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Spuce Shuttie rendezvous missions presented unique chafienges that were not fully recognized when the Shutde
wus designed. Rendezvoug targets could be passive (e, no lights or transponders), and not designod to
fucillfate Shuttic rendezveus, proximity operations and retrieval. . Shuttle resction control system jet plume
impingement on target spacecraft presented Induced dynmmics, structvral loading and contamination
concerns. These Issues, along with Himited forward reaction control system propeliant, drove » change from the
Geminl/Apotio caolliptic profile heritage to 2 stable orbit profile, and the development of new proximity
operations technigques, Multiple scientlfic and on-orbit servicing missions; and crew exchange, assembly and
replenishment Bights to Mir and to the Inlernationdl Space Stefion drove further profile and pileting
technlque changes, Including new reintive navigation sensors and wew computer generated piloling cues.

Nomenclature

HBar = unit vector along the target orbital angular momentum

the issucs with Shuttle rendezvous and proximity operations had been
fully identified and resolved, which in wum resulted in complex
operational  work-srounds. - Proposals for vchicle capabilities
competed for funding baged on availuble budget, evailable schedule,
and ceiticality to safety and mission success. Technical challenges in
building a reussble orbital spacecrafi, such as propulsion, thermal

vector
i =LVLH +X axs vector
i, = LVLH¥Yaxiyvector
‘l'z = L'v'LH +Z-axis-vector
kft. =ilo-feet
MC  =Mjd-course Correction maneuver
MCC =Mid-Coursc Carrection mancuver
min. = minutes
n.m. = nautical mileg
NC = phesing méncuver
NCC = Corrective.Combivstion mancuver
NH  =Height mancuver
NPC = Plane Change maneuver
NSR = Slow Ratc (co-elliptic) mancuver
L = target position vector
R Bar = unit vector pointed from target to the center of the Earth

Ti = Transition initiation maneuver

TPI = Terminal Phase Initiation manenver
TPM = Terming! Phese Mid-course mancuver
Vi = target velocity vector

V Bar = unit vector of crosk product of target orbital unpular
momentum zod target position vectors

AH = height differential between chaser and turger spacceraft

AV = delra velocity .

1. Infroduction

At the end of the Apolle era, rendezvous principles were-well
understood, but extemsive adaptation of proven rendezvous principles
and new technique development was required to meet new Shumle
rendezvous/proximity operstions requiremcents, overcomc emerging
Shuttle design limitations and. surmount programmatic challenges.
Shuitle development was subjected w close scrutiny for budget and
schedule complience, Vehicle design was baselined before many of
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___protection,_strictures and weight conirol, took priority over the

development of other systems and flight techniques that presented (or
were assuméd to present) leas technical rigk, such as rendezvous, due
in part to the success of Gemini end Apolio.

Many papers have been published on theorstical aspects of
rendezvous, with ~little mention of real-world constraints and
challenges other than trejectory optimization. While some pepers
have focuscd on certain fechnicul aspects of Shuttle rendezvous, the
programmatic constraints and technical challenges encountered
during carly Shurtle mission analysis in the }970s have not been
adequately detailed in thc literature. An understending of how
programmatic and technical challenges shaped vehicle operstion and
mission design 15 essential for flying safc end successful migsions,
and for witigating cost, schedule and technicel risk in future
programs.

II. Historical Backgroun‘d —Mercury, Gemini, Apollo |

In the late 1950s research into spacecraft rendezvous became &
popular topic in scademic, industry, and govermnment civeles.??
Studies of menual and sutomatic rendezvous conducted by the
NASA Langley Research Center wa§ & key factor behind
development and scceplance of the Lunar Orbit Rendezvous mission
protile for Apollo.** ' :

On-orbit viewing of deployed objects and strobeg was cvaluated
during several Meroury flights to determine the ability of the human
eye to support manual piloting.’

In 1962 some Langley rendezvous specialists moved with the
Spacc Tusk Group to the newly formed Menned Spacecraft Center
(MSC) in Houston. NASA and contractor personnel from various
disciplines 2t MSC, and the MSC Mission Planning and Analysis
Division in particuler, turned rendezvous theory inte reslity during
the Gemini Program.® The Gemini flights established an experience
base of rendczvous mission planning and cxscution in preparation for
safety-critical Apollo rendezvous (Table 1).>¥  The aviator

_perspective  of aswonaut Bdwin B, Aldrin wes parricularly

instrumental in the development of manusl piloting and contingency

rendezvous techniques. '
Rendezvous became a well-practiced urt during the Apollo
missions.?? Apoclles 7, 9, and 10 successfully exercised rendezvous
techniques in preparstion for the first lunar

. » systems and pilofing
JMW Tt bt w2 G2k
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Table I Geminl Rendezvous Accomplishments

- Coclliptic rendezvous from above and below
« Stuble orbit, direct ascent and cqual period (football)
vendezvous
« Rendezvous during both orbital night and day
+ Use of only optical measurements (po rudur)
- Stetion-keeping and docking
- Simultaneous countdown of chaser and target launch
vehicles
« Launch duting & narrow Jaunch window
- Real fime maneuver argetingusing data from ground
bascd or onborrd navigation seasors
- Conducting multiple repdezvous operations in a
single missian within a propellant budget

landing. Thesc missions, coupled with the success of Apolles 11 and
12, led 1o the development of a shorter rendezvous profile that was
flown on Apollos 14 through 17 to increase lunar surface stay time.!?
Complex contingency rendezvous procedures 1o be flown by cither
the Cornmand/Service Module or Lunar Module were developed and
continuously refined during the Apollo Program, but were never
flown due to nominal spacecraft performance, Apollo hardware,
softwere and rendezvous trajectory techniques were later adapted to
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' IV. Early Rendezvous Study

In 1969, = study of on-orbit AV budgeting was conducted for the
Advanced Logistics Systemn (ALS), en early nsme for the Space
Shute. A five-maneuver coelliptic profile was proposed for a
resupply mission to & space station in 200 or 270 n.m. circular orbits,
with an inclination of 55 degrees. The study essumed a lsunch
directly into the orbital planc of the station, 2 daily Jaunch window, &
minimum phasing perigee of 100 n.m., rendezvous within 24 hourg of
Jaunch, and deorbit within 24 hours of departurc from the station.
Apollo 2nd Gemini flight techniques, sensor characrerisgtice, and flight
expericnce was factored into the propellant budgeting estimate. The
ALS terminal phese wes the same as that used on most Gemini and
Apolls missions (Fig. 1)>*° The study showed thut propellant
required could be significently reduced if the requircments for every
duy Isunch, rendezvous duration and minimum perigee were relaxed,

« Low inertial fine-of-sight rate during ﬁnal
braking and approach :
/ » Tarpat viewed against star beckground  V Bar

\ ;

_supportrendezvous and docking with Skylab and Soyuz 18-20

= AV along the line-of-sight
\

TI1. A New Direction In Mission Activities

Space Shuttle rendezvous and proximity operations represented
significant departure from Gemini and Apollo?' Mast rendezvons
targets would not possess active navigstion wids (transponders or

lights), nor were muny of them criginally desipncd to support

rendezvous, retrieval end on-orbit servicing. Shuttle rendezvous

missions also involved deploy and retricval of the same of different
sproccraft on the same mission, and on some missions more then one
rendezvous, :
_ Relative chaser and target spacecraR sizc were significantly
different. Previous chaser vchicles (Gemini, Apollo
" Command/Service Module (CS8M) and Lunar Module (LM)) were
gbout the same size as the target spacccraft (Gemini 7, Agena,
Augmented Target Docking Adupter, LM, Soyuz) or smaller (Satum
S-IVB, Skylab). Until the Mir and International Spacc Station (ISS)
missions, the orbiter was much larger than its rendezvous targets.
Ruther than docking at ~1 foot/sccond, as was done in Gemini
and Apollo, satellite retrievals involved capture and berthing with 2
robotic ann (the Remote Manipulator System, or RMS), with nearly
zero relative velocitics between the two spacecraft. Robotic arm
operetions, capture and berthing had not been performed oo previous
- progrems. RMS design requirements werc & function of orbiter
stopping distance, arm joint loads and the ability of the crew 1o detect
and control relative rates.
~ Shumle docking with Mir and ISS§ required & contact velocity an
order of magnitude lower than Gemini and Apollo, with tighter
piloting tolerances on time of docking and contact velocity, Gemini
and Apollo docking were axial, along the crew line-of-sight and in
direct view aof the crew. Shuttle grappling and docking required the
usc of cameras 1o provide adequatc crow visibility and cues for final
control. Since target spacceraft could poesibly already be in orbit
during mission planning, some grapple equipment used by the
Shuttle Progrem was designed from documentation of target
spacecraft hardware, and was not mated on the ground for preflight
checks as was done for Gemini and Apolle docking hardware.

