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Study Overview

gy

+ Non-advocate assessment of HST servicing alternatives

= Alternatives that encompass a range of options from safe disposal
to re-hosting capability on other spacecraft

= For each altemative assess: (a) cost and schedule; (b) risk and
safety, and (c) capability relative to HST post-5SM4 state

« Study Scope
= Nine week study: ATP June 1, briefing presentation Aug 3
= Level-of-detail scaled according to available data and schedule
= Written report to be provided in September

* |nclude HST science and technical communities

= Status to and feedback from stakeholders on alternative concepts
and Measures of Effectiveness (MOES)

= |mplications of capability impact on science

= Access to accurate data on HST technical baselinefconstraints,
operational state
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Schedule

gy

v ATP

¥ Study Plan Due

¥ Kickoff Meeting w/NASA

¥ Draft Alternatives to NASA
v GSFC PO Fact Finding

v GSFC TIM (Mike Weiss)

¥ “Final” MOEs to NASA

¥ Mid-term Update

¥ Cost/Schedule Estimate Calibration
¥ Analysis Complete

¥ Preview with NASA

0 Final Presentation to NASA
0o Final Report
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June 1
June 8
June 14
June 13
June 21-23
June 28
July 2
July 9
July 14
July 25
July 27
August 3
Sept17
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Approach

| 1. Identify Alternatives

| 2. Define Measures of Effectiveness ‘

3. Assess Cost & Schedule

4. Assess Risk and Safety

5. Assess Capability Impact | E
Totl Coct

6. Integrate Findings ‘
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7. Deliver Final Report
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Alternatives Development

i
&

Goal

= Represent range of wariation in
cost, schedule and risk

= Sufficiently broad to 'cover’
most concepts "out there'

= Emphasize robotic concepts

Methodology

= |dentify spectrum of alternatives
(brainstorming and
methodically)

= Down-select to a handful of
representative concepts

= [Define selected alternatives
(concept design, COMOPS,
timeline)

Hubble Servizing
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« Down-select Criteria

= Reasonable coverage of trade
space including: lowest cost, least
Impactto H=T, most complex, etc.

= Mot an exhaustive coverage of
every variation - bounding cases

= [nclusion of a concept does not
Imply feasibility or endorsement

Option Tree Analyses

L | | ] 1
[t Biim| |Eudort | [Tiporal|| fumicn | (4 Hasn
Talmd limim I
—

i ==

[ | | | |
= =
o Crams [ I
Lot o . il g EI IZV—"E ........ -
[ 1 . -:u::-
r . | L—""fl -u:--u;..-
||—.||.-|.-| |I:-r-lr il
3 THE AEROSPACE

CORPORATION




Robotic Servicing Decision Tree

Do nothing to Hubble

~1 1n 250 chance of casualt
( ) Batteries and gyros

Service Hubble
Batteries, gyros, &

De-orbit Hubble new instruments

Fly instruments on

_ new platforms
Don't service

Don’t fly instruments
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Alternatives Families

+ Extension of HST science through non-servicing means
= AT BExisting HST configuration
= |AZ Fehostin LEO
= A3 Rehost outside LED

+ Robotic Missions
= |[BE1: Disposal

= B2 Servicing (Life Extension Only) with Separate Disposal Mission|

(B2 Combined Servicing (Instruments and Life Extension)

= (B4 Servicing (Instruments and Lite Extension) and Attach Later for

Disposal

«  Other Missions
= 2] Tug to 155
w |2 Safe Hawven
= (D1 ShAg

All Alternatives Include a De-orbit Mission
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sSummary of 21 Alternatives

