting dry massMuddule #3 is 88.3 kg (before margin is applied);
correspondingly, the structures subsystem massiastiis 20.0 kg. This method of modeling basedhistorical
percentages also applies to the communication<C&13H subsystems when no high bandwidth downlink2éf7
communication units are included on a given module.

In terms of power, typical subsystems use a sepmfer estimation relationships from Ref. 15. These
relationships are more complex than the mass perges and use different models depending on tlaé goiver
requirement of the module. If the total module powequirement is below 100 W, Ref. 15 recommengisricular
fixed power level for each subsystem. If the tqalver is between 100 W and 500 W, a percentagieeofotal
power is recommended, and if the total power ival&®0 W, a different percentage is recommended.

To avoid convergence issues near the 100 W andvb@®undaries and to provide continuity in the power
estimate, a smoothing function is applied to thevgromodel in the vicinity of the boundaries. Theasthing
functionf below is a third-order polynomial which descrities relative weighting between the two power esta®ia
of the Ref. 15 model in the vicinity of a boundart the boundary itself (i.e., 100 W or 500 W)e ttwo estimates
are equally weighted arfd= 0.50. At 20% above the boundary (i.e., 120 V8@ W),f = 1, and at 20% below the
boundary (i.e., 80 W or 400 W= 0. Thusf describes the weighting on the power estimate@bu boundary; as
a result, the weighting on the power estimate bellogvboundary is 1- The polynomials that descrilfeas a
function of total powelP are shown in Eq. (1) and plotted in Fig. 6. Asesample, Fig. 7 shows the result of
smoothing on one representative subsystem (ADC&gprequirement. Note the' Gand €) continuity”® provided
by the smoothing function as opposed to the origiiontinuous model from Ref. 15.

Note that it is assumed that these power relatipssipply both to sunlit and eclipse periods; tifitlse power
requirement of the payload for a given module $® @onstant between sunlight and eclipse, theghtrdnd eclipse
power requirements are identical. Additionallyshtould be noted that this model has no couplingd®n power
and mass estimates (although higher-fidelity, cediphodels could easily be implemented in the fyture

f.0 = —0.0000312%° + 0.009373% — 090P + 28

(1)
..o = —0.0000002%° + 0.000375 — 018P + 28

88 For a brief discussion of simplé €ontinuity and &first-derivative continuity, the reader is refattte Ref. 19.

7
American Institute of Aeronautics and Astronautics



| | \K | | ;
| | | | | |
0.8F------ po----- 1 A . 0.8F------ Fo----- To--- - - .
| | | | | |
o6 1. | o6l 1. f o i
o . | | | o : | | |
o ! | o | |
— | { | Yol | { |
T 04F------ Liinll” ottty - = T 04F------ [l ottt l------ =
| | | | | |
| | | | | |
02— - 02F------fgF -~ e -
‘ : : ‘ : :
0 i i i 0 i I I
80 90 100 110 120 400 450 500 550 600
Total Power (W) Total Power (W)
Figure 6. Smoothing functions for the 100 W boundar (left) and 500 W boundary (right).
80— I T R I T T R A T
-
0 AT
S | | | 4 | | e
g 60p - SRR IR TN e SRR REEEEE R N
£ : : s S -~ :
9 50 ”””” [ T - - -0 777777\ 7777777 7‘\777'?7;"7‘!’ 777777 - - - -~ T T T~ ]
S 1 1 ,V 1 N 1 1 1
g a0~ e 7 A IR N SRR, . R
— I Y 4 I I I I I I I
()] | | | | | | | | |
< 30----- [N /,,,77L 777777 - = R R e mm— - I — - —— = 4o —
c 4 1 1 1 1 1 1 1
200 - BV A R S I [ L S L .
8 ¢ | | | | ‘ ‘ ‘
< 10l R N I Unsmoothed Model | |
] | | | |
! ! ! ! ! ! = == = Smoothed Model
/ } } } ! ! ‘ [ [
0 100 200 300 400 500 600 700 800 900 1000

Total Power (W)
Figure 7. Example (ADCS) variation in power requiranent with total spacecraft power.

2. Models for Fractionation-Affected Subsystems

In the current implementation of GT-FAST, the sgziof the communications and C&DH subsystems isctliye
affected by fractionation, and these cannot be gngsized based on historical data (since no slath exist for
fractionated systems). Instead, these subsystemssized using a set of rules which define the ysibm
components that are present on a module giverrahgdnation scheme.

