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Spuce Shuttie rendezvous missianys presented unique chalienges tl_mt were not fully recognized when thg Shuttle
wus deslgned. Rendezvous Cargets could be passive (i.w., ne lights or transponders), and not designed 1o
futilitate Shuttie rendezvous, proximity operntions and retrieval. Shuttle rescrion control system jet plume
jmpingement on target spacecruft presented Induced dynmmics, structural loading and contaminstion
concerns. These lssncs, along with limited forwurd reaction control system prupeliunt, drove s change from the
GeminliApolio coulliptic profile herltage to 2 stable orbit profile, and the development of new proximity
operatlons technigues. Multiple scientlfic and on-orbit servicing inissions; und crew exchangs, assembly and
replenishment flghts fo Mir and to the Inturnational Space Stetion drove further profile and pileting
techalque changes, Including new relatlve navigution sensors and new computer generated piloling cues.

Nomenciature
H Bar = unit vector along the target orbital angular momentum
vector
iy =LVLH +X axis vector
i, =~ =LVLH +Y axis vector
i, = LVLH -+Z axis vecfor
kft. = Kilo-feet

MC =Mid-course Correction taneuver
MCC = Mid-Coursc Correction mancuver
min. = minutes

n.m. = nsutical miles

NC = phasing mancuver

NCC = Corrective.Combination mancuver

NH  =Height maneuver

NPC = Plane Change maneuver

NSR = Slow Ratc (co-¢lliptic) mancuver
T = rarget posifion vector

R Bar = unit vector pointed from target tothe center of the Farth
T = Trausition initiation maneuver

TPI = Terminal Phase Initiation maneuver
TPM = Terminal Phese Mid-course mancuver
Vi = target velocity vector

V Bar =unit vector of crosr product of target orbital angular

momentum and target position vectors .
AH  =hcight differential betwesn chaser and target spacceraft
AV = deha velocity .

1. Introduction

At the end of the Apollo era, rendezvous principles were: well
understood, but cxtensive adaptation of proven rendezvous principles
and new techmique development was required to meet new Shuitle
rendezvous/proximity opcrations regquiremncats, overcome cmerging
Shuttle design limitations and surmount programmatic challenges.
Shuttle development was subjected 0 close serutiny for budget and
schedule complisnce, Vehicle design was baselined before many of
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the issucs with Shurtle rendezvous and proximity operations had been
fully identified and resolved, which in tum resulted in complex
oporstional work-srounds. - Proposals for wehicle capabilities
competed for funding based on availuble budget, svailable schedule,
snd criticality to safety and mission success. Technical challenges in
building & reusable orbitel spacecrsfi, such as propulsion, thermal
protection, structures and weight control, tock prierity over the
development of other systems and flight techniques that presented (or
were assumed to present) less techmical risk, such as rendezvous, due
in part to the success of Gemini end Apolio.

Many papers heve been published on theorciical aspects of
rendezvous, with “little mention of rzal-world constraints and
challenges other than_trajectory optimization. While some pepers
have focused on certain technicu! aspects of Shuttle rendezvous, the
programmatic constraints and technical chellenges encountered
during ¢arly Shurtle mission apalysis in the J970s have not been
adequatcly detailed in the literature. An understanding of how
programmatic and technical challenges shaped vehicle operation and
mission design is essentia] for flying safc and successful missions,
and for mitigating cost, schedulc snd technica]l tsk in future
programs.!

II. Historical Backgro un'd — Mercury, Gemini, Apollo

In the late 1950s research into spacecraft rendezvous became s
popular topic in academic, industry, snd government circles.??
Srudies of menual and sutomatic rendezvous conducted by the
NASA Langley Research Center was & key factor behind
development and scceptance of the Lunar Orbit Rendezvous mission

_profile for Apollo.* .

On-orbit viewing of deployed objects and strobes was cvaluated
during several Mercury flights to determine the ability of the human
eye to support menual piloting,?

In 1962 some Langley rendezvous specialists moved with the
Space Tusk Group to the newly formed Manned Spacecraft Center
(MSC) in Houston. NASA and contractor personnel from various
disciphines at MSC, and the MSC Mission Planning and Analysis
Division in particuler, turned rendezvous theory into reslity during
the Gemini Program.? The Gemini flights establiched an experience
base of rendezvous mission planning and cxecution in prepargtion for
safery-criticsl Apolle rendezvous (Tsble 1).%1  The sviator
perspective of asmonaut Bdwin E. Aldrin was  particularly
instruments] in the development of manual piloting and contingency
rendezvous techniques.'é

Rendezvous became & well-practiced art during the Apollo
migsions.?? Apclles 7, 9, and 10 successfully exercised rendezvous
systems and piloting techniques in preparstion for the first lunar
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Table 1 Geminl Rendezvous Accomplishments

- Coclliptic rendezvous from above and below
« Stuble orbit, direct ascent and equal period (football)
vendezvous
+ Rendezvous during both orbital night and day
« Use of only optical casurements (po rudur)
- Station-keeping and docking
- Simultancous countdown of chaser and target lsunch
vehicles
« Launch during & narrow jaunch window
- Real ime maneuver targeting using dam from ground
bascd or onboard navigation sensors
« Conducting multiple rendezvous operations in &
single mission within & propelient budget

Janding. Thesc missions, coupled with the success of Apollos 11 and
12, lod to the development of a shorter rendezvous profile that was
flown on Apollos 14 through 17 to increase lunur surface stay time. 17
Complex contingency rendezvous procedures 1o be flown by either
the Command/Service Module or Lunar Module were developed and
continuously refined during the Apollo Program, but were never
flown due to nominal spacecraft performance. Apollo hardwere,
softwere and rendezvous trajectory techniques were later adapted to
support rendezvous and docking with Skylab and Soyuz.}**

111, A New Direction In Mission Acfivities

Space Shuttle rendezvous and proximity operations represented &
significant departure from Gemini end Apollo.! Most rendezvons
tergets would not possess sctive navigation aids (transponders or

lights), nor were muny of them originally designed to support

rendezvous, retheval and on-orbit servicing., Shuttle rendezvous.

missions also involved deploy and retricval of the same or different
spacectafl on the same mission, and on SOme missions more than one
rendezvous,

Relative chaser and terget spacccraﬁ size were significantly
different. Previous  chaser  wehicles (Gemini, Apolio
Command/Service Module (CSM) and Lunar Module (LM)) were
sbout the same size as the target spaccoraft (Gemini 7, Agens,
Augmented Target Docking Adapter, LM, Soyuz) or smeller (Sstum
S-IVB, Skylab). Until the Mir and Intemational Space Station (ISS)
missions, the orbiter was much larger than its rendezvous targets.

Ruther than docking &t ~1 foot/sccond, us was done in Gemini
und Apollo, satellite retricvals involved cepturz and berthing with-z
robotic arm (the Remote Manipulatar System, or RMS), with nearly
zero relative velocitics between the two spacecraft. Robotic arm
opcrations, capture and berthing had not becn performed ov previcus
programs. RMS design requirements were 8 function of orbiter
stopping distance, arm joint loads and the ability of the erew to detect
and control relative rates.

Shutle docking with Mir and ISS required a contact velocity an
order of magnitude lower than Gemmini and Apollo, with fighter
piloting tolerances on time of docking eand contact velocity, Gemird
and Apollo docking were axial, along the crew line-of-sight and in
direct. view of the crew. Shuttle grappling and docking required the
use of cameras to provide adequate crow visibility and cues for final
control. Since target spacceraft could pogsibly already be in orbit
duting mission planning, some grapple equipment used by the
Shuttle Program wae designed from documentation of tarpet
spacecraft hardware, and was not mated on the ground for preflight
checks as was dane for Gemini and Apollo docking hardware.
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" IV. Early Rendezvous Study

In 1969, = study of on-orbit AV budgeting was conducted for the
Advanced Logistics System (ALS), en early name for the Space
Shurtie, A five-maneuver coenipcic profile was proposed for a
resupply mission to s space station in 200 or 270 n.m. circular orbits,
with sn inclination of 55 degrecs. The study essumed a launch
directly into the orbital planc of the station, & daily launch window, &
minimum phesing perigee of 100 n.m., rendezvous within 24 hours of
Jaunch, and deorbit within 24 hours of departurc from the station,
Apollo and Gemini flight techniques, sensor characteristice, and flight
expericnce wes factored into the propellant budgeting estimate. The
ALS terminal phese was the same as that used on most Gernini and
Apollo missions (Fig. 1).>%° The study showed thet propellant
required could be significantly reduced if the requircments for every
day launch, rendezvous duration and minioum perigec wore relaxed.

- Low inertlal line-of-sight rate during ﬁnal

braking and approach '

<" L/ » Targat viewed against star backgrcund V Bar
A

\ - AV along the fine-of-sight - o
1o the target an

- « Elevation angle cue
& for burn sxscutlon
m y\f
Mid-Course N
Cormections e Coelliptic Trajectory

Fig. 1 Terminal Phase for coelliptic rendezvous, See
Appendix [or coordinate frame description.