TASHKICOMPONENT
I = Mowoprop, B = Blprop, E= Elecirizh op
U = Ustarget® d dockieg, T = Targeted docklig, &= Gappk am assbed = A =
D= Dexkrns arm, G = GEppk am w | = m
L= LED, 0= Ontkk LED Jﬁ = =1 . 53 P I - FAMIL Y
¥ liciides 38 kcompon et = '§ ElE|Sslc|alel|=] 8=
ol I A I G Bl Rl vl R Bl
Ground Life Extension - L
FRehe=t COS LECQ e B | U L 1L
Rehozt COS & WFC2 LEDO !ﬂ..?-EI E|U I I L
-------------------- T PORURY M ERTN Bt Wit BUTS RSP SRR S SGoh B SO St wers NN 1= 1[ul-1)
Rehest COS auts ide LEO J-r.l'l'l.3-.|'1't B | U L 10
Rehost COS & WFCS outside LEDQ (A3-B B | U A A 10
Cre-orbit i_EH-.l'l't B | U 1L
Cre-orbit weith Arm iEI1-EI B|lA|G ¥lL
------- e e B B e ety S e Bt I 1F=1-Yul-TA N
Electric Grawey ard 1B1-C E| U ¥lL
g Tumbler |B1- I B U XL
F |Senicer Light lpz-p KB LT X X %L
E Bazeline no COS !ElE-ﬁx Ml A | DX | XX A
E Bazeline i_EIS-EI Ml A | D X[ XX 1L
< |B li ith F G5 'B3-C Ml A | D X[ XX 1L
SRS IR Soeemoeooeoeeoe s T A ot Bl el SR B Bl B el B SERVICE
Baszeline no COS with F&5 _i_EIS-D MlAa | DX | XX X ¥lL
Cadillac (B3-E Ml A |D | HE|X]H|E]HE|X]H]|L
Boomerang maa [l o [ ] [ L e [ L]
Baseline separate deorbit |B3-B M AT D | X | %] XX A
Cling-on |B-C Ml A|D|HE| X X]X 1L
Tugta IS5 Iq E|U ®L
S afe habitat !EE L AST ROMALT
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Disposal, Servicing Alternative Configurations

B1: Disposal Only, No Servicing

B1-4: De-orbit
Modde [ODM] w'o wrm
for docking [1200-kg]

faYalalalal
B1-C: Electnc propud sion [EF)
to disposal orbit [2000-kg)

= HiE

B1-0; Turblefor

drag rodu ation
B1-B: OM w grapple =rm during find orbits
for docking [3400-kg) [400-kg]

»  Electric propulsion tug to disposal orbit
(2800-km)

= Small mono-prop "Tumbler”
=  [De-orhit hefore 450 kKm altitude
. Fegasus to Delta-1l-class

Hubble Servizing 13
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B2Z-B4: Robotic Servicing

Exterral Senvicing for
Life Extenzion [120049g]

am =

=1

Separate OM Full SMaServicing [10000-kg]

[1200-kg]

Split Missions [30004g]

= Minimal servicing (hatteries and gyros anh)
to instruments to full 34 servicing

» |necludes combinations of FGS, OS5, WFC3
= Separate de-orhit missions, and options with

re-rendezyvous for de-arhit

. Minitmurm and maximum residual mass

permanently attached to HET
. Mo arm and dexterous arm

. Delta-1l to Delta IViAtlas V- class

THE AEROSPACE
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Rehost, Other Alternative Configurations

A: COS5 and WFC3 on Separate Platforms

=L

b=

Re-bost WECE & COS Instrument Capabilitvin LED
or beyond LEQ [5500-7500 kg )

Feasihility not constrained by HET life
expectancy

Includes separate de-orbit mission for HST
Science gap after HST EOM

lmproved scheduling efficiency beyond LEQ
Mewy program start

2.4m aperture

HET spare primary mmirrar far LE O, light
weeight optics heyond LEO

Caplicate FG S pointing & HST fine-balance
reaction wheel capatility

Limited instrument component re-use for
environments heyond LEO

EELY Medium to Heawy

Hubble Servizing
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C: Servicing With Shuttle and Safe Haven

EP tug totransfer HST o 155
(9500-kg

HEHERH  -EEEE
=

ﬁ

=

Launch Safe Havento

Rerdemsous

with HST, EQL

de-orbit rnission [13000-kg ]

Shuttle servicing with astronaut safe haven (hased

on Russian FGH)
Full 5md servicing

Dizposal or de-orhitvia EP or separate disposal

ission

EELY Medium to Heawy & Shuttle
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Measures of Effectiveness (MOES)

$

b=

Analyses Categories
= Cost and Schedule
= Risk and Safety

= Capability

MOEs

= Cost

= Schedule

= Development Risk
=  Mission Risk

= Capability

Hubble Servizing
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Cost & Schedule Methodology

Life Cycle Cost
(FFY04E)

. FProgram Management,
Systems Engineering &
Mission Assurance

. Wehicles
. Fohbotics

" Ground System
Development

. Mission Operations &
Crata Analysis (3 years)

" Cre-arhit {if separate)
. Launch Wehicle
. Feserves

Maominal mission
development time
(months)

. Time from contract start
(or autharity to proceed,
ATFY to launch

1. Select & et of

analogous missions for

analyzing alternatives

S — :
2. Develop cost and - e
schedule estimating —* - . ?,r"'"r | - o
relationzhips based on e 3 i
actualprojected data L :