The components of the communications subsysterarfgrgiven module include the high bandwidth dowinlin
and 24/7 communication units allocated to that nem@s well as an intra-cluster wireless unit ands&N link
equipment. The intra-cluster wireless unit and 8RJink equipment are included by default for albdules; the
former allows for wireless communications betweasduoles, and the latter allows low-bandwidth comroation
with an AFSCN-equivalent ground station networkie®nly exception to the inclusion of the intrastlr wireless
unit on all modules is that the unit is excludednistances where only one spacecraft exists iratbleitecture (in
which case there is presumably no need for wiretEssamunications between modules). The mass of the
communications subsystem is the sum of the madseach component present. The power requiremetiteof
communications subsystem is based on the assuntp@brthe module always uses the intra-clusterlesseunit
and only one external link at a time. Thus, if adule carries a 24/7 communication unit, high badtwdownlink
unit, and AFSCN link equipment, only the largestha#se three power requirements is added to thermp@guired
by the intra-cluster wireless unit. No distincsoare made between sunlit and eclipse periodshegower
requirements during sunlight and eclipse are equal.

The command and data handling subsystem for amygiwodule consists of the solid state recorderR¢p&nd
mission data processors (MDPs) allocated to thaduteoas well as a minimum C&DH unit providing basic
processing and storage capabilities. The minim&DI& unit, which has a mass of 5.5 kg and power ir@goent
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of 15.5 W based on Ref. 15, is present on all nesltd provide basic functionality even if an SSRVIP is not
present on that module. The mass of the C&DH sibryis the sum of the masses of each componesgrgrand
the power requirement is the sum of the power reqents for each component present. As with the
communications subsystem, no distinctions are rbatigeen sunlit and eclipse periods.

3. Propellant Mass Estimation

Propellant mass for each module created in GT-FASJudgeted among the five areas of orbit mainteman
additional maneuvers, attitude control, residuatg] margin. Orbit maintenance propellant is egechghrough the
expression foAV in Eq. (2), which uses a module’s mission durait), altitude, and estimated ballistic coefficient
(B). Altitude is used to estimate velocity)(assuming a circular orbit, and altitude is alsedito estimate
atmospheric density) under the conservative assumption of a solar maxi period using data from Ref. 15. The
AV for additional maneuvers not associated with aeihnthe other four categories is left as a usertinfithisAV is
converted to a propellant mass through the ideztetoequation. In the example design shown througlhis
paper, theAV for orbit maintenance is 110.0 m/s per year,limgato 220.0 m/s overall. Th&V associated with
additional maneuvers is assumed to be zero foexhmple application.

The remaining three areas of propellant budgeestienated as percentages of propellant mass riutenV
values. Attitude control propellant is estimate®.&% of the total propellant budget, and resislaaé estimated at
1.5% of the total budget according to Ref. 15. pelant margin is user-defined, and in the exanusked in this
paper, propellant margin is set at 25%. As a tesiuthese three additional propellant requiremetits total
propellant budget for each module in the exampggaes 322.6 m/s.

The propellant mass estimation model described Fseapplied to all modules in a GT-FAST architeetur
although specialized assumptions (for exampleewtfit mission durations for different modules) barapplied in
future implementations of the tool. In one exampugiE a modified GT-FAST tool, a geosynchronous
communications satellite was modeled; modificatitmshe propellant estimation models involved tdition of
geosynchronous-orbit-specific stationkeeping remants and disposal orbit requirements.

oV
2p

AV =

(2)

B. Cost Modeling

In terms of cost modeling, GT-FAST in its curremipiementation for Earth-orbiting F6 designs prifyadraws
upon the Small Satellite Cost Model 2007 (SSCNMQ®lthough other models are used for estimatesIBEMO7
does not provide (for example, software, groundvesg development, and launch costs). One challengsing
traditional satellite cost models for fractionat@athitectures is that these models are regress$ions previous
programs and are inherently biased toward architestconsisting of a single spacecraft. As a tethd regressor
variables in the traditional cost estimating relaships (CERS), which are often subsystem massés; to
properties of a single monolithic spacecraft and tooa spacecraft cluster. Thus, some of these sSCaife
reasonably applied to properties of individual rmedun the cluster, while others are more reasgnajplied to
properties of the cluster as a whole. For examipleiould make little physical sense to apply threpgulsion
subsystem CER, which uses propulsion subsystermdsg as the regressor, at the cluster level (whathd imply
that several small propulsion subsystems on indépen free-flying modules should have the same aesbne
large subsystem on a monolithic spacecraft). @natmer hand, the program management/systems enigige
CER would be more appropriately applied to overadtrics of the entire cluster (i.e., applying tAiIER on a per-
module basis would imply that program managemenearh vehicle is independent, which would likely dve
overestimation). Thus, costs are divided into c@estimated at the module level and costs estinstéte cluster
level.” In the present implementation, all costs arentegldn fiscal year 2008 dollars ($FYO08).