V. Shuttle Design Reterence Missions

During the Shuttle Phasc B studies (1970-1971), the following
agsumptions were made: 1) rendezvous techniques and principles
were well understood, end the flight regime should not contain
technical challenges; 2) the coelliptic terminal phase from Gemini and
Apollo will be used; 3) a target mounted navigation trangponder will
ullow tracking out 10 the maximum range achieved during the Apollo
Program (~300 n.m.); 4) rader skin tracking of & passive target out to- -
10 n.m. was & contingency mogie of operation; 5) the Shuttle will be
capable of sutonomous rendezvous; and 6) on-board computer
capacity will be significantly greater than Apollo,

By 1973, four Shurtle reference missions were in use for mission
planning, vchicle sizing and subsystem vequirements definition, and
theee of them involved rendezvous.? Therc was wiso 8 requiremeént
(later waved) for a Shuttle to vescue the crew of snother Shunle
stranded in orbit. Rescue was to occur no later than 96 hours after
launch of thg rescue vehicle. The rescue Shurtle was to be able to
phase from either above or below the other Shurle’s orbit, depending
on the initial phasing et launch.

Rendezvous For Reference Missions 1 and 2

The Mission ) design imvolved u Shunle deployed space tug
returning & geosynchronous satellite to an orbit coelliptic (AH of 10
nm) with the Shurtle, to facilitate retrieval. The Shuttle would then
perform 2 TPI maneuver and fly » termine! phase similar to Gemini
and Apollo (Fig. 1). Mission 2 was & servicing mission to an orbiting

‘scicnice platform.

In April of 1973, the five-maneuver proﬁ ¢ used for Mission 2
was replaced by m Skylab based profile that satisfied Shutle
operetional considerations that had been identified up fo that time.
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‘Those considerations were: 1) rendezvous with a navigationally
active or passive target at orbital altitudes renging from 150 10 400
n.m,; 2) liftoff time selected whenever coplanar launch is possible,

and will not bec constrained by time-of-day; 3) minimize onboard
relative navigetion sensor cost, operating range and accurscy; 4)
ground tracking support requirements had not been clearly defined;
5) an optical sensor was required for incrtial platform alignment; and
6) the phasing portion of the rendczvous was not to be unnecessarily

large.
A change to the Skylab plan involved the insertion of 8 second

coclliptic segment before the NCC bum (Fig, 2). This gecond
V Bar
<
TPl NSR2 NSR1

NCC

R Bar

Coslliptic Segmants NH

\k‘——g }—Oa“f'z

NC1
wm—— Optical Tracking OMS-1

Radar fracking occurs after TP,
Fig. 2 Dual co-elliptic rendezvous (1973-1983).

coclliptic phase zllowed the subsequent muneuver points to be

chosen 1o maximize usc of reflected sunlight for optical tracking of

navigationally passive targets. The additional coslliptic segment also
cnsured the same relative geometry from the start of optical tracking

- through intercept for variations in liftoff tiwme and target orbitmi
altirude.

Relatively constant range at the first optical tracking opportunity
was also important duc to the lower quality of optical tracking at this
point. The dual coelliptic sequence (AH of 20 and 10 nam.)} also
provided enocugh control over lighting to minimize lighting
considerations for launch window determination. A wide variation in
Liftoff time was permitted without resulting In an cxeessively long
phasing period. The profile also permitted flexibility in sclecting the
level of ground tracking required end in the selection of on-board
relative navigation sensors.

The standard termina) phase (Fig. 1) was zlso used for Mission 2.
One issue, however, was that the targets would probably not possess
swobes, as other targets had in previous progrums. Lighting
requirements for the pre-TPI optical tracking pess and the initistion
of manual piloting (g fow thousand feet from the target) ut sunrise
drove TPY to bc performed after sunset. A lack of target artificial
lighting meant that the backup manusl procedurc of pointing the
vehicle thrust axis at the target to execute TPI would not be
svailable, as it was on ‘many wajectorics flown by Gemini und Apollo
vehicles. The dual coclliptic (Fig. 2) would serve as the baseline
Shuttle profile for mission planning until April of 1983,

Rendezvous For Reference Mission 3B

Mission 3B was & satellite retricval from a 100 n.m. circular
orbit, with launch und landing ocowrming at Vandenberp Mx Foree
Buase. ‘Mission duration was about 2 hours.

The insertion point (Fig. 3) wes chosen to place the Shuttle on a
terminel trejectory with churacteristics similar 1o thosc wsed on
terming] approaches flown on Gemini, Apollo, Skyleb and Apollo-
Soyuz missions (Fig. 1). A

Due to the short timeline (station-kecping at a range of 100 feet
established ~21.6 minutes efier orbit insertion), no gound tracking
of the Shuttle was to be performed, nor would the Shutde have
processed reletive sensor measurements in & Kalman fiter. No on-
board targeted maneuvers would have been performed. Radar data
(range, revge rate, incrtisl line-of-sight rates) was to have been used
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Start roll maneuver,
opsn payload bay

dooryﬂ 4 min.)
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insartion burn /

{(+12 min.)

+8 -

+10 -;

Fig. 3 Misslon 3B approach (1975). Times are
with respect to liftoff.

by the crew to fly an approach slong a streight line relative to an
inertial reference frame and reduce closing velocity to appropriate
levels. While similar profiles had been flown on Gemini 11 and
Apollo lunar missions 14 through 17, the Mission 3B profile was
much more demanding. Whether or not rendezvous, target caphure
with the RMS, berthing, paylosd bay door closure and deorbit could
have been recomplished within the timeline is questionable,

Missions 3B and 3A (s similur mission, but with a deployment
rather than retrieval) were the most challenging of the reference
missions, and had the most impact on Shutle systems design and
performance requirements. Planning for both missions ended around
1976, and neither was flown.

VL Plume Impingement

Identification of the Problem

Germint und Apollo attitude control systems produced little cross
coupling, and thrust magnitude, nozzle canting; target vehicle size
and appendages did not result in significant plume impingemear
issnes. Lumar Module self-impingement did have to be eddressed
with hardware modifications. In the eatly 1970, the existence of
plume impingement wes contraversial, but snelysis of Gemini 1)
film showing tether dynamics in response to RCS firings proved that
plume impingement was resl. During the first attempt on Skylab 210
deploy a stuck solar array, the CSM weas mancuvered <o that &
crewmsn standing in the hatch could reach the array with s
deployment tool. Apello CSM thrusting to null the closing velocity
triggered Skylab jer firings to meintain attitude, which resulted in an
opening rete between the vehicles,'® Later film of Apollo CSM RCS
effects on the Skylab thermal control purasol triggered Russian
concetns about plume impingement for the Apollo-Soyuz mission.
Four of the CSM’s RCS jets were inhibited within 2 seconds of
contact, to avoid plume loading on the Soyuz solar arrays,??

By 1973, contaminztion of payloads by Shumtie RCS jet effiuente
during the Shuttle approach and braking phese was & concem to the
paylosd communirty.  Previous anslysic focused on potential
contamination in the peyload bay at the Isunch site and on-orbit. An
approach trajectory was proposed thut minimized the expulsion of
combustion by-products at the targer, and therefore minimized the
potential for contamination (Fig. 4). The trajectory wug designed
under the assumption that the target spacecraft could not be designed

30fl7

[l L e T ]

Y i ade Tl A e




FROM

tUNITED SPRCE ALLIANCE

final approach

station \ ;
keeping

<
+V Bar

] ! /'/

transition

braking ~

‘ mp[ngement
. sphere

W +R Bar¢

Fig. 4 Terminal approach to minimize plume
impingement on target (1973).

with fcahwes to prevent contamination (such as movable sensor
covers), or that control of target amitude could not prevent
contamination. A target specific minimum range at which jets could
be fired in the direction of the target without a contamination concern
was defined. At this point the orbiter would transition fram the direot
approach trajectory to e station-kceping point on the target veloeity
vector (V Bar, see Fig. 26 in Appendix). Afier preparstions for

grapple with the RMS were complete, the otbiter wou}d inijtizte the

final approach 1o the target,
In 1975, work began on rendezvous procedures for the Long
Duration Exposure Facility (LDEF, Fig. 5) rctricval and Solar

Fxg 5 LDEF being maneyvered wlth the. RMS

Maximum Mission satcllite scrvicing (Fig_ 6), due to an anticipated

deployment of LDEF on an early Shuftle mission, and the
approaching launch of Selar Max on a Delta booster. Issues.arising
out of these offorts were to have & profound 1mp5ct on Shuttle
operational conceprs The lurge size of the Shuttle primury RCS jets
(870 pounds thrust) coupled with the smell size of LDEF and Solar
Max compared to the Shumle led to more concemns sbout RCS plume
impingement effects. Plume impingement could induce attitude rates
on the target or cven result in separation of the target and Shuttle.
Targets with attitude contro] systemns may not have been designed to
meintein atfitude in the presence of orbiter plumes. This was &
particular concern for peylosds that used gravity gradient
stabilization, such as LDEF. Shurtle thruster sizing, placement and
orientation were designed to provide adequate flight contro) authority
throughout the Shuttle flight envelope, and to avoid self-impingement
of aero sirfaces, but impingement of turget spacecraft or the RMS
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was not factored into the design.®
By May of 1976, plume impingement simulations using simple

" math models had been conducted. Results indicated. that plume
‘impingetnent induced dynamics at RMS releasc or giapple ranges

cowld make LDEF dcployment and retrieval difficult and perhaps
impossible, A development effort wag initisted to obtein improved
models of Shutde RCS jets and plume physics. New models were
required to bemer characicrize impingermnent effects und test
trgjectories, piloting techniques, ncw software, and identify vehicle
hurdware modifications needed to mitigefc impingement effects.

Fla 6 Attemnted retrieval of the Salar Max

iiempiel red SL W0 SOIRT VaRX

satelhte by an astronavt flying a Manned
Maneuvering Unit on STS-41C.