3

b=

Hubble Servizing
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3. Develop cost and schedule estimates - “n A
using average of viable y L
estimatesimodels:; _ . iom £ :‘:"Eﬁ L
= Ty LR S = -
CER and SER, NAFCONM S -t i
Lhy ==
Complexity Bazed Estimate x‘k__‘ _ e et
1 Lk L L ﬁﬂ.lh:.: L O
o = | ﬂ\
[ Eer—era———— i
| i L M Ho#
i MWomoths
= ==
MOE 21 |- - 4. Determine cost and schedule
and 22 [+t triangular rigk distributions

and develop S-cuwve
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Risk & Safety Methodology

3.

4.

Development Risk

Fisk related to the
ahility to execute
the program on 3
schedule
compatible with the
degradation of the
HST

fission Risk

Fisk related to the
ability to
successtully and
safely execute the
defined mission,

including

» 3 yearsof
SCience
aperations

»  Disposal

1. Establizh reguired
condition (RC) for each
atternative

2. Compute PIH=T in

RC) as a function of time al

3. Dhtain schecule
distribution

: 1A - TP(E‘:- E15 = 2 B

MOE #3. PIHZT
in RC at prograrm
completion)

U I U U IR U T R S

- e e e e —m—m— e = = = ——

2. Develop event
trees for each

atternative

T E| 3. Gather datato
gquantity top events

|

1. Define End-=tates

of interest

MOE #4: P(Success)

1

=5

b=

Hubble Servizing
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1. Reviesy a=sumptions in & 0.0050 -
MASLA's casualty H |
expectation (CE) A
calculation G 0.
'g oorm
-... E om0
e 1 00oIm - T |
vetilied N'E'Sﬂ' = o110 g1+ g1z o s . B
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Capability Assessment Methodology

Quantitative Approach

2. Capability Relative To
Post-Shd HST (54)

= |nstrument
performance after
servicing, relative to
post-Shdd baseline (%)

1. Examine historical data
for instrument usage
patterns when nesw

inztruments are installed

2. Develop conversion
factor baszed on

Qualitative Approach

historical data wolume

1. Estimated mazs propeties for
each aterrative

3. Define instrument

l

E ¥ LR aom

=]

-

reinomenl Uxage Alkecalon Predhdors

2. Considered induced dynamic

dizturbances (e.g. slosh,
mechanisms)

3. Considered aternative-unigue

performance drivers such as ACS

|

Gualtative comments on jitter
perfarmance, control authority, etc.

f Hubble Servicing
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NGO = Z1% 10 o o5
4. Predict instrument =T =% =% 1% i i
uzage for HST after  [—#| wrecz ks T
Serdcing mission PO 3% ¥ ¥ ¥ ¥
InJFC3 - - L - =% ==
o= =% =%
o, Compare
instrument uzage for
each atternative to - MIOIE #5

post-Shig
configuration
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MOE 1: Life Cycle Cost

#

-

Life Cycle Cost{FYD4$B)

F0.0 f0.5 10 1.5 fz.0 §2s f3.0 §3.5 $4.0 $4.5
Rebort COS LED 028, — ———313 ' - '
Re kot COSHUFCE LED £2-R ]
Reboet COSortzHe LED a3, 1
Rebost COSHUIFCIovEke LED  [o3-B 142.3
De-orb k B-a —
De-orbEw b &m B1-B 1§11
Ekctt: Grauwyand B —————
Tumblker B1-0 ——03
SenkerLignt B2 131.3
Bazellhe b0 COS B34 |
Bazellne B3-8 1
Bazallie whk FGS B3C 1
Bazelhe w0 COS WFGS B3O 1
CadlEc B3-E 1
Boome =) 1] Bd-5 |
Bazelle Sepace De-omit Bi-B 142.2
C b g-on Bi-C |
T ES 1 134.0
Sak Habat 2 1§28
|5 ukchg Mz b @ b 132.2

LCC Estimates Show Little Cost Difference Between Rehost & Servicing Missions
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MOE 2 & 3. Schedule & Development Risk