1. Module-Level Cost Estimation

GT-FAST accounts for subsystem, payload, and adgemaist, and launch operations (ATLO) costs oreg p
module basis. In terms of subsystem costs, SSAM03ed almost exclusively. For module wet mabséswv 125
kg, the SSCMO07 Micro Satellite CERs are used, amdafl other wet masses the Small Satellite CERsused.
Typical inputs into an SSCMO07 subsystem cost mipa#lide the dry mass of the subsystem and subsyspewific

™ This modeling strategy can be rigorously refindtew actual fractionated spacecraft are flown arsd data
becomes available.
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parameters. For example, the propulsion subsystshmodel requires as inputs the propulsion stdsysiry
mass as well as type of propellant (cold gas, lydeamonopropellant, or hydrazine bipropellant).ithid GT-
FAST, propulsion subsystem dry mass is known froassnsizing described in Section Ill.A of this paperd
propellant type is automatically inferred from ttentinuous input ofs, also described in Section 1l. The SSCMO07
equation relating these inputs to an estimated (@dsich can be broken into recurring and nonreogriparts) is
typically nonlinear. The only deviation from SSCKI terms of subsystem CERs is due to the fa¢tS8£MO07
costs the C&DH and communications subsystems agjiesinit based on the total mass of the two sstiesys; for
accounting purposes, this total cost is split siett 58% is assigned to the C&DH subsystem and é246signed
to the communications subsystem based on dry nplissata from Ref. 15.

Payload cost is estimated as 40% of the modulecbsisbased on a CER from Ref. 15. Assembly, &esl,
launch operations (ATLO) cost is estimated for eadldule based on SSCM07. By the SSCMO07 defini#harl,O
consists of the combination of the categories eégration, assembly, and test (IA&T) and launch aniital
operations support (LOOS). ATLO cost estimatiopuits include module wet mass (calculated from tlasan
sizing of Section Ill.A) to determine whether toeutie Micro Satellite or Small Satellite CERs, daslifetime
(from user inputs), and module power (from the éargf either sunlit or eclipse operating power ghted as in
Section 11L.A).

2. Cluster-Level Cost Estimation

GT-FAST accounts for program management/systemisesring (PMSE), flight software development, grun
segment development, operations, and launch codtsealuster level. PMSE cost is estimated uS&EMO07
relationships. Inputs to the PMSE cost model laeedtal cost of all module buses (each calculated per-module
basis as described in Section IIl.B.1), the tot@dLA cost for all modules (also each calculated greemodule
basis), and the total wet and dry masses of allulesdcalculated as described in Section Il1.A).

Flight software cost is estimated based on relakiips available in Ref. 15 for cost per thousanddiof code.
Nominally, it is estimated based on Ref. 15 thaheamodule requires 26,000 lines of flight softwaoele, and GT-
FAST scales lines of code directly with the numbé&rmodules in the cluster. This is likely to pradua
conservative estimate of software cost since, afhoeach module would have unique components abtisace
may be cost savings due to elements of commonality.

Ground segment development cost is also estimatsedbon Ref. 15. The ground segment development co
includes ground station facilities, equipment, wafte, logistics, and system-level costs. The l@eak between
each of these various components of the cost enddy a set of typical percentages from Ref. 18,thr absolute
magnitude of the ground segment development coahébored upon a ground software cost estimater uhde
assumption of 100,000 lines of code from Ref. BH.-FAST can also allow the user to override the BR&fground
segment development cost model with a custom esilfiar example, if new ground stations do not neette
developed).

Operations cost is estimated based on a publicjiahle mission operations cost model from NABAInputs
into this first-order model include the investmammst of the system (total development and prodoctost,
excluding launch costs) and duration of the misgemiser input described in Section 11.B). Normallse of the
NASA model requires specification of mission typethis implementation of GT-FAST, estimates aredprced for
both Earth observation and communication missipesyand averaged since either (or both) of thessionis may
be executed by a fractionated design, dependinbepayloads carried.

Launch cost estimation is accomplished throughreetistep process for each launch in the prescritsdfest
(e.g., see Fig. 5). First, the total mass capggbikquired by the launch vehicle is calculated duding the
individual wet masses of each module aboard. teroto account for structural mating of each moduolehe
launch vehicle, an adapter mass of 18.8 kg is atiwedch individual module mass based on examiehes in
Ref. 15. Second, a database of launch vehiclebdipaelationships™ is used to compute the maximum payload
deliverable to the user-specified orbit for eacl2@fexpendable launch vehicifls Third, GT-FAST identifies the
launch vehicles with deliverable payload capaletitygreater than or equal to the mass to be laurasicbdelects the
lowest-cost option based on a launch vehicle casalthse compiled from Refs. 22 and 23. This thteg-
procedure is repeated for each scheduled laundhemmanifest. Note that this assumes launch \ehiale
purchased independently for each of the launchéeegtrescribed price (no discounts are assume@éxample, if

™" For an example of such relationships using respensface equations (RSEs), the reader is refeorBef. 21.
#* Currently, GT-FAST’s launch vehicle database nisitied to American launch vehicles, but this datebail be
expanded in the future to include foreign options.
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all launches use the same vehicle). Although laumehicle reliability does not factor into the camgr’'s
automated selection of launch vehicles, GT-FASTsddw the user to exclude launch vehicles fromsaderation
(for example, if reliability is too low to merit ngideration).