Resolving the Plume Impingement and

Forward RCS Propellant Problems :
By Apri] of 1977, after a considerable amount of lobbying by

concemed technical and mensgement personnel, potential problems

with the ability of the Spsce Shuttle to retricve satellites such as

LDEF and Solar Max were receiving visibility at high levels within

the Shutfle Program and the peyloads community cxternal to the

. Program.

Some proposed solutions to the plume impingement problem,
such as sltcrnate recovery techniques using new hardware (stand-off
berthing using a mast or tether), & payload bay mounted cold-gas -
propulsion system, and “hardened™ paylpads were not acceptable due
to complexity end cost. Operationel work-urounds consisting of ncw
piloting rechniques, and Shunle flight contrel system modifications
were preferred. However, these options increased propeliant ugage
and increased complexity of crew procedures and Shun]e fhght»
control software,

Both the Gemini and Apollo vehicles carried ample pmpcnam
margins, but the Shuttle was limited in terms of forward RCS
propellant. The Shurtle could nin out of forward RC8 propeliant
during the terminal phase (Fig. 1) under dispersed twajectory
conditions, and in the event of a radar fatlure, '

At this time the term “proximity operations” or “prox ops™ wus
coined, and proximity operations became & distinct discipline within -
the Shuttle Program. Proximity operations occur close to the target
(within 2,000 feet), and are characterized by ncarly continuous
frajectory control, whereas rendezvous contrel munsuvers typu:ally
occur at intervals of hours or tens of minutes.

From Tuly to September 0f 1977, & study of approach and station-
keoping techniques was conducted in the Johnson Space Center (JSC)
Systems Engineering Simulator. This was the first six degrec-of-
freedom simulator 10 incorporate plume ¢ffects. V Bar, R Bat and H
Bar approaches and station-kzeping were evaluated (Fig. 7). Results

 confirmed earlier studies, which indicated that ag Apollo inertial

- 407
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+H Bar

Fig.7 Proximity operations approaches.

approach and braking tcchnique ceused the gravity  gradient
stabilized LDEF to tumble. The one techniquc that worked for
approaches along all three Local Vertical Local Horizental (LVLH)
frame axes (V Bar, K Bar, H Bar) used orbiter +-X body axis RCS
jets (Fig. B) for braking. These jets had a small component of thrust
along the +Z body axis. Some +R Bar approaches worked with the
Apollo approach end technique, duc to the natural braking cffect of
orbital mechanics.

T Approach Direction

i

-z
I—L"

Body
Axas

Low Z

Fig.8 Comparison of plumes.

‘Advantages of the H Bar approach were consistently good
lighting conditions for piloting and ¥ LVLH motion that did not
couple into the LVLH X and Z axes. Unlike the +R Bar spproach,
‘the H Bar approach did not have natural braking, but had natural
acceleration, which necessiteted frequent thrusting- at the target
during appronch. Out-of-plane motion still occurred after rclative
trangjational rates were nulled.  The H Bar approach was never
baselined for opcrational use, due to safcty, station-keeping,
propellent consumption and plume impingement concerns.

Due to the 1977 study, the orbiter flight control system. was
modified to provide & “Low Z” mode. This provided some RCS
braking capability while minimizing RCS plume impingement (Fig,
8). Jets used for this mode had a thrust companent that was primarily
along the X dody axis: The serendipitous canting of the aft X axis
RCS jets was not an original design requircment for proximity
operations.”  Upward firing RCS jets were inhibited in Low Z.
However, use of the Low Z mode was expensive in terms of
propellant use. The ability 1o perform an attitudc hold with respect to
the LVLH frame was algo added to the Shuttle flight software,

! The bruking contribution provided by the scarfed, nosc mounted X exis RCS
jets is negated by RCS finngs to consrol pitch,

VIL On-Board Systems

Relative Navigation Sensors
Original Shuttle rendezvous navigation requirements called for a

- radar range of 300 n.m,, provided that the target was cquipped with a

transponder. Skin tracking (no transponder) of & turget with o }
square Ineter cross section out to & range of 10 n.m. would be
availeble as & contingency made of operation. 4

Radar development costs Jed to examination of deferra) of radar
operationel capability, which” would have resulted in many ecarly
tendezvous missions not baving radar. The cost of Ku band radar
dovelopment slso motivated the study of sltemative semsors. “All
optical rendezvous” was studicd, bur siulations indicated that the
probability of successful dual coclliptic rendezvous (Fig, 2) under
dispersed- conditions was less than desirable. Use of Bhuttle entry
Tactical Air Nevigation (TACAN) unity for rendezvous wes slso
studied, but not pursued. This would have involved mounting a
TACAN mansmitter on target spacecraft,

The decision to proceed with Ku radar development was in part
motivated by concerns about the proposed Skylab reboost mission.
Cost overruns prevented, the acquisition of target wansponders and
spare parts for the Shuttle radar, and the passive skin tracking modc
of rader operation was adopred (Fig, 9), which in tun limited the
range of the radar. This was a fictor in the inability of the Shuttle to
meet rendexvous wutonomy requirements.  The Ku sotenna and
clectronics would also be used fot commumications through the
Tracking and Dats Relay Satellite (TDRS). |

40——Last NC

Primary
E} Backup,

With Prlorlty

_—NCC

~135000 &

2
a S
Range Bum Day/ Star Radar COAS
{nm) Night kTracker

Fig. 9 Operationsl use of Shuttle rendezvous sensors for &
typical ISS mission. .
Optical tracking would be provided by one of two stur traskers,
which were also to be used for aligning the Inertial Messurement
Units.?* The tackers had ficld of view restrictions based on Earth
limb and bright object considerstions (Sur, Moon). Availability of
optical measurements, which used target rcflocted sunlight to
facilitate acquisition and tracking, wus seen as ® mujor challenge.
Strobes, used on targets In previous programs for optical tracking via
the human eye, were judged to be incompatible with the Shuttle star
trackers.

Sof17
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As a back-up to the radar and star frackers, & Crew Optical
Alignment Sight (COAS) could bc used w obtain angular
measurements. The COAS would later see extensive use during
proximity operations (Fig. 10).%

Relstive navigation sensor measurements from the rader,. star
tracker and COAS are processed in 2 Kalman filter that built upon the
Apollo experience. ¥  Original filter requirements called for sn
optimal filter that updated both the Shuttle und target state vectors,
but the 1576 on-board computer requirements sorub resulted in the
filtering of only onc statc vector, as was done on Apollo.2?

Beginning in the mid 1970s, thers were concemns about the lack
of & back-up range and range-rate measurement device for the Ku
band rendezvous radar, particulerly during proximity operations or
the proposed. Skylsb re-boost mission. A number of potentia}

Fig. 10 EVA crewman on the RMS sttempts to
capture INTELSAT (right). The COAS is on the
left (STS-49, 1992), '

off-the-shelf solutions were examined. A laser rangefinder was
flown on STS-41B und STS-41C (1984), but limitations in range and
accuracy limited their usefulness. A paraltax rangefinder and a night
vision system were also tested on carly missions, but performance
was not adequate. COAS subtended angle is available for range
- determination using charts at close range.

During the fate 1970s, use of the Global Positioning System
(GPS) was examined, but not sdopted due to cost and the imunaturity
© of the technology.® On-board processing of TDRS Doppler
meesurements to reduce dependency on ground radar tracking was
&lro studicd, but not pursued due to on-bosrd computer liritations,

Maneuver Targeting

The ground-targeted phasc for orbital control begins aficr orbit
insertion. Rendezvous maneuvers arc computed by Missian Control
using orbit derermination dasi obtained by processing ground radar

" and TDRS Doppler meesurcments. The length of this phase varics,
and typically lasts several days.  Although s ground-targeted phase
meneuver plen is determined before nunch, some adjustments are
required. after Juunch due to Shuttle ascent performance dispersions,
‘or Shuttle or target spaceeraft systems problems.

The on-board targeted phasc beging once Shuttle gensors (thc first
is star tracker, Fig. 9) are able {o obtain refative messurements,
Shuttle orbit adjustments are theg compl.tcd on-board, while Mission
Comrol computations are available as a back-up, in the event of an
on-borrd systemn snomsely. Unlike the ground-targeted phase,
activities from the beginning of on-board relative navigation to the
beginning of proximity operations (at a range of ~2,000 feer) may
chenge little from flight to flight.

The original (1972 through 1976) ov-board targeting packape was
called the Orbit Maneuver Processor (OMP), The OMP concept was
based on Apello on-board and grouad based lurgeling. OMP was

6o
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mare flexible then its predecessors and could support different
combinations of bums without reprogramming. It was also capable
of targeting all orbitu] meneuvers from insertion through intereept.

In 1974, a requirement for the Shuttle to conduct autonomous
rendezvous (Jitde or mo support from Missjon Conlrol) existed.
Astronauts were to compute 8 nomine! series of maneuvers mnd
cxceute them without Mission Control confirmation. For off-nominul
scenarios, the crew could compute snd execute & rendezvous plan
with inputs from checklists or Mission Conwol. The on-board
computer would not recommend actions in Tespense {o off-nominal
situations,  Mission Control was till to be sble to compute
maneuvers, particulatly in the event of off nominal scenarios.
However, limited on-board computer capacity made the requirement
difficult to meet. A 1976 on-board targeting requirements sorub in
response to computer limitations moved computation of burns not
supported by on-bosrd relative nevigation to Mission Control. This
move also reduced OMP implementation costs.