R Bar

io_the tanget aH
+ Elavation angle cue ]
N " for burn exscution i
Mid-Course el )
! ]
¥ Corractions Q TP Coslliptic Trajectory

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

V, Shuttle Design Reference Missions

During the Shuttie 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 termina! phese from Gemini und
Apollo will be used; 3) & terget mounted navigation trangponder wil
allow tracking out 1o the maximum runge achieved during the Apollc
Program (~300 n.m.); 4) rader skin tracking of & passive target out to
10 n.m. was & contingency mode of operation; 5) the Shuttle will be
capablc of sutonomous rendezvous; snd 6) on-bosrd computer
capacity will be significantly greater than Apollo,

By 1973, four Shuttie reference missions were in use for mission
planning, vchicle sizing and subsystem requirements definition, and
three of them involved rendezvous.?? There was ulso & requirement
(later waved) for a Shutile to tescue the crew of another Shuttle
stranded in orbit. Rescue was to occur no later then 96 hours after
launch of the rescue vehicle. The rescue Shuttle ‘was to be able to
phasc from either above or below the other Shurtle’s orbit, depending
on the initial phasing et Jaunch.

Rendezvous For Reference Missions 1 and 2

The Mission 1 design involved u Shumle deployed spacc tug
returning a geasynchronous satellite to an orbit coelliptic (AH of 10
n.) with the Shunle, to facilitate retrieval. The Shuttle would then
perform & TP meneuver end fly & terminal phase similar to Gemini
and Apollo (Fig. 1). Mmsxon 2 was u servicing mission to an orbiting

‘scicnice platform.

In April of 1973, the five-meaneuver profile used for Mission 2
was veplaced by r Skylab based prafile thet satisfied Shutlle
operational considerations that had been identificd up fo that time.

20f17
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Those considerations were: 1) Tendezvous with a navigetionally
active or passive tarpet at orbitel altitudes ranging from 150 10 400
n.m.; 2) lifioff time selected whenever coplanar Jaunch is possible,
sod will not be constrained by time-of-day: 3) minimize onboard
relative nevigation sensor cost, operating range and accurscy; 4)
ground tracking support reguirements had not been clearly defined;
5) un optical sensor was required for incrtin] platform slignment; and
6) the phasing portion of the rendezvous was not to be unnecessarily

large.
A change to the Skylsb plas invalved the insertion of & second

coclliptic segment beforc the NCC bum (Fig. 2). This second
V Bar

TPl NSR1
Pl NSR2 VSR .

b

o

= Cosliiptlc Segments  NH A ONS-2

NC1 I\,

¥V — Optical Tracking OMS-1

Radar tracking occurs after TP1,

Fig. 2 Duasl co-elliptic rendexvous (1973-1983).
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Fig.3 Misslon 3B approuch (1975). Times are
with respect to liftoff.

by the crew to fly an agpfoach along a streight fine relative @ &n

—coelliptic-phase_allowed the_subsequent maneuver points o be
chosen, 1o meximize use of reflected sunlight for optical tracking of
navigationally passive tarpets. The additional coelliptic segment also
ensured the same relative geametry from the start of optical tfracking

“through intercept for variations in liftoff fime and target orbita)
‘altirade.

Relrtively constant range at the first optical tracking opportunity
was 8lso important duc to the lower quality of optical tracking at this
peint. The dual coelliptic ssquence, (AH of 20 and 10 nm.) also
provided enough comwrol over lighting to minimize lighting
¢onsiderations for lsunch window defermination. A wide vadation in
TiftofT time was permitted without resulting in an cxeessively long
phasing period. The profile also permitted flexibility in sclecting the
level of ground tracking required and in the selection of on-board
relative navigation scnsors.

The standard terminal phase (Fig. 1) was also used for Mission 2.
One issue, however, was thar the targsts would probsbly not possess
swobes, as other targets had in previous progrums. Lighting
requirements for the pro-TFI optical trasking pess and the Injtistiop
of manmuel piloting (a few thousand fect from the target) ut sunrise
drove TPI to be performed after sunsct. A lack of target arbificisl
lighting meant that the backup manusl procedure of pointing the
vehicle thrust axis at the target to execute TPI would not be
available, 2s it was on many tajectories 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 lmunch und Janding ocowring at Vandenberg Alr Foroe
Buse. Mission duration was about 2 hours,

. The jnsertion point (Fig. 3) was chosen to place the Shutle on 2
terminal trajectory with churacteristics similar 1o thosc uwsed on
termine! approaches flown on Gemini, Apollo, Skylab and Apollo-
Soyuz missions (Fig. 1).

Due to the short timeline (station-keeping at 2 range of 100 feet
established ~21.6 minutes sfter orbit insertion), no ground tracking
of the Shuttle was to be performed, nor would the Shutde have
processed relative sensor measurements in @ Kalmen fiter. No on-
board targeted maneuvers would have been pecformed. Radar data
(range, range rate, incrtial Jine-of-sight rates) was 1o have been used

inertial reference frame and reduce closing velosity 16 Appropate
levcls. While similar profiles had been flown on Gemini 11 and
Apollo luner missions 14 through 17, the Mission 3B profile was
much mnore demanding. Whether or not rendezvous, tatget capture
with the RMS, berthing, payload bay door closure and deorbit could
have been accomplished within the timsline is questionable.

Missions 3B and 3A (2 similur mission, but with a deployment
rather thun retrievel) worc the most challenging of the reference
missions, and had the most impact on Shuttle systems design and
performance requirements. Plamming for both nissions ended ground
1976, and neither was flown.

VL Plume Impingement

Xdentification of the Problem

Gemini and Apollo attitude control systems produced little cross
coupling, and throst magnitude, nozzle canting: target vehicle size
and sppendages did pot result in significant plume impingement
issues. Lunar Module self-impingement did have to be addressed
with hardwate modifications. In the eatly 1970, the existence of
plume impingement was contraversial, but analysm of Gemini 11
film showing tether dynamics in response to RCS fi irings proved that
plume impingement was real. ‘During the first attempt on Skylab 2 ro
deploy 2 stuck solar amay, the CSM was mancuvered so that a
crewman standing i the hatch could reach the array with &
deployment tool. Apollo CSM thrusting to null the closing velocity
triggered Skylab jet firings to maintain attitude, which resulted in et
opening rate between the vehicles,”® Later film of Apollo CSM RCS
effects on the Skylsb therma) control purasol twiggered Russian
coneerns about plume impingement for the Apollo-Soyuz wmission.
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, contamination of payloads by Shamle RCS jet efffuents
during the Shuttie approach and breking phage was & concem to the
payload community. Previous amelysis focused op potential
contamination in the payload bay at the luunch site and on-orbit. An
approech Irajectory was proposed thut minimized the expulsion of
combustion by-products at the target, and therefore minimized the
potential for contamirnation (Fig. 4). The irajectory was designed
under the assumiption that the target spucecrafl could ot be designed

30ofl7
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fina) approach T
\\
station o "\
1 £
keep! ng\ 1, ‘i
+V Ber / J.
7 ‘/’:
t«-anslllc:n"\/'r . o
R TN \
braking
3 piuma
implngement
sphers

+R Bar V

Fig. 4 Terminal approach te minimize plume
Impingement o target (1973).

with featurcs to prevent contaminarion (such as moveble sensor
covers), or that control of target amitude could wpot prevent
contamination. A target specific minimuom range at which jets could

281 212 6326

be fired in the direcfion of The target without a contaminatiop cencern

wag defined. AUTthiS point (e orbifer would fransition trom the direct
approach trajeciory o & station-keeping point on the target velocity
vector (V Bar, see Fig. 26 in Appendix). After preparstions for
grapple with the RMS were complete, the otbiter would jnitinte the
fina] approach 1o the target. '

In 1975, work began on tendezvous procedures for the Long
- Duration Exposure Facility (LDEF, Fig. 5) rctricval and Solar

. ..
Fig.5 LDEF being maneuvered with the RMS.

Maximum Mission satcllite scrvicing (Fig. 6), due to an anticipated
deployment of LDEF on m early Shuttle wission, and the
approaching lsunch of Solar Max on a Delr booster. Issues arising
out of these efforts were to have a profound impact on Shuttle
operational concepts. The large size of the Shuttle primury RCS jets
(870 pounds thrust) coupled with the small size of LDEF and Solar
Max compared to the Shurtle led to more concerns about RCS plume
impingement effecte. Plume impingement could induce amitude rates
on the farget or even result in separation of the target and Shuttle.
Targets with attitude control systems may not have been designed to
maintein attitude in the presence of orbiter plumes. This was a
particulat concern for payloads that used gravity gradient
stabilization, such as LDEFR. Shurtle thruster sizing, placement and
orientation were designed to provide adequate flight control authority
throughout the Shuttle flight cnvelope, &nd to avoid self-impingement
of 2ero sirfaces, but impingement of turget spacecraft or the RMS

S
y
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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 indicsted that plume

‘impingement induced dynamics at RMS releasc or giapple ranges
could make LDEF deployment and retrieval difficult and perhaps
impossible, A devclopment effort was initiated to obtein improved
models of Shuttle RCS jcts and plume physics. New models were
required to bewer characicrize impingement effects znd test
trajectories, piloting technigucs, new software, snd identify vehicle
hardware modifications needed 1o mitigatc impingement effects.

Fig. 6 Attempted retrievai of the Solar Max
satellite by an astronaut flying s Msnned
Maneuvering Unit on §TS-41C.

Resolving the Plume Impingement and
Forward RCS Propeltant Probiems

By April of 1977, sfter s considersble amount of lobbying by
concerned technical and mensgement personnel, potential problems
with the ability of the Space Shuttle to retricve satellites such as
LDEF and Solar Max were receiving visibility at high levels within
the Shuttle Program and the peyloads community oxtemnal to the
Program.