C. Model Integration

As mentioned in Section II, one reason for selgctmiicrosoft Excel as a platform for GT-FAST was its
automatic iteration capability. As a result, clesureferences among cells can be made and autmihatvaluated
without explicit programming of iteration procedsireThis capability is utilized extensively by GRET. Each
module in a given architecture is represented pgveer, mass, and cost breakdown in a dedicatedsivest within
the tool (see Fig. 8), and formulae within thexell each worksheet are allowed to reference athlees within the
worksheet or within other worksheets. Use of VidBasic code within Microsoft Excel allows workshe¢o be
automatically created and configured accordingheoriumber of modules, components contained witrodutes,
and other inputs specified by the user.

As a result, once a user inputs a fractionatioresehand series of continuous inputs as describ&adtion II,
GT-FAST creates a sizing worksheet for each modateautomatically iterates both within worksheetd among
worksheets in order to determine the mass, powed, ast breakdown for each module and for the entir
architecture. It should be noted that most sizamgl costing relationships are based on parametdting
relationships and not discrete unit masses, pogggrirements, or costs.

% Master I0 ¢ Reference Data # Experiments / Equivalent Monolith 4 Reference Spacecraft #/SC 1 /SC2 £SC3 /504 /

Figure 8. Worksheets from GT-FAST for the example dsign in this paper.

IV. Example Outputs

In this section, examples of GT-FAST outputs a@vipled. Shown first are the mass, power, and lmodgets
for a fully-sized point design (the example desiged throughout this paper). Next, it is demotetidnow GT-
FAST can be used to conduct trade studies amongrgrocost and user-defined metrics. Finally, tssof a
partial validation of GT-FAST against two monolttgatellites are presented.

A. Example Point Design

Tables 2-5 show the mass, power, and module-lestl mudgets for each of the four modules for themgple
design used throughout this paper. Recall thattmdiguration of this design is shown by Fig. I3¢ {payloads it
carries are defined in Table 1, and it is assurndaktin a 370 km circular orbit at 28.5° inclinatifor a two-year
mission. Table 6 documents the estimated costdiudg the entire system, which includes costsvestitd at the
module level and cluster level. These mass, poavet,cost budgets represent the typical core aitfus T-FAST.

Figure 9 graphically shows the cost breakdown dfl@®&. Note that the GT-FAST cost models hererassa
ground segment development cost and margin, whogether comprise 33% of this budget; these itenes ar
particularly easy to adjust if the user wishes $e@ gustom estimates. As shown in Fig. 10, theclawehicle
selected for all three launches is the PegasustX aost of $22 million (FYO8® The Pegasus XL's 450 kg
payload capacity to the desired orbit was sufficfen all launches, and $22 million was the lowlestnch cost in
the database used for this launch vehicle selefftoaign and under-development vehicles were ebati.

588 Note that GT-FAST does not require all launchess®e the same launch vehicle; this coincidenceiéstd the
particular payload requirements for this set ohtzhes.
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Table 2. Mass, Power, and Cost Budgets for Modull

Subsystem Mass Sunlit Eclipse Cost
(kg) Power (W) Power (W) (FY083$M)
1.0 Payload 24.0 53.0 53.0 16.0
2.0 Bus Subsystems
2.1. Propulsion 4.4 0.1 0.1 6.4
2.2.  Attitude Control 18.4 61.1 61.1 2.9
2.3. Communications 10.1 95.0 95.0 7.8
2.4. Command & Data Handling 26.0 70.4 70.4 10.8
2.5. Thermal 2.8 20.4 20.4 0.5
2.6. Power 40.0 108.7 108.7 9.2
2.7. Structures & Mechanisms 36.9 0.0 0.0 2.6
Pre-Margin Subtotal 162.4 408.7 408.7 56.2
Margin 40.6 102.2 102.2 [See Table 6]
Post-Margin Subtotal 203.0 510.9 510.9
3.0 Propellant 23.5
Loaded Mass 226.5
4.0 Adapter 18.8
Boosted Mass 245.3
ATLO Cost 5.5
Table 3. Mass, Power, and Cost Budgets for Modu&?
Subsystem Mass Sunlit Eclipse Cost
(kg)  Power (W) Power (W) (FY08$M)
1.0 Payload 0.0 0.0 0.0 0.0
2.0 Bus Subsystems
2.1. Propulsion 1.8 0.0 0.0 5.4
2.2.  Attitude Control 7.4 58.2 58.2 1.0
2.3. Communications 18.8 177.6 177.6 0.3
2.4. Command & Data Handling 5.5 15.5 15.5 0.4
2.5. Thermal 1.1 19.4 19.4 0.5
2.6. Power 16.1 117.3 117.3 0.8
2.7. Structures & Mechanisms 14.9 0.0 0.0 2.8
Pre-Margin Subtotal 65.6 388.0 388.0 11.1
Margin 16.4 97.0 97.0 [See Table 6]
Post-Margin Subtotal 82.1 484.9 484.9
3.0 Propellant 9.5
Loaded Mass 91.6
4.0 Adapter 18.8
Boosted Mass 110.4
ATLO Cost 2.0
12
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Table 4. Mass, Power, and Cost Budgets for Modulé3