In order 1o lower forward RCS propellant consumption, it was
belicved that during proximity operations the orbiter should be able 10
epproach a target from any direction (Fig. 7). This wouid provide
meximum  flexibility during mission plenning.© A proximity
operations largoting package based on the Clohessy-Wiltshire
equationy was formulated. Howsver, limitations in Shuttle computer
capacity would not permit inclusion of beth the proximity operations
targeting and the already scrubbed down OMP for rendezvous
targeting.  Scrubbing the remaining OMP software was one option,
but studies indicated that the Clohessy-Wiltshire tacgeting package
might not be sble to adequately support mancuvers with -jonger
transfer times, such us TPL The scrubbed down OMP was replaced
by a Lambert targeting option to support Jonger transfer times. The
original pre-scrub OMP bacume the basis for the Shuttle maneuver
torgeting software in Mission Control.

On-board orbiter state vectors used by Lambert and Clohessy-
Wiltshire targeting ace updsted with rader, star tracker and COAS
meusurements. Lambert turgeting wes used for all rendezvous
missions, while the Clohessy-Wiltshire option was never used in
flight. 3

Grapping Hurdware

The RMS is an spproximately SO foot )ong, six degree-of-
freedom arm squipped with six joints (shoulder yaw, shoulder pitch,
elbow pitch, wrist pitch, wrist yaw, and wrist roll). It is located on
the port side of the paylond bay, and is cepable of handling payloads
up lo 65,000 pounds. The RMS end cffector on the end of the rrm
grapples & fixture instalied on the payload, An RMS display and
control panel, rotational” and translational hand controllers, and
associated television displays arc located in the aft flight deck flight
crew station. A starboard arm was also planned in the 1970s, but was
never flown. In addition to deployment and retrieval of satellites und
free-flying scientific payloads, the RMS is also used as an extension
ladder for EVA crews (Fig. 10), for positioning modules during ISS
agsembly and replenishment, and for conducting ofbiter and ISS
inspections using felevision cameras and other sensors.

VIIL Coelliptic Versus Stable Orbit Rendezvous
The Stable Orblt Prafile "

Although the dual coelliptic (Fig. 2) had been buselined for
mission planning purposcs in 1973, doubts abowt ite capability 10
support Shuttle rendezvous missions persisted into the carly 1980s.
The abifity 1o obtein sufficient on-bosrd opticsl tracking using
eflected sunlight, in the presence of Ewrth limb und cclestiel bright
object constraints on the field of view was questionable. By 1978,
forward RCS propellant depletion due to the high relative approach
velocity inherent with coelliptic was a serious concemn.

"
i
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In 1975, theoretical studics of the stable orbit profile {first studicd
from 1962-1964, and first flown on Gemini 11*5) were again
performed. Stable orbit involved the initiation of the jntercept from s
station-keeping point on the ~V Bar, rather than from 2 coclliptic
orbit (Fig. 1). Stable orbit might simplify fiight design and
opcrations for missions involving deployment of & satellite, followed
by retrieval of a second satellite, Contingency retricva] of 2 deployed
paylord might also be easicr to perform with stable orbit. A stable
orbit profile would descrsitize the mission timeline from trajectory
considerations. Stsble orbit, Jong-range ststjon-keeping (tens of

miles) was preferable to close range station-keeping (tens or’

hundreds of feet), due to the nced for continuous crew monitoring
und resulting propellant cxpenditure.  However, like dual coelliptic,
the availability of sufficient tracking ou a stable orbit profile for a
navigationally pessive target was in question, ’

By 1981, mission design for the LDEF dcployment and Solar
Mzx repair mission (later flown on STS4IC in 1984) was
encountering difficulties. Mission planners began to adapt the stable
orbit copcept to overcome propellant depletion, mission timeline and
on-board macking issucs with the dual coelliptic prefile (Fig. 13).

Rendezvous \

From Above
Glidesglops \
Approacth

Stable Orbit Point

MGC2 = < MC1

R Bar

Rendazvous \
From Below

weeimesmmms Stor Tracker

A\ 2

Fig. 11 A proposed stable orbit rendezvous profile
(1982).

It was suggest=d that ground radar tracking and Mission Control
computed burns could piece the Shuntle at 2 point on the -V Bar, and
at or within the rendexvous radar 19 nam renge specificstion.
Station-kecping &t the stable orbit point would be perforted unfil
otbital noon, et which point the Shuttle would initiate an intercept
frajectory with an on-board targeted bumn. The station-keeping and
the timing of the transfer would zlso provide control aver lighting in
the manual piloting phuse. Station-kecping could also be extended
in the event of Shuttle or target systems problems. In the event of &
radar failurc, optical tracking could be performed. A station-kecping
point of 8 nm. was sclected. This was inside radar range, but far
cnough awey to avoid pofential target size and brightness problems
with the Shurle star trackers. Closing rates during braking were an
order of magnimde lower than the dual coelliptic, which lowered
prepelfant consumption.

The Tuned Ceelliptic Profile
~ To addrass concerns with the dusl coelliptic profile, coelliptic
advocates designed an alternate called the “tuned™ coelliptic (Fig,
12). All day~of-rendezvous bums would br on-board targeted, with a
maximum star, trackee tracking range of sbout 150 w.m. The coclliptic
AH was much lower than the second dual coelliptic AH (2.5 versus
10 n.m.). The lower AH permitted radar acquisition of the target
before TPI, and provided an overlap in rader snd star tracker tracking
for comparison purposes. Increasing the tansfer angle lowered the
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terminal phasc reletive veloelty, which in tum lowered propellant
consumption during braking. However, the lower AH also incressed
the vaniability in the time at which the desired TPJ relative geometry
(elevation angle) wes achieved (Fig. 1). The profile could be tuned
during the mission to control slips in TPI time and trajectory
dispersions. Adjusting the placesnent of carly phasibg maneuvers
increased the number of tracking pedods pror to the coelliptic
maneuver, and decrcased TP sensitivity 1o bumn dispersions.

\ Bar

<

memm Star Tracker Pass

5| mc2 Nees
ad
NCC2
Radar may be
obtained prior
.L‘ fo TPI. \“/ \ NCC1-
v

Fig. 12 Tuned coclliptic rendezvous with ¢ AH of 2.5
nautical miles (1982).

Selection of & New Baseline Profile

A lengthy debate cnsucd boiween stable orbit proponents und
coelliptic supporters. The debate involved some of the same
personnel that hed been invalved in the coelliptic versus tungential
versus first apogee rendexvous debate during misyion planning for
Gemini VI in 1964.° Coelliptic was » proven technique, and some
Mission Control personnel, as well as some sstronauts, were not fn
favor of adopting 8 new profile. Mission planners believed stable
orbit provided severel sdvantages over tuned coelliptic; lower
propellant comsumption, less complex crew snd Mission Control
procedures, stable station-keeping points on the -V Bar in the event of
a systems anomaly or chunge in mission planning, und elignnation of
the need to perform opticsl tracking with star trackers. However,
pitot-in-the-l6op simulations indicated that stable erbit procedures
Stble orbit potentially
offered more straightforward trajectory design. for flights requiring
rendezvous from in front or sbove (Fig. 11). Like stable orbit, tuned
coelliptic could be designed with a delay option, but with higher
propellant consumption and increased proccdura) complexity.

Anslysis of the swble orbit plan reverled a number . of
weaknesses, which were comrected by changing the profile. Station-
keeping on the —V Bar ut the 8 n.m. stable orbit point was eliminated
in fevor of perfonming the intercept maneuver, called Transition

" Initiation (1Y), when the &-num. point on the -V Ber wag reached. In

the event of a systems spomsly, an equsal period “football™ trajectory
could be initisted at Ti (“Ti delay”) until it wes permissible to
sontinue the rendeczvous, ’
Several varjations of tenninal phase were studied. In one, Ti was
targeted to place the Shuttle several miles in front of the target on the
-+V Bar, after which the Shumtle would move in slong the +V Bar. In
another, Ti wrgeted the Shuttle for 1 point 5000 fect shead of the
target and 1500 feet above it From there, the Shutile would fly a
“glideslope approach™ (Fig. 11), which avoided RCS firings that

tIn the acronym “TL” the "1 for initiation i8 mot cupitalized 10 avoid
confusion with another rendezvous scronym used in the Shuttle Progian).
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could impinge on the terget™
As analysis progressed, four Mid-coursc Correction (MC) bums
were placed between Ti and intercept. A planer change meaneuyver
(null out-of-plane velocity) was placed af the nodal crossing
following MC-1. To reduce the size of thc out-of-plane vejocity nuil
after MC-1, on-board tracking was extended beforc Ti to include.one
or two star tracker passes, starting at e range 0f 40 n.m. This created
an overlap of ground and on-board tracking for cross checking before
committing to an intercept trajectory. An additional on-board bum
prior to Ti, NCC, was added to ensure that the Ti poinf wonld be in
the orbital plane of the target. 213
Stuble orbit was adapted as the Shuitle buseline rendezvous plan
in Aprit of 1983 (Fig. 13), during planning for mission STS-41C.
Factors influencing the decigion were the iability of the Mission
- Contrel sofiware (OMP) 10 support the tuned coclliptic without
modification, and that the stebje orbit concept was promoted by the
ISC' organization responsible for trajectory design and mission
planning. In the cvent thet & second rendezvous with & targst was

required, stable orbit potentially incwred lower ;iropx:!)am:
expendinure than tuned coelliptic.
V Bar (kft.)
SN 100 -200 NC
< T g : -
. AN/ delay P :
option
0T two revs. to T1

MC1

£
= T
o
e
1 \\ Range
—— ~, 4
~ re
bmsmes Star Tracker oo . -~ NCC
40+
anarev, lo T/
2 X

Fig. 13 Stable orbit rendezvous (1583-1357).