Senricegble stte = HET will be able

to be restu::rﬁd to ;.I" operations ATF to Frob HST in
=in an the ne cement art= ] .
355-:?:izter-:|y uith thf i dvpﬁign (:na;nr;:j EETEi:NE Morinal Development Schedule
of the senvicing akemative - 004 A0S A00e 1007 40028 100m AoM0 4044 1042 1043 104
Momind PlGucsess) . , \ \ , . . ;
Eehodt COS LEC lazal 100 [ — —
Fehost Shid LED 2B 1M [ £, , , r T T . |
Rehost COS outside LED A5 g5 [ £, , , , , r , |
Rehost SM4 outside LED (258 a7 [ I
Die-oHit e 1.00 I I :
De-atbit with Arim EEE 1.00 , , , 1 Earliest |
Eledric Graveyard B1-C ol 1.00 : : : | re-entry .
Tumbler |E L 47 1.00 . . . | -
Servcer Light B2 57 0.40 , : . ]
Bazeline no COS BE-, G .55 , T T — |
Biazeline Baa| 64 0.35 —
Bazeling with F G5 [B3-C B 0.35 : I I ——
Bazeline no COS wFGS (B30 G 0.35 , , . . - r |
Cadillac B3E B5S 0.35 , r I —— |
Bootn eran | B it BE 0.35 . . . 1
Basslire Separate Deorkit iEI-'-l-EI [ .35 : : I —
Cling-an iEI-'Jr-C Rl 057 , . r —
Tug to 1SS 1 &5 0.26 : |
Safe Habitst |iC2 39 0.59 = | E‘;fﬁ;wh
semicng Mission 4 L1 31 074 - State (EO55)
HST Predicted Lifetime Bate e tode) TR

=5

Hubble Servizing
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MOE 4: Mission Success

hdiz=ion

[(Sens, Sci,

Lizpo=e)

P Success) i _ _
Rehost COS LED laza| 087 Example Calculation: Baseline Altemative
Rehost sS4 LEQ |A2H 087 1 | |
BEehost COS outside [ED CATA 34
Rehost SW4 outside LED 'A3B 0.24 DEQRAT
De-arhit |B1-A .84 o5
De-orbif with Arm B1-B 193 =
Electric Graveyard B1-C| 088 ]
Turribiler IB1-D| 087 : %
servicer Light |52 0.58 =
Baseling no COS B3A| 056 = SERE
Baseline pzel 052 i
Haszeline with F G5 |IBFC .43 E
Baseline no COSwFGS B3O 0.54 Os
Cadillac B3E| 032 SERVICE + 3R
Boornetand lB4-a] 026 SCIOPSE
g?ﬁElinEEEﬂarmEDEDrh“ Igig g;g ne LAl WG H PRO: s E ZEWCE E.I.JEI'I'.| 3R DEFGEA.&ngEéLE"éEE:DH

[T ulyl : . 0PE =10 PR
Tug to 155 I 043 BTEFEON EVENT TREE
Sgfe Habitat LC2 [1F3
Seryvicing blission 4 1) 063
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MOE 5. Capability Relative to Post-SM4 HST

=L

b=

nitrumesnt
Capsbility Reldiveto O [ o [ oo S 0| e
pF'n:ust-gr-.-ﬂHST % P g LG Family
Rebost COS LED bz, 40% 3
Rebost SM4 LEO nZ-B 8% al A
Rebost COS cut=ide LEO [83-0 0% 3 REROST
Rebost SM4 cutzide LEQ |83-B Ta%% al A
De-orbit E1-A, (%
De-orbit with &ren E1i-E (%
Electric Graweard B1-C 0% o walue OlsFOsAL
Turnbler E1-0O (%
Servicer Light B2 21% Ald)A
Bazeline no CO S BE3-0 EZ%%0 O I )
Bazeline E3-EB 100%, Aladldld| &
Bazeline with FG5 B3-C 100%, Aladlald| &
Baseline no CO 5w/ FG5 E3-O E2% Lo T I SERVICING
Cadllac E3-E 100%, Aladldld| &
Boornerang Ed-8 100% O T I - o
Bazeline Separate Decrk |B4-B 100%0 O T I -
Climg-on Ed-C 100%%0 O I I I
Tugto 155 1 100%0 Zlalalad| &
Safe Habitat 2 100%%0 O T - I ATHER
SMd (R 100%% O T - I
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HST Servicing Summary