Subsystem Mass Sunlit Eclipse Cost
(kg) Power (W) Power (W) (FY083$M)
1.0 Payload 8.4 10.0 10.0 4.7
2.0 Bus Subsystems
2.1. Propulsion 2.4 0.0 0.0 5.7
2.2.  Attitude Control 10.0 59.5 59.5 1.0
2.3. Communications 18.8 177.6 177.6 0.3
2.4. Command & Data Handling 5.5 15.5 15.5 0.4
2.5. Thermal 15 19.8 19.8 0.6
2.6. Power 21.7 114.0 114.0 0.9
2.7. Structures & Mechanisms 20.0 0.0 0.0 2.8
Pre-Margin Subtotal 88.3 396.4 396.4 16.4
Margin 221 99.1 99.1 [See Table 6]
Post-Margin Subtotal 110.3 495.5 495.5
3.0 Propellant 12.8
Loaded Mass 123.1
4.0 Adapter 18.8
Boosted Mass 141.9
ATLO Cost 2.0
Table 5. Mass, Power, and Cost Budgets for Modulgt
Subsystem Mass Sunlit Eclipse Cost
(kg)  Power (W) Power (W) (FY08$M)
1.0 Payload 26.0 16.0 16.0 14.8
2.0 Bus Subsystems
2.1. Propulsion 3.4 0.0 0.0 6.1
2.2.  Attitude Control 14.3 44.6 44.6 3.1
2.3. Communications 15.2 95.0 95.0 6.9
2.4. Command & Data Handling 5.5 15.5 15.5 9.6
2.5. Thermal 2.1 14.9 14.9 0.4
2.6. Power 31.0 111.6 111.6 8.6
2.7. Structures & Mechanisms 28.6 0.0 0.0 2.3
Pre-Margin Subtotal 126.2 297.6 297.6 51.8
Margin 31.5 74.4 74.4  [See Table 6]
Post-Margin Subtotal 157.7 372.1 372.1
3.0 Propellant 18.3
Loaded Mass 176.0
4.0 Adapter 18.8
Boosted Mass 194.8
ATLO Cost 4.5
13
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Table 6. Overall Example DesignCost Budge Launch

Cost 14%
Cost Element
(FY08$M) Module-Level Costs
Module-Level Costs 30%
Module #1 61.6
Module #2 13.1 Margin
Module #3 18.4 17%
Module #4 56.3
Program Management 234
Software 51.7
Program
Ground_ Segment Development 75.6 Operations Management
Operations 33.1 7% 50
Pre-Margin Subtotal 333.2 Software
Margin (25%) 83.2 Ground Segment 11%
Post-Margin Subtotal 416.4 Devel'gsmem
Launch 66.0 ’
Total 482.4 Figure 9. Breakdown of Costs from Table 6.
. Launch #1: Pegasus XL
Example Design Cost: $22 million (FY08)
M odule 1 Capacity to Orbit: 450.0 kg
odule Utilized Capacity: 355.7 k
Boosted Mass: 245.3 kg SSR e pacly 9
Module #2 = Launch #2: Pegasus XL
odute HBW1 i
Boosted Mass: 110.4 kg Cost: $22 million (FY08)
Module #3 Capacity to Orbit: 450.0 kg
odule Utilized Capacity: 141.9 k
Boosted Mass: 141.9 kg HBW2 = I pacty 9
Module #4 Launch #3: Pegasus XL
Boosted Mass: 194.8 kg |PL3 G . — I Cost: $22 million (FY08)
Capacity to Orbit: 450.0 kg

Utilized Capacity: 194.8 kg

Figure 10. Launch Summary for Example Design.

B. Example Trade Study Capability

In addition to mass, power, and cost budget outfauta single point design, GT-
FAST can be used to conduct rapid trade studiemgntifzese budget outputs an 24/7 | |HBW
user-defined output metrics. Shown here is an el@mwf trade study between th
parameters of program cost and the average castidoor replace a fractionatabl . SSR | | MDP
component. In this trade study, only 6 componevese considered (see Fig. 11

compared to Fig. 2, the third payload was omittasl,were the redundant 24/
communication and high-bandwidth downlink unit$he payloads were a 20-kg, 5C
W class payload (PL1) and a 10-kg, 70-W class payl@L2), and the mission wa
at a 370 km altitude circular, 28.5° inclinatiorbibwith a duration of two years.