Shuttle Blights (1983-1998)

First Proximity Opersations snd Rendezvous Flights
After thefirst flight of the Space Shuttle. (STS-1) in April of

1981, and successful demonstrations of the RMS on subsequent.

flights, more personnel, compuler resources and simulator time
beeame available for rendczvous &nd proximity opetations procedure
development, mrajectory analysiy snd igsue resolution.®? STS-7 (June
1983) performed & proximity -operations demonstration using the
Shuttle Pallet Satellitc (SPAS-01).3**¢ Primary objectives were 1o
demonstrate and evaluate proximity operations techniques required
. for deployment; separation, station-kecping, final approach and RMS
capturc of & free-Tlying payload. No computer based msneuver
targeting or relative navigation data using computer processed radar
measurements was available, Out-the-window cues and radsr data
dircct from the semsor were used. Results indicsted thut plume
impingement math models were accurare, the rendesvous radar
performed better than expected, piloxing waing out-the-window cucs
and radatr data was ensily accomplished, and that the proximity
operations tasks could be accomplished with propellent consumption

falling within one sigma of predicted vatues. The Low Z and LVLH

attitude hold flight control options were proven effective.

The first rendezvons demonstration was planned far STS-41B
(February 19284), the tenth Shuttle mission. However, the rendezvous
was canceled. after the Intograted Rendezvous Target balloon burst
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during deployment from the Shuttle payload bay.

The Solar Max repair mission (STS-41C, April 1584, Fig 6€) wes
the first “al] up” use of the Shuttle's integrated rendezvous and
proximity operations capabilitics. These included pre-flight trajectory
design, leunch window targeting, ground tsrgeting using radar-based
orbit determinstion, deployment of a payloed (LDEF, Fig. $) during
the ground-targetzd phase, onboard rendezvous navigaition with a
navigationally passive target, onboard rendezvous targeting, and three
body proximity operations involving Challenger, Solar Max, and an
astronaut flying the Manned Maneuvering Unit.

The first antempt 1o capture the Solar Max with an astronaut fiying
the MMU failed, and a break-out mencuver was perfonmed to take
Challenger safely away from Solar Max, Esough propellant margin
was available to porform a second rendezvous two days later, and -V
Bar station-kccping 40 n.m, from Solar Max was performed untl the
second rendezvous wes initiated. A previously developed backup
caprure procedure using the RMS was used to successfully grapple
Solar Max.

The successful cxceution of proximity operations on STS-7 and
§T8-41C and two rendezvous profiles on STS-41C validated work
petformed over & decade to create piloting techniques and trejectonies
that overcame Shuttle gystems limitations, and allowed the Shuttle to
mect mission requirements different from thosc in the Gemini and
Apollo programs.

Chaltenges of Subsequent Rendazvous and Proximity Operztions
Missions

The success of STS-7 und S
Shuttle rendezvous and pro
way “routine.” The unique cheracteristics of the verious rendezvous
targets, along with Shutle system limiwations, posed technical
challenges for every repdezvous mission, and necessitsted mission
unique enalysis end procedure development, Complexity of and
varistion in procedures and techniques for Shuttle rendezvous and
proximity operations missions was far greater than during Gemini and
Apollo.

The pace of rendesvous flights between STS-41C (April 1984)
and the Challenger accident (January 1986) had not been seen since
the Gemini flights in 1965 and 1966.5% The success of these
complex missions reflected the maturity of Shunle rendezvous end
proximity operations planning and exccution.  The loss of Challenger
eliminatcd many poleminl comniercial missions mvaolving rendezvous

1S-41C did not mean Lhat later

oninme Wera

.E_'iy Up\:fuuuna missions were in any

Pamhly Aﬁer the accxdcnt rcndczvous mussxons resumed in 1990 ‘
Missions executed included retrieval and return to Earth of orbiting
deployment and rewieval of scientific payloads, end
servicing of spsceccaft.?s

Proximity operations and ground tsrgeted phase tmectory dcs:gn
vaned from flight to flight, and was driven by many factors that
required extensive analysis and contingency procedure (Mission
Control and on-board) development, particulaxly if the flight involved
more than one deployfretricve payload. , Maneuver planning to
provide adequate spacecraft scparstion for ground radar tracking,
spacecrafl o spucecraft communication links gnd profection against
collision under disperscd frajectory conditions was purticularly

* challenging. By 1990, the avnilebility of ground besed processing of

TDRS Doppler mensuremnents and nesr continwous TDRS
communications caverage snhunced orbit detenmuahon and mission
activities, .
Ruder fajlure procedures for use dunng the on-board targeted
phase (for most Dlights, approximately 40 nam. bechind the target
through manuzl takeover at ~2,000 fe81) were continuslly improved to
meximize probsbility of mission success. This wus demonsmated
during the STS-92 (2000) rendezvous with the )SS, due to & radar
failure before the day of rendezvous. The tendezvous was performed
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with stsr tracker dats umtil luser data becemec svailable scveral
thousand feet from the ISS. This was the first “all optical”
rendezvous flown by NASA since Apollo 7 in October of 1568.

The ground-targeted phase of two flights (STS-49 in 1992 and
STS—72 in 1996) used a contro} box rendezvous technique (Fig. 14).%
The target exccuted & series of mancuvers after the Shuttle was
teunched to cnter & “control box” in space at a designated time. This
technique reduced Shutife propellant consumption. Once the target
eutered the box, it no Jonger mancuvered, A Shurtle planar chunge

 (NPC) bum could also be performed to compensatc for target planaf
crror intraduced by target phasing maneuvers.

INTELSAT Phases From Above

—— Control Box
< ciRc N2 NGt ows?
- VBer \/‘\_itu\il\‘/\1

. ; 1\)
= NH1-
Net o Scale v _

.Shuttie Phases From Below

Fig. 14 STS-49 planned relative motion until control box
start time (1992).

Rendezvous or Proximity Operations Technique Demonstration
Missions
The previously mentioned STS-7 and STS-41C wers the fivst
demonstrations of the Shuttle’s proximity operarions and rendezvous
capabilities (Table 2). The Orbital Experiments Digital Autopilot
" (OEX DAP) was an experimental proximity operutions autopilot
tested on STS-51G (19K5) and STS-61B (1 985) The autopilot was
not incorporated inio the Shuttle's certified avionics system. STS-37
tested. long-range station-keeping using star tracker mensurements
while flying an out-of-plune profile nsing the previously deployed
Gsmma Ray Observatory as u target. This technique was proposed
for flights with station-keecping distances constrained by
communications requircments,

Tabie 2 Rendezvous or Proximity Operations Demonstration Missions
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Satellite Servicing Missions

Sstellite servicing missions flown by the Shutde (Table 3)
requircd olose coordination and planning between rendezvous
personnel, proximity operations personnel, Extra Vehiculur Activity
(EVA) specialists, satellite manufacturers and satellite operators.
EVA preparetion and execution occurred simultancously with
rendezvous and proximity operations tesks.  The previously
mentioned Solar Max repair (STS—41C) was the first servicing
mission.

After deployment of the SYNCOM IV-3 satclhtc by Discovery on
STS-51D (April 1985), 8 contingency rendezvous was conducted as
the SYNCOM failed 1o sctivate. Due to the failure of the activation
work-around (en improvised “flyswatter” on the RMS fo fiip &
switch), Discovery rendezvouscd sgein with SYNCOM on STS-S1I
(August-September 1985), after deploying three satellites. Mission
planning was further complicated by & circular deploy orbit for the
three satellites and subsequent rendezvous with the SYNCOM in an
elliptical orbit. SYNCOM wos successfully activated. However,

- inadvertent plume impingement of the SYNCOM complicated the

retricvai,

Retrieval end repair of the INTELSAT-VI (603) communications
sutellite by Endeavour on STS-49. (1892) was perhups the most
dramatic servicing mission.  Difficulties with the capture bar
(manipulated by an «stronaut mounted on the end of the RMS, Fig
10) prevented retrieval of the INTELSAT. Alfter a breakout, a second
rendczvouy was flown, with another fuiled capture attempt. During

the third rendezvous, an on-board Lambert targeting anomaly foreed

- the crew fo fly a Ti-Delay profile for one revoiution (Fig. 13).. The

rendezvous was subsequently resumed snd Mission Confrol vsed
navigation data from the Shuttle computers to perform targeting for
subscquent maneuvers on the ground. The capture was finslly
pecformed with three EVA crowmen capturing the INTELSAT by
hand. STS-49 set 2 new Shuitle record for the number of rendervous
profiles flown (threc) und the totsl amount to proximity operations
time (~B hours) in one mission.

Between 1993 and 2002 four missions wete flown to successfully
service the Hubble Space Telescope (HST). These complex servicing
missions enhanced and ensured the ability of HST to provide
significant scientific data and breathteking photography.®?

Flight Orhiter Year  Profile Target Comments,

7 Chalicnger 1983 Deploy/Retrieve SPAS-0} Proximity operations only.

4]1B Challeger 1984 Dceploy/Rendezvous IRT No rendezvous duc to IR bulloon failure,

351G Discovery 1985 - Station-Keeping nene Station-keeping test of proximity operations sutopilot.
61B  Atlntis 1985  Dcploy/Station-Keeping  radarrefizclor  Station-keeping test of proximity operations autopilot.
37 Atlaniis 1991  Deploy/Rendervous GRO GRO used as warget for opticel navigation jest, -

' GRO = Gamma Ray Ob’s:watorj, IRT = Integrated Rendezvous Target, SPAS = Shuttle Pallet Satellite

Table 3 Satellite Servicing Missions

Year

Flight . Orbiter Tegpct Comments

41C Challenger 1984 Solur Max Retrieved and repeired after second rendezvous.