Some proposed solutions to the plume impingement problem,

‘such as altcrnate recovery techniques using new hardware (stand-off

berthing using & mast or tether), & payload bay mounted cold-gas
propulsion system, and “hardened” payloads were not acceptable due
to complexity and cost. Operational work-urounds consisting of new
piloting techniques, and Shuttle flight contral system modifications
were preferred.  However, these options increased propellant ugage
and increased complexity of crew procedures and Shumle flight
control software.

Both the Gemini and Apolle vehicles carried ample propellant
margins, but the Shuttle was limited in terms of forward RCS
propellant. The Shuttle could ran out of forward RCS propeliant
during the terminal phase (Fig. 1) under dispersed majectory
conditions, and In the cvent of & radar failure, '

At this time the terrn “proximity operations™ or “prox ops" wus
coined, and proximity operations became & distinct diseipline within
the Shuttle Program. Proximity operations occur close to the target
(within 2,000 feet), and are characterized by ncarly continuous
trajectory control, whoreas rendezvous control maneuvers typically
occur at intervals of hours or tens of minutes.

From Tuly to September 6f 1977, & study of approach and station-
keeping techniques was conducted in the Johnson Space Center (JSC)
Systems Engineering Simulator. This was the first six dcgree-of-
freedom simulator 1o incorpoerate plume cffccts. V Bar, R Bar and H
Bar approaches and station-keeping were evaluated (Pig. 7). Results

* confirmed. earlier studies, which indicated that au Apolle inertial
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‘ ( -R Bar
% £ Inertial
-« -

i +R Bar

Fig. 7 Proximity operations approeaches.

mpproach and braking technique ceused the gravity  gradient
stebilized LDEF to tumble. The one techniquc that worked for
approaches along oll three Local Vertice] Local Horizental (LVLH)
frame axes (V Bar, R Bar, H Bar) used orhiter +/-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
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VIL On-Board Systems

Relative Navipation 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 s target with a |
square meter oross section out to = range of 10 n.m. would be
wvaileble as & contingency mode of operation. 4 '

Radar development costs Jed to examination of deferral of radar
operational capability, which’ would have resulted in many carly
tendezvous missions not having redar. The cost of Ku band radar
development elso motivated the study of alternative semsors, “Al)
optical rendezvous” was studicd, but simulations indicuted that the

probability of successful dual coelliptic rendezvous (Fig, 2) under

dispezsed- conditions was lfess than desirable. Use of Shuttle entry
Tactical Air Navigation {TACAN) units for rendezvous wes slso
studied, but not pursued. This would have involved mounting a
TACAN transoitter on target spaceeraft.

The decision to proceed with Ku radar development was in part
motivated by concerns sbout the proposed Skylab rehoost mission.
Cost overruns prevented the acquisition of target wansponders.and
spare parts for the Shuttle radar, and the passive skin tracking modc
of radar operation was adopred (Fig, 9), which in tum limited the
range-of the radar—This-was-a-fuctor-in-the-inability-of the Shuttlets—

—Apollo-approach-and-technigue; ducto the warniral braking ¢ffect of

mect_rendezvous _autonomyrequitements— The—Ku—nntenna—and—

—orbital- mechanies:

T Approach Direction

-z
I—;"

Body
Axes

Normal

Low Z
Fig. 8 Comparison of plumes.

Advanmges of the H Bar approach were consistently good
lighting conditions for piloting and Y 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 neccssitated frequent thrusting at the target
during approach. Out-of-plane motion still ocourred after relative
transiationsl retes were nulled. The H Bur approach was never
bagelined. for opcrational use, due to safcty, station-keeping,
propelient consumption and plume impingement concems.

Due to the 1977 smdy, the orbiter flight control system, was
modified 1o provide s “Low Z” mode. This provided somc RCS
braking capsbility while minimizing RCS plume impingement (Fig,
8), Jets used for this mode had a thrust component that was primerily
along the X body exis: The serendipitous canting of the aft X axis
RCS jets was not an original design requircment for proximiry
operations.”  Upward firing RCS jets were inhibited in Low Z.
However, usc of the Low Z mode was expensive in fterms of
propellant use. The ability to perform an attitude hold with respect to
the LVLH frame was als0 added to the Shuttle flight software.

1 The bauking contribution provided by the szarfed, nosc mounted X sxis RCS
jets 8 negated by RCS firings to contro} pitch,

clectronics would also be used for commumications through the
Tracking and Data Relay Satellite (TDRS)

40——Last NC
- rimary
T NCC E Backup,
- With Priorlty
] ~135,000 ft
20—
10—
4T
TwMe
- 2
L MC-2
L_MC3
0—"TMC4
Range Bum Day/ Star Redar COAS
(nm) Night Tracker

Fig. Y Operational use of Shuttle rendezvous sensors for &
typlcal ISS migsion.

Dpncal tracking would be prowded by one of two star trackers,
which were also to be used for aligning the Inertial Measurement
Units.® The wrackers hed ficld of vicw restrictions based on Earth
limb and bright ohject considerations (Sun, Moon). Awvailability of
optical measurements, which used farget rcflccled sunlight to
facifitate acquisition and tracking, was secn a3 @ mujor chullenge.
Strobes, used on targets In previous programs for optical tracking via
the human cye, were judged to be incompatible with the Shuttle star

trackers.
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As a back-up to the rader and star trackers, & Crcw Oprtical
Alignment Sight (COAS) could bc used 10 obmsin angufar
measurements. The COAS would later see extensive use during
proximity opcrat\ons Fig 1003

Relstive navigation sensor measurements from the radar,. star
tracker and COAS are processed iu 2 Kalman filter that buift upon the
Apollo expcrience.®®  Original filter requirements called for un
optimal filter that updated both the Shutrle und target state vecrars,
but the 1976 on-board computer requirements sorub resulted in the
filtering of only one statc vector, as was done on Apollo

" Beginning in the mid 1970s, there were concerns 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 Skylab re-boost mission. A number of potentiaj
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more flexible then its predecessors and could support different
combinations of bums without reprogramming. It was also capable
of targeting all orbita) maneuvers from insertion through intercept.

In 1974, a vequirement for the Shuttle to conduct autonomous
rendezvous {Jimle or mo support from Mission. Control) existed.
Astronauts wer¢ {o compute & nominal serjes of maneuwvers mnd
cxceute them without Mission Control confirmation. For off-nominal
scenarios, the crew could compute and execute 2 rendezvous plan
with inputs from checklists or Mission Conmol. The on-board
computer would not recormend ections in response to off-nominal
situations.  Mission Control was still to be sble to compute
maneuvers, particularly in the event of off nominal scenarios.
However, limited on-board computer capacity mede the requirement
difficult to meet. A 1976 on-board rargeting requirements sorub in
response fo compufer limitations moved computation of bumns not
supported by on-bozrd relative navigation to Mission Control. This
move also reduced OMP implementation costs.

In order to Jower forward RCS propellant consumption, it wes
belicved that during proximity operations the orbiter should be able to
approach a target from any direction (Fig, 7). This would provide
meximum  flexibility during mission plamning. A  proximity
operations tstgcting package based on the Clohessy-Wilishirs
eguations was formulated  How iﬁ}_&;’,—luu;mkluui.;'ﬁ_s_uhﬁ‘lﬁ-ﬁﬁmputéi‘

Fig. 10 EVA crewman on the RMS attempts to
capture INTELSAT (right). The COAS is on the
left (§TS-49, 1992).

off-the-shelf solutions were examined. A laser rangefinder was
flown on STS-41B and STS-41C (1984), but liritations in range and
accurecy limited their usefulness. A paraliax rangefinder and 2 might
vision system were also tested on carly missions, but performance
was not adequate. COAS subtended angle is evailable for range
- defermination using charts at close range.

During the Jate 1970s, use of the Global Positioning System
(GPS) was examined, but not adopted due to sost and the immaturity
© of the technology.® On-board processing of TDRS Doppler
measurements 1o reduce dependency on ground radar rwacking was
also gtudicd, but not pursued due to on-board computer limitations.

Maneuver Targeting

The ground-targeted phase for orbiral control begins after orbit
insertion. Rendezvous meneuvers are computed by Missien Control
using orbit determination data obtsined by processing ground radar

" end TDRS Doppler measurcments. The length of this phasc varizs,
and typically lasts several days.  Although & ground-targeted phase
meneuver plan is determined before lnunch, some adjustments ate
required. after Juunch due to Shuttle ascent performance dispersions,
‘or Shuittle or target spacecraft systems problems.

The on-board targeted phase begins once Shuttle sensors (thc first
is star tracker, Fig. 9) are sblc to obtain relative measurem;nts
Shuttle orbit adjustments are then computed on-board, while Mission
Control computstions are available 2¢ a back-up, in the event of an
on-bourd gystemn anomely. 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 frorn flight to flight.