Figure 11. Icons for
fractionated components
in example trade study.

1. Program Cost Distribution

For the purposes of the trade study example shose, lthe variation considered among designs is the
configuration itself (i.e., the many different comdtorial ways of filling out the matrices suchiag=igs. 4 and 5).
Details on the enumeration of these various destgasavailable in Ref. 5; in this trade study, 3H@8igns are
enumerated and considered. Thus, 3190 differaat ¢osts (i.e., the bottom line of budgets as abl&é 6) are
output by GT-FAST. These can be formed into solgistm, shown on the top of Fig. 12. In this paitc problem,
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the minimum program cost is $249 million and theximaum is $548 million, with a median program co&$419
million. Recall again that this includes groundreent development costs and a 25% margin.

2. User-Defined Output Metric Distribution

The second component required of this example saddy is a measure of the benefit or relative e/afieach
of the 3190 designs considered. A representat@gienchosen here is the average cost of addingpacing a
component of the cluster. This metrCauarepiace @S defined in Eq. (3), considers the fact thativerg single
componeni can be added to the cluster in one of two prdctigss. First, the user could choose to launch the
needed component as part of a module that is acdtplof one that is already on-orbit. This sggtéakes
advantage of the fact that no research, developnestt and evaluation (RDT&E) costs are incurredtes the
module has already been manufactured before. ds$tet@implement this option is reflected@gyising IN EQ. (3).
The second option for the user is to simply lauacimodule with the single compondnthat is needed (for an
example of a single-component module, see Modula#2g. 10). This strategy takes advantage ofltkaecost
associated with a small, single-component modukehiais the disadvantage that, unless this modulebead
developed for the original cluster, RDT&E costs iarred. The cost of this option@separatein EQ. (3).

The Cuareplacemetric is based on the idea that a user wouldeptle lowest-cost option when it comes to adding
or replacing a single component. However, sinces ot obvious which components will require aitditor
replacement, the average is taken over all nthgossible components of the lowest-cost additigdeement
options. This is reflected in Eq. (3), and thistmeeis evaluated in GT-FAST for each of the 3198sidns
considered.” These can be formed into a histogram, shown emigit of Fig. 12. In this particular problemeth
minimum Caggrepiacels $42.5 million and the maximum is $83.5 milliawith a median of $52.2 million. If only this
objective were considered, a fully-fractionatedigiegconsisting only of single-component modulegjuid be
optimal since each single-component module is preldped.

C

add/ replace =

Sk

n
Z min (C, ,separate Ci ,existing) 3)
i=1

3. Cost and User-Defined Output Metric Trades

The central region of Fig. 12 shows how the twoap#eters of program cost aiydieplace COMpare to each
other for each of the designs evaluated for tladdrstudy. Each blue “x” in Fig. 12 represents ohthe 3190
designs evaluated. The six red circles in theréigndicate the non-dominated, or Pareto-optimesighs in the
trade space, and the red line indicates the inlizigub Pareto frontier. It is first quite notablet this simple
analysis has narrowed the trade space to just Byrdega 530-fold reduction in the number of desigas
consider)." "

Also shown in Fig. 12 are the configurations okthdesigns on the Pareto frontier. The first aedigsign A,
is a monolithic spacecraft with only PL2. This idaeshas the lowest total program cost but has drikeohighest
average component replacement costs. The thiidrdd3esign C, consists of a fully fractionatedstér in which
every component has a dedicated module. As atréduhs a high program cost but a very low avere@mponent
replacement cost since each single-component maxlpte-developed. The most interesting desigsjddeB, lies
at a very sharp corner (or knee) of the Paretotizprand has a low program cost (though slightighler than
Design A) and a low average component replacemestt (though slightly higher than Design C). Thésidn
fractionates the payload and solid state recordah @nto single-component modules but permits tAé7 2
communication unit, high bandwidth downlink unibdamission data processor to remain in the sameil@od his
particular compromise between the economies ofesoélthe traditional monolith and flexibility of éhfully
fractionated spacecraft presents a very appeabsigga. Of course, it should be emphasized thaigDe cannot
be called “optimal” since, strictly speaking, thation of optimality does not exist in a multi-ohijie problem.

As indicated earlier, this simple two-objective derstration is meant only as an example of the tfpaulti-
attribute trade space analysis that can be condldotefractionated spacecraft with the capabilittésST-FAST.
Clearly additional objectives exist, and these merations and others (including details on howigles are
combinatorially enumerated) are addressed in Ref. 5

"™ It deserves emphasis that this metric is justafmeany that a user may define and track througkF&ST.