£3s] Discovery . 1985  SYNCOMTV-3 Contingency rendezvous aﬂcr deployment and activation fallure,
51 Discovery 1585  SYNCOMIV-3 Rendezvous & EVA planned in four months. Elliptical orbit,

49 Endeavour 1992 INTELSAT VI(F-3)  Hybrid Control Box, three rendezvous.

61 Endeavour 1993 Hubble Servicing Mission 1

82 Discovery 1997  Hubble Serviciog Mission 2

103 Discovery 1999  Hubble Servicing Mission 3A

109 Columbia 2002  Hubblke =rvicing Mission 3B

EVA = Extra Vehicular Activity, INTELSAT = Internations] Telecommunications Safcllite , SYNCOM = Synchronous

Communication
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Deploy and Retrieval of Scientific Payloads

Sixteen missions were flown involving the deployment and
retrieval of from onc lo two science packages (Table 4), The eight
types of deploy/retrieve payloads flown concerned sstronomy, space
physics, atmospheric physics (Fig. 15), and missile defense research
support.?®¥  Parallel exccution of deploy/retrieve profiles, sstellite
deployments, EVAs, and multiple reseacch tasks coordinated with
multiple ground facilitics made these the most complex of the Shutile
missions to plan and exceute. Dual shift, 24-hour crew operations on
some missions further complicated planning and real-time operations.

During STS-51F (1985) the Plasma Disgnostics Package (PDP)
‘experiment explored the plasma cnvironment around Challenger.
The ission required thc development of complex nominal and
contingency (such as tader fail and delayed deploy) proocdures, end
close coordination with scientific investigators. Procisc proximity
aperations bum tacgeting was performed using the Shuttle computer’s
J.ambert targeting slgorithm. An abort-to-orbit due to the shutdown
of & mein enginc during ascent resulted in 8 Jower orbital altitude,
forcing & redesign of on-board Lambert wrgeting data by Mission
Control. The challenging trajectory was suceessfully flown (Fig. 16),
but the third orbit of Challenger sbout the PDP was canceled due to
incrensed propellant consumption during ascent,

STS-39 (1991) involved a complex, 38 hour profife to support
observation of orbiter Orbital Maneuvering Systemn (OMS) burns at
points 1.2 and 5.4 n.m. behind the infrared Background Signature
Survey ([BSS) spmceeraft (Fig. 178). Two Chemicsl Release
Observation (CRO B and C) sub-satellites were deployed during the
IBSS detached operations, and a third (CRO A) was deployed after =
IBSS was retricved. Mission planning, dual shift crew operations and
observations by ground stations were coordinated.  While the
mission Was successful, the flown trajectory differed substantially
from pre-mission planning (Fig.17b) , due to complexities involving
orbit determinution, atmospheric variation, and unmodeled propulsive
effects of the Shuttle and IBSS vehicles, -

On STS-77 (1996), in uddition to a deploy/retieve of an
astronomy psylaed with an infiatable antenna (SPARTAN 207), three
station-keeping and three re-rendezvous profiles were flown with the
Acrodynamically-Stabilized Magnctically-Damped Satellite (PAMS
STU). The PAMS STU rendezvous profiles were specifically
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Fig. 15 CRISTA-SPAS prior to retrieval with
the RMS (STS-85, 1997).

Orbitar
Motion

V Bar (f.)
<
+1000

=== Separation,
Orbit 1
R Bar (ft) == Orbit2
e Qrbit 3
Final Transits,
Retrleval

Fig. 16 STS-51F In-plane relative motion with PDP (1985).

Tabie 4 Deployment and Retrieval of Scientific Payloads

Flight  Orbiter Year Target Comments ..

511G Discovery 1985 SPARTAN-101 Incorrect SPARTAN attirude at retricval.
SIF Challenger 1985 PDP On-bosrd 1argeted proximity operations.
39 Discavery 1991 IBSS-SPAS I Most complex deploy/retrieve profile flown.
56 Discavery 1993 SPARTAN-201-01  lsger renge and renge rate seasor test,
51 Discovery 1993 ORFEUS-SPAS 1 I.ang range, in-front and behind station-kecping.
60 © Discovery 1994 = "WSF-1 ' WSF-] problems prevented deployment.
64 Discovery 1994 SPARTAN-201-02  First successful test of Trajectory Control Sensor laszr.
66 Atlantis 1994 CRISTA-SPAS | Footbal} for data pollection. +R Bar Mir approach cornidar test. . |
63 Discovery 1985 SPARTAN-204 Deploy dayafier Mir rendezvous. Trujectory designed to avoid Mir,
69 Endeavour 1995 SPARTAN-201-03  Incorrect STARTAN attinude at retrieval.

_ . WSF-2 Long range, in-front station-keeping.
72 Endeavour 1996 OAST-Fiyer Guy venting by an experiment compliciied ground tracking. "
77 Endeavour 1996 SPARTAN-207-IAE  Influtable Antenpa Experiment (JAE) ’

= . PAMS-STU Thtee rendezvous-and station-kecping (650 meters on -V Bar) periods.
80 Colunbie 1996 - ORYEUS-SPAS 2 Relative GPS test for 18S ESA Automnated Transfer Vehicie,
WSF-3 L.ong vange, in-front station-keeping.

85 Discovery 1947 CRISTA-SPAS 2 Tested 1SS +V Ber corridor approach using peyload bay keel camera,
87 Columbia 1997 SPARTAN-201-04  SPARTAN actvation failure, EVA retrieval, Video Guidance Sensor test
95 Discovery 1998 SPARTAN-201-05  Video Guidance Sensor test.

——

CRIST A = Cryogenic Infrared Spectrometers and Telescopes for the Atmospheric, ESA = Buropean Spuce Agency, GP'S = Global
Positioning System, IRSS = Intrared Background Sigoature Survey, OAST = Office of Aeronautics and Space Technology
ORFEUS = Orbiting und Retdevable Far and Extreme Ulravioler Spectrometer , PAMS-STU = Pussive Aerodynamic-Magncticaliy
Stubilized Saiellite Test Unit, PDP = Plasmu Disgnostics Packape, SPARTAN = Shutile Pointed Autonomous Tool For Astronomy,

SPAS = Shutde Pallet Sateliire, WSF = Wake Shicld Pucility
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Flg. 17 STS-39 IBSS Detached Activities (1991).

designed: and flown to collect data for the experiment. The PAMS
STU was not retricved. ]

After deployment from Columbia on STS-E7 (1997), -the
SPARTAN-201 free-fiyer failed to  sctivate  preventing
accomplishment of science objectives and foreing 2 “by hand”
retrisval later in the mission by astronauts during an EVA. The
SPARTAN was sucoessfully deployed and retrieved the next yesr on
STS-95. - The Video Guidance Semsor (VGS), an experimental
proximity operstions sensor, was iested on both flights with the
SPARTAN. An improved version of VGS, called thc Advanced

" Video Guidunce Sensor, was later devcloped for the Demonstration
of -Autonomous Rendezvous Technology (OART) and Orbital
Expréss programs. -

' An example of mission-specific teajectory design were the Wake
Shield Facility (WSF) flights (Fig. -18 and Table 4), ~ The WSF
structure created an erhanced vacuum on the downwind side of the
vehicle to support thin film epitaxial growth and meterials
purification. Long-Tange station-keeping was performed zhead of the
WSE, rather than behind, to avoid WSF contamination by Shuide
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RCS firings and water dumps. There was also a requitement for the
payload bay to be visiblc 1o the WSF for communications purposes.
Extended stetion-keeping with the orbjter windows and radistors
pointed opposite the velocity vestor (toward the WEF) was also
desirable ro minimize orbital debris impacts on those surfaces,

/ 1. Daploy /" 44
14, Retrieval

3. Omiter  2-NC7 -
Station E 10. Out-of-
Keeping £ | 1. mep  Plane
S | 13 MC4
mesest Star Tracker v

Fig. 18 STS-80 deploy/retrieve profile for the Wake Shield
Facility (1996).

Scveral deploy/retriove missions were used 1o cvaluate velative
GPS technology for upplication to future rendezvous vehicles.
During STS-69 (1995), Endeavour cerried & Collins 3M receiver and
the Weke Shield Facility & Osboume/Jet Propulsion Leboratory
TurboRogue receiver, On STS-B0 (1996), Columbia crrried 2 TANS
Quadrex receiver and the ORFEUS-SPAS 1l & Laben Tensor receiver
in support of the European Space Agency (ESA) Automated Transfer

Vehicle (ATV) program.

Retrieval and Return to Earth of a Sateliite

Discovery on STS-51A (1984) successfully retricved the Palapa-
B2 and Westar-VI communications satellites only nine months after
Payload Assist Module failurcs prevented them from achieving their
service orbits (Table 5). STS-51A demonstrated the ability of the
Shunle Program to rapidly respond to new requivements involving
target vehicles not designed to support Shuttle sctivities.®® Planning
for the dual rendezvous mission wes further complicated by the
deployment of two other communications sstellites pror to the
rendezvous and servicing phase, and the combination of praximity
operations with free-flying (MMU) EVA crew capfunng and
mancuvering the satellites for grapple wsing the RMS. Detailed -
rnission preparation and real-time re-planning enabled the rendezvous
with, retrievel and remun to Earth of the satellites within & tight
propeliant budget. Both Palapa-B2 and Wester-VI mancuvered to
meet downrange and planur offset conditions befors the launch. of
Discovery. ’ V

STS-32 (19590) successfully remieved LDEF (Fig. 5), after it had
spent nearly six years on-orbit. [.DEF orbital decay due to the solar
maximum;-‘variaﬁon in decay rate due to variable solar flux,

Tahle 5§ Retrleval and Return t6 Earth of a Satellite

-Flight  Orbiter Year Target Commeots
51A  Discovery 1984 Palaps-B2 Both mancuvered 1 neet downrange and planer constraints
Westar-VI and reirieved by an asmonsut flying the MMU.
32 Columbia, 1990 LDEF Hot final approech due To radar procedure issue.
57 Endeavour 1993 EURECA (ESA)  Solur array Jateh fatlure, correcicd during EVA. -
72 Endeavour 1996 SFU (fapun) Hybrid control box. Salar armey retraction fuilure & jerison.