The original (1972 through 1976) ov-board targeting package wes
called the Orbit Maneuver Processor {OMP). The OMP concept was
based on Apollo on-boatd and ground based turgeting. OMP was

targeting and the alreedy scrubbed down OMP for rendezvous
targeting. Scrubbing the remaining OMP softwarc was one option,
but studies indicated that the Clohessy-Wiltshirc targeting package
might not be sble to' sdequately support maneuvers with Jonger
transfer tires, such us TPI. The scrubbed down OMP was replaced
by a Lambert targeting option to Support jonger transfer times. The
original pre-scrub OMP becume the basis for the Shuttlc maneuver
targeting software in Mission Control,

On-board orbiter state vectors used by Lambert and Clohessy-
Wiltshire targeting are updated with radar, star tracker and COAS
mensurements. Lambert targeting was used for all rendezvous
missions, while the Clohessy-Wiltshire option was never used in
flight.%

__capacity would ‘ot permit inclusion of both the proximiry operstions

Grapping Hardware

The RMS is an approxumalcly 50 foot long, six degree-of-
freedo urm equipped with six joints (shoulder yaw, shoulder pitch,
elbow pitch, wrist pitch, wrist yaw, and wrist roll). It is Jocated on
the port side of the puyload bay, and is capable of handling payloads
up to 65,000 pounds. The RMS end cffector on the end of the arm
grapples & fixturs installed on the paylosd. An RMS display and
conwsl panel, rotational and translational hand comtrolicrs, and
associated television displays arc located in the aft flight deck flight
crow station. A starbosrd erm was elso planned in the 1970s, but was
never flown. In addition 10 deployment and retrieval of setellites und
free-flying scientific payloads, the RMS is also used as an extension
ladder for EVA crews (Fig. 10), for positioning modules during ISS
asserably and replenishment, and for conducting otbiter and ISS
inspections using television cameras and other sensors.

VIIL Coelliptic Versus Stable Orbit Rendezvaus

The Stable Orbit Profile

Although the dual ceelliptic (Fig. 2) had been buselined for
mission pleoning purposes in 1973, doubts ebpur its capability to
support Shurtle rendezvous missions persisted into the carly 1980s.
The ability 10 obmin sufficient on-board opticel tracking using
reflected suplight, in the presence of Eurth limb snd celestial bright
object constraints on the field of view was questionable. By 1978,
forward RCS propellant depletion due to the high relative approach
uelocity inherent with coelliptic was a serious concern.

N
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In 1975, theoretical studics of the stable orbit profile (first studicd
from 1962-1964, and first flown on Gemini 11M'5) were again
performed. Stable orbit involved the initiation of the intercept from s
station-keeping point on the —V Bar, rather than from 2z coelliptic
orbit (Fig. 1). Stable orbit might simiplify fiight design and
operations for missions involving deployment of a satellite, followed
by retrieval of a second safellite. Coutingency rettieval of & deplovcd
payloed might also be easicr to perform with stable orbir. A stable
orbit profile would desensitize the mission timeline from trajectory
considerations. Stable crbit, long-range stetion-keeping (fens of

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

hundreds of feet), due to the nced for continuous crew meonitoring
und resuiting propellant cxpenditure. However, like dual coelliptic,
the availability of sufficient racking on a stable orbit ptoﬁle for a
navigationally pa.sswc terger was in question.

By 1981, mission design for the LDEF deployment and Solar
Max repair mission (later flown on STS4IC in 1984) was
encountering difficulties. Mission planners began to adapt the stable
orbit concept to overcome propellant depletion, mission timeline and
on-board macking issues with the dual coellipric profile (Fig. 11).

Rendezvous \
Glidesio From Above
sglopa Randezvous
Approach Flight Test \ )
—
V Bat
4 o

Stable Orbit Point/

MC2 = € MC1

R Bar

Rendszvous \
From Below

* e Stor Tracker

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

It was suggested that ground radar tracking and Mission Control
compured bums could place the Shurtle at & point on the -V Bar, and
at or within the rendezvous radar 10 nom renge specification.
Station-kccping at the stable orbit point would be performed uniil
orbital noon, at which point the Shuttle would initiate an intercept
frujectory with an on-board targeted bumn. The station-keeping and
the timing of the transfer would elso provide control aver lighting in
the manual piloting phuse. Stetion-kecping could also be extended
in the event of Shuttle or terget systems problems. In the event of 2
radar failurc, optical tracking could be performed, A station-kecping
point of B nm. was sclected. This was insidc radar range, but far
cnough awey to avoid potential target size and bughtness problems
with the Shustle star trackers. Closing rates during braking were an
order of magnitude lower than the dual coelliptic, which lowered
propeliant consumption.

The Tuned Coelliptic Profile

- To addrass concerns with the dusl coelliptic profile, coelliptic
advocates designed an alternste called the “tuncd™ coelliptic (Fig,
12). “All day-of-rendezvous bums would br on-board margeted, with a
maximum star tracker tracking range of sbout 150 nam, The coelliptic
AX was nmch lower than the second dusl coelliptic AH (2.5 versus
10 n.m.). The lower AH permitted radar acquisition of the target
before TPI, and provided an overlap in radar und star tracker tracking
for comparison purposes. Incrcasing the transfer angle Jowered the
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terminal phasc rclative veloclty, which in furn lowered propellant
consumption during braking. However, the lower AH also increased
the variability in the time at which the desired TPJ relative geometry
(elevation ‘angle) wes achieved (Fig. 1). The profile could be tumed
during the mission to control slips in TPI time and trajectory
dispersions, Adjusting the placement of carly phesibg maneuvers
increased the number of tracking periods prior to the coellipfic
maneuver, and decrcased TP sensitivity 1o bum dispersions.

V Bar

TPl

NCC5

s Star Tracker Pass

NCC4
A MG1 T
3 | MC-2
a4
NCC2

Redar may be

obtained prior
— o TPL- NGCCt—
77777 v ~ _\2 }/ \—0—

Fig. 12 Tuned coelllptic rendezvous with 2 AP of 2.5
nautical miles (1982).

Selection of & New Baseline Profile

A lengthy debate cosucd botween smable orbit proponsuts and
coslliptic supporters,  The deébate involved some of the same
personnel that had been invealved in the coelliptic versus tungéntial
versus first apogee trendexvous debate during mission planning for
Gomini VI in 1964.° Coelliptic was = proven technique, and some
Mission Countrol pcrsonncl as well as some sstronauts, were not in
favor of adopting & new profile. Mission planners believed stable
orbit provided severa] advantages over huned coelliptic; lower
propellant consumption, less complex crew and Mission Control
procedures, stable station-keeping points on the -V Bar in the event of
4 systems anomaly or chunge in mission planning, and elipnnation of
the need 10 perform optical tracking with star trackers. However,
pilot-in-the-loop stmulations indicated that stuble erbir procedures
were just as complex as mmed coelliptic. Stable orbir potentially
offered more straightforward frajectory design. for flights requiring
rendexvous from in front or sbove (Fig. 11). Like stable orbit, tuned
coslliptle could be designed with a delay option, but with higher
propellant consumption and increased proscdural complexity.

Analysis of the stable orbit plan revesled a unumber of
weakmesses, which were corrected by changing the profile. Station-
keeping on the —V Bar st the B num. stable orbit point was eliminated
in favar of performing the intercept maneuver, called Transition

" Injtiation (Ti¥), when the 8-n.m. point on the <V Bar was reached. In

the event of a systems anomaly, an equal period “football™ trajectory
could be initiated at Ti (“Ti delay™) until it wes permissible to
continue the rendezvous.

Several variations of tetminal phase were studied. In one, Ti was
targeted to place the Shuttle several mileg in front of the target on the
V' Bar, after which the Shunle would move in along the +V Bar. Tn
another, Ti wurgeted the Shuttle for u point 5000 foct shead of the
target and 1500 feet above it. From there, the Shutile would fly &
“glideslope approach™ (Fig. 11), which avoided RCS firings that

' In the acronym “TL” the "9 for initiation 8 mot cupitalized 1o avoid
copfusion with another rendezvous acronym used in the Shoule Program.
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could impinge on the targct.“

As anzlysis progressed, four Mid-coursc Correction MC) burns
were placed between Ti and intercept. A planar change maneuver
(null out-of-plane velocity) was placed st the nodal crossing
following MC-1. To reduce the size of the out-of-plane velocity null
after MC-1, pn-board wacking wes extended beforc Ti fo include.one
or two star tracker passes, starting at o range of 40 n.m. This created
an overlap of ground and on-board racking 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 point wonld be in
the orbital plane of the target 250

Stuble orbit was adapted as the Shuttle base}me rendezvous plan
in April of 1983 (Fig. 13), during plenning for missien STS-41C.
Factors influencing the decision were the inability of the Mission

-. Control sofiwsre (OMP) to support the tuned coclliptic without
modjfication, and that the stable orbit concept was promoted by the
ISC organization responsible for trajectory desipn and mission
planning. In the cvent that a second rendezvous with a target was

required, stable orbit potentially incurred lower propellant
expenditure than tuned coelliptic.
V Bar {kft.)
T /l \\ ‘100 '2DD NC
_4_ 1 { .-
i A S . i}
) \ optuon
10+ \
\ MC1 two rave. to TI
= + )
g [N A
§ | mc2 NCC
m =Ly v
x T 38&4 N NH
i W\ Max Radar
“.. Range
= \\\ I
wmwmnes Star Tracker “~w___ .-~ NCC
40+
onsrav, .o T/

Fip. 13 Stable orbit rendezvous (1983-1997).