T Although this assumes the user is only interelstede two metrics shown, this same procedure andept can
be applied to additional objectives and still resulast reductions in the trade space.
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Figure 12.  Pareto Frontier and Pareto-Optimal Desigs for Example Trade Study.
Here, each blue “x” represents one of 3190 possil@signs, the red circles indicate the rdmminated designs, a
the red line indicates the interpolated Pareto fien Three interesting designs are noted by ¢teeis A, B, and C.

C. Comparison against Operational Monolithic Spacecraf

While a fractionated spacecraft has yet to launths possible to
partially demonstrate the accuracy of GT-FAST inmparison with
existing monolithic spacecraft. Used in this congmm are the Jason-Z
and TIMED spacecraft, both of which are approxinyate the small-
satellite class and are currently operational itorNeither spacecraft was
used in the generation of the models in Ref. 15 @&FAST draws upon
for several mass and power estimates. Jason-Fige#3) is a follow-on
mission to Jason-1, aiming to continue the datarceof Jason-1 and
measure sea surface levels to a 2.5 cm accdradgison-2 is a cooperativi §
undertaking between NASA, NOAA, CNES, and EUMETSANd it has §
orbited at a circular orbit altitude of 1336 km andlination of 66° since
its launch in June 20082 TIMED (see Fig. 14), launched on the san
Delta Il rocket as Jason-1 in December 2001, opseriata circular 625 km
altitude, 74.1° inclination orbit.?” TIMED is sponsored by NASA anc Figure 13.  Artist's Concept of
was designed, built, and is operated by the Johopkids University Jason-2 Satellite**
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Applied Physics Laboratory. Its mission is thebglostudy of the physical
and chemical processes acting within Earth’s uppaospheré’

In order to complete this comparison, GT-FAST isdu® size a single-
module cluster (i.e., a traditional monolithic spe@ft). As a result, the
intra-cluster wireless unit (which has no use im@nolithic spacecraft) is
automatically excluded. Additionally, the 24/7 aowmication units and
high-bandwidth downlink units are excluded sincesthdo not represent th
actual components flown on TIMED or Jasofi3. Thus, the remaining
communication subsystem in GT-FAST consists of &#8@N-equivalent Figure 14.  Artist's Concept of
link. In terms of command and data handling, t&&%nd MDP are both TIMED Satellite. ?®
included in the GT-FAST model. Propellant estimasssume an orbit
maintenanceé\V as given by Eq. (2), although in the cases of EIMand Jason-2 this number is very small due to
the high altitudes of the orbits. For Jason-2additional 120 m/s oAV is included as indicated by Ref. 25. For
the purposes of this comparison, no design maggincluded in any budget (i.e., mass, power, ptapglor cost).
The remaining inputs into GT-FAST are summarizedable 7.

Table 8 summarizes the comparison between sewdtalanetrics from the Jason-2 mission and théautated
counterparts in the GT-FAST model. Note that wed ary masses agree very well (within 2.2% and 3.2%
respectively), and average power also agrees gugtefor this first-order model (within 14.9%). #ignificant
discrepancy exists in terms of cost, but this maypartially explained by substantial cost overrand schedule
slippage encountered in the Jason-2 project (toeitent that a major new instrument, the Wide Swadean
Altimeter, was entirely descoped in 2008%).An earlier 2005 Jason-2 cost estimate of $2563@0 millior?® is
much closer to GT-FAST's estimate of $250 millioRinally, although the actual Jason-2 spacecrafidhed on a
Delta Il 7320-1G* GT-FAST selects the smaller and less costly TaRR1® launch vehicle. It deserves note that a
modified Peacekeeper missile (with a smaller pa/lgpacity than the Delta Il) was considered faoda?2 after an
offer frogl8 the Department of Defense Space Tesgifaro but was not selected because of certificadimoh risk
concerns.

Table 9 is identical in format to Table 8 and sumges the comparison between actual metrics froen th
TIMED mission and their calculated counterpartshie GT-FAST model. Again, wet and dry masses aguéte
well, and average power is acceptable given thit-rder model. In this case, cost is also vegueate (within
8.4%). In this case again, GT-FAST selects thdlsem&aurus 2210 instead of the Delta Il 7920-However, it
should be noted that the Taurus 2210 could not laweched both TIMED and Jason-1 (as was donesilityk if
500 kg is manually added to the required launclaciépin GT-FAST, the model correctly predicts thaDelta 1l is
required.