LDEF = Long Duration Exposure Facility, EURECA = Earopesn Retrjevahle Currier, EVA = Extrn Vehiculur
Activity, MMU = Maaned Meneuvering Unil, SFU = Space Flyer Unit
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Columbia Taunch deoluys and the SYNCOM V-5 deploy two days
before the rendezvous complicated mission planning,  Orbit
prediction of the LDEF had 2 high degree of upcertzinty, and
experience with Skylab in 1978 and 1979 heightened concems that
LDEF could reenter the atmosphere beforc retrieval. During the
rendezvous, poor quality radar data at long range resulted in a2
 digperscd tajectory, and a fuster final approach that required
additionsal braking.
The European Remievable Currier (EURECA), deployed on ST5-
46 (1992), was retrieved on STS-57 (1993)." EURECA completed an
orbit adjustment program in preparation for the rendezvous seven
days prior fo the launch of Endeavour. A phuse repeating orbif was
used to establish periodic launch windows and ease mission planning.
In the event of an off-nominal Shuwle orbit inserticnm; pluns were
develaped for BURECA to Jower iis orbital altitude to facilitate a
rendegvous end retricval. ¢!
8TS-72 (Fanuaty 1996) retrieved the Japunese Space Flyer Unit
(SFU), which had been lsunched from the Tanegashima Space Center
by an H-2 booster on March 18, 1995, The two SFU solar ammays

were jentisoned beforc retrieval when. sensors indicsied improper

latching after array retraction.
IX. Mir and the International Space Station

Docking of the Space Shunile with notiona} space siations was
smdied in the eurly 1970s, as well as docking in support of space
rescue tootivated by the Apollo/Soyuz Test Project. Much of the
work done to prepsre the Shuttle to support Space Station Freedom
was applied 10 the Mir and ISS missions (Tables 6 and 7).
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Docking Hardware
The Androgynous Peripheral Docking Assembly-89 (APAS-89)
upit (Fig. 19) is & deseendent of the APAS-75 unit jointly developed
by the Sovict Union and the U.S. for the Apolio/Soyuz Test Project.
APAS-89 wus originally intended for use on a Soyuz clasy vehicle
and the Buran shuule. Soyuz TM-16 (January-February 1993)
docked with one of the 1wo Kristall Mir module ports equipped with
- the APAS-89. For the U.S, Shuttle, the APAS-89 is mounted on the
Orbiter Docking Systemn (ODS) in the peyloed bay. APAS-89 was
nsed for dockings to both Mir and ISS. A cepterline camera mounted
in the" ODS with & bore sight through the ODS hatch window
provides the Shuttle crew with & view of a docking target mounted on
the Mir and ISS hatchas %

Fig. 19 APAS-89 on the Orbiter Docking System
in the payloed bay. The RMS is on the right.

Table 6 Space Shuttle Flights to Mir

Flight  Orbiter Year " Comments

63 Discovery 1995 +V Ber approuch 1037 fect. No docking planned. Lenking RCS jct problem.
7 Atluntiy 1995 ozked 1o Buran port on Kristell Module. Crew exchange.

74 Abluntis 1995 Instulled Shuttle Docking Module on Kristell,

16 Atlantis 1996 Resupply & U.S. crew delivery,

75 Atlsntis 1596 Resupply & U.S. crew cxchange.

Bl Allantis 1997 Resupply & U.S, crew exchange.

84 Atlantis 1957 Resupply & U.S. crew exchange. GPS & luser test for ESA ATV.

86 Atlantis 1997 Resupply & U.S. crew exchange, GPS test for ESA ATV, First ORBT flight.
3 Endcevour 1998 Resupply & U.S. crew exchange.

91 Discovery 1998 Resupply & U.S. crew retum.

ATV = Automated Tronsfer Vehicie, ESA = Burepes
ORBT = Optimized R-Bur Turgeted Rendezvous

pncc chncy, GPS = Global Positioning System

Table 7 ISS Avsembly and Replerishment Missions

Flight ‘Orbiter Year- = Comments

88 (2A) Endesvowr 1998 Captured Zarys with RMS, atiached Unity Node with PMA | & 2,
96 (2A.1) Discovery 1959 First docking with ISS. 158 resupply and outﬁmng

101 (2A28)  Atlantis 2000 1SS resupply end outfitting.

106 (2A.2h)  Atlantis 2000° ISS vesupply and outfitting,

92 (3A) Discovery 2000 Radar filure. Z1 Truss, PMA 3, Ku comm & CMGs msrellcd
87 (4A) Endcavour 2000 Delivered P6 wuss (wi kh solar arrays & radiatars).

98 (SA) Abluntis 2001 Delivered Destiny lab.

102 (5A.1). Discovery 2001 Tail forward approach. MPLM resupply, Crew :'xchangc
100 (6A) Endeavour 2001 Teil forward 2pproach. inawllcd robotic arm. MPLM resupply.
104 (7A) Allantis 2001 Delivered Quest Aitlock (installed with 1SS robotic ann).

105 (7A.) Discovery 200) MPLM resupply. Crew exchange.

108 (VF-1) Endesvour 2001 MPLM resupply. Crew exchange.

110 (8A) Atlantis . 2002 Delivered SO truse and Mohile Transporier.

11 (UF2) Endeevour 2002 MPLM resupply. Mobile basc installation. Crew exchenge.
112 OA) Atlantis 2002 Delivered S| wruss, redintors & CETA cart A,

113 (11A) Endcavour 2002 Delivered P} truss, redistors & CETA cert B. Crew exchange.
114 (LF-1) Discovery 2005 MPLM resupply. CMG replecement.” First RPM.

A = Assembly, CMG = Control Moment Gyro, CETA = Crew snd Equipment Translation Aid,
MPLM = Muld-Purpose Logisties Module, LT = Logistics Flight, PMA = Pressurized Mating Adapter,

RPM
12

= R Bar Pitch Mancuver, UF = Utilization Flight

of |7
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New Sensor Development and New Challenges

In 1987, smdics of Shuttle docking with Space Station Freedom
indicated that a better proximity operations sensor thsn the Ku Band
radsr was necded. Development of new proximity operelions sensors
encountered difficulty due to budget concerns, and the suecess ‘of
Shurtlc rendezvous and proximity opearations to dute.

The first flight of 1{end Held Lidar (HHL) on STS-49 (1992) and
the first successful flight of the Trajectory Coptrol Sensor (1CS)
lider on STS-64 (1994) provided the precisc rupge and renge rate
mcasurements needed to meet future Mir and ISS docking
conditions.®®  Though raw data was sdequate to meet docking
requirements, HHL, TCS, and legacy sensor dats (radar, closed
circuit television) were processed in a laptop computer using s
software package known as the Rendezvous and  Proximity
Operations Progrem (RPOP). RPOP provided a relative motion
display and proximity operations piloting cucs not available in the
legacy Shuttle gvionics system, -4

The operational envelope of proximity operations sensors is
{lfustrated in Fig. 20 for & typical mission to the ISS. In the cvent

5000———MC-3

- Primary Sensor
- Redar ./ B
- ; ku
| _Fail __ Backup
- Manual ] M S?_”SOF-
4000—  Phase With
_ B Priority
- [
3000— 2003 4
2000 —f—MC-4
Nominal [ __J
Manuali
Phase
1000
) 2 3
+RBar || 15—_1
+V Bar . ' . 2
D___Jockjng o) !
Renge Event Day/ Radar. TCS HHL Sub- ceTv
(feet) Night . tended - Range
Angls Ruler

Fig. 20 ’Opcréﬁonal use of Shuttle proximity operations
sensors for atypical ISS mission.

of a radar faihwe (such as on STS-92), TCS, HHL, apd COAS
subtended angle are used carlier in the profile than on & nominal
‘mission. A ranging ruler overlay on an aft cockpit Closed. Circuit
Television (CCTV) monitor provides ranging during the last 15 feet.

While the rendczvous radar is ussble with smal] targets down 1o
ranges of between B0 to 100 feet, the size of Mir und the ISS resulted
in beam wandering, which degraded measurcment quality, For ISS
missions rendezvous radar is generally not used at ranges less than
1000 feet, and after this point the Ku band antenna is used instesd for
video trapsmission aver the TDRS satellites. TCS mnd HMHL
exhibited better performance during proximity operations than the
Ku radar. The svailability of TCS and FBL measurements wes
cysential to cnsure safe and successful approaches to Mir and the
ISS.
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It was ulso recopnized that Mir and ISS brightness and sizc issues
could complicate or prevent use of daytime star (racker measurements
for relative nevigation after the Ti maneuver, in the event of u radar
failure (Fig. 9). Night star tracker data was oblained between the
MC-1 and MC-3 bums during the STS-64 rendezvous with
SPARTAN, Analysis techniques verificd with the collected flight
data were applied 1o date. collected duning the STS-63, -71 and 74
missions to Mir. Analysis of these missions indicated that the 18
lights of varying intensity and character (flushing and non-tlashing)
distributed seross Mir provided a suitable target for the Shuttle star
wracker. Post Ti contingency night ster tracker navigation procedurcs
were first flown on §TS-79. A tracking ﬁght was added to the ISS
Zvezds (“Star”) Service Module to cnable contingeney ster tracking
during orbital night for ISS missions. Night star traéke: navigation
wes performed during STS-92 due to the radar fuilure.