Shuttle Plights (1983-1998)

First Proximity Operations snd Rendezvous Flights

After the first flight of the Space Shuttle (STS-1) in April of
1981, and successful demonstrations of thc RMS op subsequent
flights, more personnel, compuier resonrces and simulator time
beoame available for rendezvous and praximity operations procedure
development, mrajectory analysis and fssue resofution.®? STS-7 (June
1983) performed a proximity operations demonstration using the
Shuttle Pallet Satellitc (SPAS-01).3*** Primary objectives were 10
demonstrate and evaluate proximity operations techniques required
for deployment, separetion, station-keeping, final approach and RMS
capturc of u free-flying payload. No computer based msneuver
targeting or relative navigation data using computer processed radar
measurements was-availabic. Out-the-window cues and radsr dats
direct from the sensor were used. Results indicated thut plume
impingement math models were accurate, the vendervous radar
performed better than expeceted, piloting using out-the-window cuey

snd radar data was essily accomplished, und that the proximity .

operations tesks could be accomplished with propellant consumption

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

attitude hold flight control options were proven effective.

The first rendezvons demonstration was planned far STS-41B
(February 1984), the tenth Shuttle mission. However, the rendezvous
wag canceled. after the Intcgrated Rendezvous Target balloon burst
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during deployment from the Shuttle payload bay.

The Solar Max repair mission (STS-41C, April 1984, Fig 6) was
the first “all up™ use of the Shuttle's integreted yendezvous and
proximily operations capabilitics. These included pre-flight trajectory
design, leunch window targeting, ground targeting using radar-based
orbit determinstion, deployment of a payloed (LDEF, Fig. 5) during
the ground-targeted phase, onboard rendezvous navigation with a
navigationally passive targer, onboard rendezvous targeting, and three
body proximity operatians involving Challenger, Solar Max, and ap
astronaut flying the Manned Maneuvering Unit.

“The firse attempt to capture the Solar Max with an astronaut flying
the MMU feiled, and a break-out mencuver was perfonned to take
Challenger safely away from Solar Max. Esough propeilant margin
was availablc to perform 2 second rendezvous two days later, and -V
Bar statien-kecping 40 nm, from Solar Max was performed until the
second rcndezvous was initiated: A previously developed backup
capnure procedurc using the RMS was used to successfully grapple
Solar Max.

The successful oxccution of proximity operations on STS-7 and
STS-41C and two rendezvous profiles on STS-41C validated work
perforined over & decade to create piloting techniques and trejectories
that overcame Shuttle systems liminations, and allowod the Shurtie 1o
meet mission requirements differcnt from those in the Gemini and
Apollo-programs

Challenges of Subsequent Rendezvous and Proximity Operations
Missions

The success of STS-7 und STS-41C did not mean that later
Shuttle rendezvous and proximity operations missions were in any
way “routine.” The unique characteristics of the various rendezvous
targets, along with Shuttle system limitations, posed tcchnical
challenges for every rendszvous mission, and necessitated mission
unique enslysis and procedure development. Complexity of and
variation in procedures and techniques for Shumle rendezvous and
proximity operations missions was far greater than during Gemini end
&pollo.

The pace of rendesvous fiights between STS-41C (Apnl 1984)
and the Challenger accident (January 1986) had not been seen since
the Gemini flights i 1965 and 1966.5' The success of these
complex missions reflected the maturity of Shutile rendezvous and
proximity operations planning and exccution. The loss of Challenger
eliminated many potentia! commercial missions invelving rendezvons
&nd proximity operations, such as Leasecraft and the Jndustrial Space
Facility. Afier the accident, rendezvous migsions resumed in 1990.
Missions executed included retrieval and return to Earth of orhiting
satellites, deployment and rewieval of scientific payloads, and

servicing of spacecraft’s

Proximity operations and ground targeted phase trajectory design
varied from flight to flight, and was driven by many factors that
required extensive analysis and contingency procedure (Mission
Control and on-board) development, particularly if the flight involved
more than one deploy/retricve peyload.  Maneuver planning to
provide adequate spacectaft scparstion for ground redar tracking,
spacecrafl to spucecraft communication links and protection against
collision under disperscd frajectory conditions ‘wes particularly
challenging, By 1990, the mveilability of ground besed processing of
TDRS Doppler meeasuremnents snd  mesr  continmous TDRS
commuunicationg cavernge enhanced orbit detenmnahon and mission
activities, .

Rader failure proccdures for use during the on-board targeted
phase (for most flights, approximetely 40 nm. behind the tarpet
through manual takeover at ~2,000 feet) were continully impraved to
maximize probebility of mission success. This wag demonstrated
during the STS-92 (2000) rendezvous with the JSS, due to a rader
failure before the day of rendezvous. The tendezvous was performed

Bofl7
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with star teacker data until Jaser dats becamc available scvoral
thougand feet from the 1SS. This was the fixst “all optical”
rendezvous flown by NASA since Apollo 7 in October of 1968.

. The ground-tergeted phase of two flights (STS-49 in 1992 and
STS-72 in 1996) used a control box rendezvous technique (Fig. 14).%
The target executed a series of manecuvers afier the Shuttle was
Jeunched to cnter & “control box” in space at 3 designated time. This
technique reduced Shuttle propellant conswmption. Once the target
sutered the box, it no Jonger mancuvered, A Shurttle planar chunge.

_{NPC) bum sould also be performed to compensate for targer planar
crror intruduced by target phasing meneuvers.
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Satellite Servicing Misslons

Setellite servicing missions flown by the Shuttle (Table 3)
requircd close coordination end planning betwcen rendezvous
personnel, proximity operations personnel, Extra Vehiculur Activity
(EVA) specialists, satellitt manufacturers and satellile operators.
EVA preperation and execution occurred simultancously with
rendczvous and proximity operations fasks. The previously
mentioned. Sofar Maxt repair (STS—41C) was the first servicing
mxssmn,

After deployment of the SYNCOM IV-3 sstc’lmc by Diseovery on
STS-51D (April 1985), a contingency rendezvous way conducted as
the SYNCOM failed 10 activate. Due to the failure of the activation
work-ground (an improvised “fSyswatter” on- the RMS o flip 2
switch), Discovery rendezvouscd sgain with SYNCOM on STS-511
(August-September 1985), after deploying three satellites. Mission
plenning was further complicated by a circular deploy otbit for the
three satellites and subsequent rendezvous with the SYNCOM in an
elliptical orbit. SYNCOM was successfully activated. However,
- inadvertent plume impingement of the SYNCOM complicated the

Retrieval and repair of the INTELSAT-VI (603) communicetions
sutellite by Endeavour on STS49. (1992) was perhups the most
Difficulties with the capture bar

YA £ wes

(mampulatcd by &n Estronant mounted oo the end of the RS, Fig—

INTELSAT Phases From Above
L Control Box

&

NC2

« GIRC J €1 OMS2 retricval.

v VBar W%

| i
. o dramatic servicing mission.
Not lo Scale Y —Shutt e-Phase&ErmBa(ow

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

Rendezvous or Proximity Operations Technlque Demonstration
Missians
The previousty mentioned STS-7 and STS-41C were the first
demongtrations of the Shuttle’s proximity aperations and rendezvous
capabilities (Table 2). The Othital Bxperiments Digital Autopilot
"(OEX DAP) wes an experimental proximity operstions autopilot
tested on STS-51G (19K5) and STS-61B (1985) The autopilot was
not incorporated into the Shuttle's certified avionics system. STS-37
tested. long-range station-keeping using star fracker measurements
while flying an out~of-plune profile using the previously deployed
Gamma Ray Observatory as a terget. Thiv technique wag proposed
for flights with station-kecping distances constrained by
communications requircments.

~10) prevented retrieval of the- INTELSAT —After-sa-breakout-a-second—
rendezvouy was flown, with another fuiled capmure atternpt.  During
the third rendezvous, an on-board Lambert tergeting anomsly foreed

* the crew fo fly & Ti-Delay profile for one revolution (Fig. 13). . The

rendezvous was mbsequent)y resumed und Mission Control used
navigation data from the Shuttle computers to perform targeting for
subsequent maneuvers on the ground. The capture was finally
performed with three EVA crewmen capturing the INTELSAT by
hand, STS-49 set a new Shultle record for the number of rendezvous
profiles flown (three) und the total amount to proximity operations
time (~8 hours) in one mission.

Between 1993 and 2002 four missions were flown to successfully
service the JHubble Space Telescope (HST). These complex servicing
mmssions enhanced snd ensured the ability of HST 1o provide
significant scientific data and breathtaking photography. ™

Table 2 Rendezvous or Proximity Operations Demonsiration Missions

Flight Orbiter Year Profile Target Comments,

7 Challenger 1983 Deploy/Retrieve SPAS-0N Proximity operations only.

41B Challenger 1984  Deploy/Rendervous IRT No rendezvous duce to [RT bulloon failure,

351G Discovery 1985  Sution-Keeping nanc Station-keeping test of proximity operations autopilot.
61B  Afluntis 1685  Deploy/Stanou-Keeping redarreflcctor  Station-keeping test of proximity operations eutopilot.
37 Aflanfis 1991 Deploy/Rendezvous GRO GRO used as wrget for optical navigation test,

GRO = Gamma Ray Observatory, IRT = Integrated Rendezvous Target , SPAS = Shuttle Pallet Setellite

Table3 Satellite Servicing Missions

Year

Flight  Orbiter Target Comments

Nnc Challenger 1984 Solur Max Retrieved aind repaired after second readezvous.