Cont & 8 cheduls RaHE Bakt Capabllit
Life Cycle|  Momiral ™ =
Altermative s Cost | Dewelopment | B¥CPment | yecion pick | | 212 |3 E S | Family
(FrdB) | Tirne [Years) = =
Grourd Life Estersion 21 ald] A3
Fehost COS LED n2-n | #18 54 3
Fehost SMd LED 02.B| #0 54 x|
Scierce Lerwr REHOST
Rehost COSoutsice LED |38 | 2.0 20 HELEE LR "
Fehost SMd outside LED  |A3-B | 2.3 a1 x|
Die-cr it Bl-A | 404 4z
Dle-crbit with A BB | $1.1 43
=L UL 3 Lowe Lorw Mo vale DISPOSAL
Electric Graveyard Bl-C| 408 42
Turbler B0 | 903 33
Senticer Light B2 1.3 47 Hah Hagh O I
Emselire no COS Eah | 1.9 54 v w|u]
Easeline E&-E | 4.0 54 w|w|wa] =
Baselire with FG3 B-C| %0 54 High High wlwlula] o
Baselire no COS wFGS  |B-D| 2.0 54 wl w]u] SERVICING
Cadllac E&-E | 4.0 54 w|w|wx] =
Eocrnerang Edn | 421 55 w|wwx] =
Baselime Separste Deork |B4-B $2.2 54 Hgh Hgh 0 I R e
Cling-on e 58 sl ulula] =
Tugta 155 = 1.0 71 Hign w|wlulua] «
High OTHER
Safe Habita 2 5 33 £ Mediorn AEERE
SMd [ o 2 T Medimn MeciLrn w|w|wa] =
§  Hubble Senviing 25 THE AEROSPACE
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Expected Value vs. Life Cycle Cost

S0%
Rehosting both

Instruments provide ¢
E [ Higher Yalue . e
£ for Equivalent Cost *
ﬁ B0, of Servicing Missions
«E %M1 Provides
E 504 High Value with
S Mo Science Gap
= a0 Life Extension Only -!"""__1\1
. i o
| it T savmgMssions %
'.E - Offer Limited Yalue
= Based on Difficulty of
i \ Mission Implementation

20%
% Deor bit Missions Provide \ f IR e
Mo VYalue Relative to Eri 43 E
g 10% ™— Ohservatory Capability ‘ \B}-D_“.‘:"_-—-”/
=1
= - - =
N S G — .
F- F0 5 $1.0 1.5 %210

MOE #2: Life Cycle Cost [ FY04$E)

F2.5

Analysis Points to Rehost Options as Highest Value for GGiven Cost
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Findings (1 of 3)

+  Without servicing, HST will begin degrading, likely expiring in 2008-2009

= Failure estimates are based on MASA studies and recently updated
Aerospace H=T reliability models and battery studies

= yros likely to fail first, though early failures of other subsystems ifine
guidance sensors, data management unit, etc) are possible

« With uncontrolled HST re-entry, the casualty risk (~1 in 250) is about
100X greater than U.S. gov't standard (1 in 10,000)

= |ndependent Aerospace simulations confirm MNASA's casualty estimates

+ A de-orbit mission ($0.3 B to $1.1 B life-cycle cost) is technically and
programmatically feasible

= H5T lapses into stable gravity-gradient attitude with earliest re-entry 2014
= Suitable robotic docking technologies demonstrated in other programs

= Al propulsive re-entry options, except Tumbler, reduce casualty expectation
to zero, if successiul

f Hubble Servizing og THE AEROSPACE
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Findings (2 of 3)

+ A combined servicing and de-orbit mission using one expendable
launch vehicle (approx. $2B) is high risk
= Swyears of development likely required

= HST will lilkely fall into an unserviceable state in ~4 years, before
robotic service mission could arrive

= High failure risk due to unprecedented mission and unproven
technologies (~ 50% probability of faillure, rough estimate)

+  Separate servicing and de-orbit missions provide flexibility
= Fush de-orbit portion into out-years and decouple from servicer failure

= However, even a minimal servicing mission {$1.2E) has high
programmatic nsk (~40% probability of armval wihile H=Tisina
serviceable state)

= The minimal servicing option would externally replace only the gyros
and batteries providing about 4 years life extension of current
Instruments

f Hubble Servizing og THE AEROSPACE
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Findings (3 of 3)

+ Re-host options ($1.9 B to $2.3 B) are technically and
programmatically feasible

= Howewyer, there will be a 2-7 year gap in science return, between when
HZT ceases science operations and a new program can come on line

= Mew observatory program will be subject to requirements creep, cost
and schedule growth, and will likely compete with ongoing and future
observatories for funding

+ Some areas that warrant further study include:

= HST reliability predictions in light of up-to-date degradation/failure
information and changes in the way HST is operated

= Lifetime-extension only mission detalled assessment of impact of gyros
located on servicer vehicle
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