Although Shuttle orbiters arc equipped with GPS receivers for use
on-orbit and during entry, and the ISS is cquipped with GPS 25 well,
GPS is not used for Shuttlc rendezvous or proximity operations with
the 1885447
Eilgnt Contcol and Plume Chalienges

All missions to Mir and [S$ vequired extensive flight control and
pluime impingement analysis of the varous configurations during
approuch, mated flight, sssembly, and separation. ™™ For example
STS-88, the first ISS ussambly flight, involved. the uttachment of the
U.S. built Unity node to the previously launched, Russian
manufactured Zarya module, Unity was docked to the ODS using the
RMS before the rendczvous with Zarve. Shunle flight conmol

execurien of rendezvous

analysis was requited to ensure that
meneuvers would not violate structural loading constraints on Unity
and thc ODS. Zarya wus later grappled with the RMS, und docked to
Unity, At 42,000 pounds, Zarye was the larpest object tver
manipuluted with the RMS.  Analysis wag slso performed to ensure
that ISS orbit raising with Shuttle RCS jets could be successfully

performed.®

New Profile Development

The stable orbit rendezvous profile was designed for mainly
inertial and +V Bar approaches {a tragsition to the —R Bar could be
performed upon amival at the +V Bar). A difficulty with the stable
orbit approach was the increased smount of propehlant required for
braking in Low Z mode (Fig. 8) and greater sensitivity to plume
impingement loads of Mir and ISS. Reducing plume concerns (static,
dynamic, thermal, contamination) was critical, purticulatly for solar
HTTAYS. ~

Planning far Mir and ISS rendezvous missions prompted renewed
study of the +R Bar spproach in 1993 (Fig. 7). Use of orbital
mechanies © reducc the needed braking, rather thun using RCS jet
firings, would lower plume impingement and provide prepeliant
savings. An additional bencfit was that & +R Bar scparation could
ulso take sdvantage of orbitul mechanics, requiring fewer jet firings.

" Smudies indicated that the pew approsch could be performed without

changing on-board computer tatgeting constants for the stable orbit
. The avuilehility of laser sensors (TCS, HHL) provided range
and r1enge rate measurement redundancy which was not available
when the +R Bar approach wes considered for the Skylab reboost
mission in the late 1970s.  After extensive anulysis, procedure
development, and cfforts to overcome programmaltic resistance, the
+R Bar spproach wes approved in April of 1994, and first flown on
STS-66 in November of that year. +R Bar upproaches were flown on
2l missions to Mir.**5 The Mir missions (Fig, 21) velidated Shuntle
proximity operations and docking analysis originally performed for
Space Station Freedom.
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d .
Pig. 21 Atlantis docked to Mir during STS-71, as T 1500 T
seen from Soyuz TM-21. g
' MC4 -~
Forther analysis led rendezvons designers to investigate changes _l
to the rendezvous profile itsclf, befare the proximity operations 2000 £
Y

phase, to further reduce propellant consumption and increase Shunle
ayload capability. The stable orbit profile, like its' predecessor the .
Eoi{)iptic ppmﬁle?’was a “high energy” profile designzd to SuppoIt a Fig. 23 Approaches to I8S.
terminal phasc inertial approach and direct intercept.  Additional
propellant and procedures were required for R Bar or V Bar.activitics.
A new profile was designed which was optimized for the +R Bar
upproach.
Optimized R-Bar Targeted Rendervous (ORBT) differed from
" stable orbit in several ways (Fig. 22). ORBT was designed fo
optimally sct up initial conditions for a Jow energy coast up the

}_ Tl delay option  V Bar (kft.)
- 100 200 NG
T

Fig. 24 1SS viewed from Endeavour on the +R Bar
during STS-113.

2T
® T Proximity Operations and Docking

2 £ x:;;}r g Firal spproach to the Mir (R Bar) and I88 (+V Bar, +R Bar, or -

Rangs - R Bar, depending on the ISS configuration, Fig. 23} involved flying &

T - precise range und range rate profile. An 8-degree, followed by s S-

40+ StarTracker degree, approach comidor centered on the Mir or ISS docking hatch

s Dy NCC L target was flown (Fig. 25). Angular fly-outs were performed to

w . x Night (ISS) b achieve the required. alignment for docking. Station-keeping points

. . existed during the approach to allow dclays 1o ensure proper lighting,

Fig. 21" Optimized R.Bnr,’fﬂrggted Rendezvons (1997-),  gain fime to work ‘systems issues or obtain visibility to ground

communication starions, if required.

+R Bar (Fig. 23, 24). By targeting the Ti, and first three mid-course
muneuvers for the manual takeover point at 2,000 fect, rather than for
. intercept, manuel phase frajectory dispersions were reduced and
propellant consumption was cut, The Ti point for ORBT was below
the V Bar so that the subsequent MC-4 AV vector would be primanly
in the +X body axis direction (Fig. §), saving propsllant. The MC.4

maneuver targeted the orbiter for 3 point 600 feot below the target, on Fig.25 Entering ISS approach corridor at ~ 400 feet.
the +R Bar. ORBT did not require &s many +R Bar stzbilization ' »
burns or a5 many braking burns as were needed with the stable orbit Post-undocking fly-arounds were used o obtuin photography of

profite.  The first ORBT flight was STS-86 to Mir (September-  the Mir and ISS, if' sufficient propcliant was available.
October 1997). After the losk of Columbia, & #R Bar Pitch Maneuver at ~600 fect

was added to the ISS spprozch (Fig. 23), The maneuver permils
photography of the Shuttle thermal protection surfaces by the ISS
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crew A5 A new requircment fo perform Shuttle themmal protection
repair at the ISS also drove extensive proximity operations analysis
and procedure development. The Shurtle RMS grapples a fixtare on
the ISS and the Shuntle is rotsted to an appropriate position relative to
the ISS for repair. An ISS attitude was defined that would faeilitate a
safe separation (no undesirable contact with or pluming of }SS and
Sayuz structurc) und te-docking in the event 2 RMS or ather failure
resulted in & contingency separation from the ISS.%

Launch Windows and Missien Planning

Mission planning for [SS assembly and replenishment missions is
s complex procesg, with many factors sach as ISS-logistics, ISS
hardware maintenance, 1SS orbit meintenance, Shuttle uscent abort,
rendezvous snd proximity operations considerations, and visits of
other vehicles (Soyuz, Progress, ATV, HTV) to the 1SS that must be
considered 5857 '

After the loss of Columbia, 8 requirement to perform photography
of the Shutle during ascent (using ground based cameras and
cameres mounted an NASA WB-57F aircraft flying at ~60,000 feet)
and External Tank (ET) photography after separation led to daylight

launch and acceptable ET photography requirements. Coly the ISS -

planar lgunch windows which met these lighting conditions werc
acceptable. This severely restricted launch dates availsble for ISS
missions, creating launch seasons.*

In coordination with the Russians, contingeney plang exist fot the
1SS to lower its orbit in the event Shuttle uscent propulsion problems
(such as an ewrly main enginc shutdown) limit thc sbility of the
Shuttlc to Ay the planned rendezvous profile 5459

X. Conclusions

Shuttle rendezvous and proximity operations technique
development has been able to respond to new program rcquirements,
but the development process was not always straightforward, The
success of the Spece Shuttle in fulfilling new, challenging and
unforeseen  requirements has besn due to  extensive analysis
conducted by intcgrated, interdisciplinary tcams; and continuous
development -of new nominal and contingency procedures for a
vehicle snd ground support system that possesses a high degree of
flexibility.  However, thc success of Shuttle rendezvous and
proximity operations has come at the expense of some of the original
objectives and gonls of the Shuftle Program. These included
simplified end standerdized mission plamning end waining, lower

nurmber of mission support personnel, high flight rates, elimination of

extensive flighto-flight analysis, no computatian of flight specific
trajcctory data, and no gencrstion of customized onbosrd charts for
ench mission. Successful udeptation of proven rendezvous principles

to meet new and cmerging operational and programmstic constraints -

was in part due to the carry-over of cxperienced personnel from the
shorter duration Gemini and Apollo programs. These personnel
possessed extensive experience in the development and analysis of
vchiele and gubsysterm pecformance specifications, requirements and
operations concepts.

Appén dix — Relative Frame

Relative motion is often depicted in & Loosl Vertical Locsl
Horizontal (LVLH) or Locel Vertical Curvilinear (JLVC) frame (Fig.
26).%

The target position and velocity vectors are used to define the
axes. Nornenclature for the axes follows the convention used within
the Shuttle Program.
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The +7 axis, also csll the +R Bar axis, is defined as:
iy = ~unit{ry)
The +Y axis, also called the —11 Bar axis, is defined as:
fy = -unitfry X vy)
The +X axis, also called the +V Bar axis, is defined as:
ix= unitf(r X vig) X roj

In the LVC frame, the V Bar is curvilinear, rather than rectilinear.

'

+Y ot -H Bar
into the page.

orbital
motlon

of target

Fig. 26 Local Vertical Curvilinear reference frame.
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