51D Discovery 1985  SYNCOMIV-3 Contingency rendezvous afler deployment and rcuvution faflure,
S1I Discovery 1985 SYNCOMIV3 Rendezvous & EVA planned in four months. Elliptical orbit,

49 Endeavour 1952  INTELSAT VI(F-3)  Hybrid Control Box, three rendezvous.

61 Endeavour 1593 Bubble Servicing Mission 1

B2 Discovery 1997  Hubble Scrvicing Mission 2

103 Discovery 1999  Hubble Scrvicing Mission 3A

109 Columbia 2002  Bubble Servicing Mission 3B

EVA = Extra Vehicular Activity, INTELSAT = buernadonsl Telecommunicetions Satellite , SYNCOM = Synchronous

Communication
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Deploy and Retrieval ef Scientifle Payloads
Sixteen missions were flown involving the deployment and
retcieval of from one to two science packages (Table 4). The eight
types of deploy/retriove payloads fiown concemed sstronomy, space
physics, atmospheric physics (Fig. 15), and missile defense research
support3®¥?  Parallel execution of deploy/retrieve profiles, sateliite
deployments, EVAs, mnd multiple research tasks coordinated with
multiple ground facilitics made these the most complex of the Shutile
missions to plan and cxooute. Dunl shift, 24-hour crew opcrations on
some missions further complicated planning and reel-time operations.
During STS-S1F (1985) the Plasma Disgnostics Package (PDP)
‘experiment explored the plasma environment around Challenger.
The mission required thc deovelopment of complex nominal and
- contingency (such s rader fail and delayed deploy) procedures, sand
close coordination with scientific investigators. Precisc proximity
aperations burn fargeting was performed using the Shuttle computer’s
Jembert targeting slgorithm.  An sbort-to-orbit due to the shutdown
of & main engine during ascent resulted in & Jower orbital altitude,
foreing a redesign of on-board Lambert targeting date by Mission
Control. The chalienging trajectory was successfully flown (Fig. 16),
bur the third orbit of Challenger about the PDP was canccled due to
increased propellant consumption during ascent,
STS-39 (1991) involved 2 complex, 38 hour profile to suppor
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Fig. 15 CRISTA-SPAS prior'to retrieval with
the RMS (8TS-85, 1997).

Orbiter

observation of orbiter Orbital Maneuvering System (OMS) burns at

-500

points 1.2 and 54 n.m. behind the Infrared Background Signeture
Survey (IBSS) spacecraft (Fig. 178). Two Chemical Releuse
Observation (CRO B and C) sub-satellites were deployed during the
IBSS detached operations, and & third (CRO A} was deployed after -
[BSS was refricved. Mission planning, dual shift crew operetions snd
observations by ground stations were coordinated.  While the
mission ‘was successful, the flown trejectory differed substantially
from pre-mission planning (Fig.17b) , due to complexities involving
orbit determinstion, atmospheric variation, and unmodeled propulsive
effects of the Shuttle and [BSS vehicles.

On STS-77 (1996), in sddition t & deploy/retrieve of an
astronomy puyload with an inflatable antenna (SPARTAN 207), three
station-keeping and three re-rendezvous profiles were flown with the
Acrodynamically-Stabilized Magnetically-Damped Satelfite (PAMS
STU). The PAMS STU rendezvous profiles were specifically

V Bar (ft.)
+1000

R Bar (ft.)

Motior— -

-500

wmmeen Senaration,

Orbit 1

———Orbit 2
———Orbit 3

Final Transits,
Retrieval

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

Table 4 Deployment and Retrieval of Scientific Payloads

#1227 P.14/21

Flight Orbiter Year Target Commenty
.51G  Discavery 1985 SPARTAN-101 Incorrect SPARTAN attiunde at retrieval, 4
SIF Chalienger 1985 PDP On-bosrd 1argeted proximity opzrations.
39 Discavery 1991 IBSS-SPAS I Most complex deploy/retrieve profile flown,
56 Discovery 1993 SPARTAN-20]-0]1  ILzser rangc and ranyge rate seasor test.
51 Discovery 1993 ORFEUS-SPAS 1 Longrange, in-front and behind station-kecping.
60 °  Discovery 1994 WSF-1 WSF-1, problems prevented deployiment.
64 Diseovery 1994 SPARTAN-201-02  First successful test of Trajectory Control Sensor laser.
66 Axlantis 1994 CRISTA-SPAS | Footbal} for date colicetion. +R Bar Mir approach corridor test.
&3 Discovery 1995 SPARTAN-204 Deploy day after Mir rendezvous. Trajectory designed to avoid Mir.
69 Endeavour 1995 SPARTAN-201-03  Incorrect SPARTAN ettitude Bt refficval.
WSE-2 Long range, in-front station-keeping.
72 Endeavour 1996 OAST-Flyer Gus venting by an experiment complicated ground tracking.
77 Endeavour 1996 SPARTAN-2074AE  Inflatable Antenns Experiment (JAE)
PAMS-STU Three rendezvous and swrion-keeping (650 meters.on -V Bar) periods.
80 Columbia 1996 - OR¥EUS-SPAS2 Relative GPS test for 1SS ESA Automated Transfer Vehicle
WSF-3 lang range, in-front station-keeping.
85 Discovery 1297 CRISTA-SPAS 2 Tested ISS +V Ber corridor approach vging payload bay keel camera,
87 . Columbiz 1997 SPARTAN-201-04 SPARTAN acuvaron failure, EVA rctneval, Video Guidence Sensor test.
95 Discovery 1998 SPARTAN.-20{-05  Video Guidance Sensor test.

CRISTA = Cryogenic Infrased Spectrometers and Telescopes {or the Atmospberic, ESA = Ruropean Spuce Ageacy, GPS = Global
Positioning System, IRSS = lnfrsred Backpound Signature Survey, OAST = Office of Aeconautics and Space Technalogy ,
ORFEUS = Orhiing and Retrievable Far and Extreme Ulravioler Specirometer , PAMS-STU = Passive Aerodynamic-Magnetically
Stubilized Sziellite Test Unit, PDP = Plasme Disgnostics Psckage, SPARTAN = Shutde Pointed Autonomous Tool For Astronowy,
SPAS = Shuttle Pallet Suellite, WSF = Wake Shield Fucility ’
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;' gep oy | 2 ia:j il{a;d RCS firings and. water dumps. There was also a requirement for the
HREINEVRY chviies AT payload bay ta be visible to the WSF for communicutions purposes.
I Extended stetfon<keeping with the orbiter windows and radistors
pointed opposite the velocity vector (toward the WSF) was also
desirable 1o minimize orbital dcbris impacts on those surfaces.
|V Bar (ki) ,
} g :
= ; 6. NH
£
g 5, Start.
v 3. Near Flald Radar/-
: Activities
+10+ 4. NC12
10
v s
2) Planned Profile /1. Daploy o . ME
14. Retrigval
, 3. Orbiter  2-NC7, -
: ” 1. Deploy | Station E . 10. Out-of-
|5 Retrieval 3 Near Field i Keeping S | tmcz Flere
Aclivies 2. Far Fleid \ * NCB-NC11 8 | 12.mcz Nl
Activities s Sl Thaigkas x v 13, MC4
V Bar (&) Fig. 18 STS-80 deploy/retrieve profile for the Wake Shield
NS ] Racility (1996)
e . ‘Several deploy/retrieve missions were used 1o evaluate relative }
§ GPS technology for application to future rendezvous vehicles,
During STS-69 (1995), Endeavour camied & Colling 3M receiver and
+104 the Weke Shield Facility & Osbourne/let Propulsion Laboratory
k4 TurboRogue receiver. On STS-BO (1996), Columbia carried a TANS
Quadrex receiver and the ORFEUS-SPAS IT a Laben Tensor receiver
_b) Rlgwn Profile in support of the Buropean Space Agency (ESA) Automated Transfer

¥ig. 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 Columbiz on STS-B7 (1997), -the
SPARTAN:20]1  free-flyer failed to wctivate preventing
accomplishment of science objectives and foreing a “by hand”
retrieval fater in the mission by sstronauts during an EVA. The
SPARTAN was sucsessfully deployed and retrieved the next yeur on
STS-95. The Video Guidance Sensor (VGS), an experimentdl
proximity operations sensor, was tested on both flights with the
SPARTAN. An improved version of VGS, called the Advanced

" Video Guidunce Sensor, was Juter developed for the Demonstration

of Autonomous Rendezvous Technolagy (DART) and Orbital
Bxpress programs,

 An example of mission-specific trajectory design were the Wake
Shield Facility (WSF) flights (Fig. 18 and Table 4), The WSF
structure created an ephanced vacuum on the downwind side of the
vehicle- 10 support thin film epitaxial growth and materials
purification. Long-range station-keeping wes performed ahead of the
WSF, rather than behind, to aveid WSF contamination by Shuttle

Vehicle (ATV) program.

Retrieval and Return to Earth of a Sateliite’

Discovery on STS-51A (1984) successfully tetricved the Palapa-
B2 snd Westar-VI communications satellites only nine months after
Payload Assist Module failures prevented them from achieving their
service orbits (Table 5). STS-51A demonstrated the ability of the
Shunde Program to rapidly respond to tew requitements involving
target vehicles not designed to support Shuttle sctivities. ® Planning
for the dual rendezvous mission was further comtplicated by the
deployment of twa other comumunications satellites prior 1o the
rendezvous and servicing phase, and the combination of proximity
opetations with free-flying (MMU) EVA crew captuting and
maneuvering the satollites for grapple wsing the RMS. Detailod
mission preparation and redl-time te-plumaing enabled the rendezvous
with, retrieval and return to Barth of the satellites within 2 tight
propellant budget. Both Palapa-B2 and Westar-VI mancuvered to
meet downrange and planar offset conditions before the faunch. of
Discovery.