Table 7. Inputs into GT-FAST for Jason-2 and TIMED spacecraft model$> %’

Payload ‘ Orbit ‘ Pointing Mission
Spacecraft \Mass Power Altitude Inclination ~Requirement  Duration
(kg) (W) (km) (deg.) (deg.) (years)
Jason-2 111.0 145.0 1336.0 66.0 0.1 5.0
TIMED 162.0 174.0 625.0 74.1 0.5 2.0

Table 8. Comparison between Actual and GT-FAST Puictions of Key Metrics for Jason-22*

Dry Mass Wet Mass  Average Program Cost

Spacecraft (ka) (ka) Power (W) ($FY08M) Launch Vehicle
Actual Jason-2 462.0 490.3 468.9 424.4 Delta 1073Q
Predicted Jason-2 447.3 479.6 538.7 249.5 Ta@ig 2
Prediction Error -3.2% -2.2% +14.9% -41.2

#¥* The exclusion of the 24/7 communications unit aigh-bandwidth downlink unit required slight chaage
GT-FAST's internal logic since, as noted in SectilbA.2, these components are normally requiredhiwita cluster
to pass internal consistency checks.
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Table 9. Comparison between Actual and GT-FAST Puictions of Key Metrics for TIMED. 25272

Dry Mass Wet Mass  Average Program Cost

Spacecraft (ka) (ka) Power (W) ($FY08M) Launch Vehicle
Actual TIMED 592.0 592.0 401.7 239.5 Delta Il 7920{with Jason-1)
Predicted TIMED 521.6 523.5 498.7 219.4 Taurugd221
Prediction Error -11.9% -11.6% +24.2% - 8.4

V. Conclusion

In summary, this paper has presented the intereehemics and application of the Georgia Tech Féitecture
Synthesis Tool (GT-FAST), a point design tool fapid sizing and synthesis of fractionated satedirghitectures.
The manner in which fractionated designs are spegiincluding both discrete and continuous-vagabputs, was
discussed, including the matrix representationheflaunch manifest and placement of fractionatedponents in
Figs. 4 and 5. Next described were the methodslelmpand assumptions used in estimating eleméntsass,
power, and cost. The final section included sarmoplputs from GT-FAST for a notional fractionatedtatecture,
demonstrated an example of the GT-FAST trade staggbility, and presented a partial validationhef GT-FAST
outputs against the currently-operational Jasone?TAMED satellites.

One important note to make is that the implememtatf GT-FAST shown throughout this paper has been
directed toward analysis of a DARPA F6 demonstretiended for a circular low or medium Earth orkitowever,
there is little that precludes GT-FAST from beingdified for other fractionated spacecraft applioasi. In fact, it
has already been adapted in one instance for &aysa geosynchronous communications satelliteistiag
subsystem mass, power, and cost models are intggehble with other application-specific models arusay
prefer, and launch vehicle capacity and cost modafts also be easily updated. Additionally, themeavork
provided by the matrices in Figs. 4 and 5 makesuieeof other fractionatable components (i.e.,roth& SSRs,
MDPs, high-bandwidth downlinks, etc.) relativelyngile to implement with minimal changes to interloglic. For
example, earlier implementations of GT-FAST incldiggwer subsystem fractionation options throughromeve
power beaming hardware.

A wealth of possibilities exists for future expasrsiof GT-FAST. Currently, GT-FAST can size arcbitees
consisting of up to nine fractionatable componeats]j future analyses may require the consideraifomore
components. This poses no problem to the currehitacture of the GT-FAST point design tool, aligb it does
present challenges in evaluating the resultant laege fractionated architecture trade space, dieased in Ref. 5.

Additional future work on GT-FAST includes updateghe default launch vehicle database to inclb@entost
recent available launch vehicle performance ant das for foreign, developmental, and proven ddimésunch
options (for more details, see Ref. 21). A momnmpiete consideration of launch vehicle reliabititay also be also
worth consideration in future implementations of-6AST, and parametric cost models for fractionageacecraft
(as opposed to traditional monolithic spacecrafult also be useful in future implementations. oAl&uture
versions of GT-FAST might include options to sipacecraft based on discrete “parts kits” rathen thased on
“rubberized” parametric scaling relationships usethe present implementation. Consideration nisy be given
to a faster-running version of GT-FAST in MATLABther than the current (but more flexible) Exceltjolan.

Finally, a useful route for future work is the depmment of a comprehensive approach to defining and
standardizing performance metrics for fractionagechitectures. Currently, the primary metrics ottpy GT-
FAST are mass, power, and cost. Other metricsifgpes vehicle or payload performance charactersstare
allowed to be user-specified and user-programmetit vould be desirable for a standard set of sueitrics to be
hard-coded into GT-FAST and available to every uskdiscussion of the selection of some of thestrics (and
how they are traded against each other) is provid&ef. 5.

The authors believe that GT-FAST holds significaatential for future analyses of fractionated speait and
represents a critical piece of any framework airaeg@ermitting value-informed decisions for suchhéectures.
The rapid analysis enabled by this tool becomesicodarly useful when coupled with trade-space exaion
strategies such as in Ref. 5, and the expandahitity adaptability of the tool permit its use fotgudially a wide
variety of fractionated spacecraft applicationsis lhoped that GT-FAST and the ideas it represtmdsbroad use
with engineers and decision-makers consideringifnaated systems in the future.
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