STS-32 (1990) successfully rewieved LDEF (Fig. 5), efter it had
spent nearly six years on-orbit. [DOEF orbital decay due to the solar
maximum, variation n decay rate due to variable solar flux,

Table 5 Retrieval and Return to Earth of a Satellite

-Flight  Orbiter Year Target Commeats
51A  Discovory 1984 Pzlaps-B2 Both manzuvered 0 incet downrange and planer constraints
Westar-VI and retricved by an estronaut flying the MMU,
32 Columbia, 1990 LDEF Hot finul approach due to radar procedure jssue.
57 Endeavour 1993 EURECA (ESA)  Salur array lateh feilure, correcied during EVA.
n Endeavour 19%6 SFU (fapun) Hybrid control bex, -Solar array retraction failure & jenison.

LDEF = Long Duration Exposure Facilivy, EURECA = European Retrigvable Curtier, EVA = Extin Vehiculur
Activity, MMU = Munned Mencavering Unit, SFU = Space Flyer Unit

1l of 17
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Columbia lannch deluys and the SYNCOM V-5 deploy two days
before the rendezvous complicated mission planning,  Orbit
prediction of the LDEF had = high degree of uncertainty, and
experience with Skylab in 1978 and 1979 heightened concems that
LDEF could reenter the stmosphere before refrieval. Durng the
_ repdezvous, poor guality radar data st long range resulted in 2
dispersed trajectory, and & faster final approach that required
additional braking.
The European Remievable Carrier (EURECA), deployed on STS-
46 (1992), was retrieved on STS-57 (1993). EURECA. completed an
orbit adjustment program ia preparation for the rendezvous seven
days prior to the launch of Endeavour. A phase repeating orbit was
uged to establish periodic laonch windows and ease mission planming.
In the ovent of an off-nominsl Shuttle orbit insertion; plans were
developed for BURECA to lower its orbital altitude to facilitate a
rendezvous end retrieval 4!
STS-72 (January 19%6) remieved the Japunese Space Flyer Unit
(SFU), which had been Jsunched from the Tanegashima Space Center
by an H-2 booster on Murch 18, 1995. The two SFU spler arrays

were jertisoned before retrieval when. sensors indicated improper

latching after army retraction,

— B Mirand-the International Space Station
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Docking Hardware

The Androgynous Peripheral Docking Aysembly-89 (APAS-§9)
unit (Fig. 19) Is a deseandent of the APAS-75 unit jointly developed
by the Sovict Union aad, the US. for the Apollo/Soyuz Test Project.
APAS-89 was originally intended for use on a Soyuz clasg vehicle
and the Buran shuule. Soyuz TM-16 (January-February 1993)
docked with one of the wo Kristall Mir module ports cquipped 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
used for dockings to both Mir and ISS. A cepterline camera mounted
in the" ODS with a bore sight through the ODS hafch window
provides the Shuttle crew with a view of & docking target mounted on
the Mir and ISS hatches 22

Docking of the Space Shuttile with notiona] space stations was
studied in the curdy 1970s, as well as docking in support of space
rescue motivated by the Apollo/Soyuz Test Project. Much of the
wortk done to prepere the Shuttle ta support Space Station Freedom
was applied ta the Mir and ISS missions (Tables € and 7).

Fig. 19 APAS-89 on the Orbiter Docking System

naviead hgv

.y UaAL 2

In the The RMS Is on the right.

Table 6 Space Shuttie Rlights to Mir

Flight  Orbiter Year Comments

63 Discovery 1993 +V Bar spprouch 10 37 fect. No docking planned. Lesking RCS jet problem,
71 Atlunug 1995 Dacked 16 Buran port on Kristsll Module. Crew exchange,

74 Alluntis 1995 Instulled Shuttle Docking Module on Kristall,

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

79 Atsntis 1296 Resupply & 1S, crow cxchange,

81 Atlantis 1997 Resupply & U.S. crew exchange.

B4 Atlantis 1997 Resupply & U.S. crew exchange, GPS & laser test for ESA ATV.

B6 Atlantis 1997 Resupply & U.S, crew exchange. GPS test for ESA ATV, First ORBT fighs.
BS Endeavour 1998 Resupply & U.S, crew exchange.

91 Discovery 1998 Resupply & U.S. crow retam.

ATV = Automated Transfer Vehicle, ESA = Buropeen Space Agency, GPS = Global Positioning System

ORBT = Optintized R-Bur Targeted Rendezvous

Table 7 ISS Assembly and Replenishment Missions

Flight Orbifer Year Commenls

88 2A) Endesvour 199K Captured Zarys with RMS, anttached Unity Node with PMA | &2,
96 (2A.1) Discovery 1593 First docking with ISS. ISS resupply and outhitting,

101 2A28)  Atlantis 2000 ISS resupply and outfimting.

106 (2A.2h)  Atlantis 2000 1SS resupply and outfitting,

92 (3A) Discovery 2000 Radar failure, Z1 Truss, PMA 3, Ku comm & CMGes msmlk:d
97 (4A) Endeavour 2000 Delivered P6 wuss (w1th solar arrays & radiatars).

98 (SA) Athrils 2001 Delivered Destiny lab.

102 SA.1).  Discovery 20061 Tail forward approach. MPLM resupply. Crew exchenge.

100 (SA) Endeavour 2001 Tail forward approach. Inawlled robotic amm. MPLM resupply.
104 (7A) Allantis 2001 Delivered Quest Alrlock (installed with 1SS rebotic ann).

185 (7A.1) Discovery 200) MPLM resupply. Crew exchange,

108 (UF-1) Endeavour 2001 MPLM resupply. Crew exchange,

110 (84) Arlantis 2002 Delivered SO truss and Mobile Transporier.

111 (UF-2) Endeavour 2002 MPLM resupply. Mobile basc installation. Crew exchunge.
112 (BA) Atlantis 2002 Delivered S1 truss, radintors & CETA cart AL

113 (1A Endeavour 2002 Delivered P1 truss, rudiutors & CETA cart B. Crew exchange.
114 (LF-1) Discovery 2005 MPLM resupply. CMG replacement.” First RPM.

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

RPM =R Bar Pitch Mancuver, UF= Utilization Flight
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New Sensor Development and New Challenges

In 1987, swdies of Shuttle docking with Space Stetion Freedom
indicated that a better proximity operations sensor than the Ku Band
rader was necded. Development of new proximity operations scnsors
encountered difficulty due 1o budget concerns, and the success ‘'of
Shuttle repdezvous and proximity opetations to dute.

‘The first flight of Hand Held Lidar (HHL) on STS-49 (1992) and
the first successful flight of the Trajectory Control Sensor (TCS)
lidar on STS-64 (1994) provided the precisc runge and range rate
measurements needed to meet futwre Mir and ISS docking
conditions.? Though raw data was adequate to meet docking
requitements, HHYL, TCS, and legacy sensor date (radar, closed
circuit tclevision) were processed in 2 Jeptop computer using &
software package kmown as the Rendezvous and Proximity
Opcrations Program (RPOP). RPOP provided o telative motion
display and proximity operations piloting cucs pot available in the
Jegacy Shuttle avionics system, 3¢

The operetional envclope of proximity operstioms sensors is
{llustrated in Fig. 20 for a typical mission to the ISS. In the cvent

soob—r MC-3 _
e ) Primary Ssnsor
- Radar /
- Fail - Backup
- Manual [ =] Qf“"‘;-"-
4000 Phase With
o - Priority
- ¥
3000— 2] 33 |#
2000 ——MC-4
:L__Nomlnal .
_| Manual
_| Phase
1000~ :
- ) 2 3
i +R Bar L 15
_J--—-rv Bar J _,_(,_J B
o~ Docking sn) s )
Range Event Day/ Radar TCS HHL Sub- CCTvV
(feet) Night tanded - Rangse
Angla Ruter

Fig. 20 Operational use of Shuttle proximity operations
sensors for a typical ISS mission.

of & radar faihwe (Such as on STS-92), TCS, HHL, apd COAS
subtended angle are used carlier in the profile than on 2 nominal
mission. A ranging ruler overlay -on an aft cockpit Closed Circuit
Television (CCTV) monitor provides ranging during the Tast 15 feet,

While the rendezvous radar is ussble with small targets down 10
ranges of berween B0 to 100 fect, the size of Mir und the ISS resulred
in besm wandering, which degraded measurement quality, For ISS
missions rendexvous radar is generally not used at ranges less than
1000 feet, and after this point the Ku band antenna is used instesd for
video transmission over the TDRS satellites. 7TCS and HHL
exhibited better performance duging proximity operations than the
Ku radar. The availability of TCS and HBL measurements was
cssential to cmsure safe and successful approaches 16 Mir and the
ISS.
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It 'was also recognized that Mir and ISS brightness and size issues
could complicate or prevent use of daytime star iracker measurements
for relative nevigation after the Ti maneuver, in the event of & radar
failure (Pig 9). Night star tracker data was obtained between the
MC-1 and MC-3 bums during the STS-64 rendezvous with
SPARTAN. Anmalysis techniques verificd with the collected flight
data were applied 1o dats. collected duning the STS-63, -71 and 74
missions to Mir. Analysis of these missions indicaied that the 18
lights of varying intensity and character (fleshing and non-tlashing)
distributed serass Mir provided a suitable target for the Shuttle star
ecker. Post Ti contingency night star fracker navigation procedurcs
were first flown on STS-79. A tracking light was added to the ISS
Zvezde (“Star™) Service Module to cnable contingeney star tracking
during orbital night for ISS missions. Night ster tracker navigation
was perfenmed during STS-92 due to the radar failure.

Although Shutfe arbiters are equipped with GPS receivers for use
on-orbit and. during entry, and the I8S is cquipped with GPS as well,
GPS is not used for Shuttle rendezvous or proximity operations with
the IS8 #447

Elight Contcol and Plume Challenges
All migsions to Mir and ISS required extensive flight control and
plume impingement analysis of the various configurations during

approuch,-mated flight, agsembly, sud seperation.™™ For example

- STS-8R, the first ISS sgsembly flight, invelved the attachment of the

U.S. built Unity node to the previously launched, Rusyian
manufacturcd Zarya module, Unity was docked to the ODS using the
RMS before the rendezvous with Zarys. Shuule flight control
analysis wes requircd to ensure that execurion of rendezvous
maneuvers would not violate sructursl loading constraints on Unity
and the ODS. Zarya wes later grappled with the RMS, and docked to
Unity. At 42,000 pounds, Zarye was the largest object cver
manipuluted with thc RMS. Analysis way also performed 1o ensurc
that ISS -orbit raising with Shuttle RCS jets could be successfully
performed, ™!

New Profile Development

The stable orbit tendexvous profile was designed for mainly
inertial and +V Bar approaches (& fransition to the ~R. Bar could be
performed upon arrival at the +V Bar). A difficulty with the stable
orbit approach was the increased smount of propellant 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, perticularly for solar
#rrays.

Planning for Mir and ISS rendezvous missions prompted renewed
study of the +R Bar spproach in 1993 (Fig. 7). Use of orbital
mechanies to reduce the needed braking, rather thun using RCS jet
firings, would lower plume impingement and provide propellant
savings. An additional bencfit was that s +R Bar scparation could
ulso take advantage of orbitsl mechanics, requiring fewer jet firings.

~ Srudies indicated that the pew approsch could be performed without

changing on-board computer tatgeting constants for the stable orbit
profile. The avuilehillty of laser sensors (TCS, HHL) provided range
and range rate meesurement redundancy which was not available
when the +R Bar approach was considered for the Skylab reboost
mission in the late 19705, After cxtensive apmlysis, prosedure
development, and cfforts to overcome programmatic resistance, the
+R Bar approach wes approved in April of 1994, and first flown on
STS-66 in November of that year. +R Bar upproaches were flown on
) missions to Mir.¥5 The Mir missions (Fig. 21) validated Shunle

‘proximity operations and docking enalysis originally performed for

Space Staton Freedon.
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Pig. 21 Atlantis docked to Mir during STS-71, a5
seen from Soyuz TM-21.

Further analysis led rendezvous designers to investigate changes
to the rendezvous profile itsclf, before the preximity operalions
phase, to further reduce propellant consupiption and increase Shurtle

pavload capability. The stable orbit profile, tike its’ predecessor the

coclliptic profile, was & “high energy” profile designed ta support a
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Fig. 23 Approaches to ISS.

terminal phasc inertial approach and direct intereept— Additionat

—propel Entand provedures wete tequired for R-Bar-or-V Bar-activitics:
A new profile was designed which was optimized for the R Bar
upproach.

Optimized R-Bar Targeted Rendezvous (ORBT) differed from

" swable orbit in several ways (Fig. 22). ORBT was designed to
optimally sct up initial conditions for a Jow energy coast up the

}‘Tl dolay option  V Bar (kft)
A -\ =100 -200 NG
& : " "r } -+ t -
’
7l ~50
Tttt
10 MC4 Ti
o MC1
T TEMC3 \
% + p—d
2 Max. 1° MC2 ‘
x T Radar
T Range
40+ SterTracker

T Day

s = x = Night (ISS)

Fig. 22" Optimized R-Bar Targeted Rendezvous (1997-).

+R Bar (Fig. 23, 24). By targeting the T\, and first three mid-course
muneavers for the manus) takeover point at 2,000 feet, rather than for

. intcreept, manual phesc trajectory dispersions were reduced and
propellant consurmption was cut, The Ti poiot for ORBT was below
the V Bar so that the subsequent MC-4 AV vector would be primarily
n the +X body axis direction (Fig. 8), saving propellant. The MC-4
maneuver targeted the orbiter for 3 point 600 foet below the target, on
the +R Bar. ORBT did unot require as many +R Bar stebilizetion
bumns or e§ many braking burns a3 were needed with the stable orbit
profile.  The first ORBT flight was STS-86 o Mir (September-
October 1997).

Flg. 24 ISS viewed from Endeevour on the +R Bar
during STS-113.

Proximity Operations and Docking

TFinal approsch to the Mir (+R Ber) and I88 (+V Bar, +R Bar, or -
R Bar, depending on the ISS configuration, Fig. 23) invelved flying &
precise range und range rate profile. An 8-degree, followed by 8 -
degroe, approach comidor centered on the Mir or ISS docking hatch
target was flown (Rig. 25). Angular fly-outs were performed to
achieve the required. slignment for docking. Station-keeping points
existed during the approach to allow dclays 1o ensure proper lighting,
gain time 1o work systems issues or obtain visibility to ground
commupication stations, if required.

Fig. 25 Entering ISS approach corridor at ~ 400 feet.

Post-undocking fly-atounds were used to obtkin photography of
the Mir and ISS, if sufficient propellant was available.

After the loss of Columbia, » +R Bar Pitch Maneuver at ~600 fect
was sdded to the ISS spproach (Fig. 23), The maneuver permits
photography of the Shuttle thermal protection surfaces by the ISS
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crew. ' A pew requircment 1o perform Shumle thermal protection
tepair at the ISS alse drove extensive proximiry operations analysis
and procedure development. The Shurtle RMS grapples a fixture on
the 1SS and the Shuttle is rotated to an appropriate position relstive to
the ISS for repair. An ISS attitude was defined that would facilitate a
safc separation (no undesirsble contact with or pluming of 1SS and
Soyuz structurc) und re-docking in the event a RMS or other faflure
resulted in & contingency separation from the JS8.5

Y.aunch Windows and Missien Planning

Mission planning for ISS assembly and replenishment missions is
s complex process, with many factors sach as ISS-logistics, ISS
hardware maintenance, ISS orbif maintenance, Shuttle uscent abort,
rendczvous and proximity operations considerations, and visits of
other vehicles (Soyuz, Progress, ATV, HTV) to the 1SS that must be
considered 5657 2

After the loss of Columbia, a requirement 1o perform photography
of thc Shunle during ascent (using ground based cameras and
camerus mounted an NASA WB-57F aircraft flying at ~60,000 fzet)
and Extemal Tank (ET) photography after separation led to daylight
launch snd acceptable ET photography requirements. Only the ISS
planar leunch windows which met these lighting conditions were
acceptable. This severely restricted launch dates available for ISS

___mijsgions, cresting launch seasons.®
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In coordination with the Russians, contingenoy plans exist for the
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The +7 axis, also call the +R Bar axis, is defined as:
iy = ~unit{ry] .
The +Y axis, also called the —J Bar axis, is defined as:
Iy = -unitry X vy
The +X axis, also culled the +V Bar axis, is defined as:

= unitf({ry X v} X rel

_ In the LVC frame, the V Bar is curvilincar, ruther than rectilinear.

1

+Y or-H Bar
Into the page.

motion
of target

ISS 1w Iower its orbit in the event Shuitlc sscent propulsion problems
(such as an eurly main engine shutdown) limit the ability of the
Shuttle to fly the planned rendezvous profile 545

X. Conclusions

Shuttle rendezvous and proximity operations technique
development has been able fo respond to new program requiremsents,
but the devclopment process was not always straightforward, The
success of the Space Shuttle in fulfilling new, challenging and
unforeseen  requirements has been due 1o extensive analysis
conducted by inteprated, interdisciplinary teams; and continuous
development -of new nominal and contingency procedures for a
vehicle and ground support system that possesses a high dsgree of
flexibility. However, the success of Shuftle rendezvous and
proximity operations has come at the expense of some of the original
objectives and pgoals of the Shuttle Program. These included
simplified and standerdized mission planning epd teaining, lower

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

extensive flight-to-flight analysis, ne computation of flight specific
trajectory datg, and no generation of customized onbosrd charts for
ench mission. Succcssful adaptation of proven rendezvons principles
to meet new and .cmerging operational and prograrmmatic constraints
was in part dus to the carry-over of cxperienced personnel from the
shorter duration Gemini and Apollo programs. These personnel
possessed extensive cxperience in the development and snalysis of
vehicle and subsystem performance specifications, requiremenis and
operations concepts.

Appendix — Relative Frame

Relative motion iz often depicted in a Local Vertical Local
Horizontal (LVLH) or Lacal Vertiecal Curvilincar (.VC) frame (Fig.
26).50 '

The target position and velocity vectors are used 1o define the
axcs. Nomenclature forthe axes follows the convention used within
the Shuttle Program.

Fig. 26 Local Vertical Curvilinear reference frame.
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