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SECTION 7
TETHERED OPERATIONS

The opera t ion  o f  separa te  PL 's  in  p rox imi ty  to  the  0rb i te r  has  a lways  been a
RNDZ/PROX OPS opera t iona l  concern .  In  the  near  fu tu re  a  new c lass  o f  PL 's
w i l l  appear ,  lhose wh ich  remain  phys ica l  l y  a t tached to  the  0rb i te r  by
tethers. Although some new f l ight-dynamics laws come into play, such
objects are only a tether-break away from becoming classica' l  PROX OPS sub-
jects and many actual ly plan to separate rather than return to the Orbiter;
furthermore, tradit ional monitoring and control techniques for RN0Z/PROX OPS
have major  app i . i ca t ions  to  th is  new c lass  o f  PL.  Consequent ' l y ,  the  f l igh t
procedures  fo r  te thered  ob jec ts  c lear ly  fa l l  w i th in  the  purv iew o f  th is
book.

7.L BACKGROUND

To understand tethered operations, an appreciat ion of the history, candidate
app l ica t ions ,  and sa fe ty  concerns  is  requ i red .

7 . l . I  H is to rv

Tethered operations occurred ' in the Gemini program when the manned Geminj
spacecraft was connected to the Agena booster by a 100-foot tether. Gravity
grad ien t  and ar t i f i c ia i  g rav i ty  exper iments  were  conducted .

Current projects jnvolve plans for both short (300 feet) tethers (on
Hi tchh iker  G2)  and long (10  to  20  n .  mi . )  te thers  ( fo r  the  I ta l  ian
r rTethered Sate l l i te  Sys tem") ,  An o f f i c ia l  NASA pro jec t  env isages  sys tems
that  can  ach ieve  50  n .  mi .  (100 km)  dep loyment  d is tances  w i th  new te ther
mater ia ls ,  con t ro l  1aws,  and suppor t ing  subsys tems.

7 .1 .2  Apo l ica t ions  o f  Soace Tethers

l{umerous applications have been imagined for tethered objects in space.
These i  nc  lude:

Electrodynamic -- A conducting tether rnoving through Earth magnetosphere
genera tes  e lec t r i ca l  cur ren t  (a  5  to  10  n .  mj .  te ther  wou ld  genera te  l ine
vo i tage o f  2  to  4  kV) ,  o r ,  inverse ly ,  cur ren t  in  a  conduct jng  te ther
genera tes  th rus t  fo r  o rb j ta l  ad jus tment .

Trol l  ing (. instruments or test models) -- Instruments are lowered into
normal ly  inaccessab le  ( jn  te rms o f  long term in  s i tu  measurements )  reg ions
the upper atmosphere. Test models of future aerospace planes are lowered
into the upper atmosphere for aerodynamic studies. Keels may be lowered
into the upper atmosphere for plane changes.
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Var iab le  G - -  In  s tab le  g rav i ty  g rad ien t  mode,  modu les  moved a long te thers
can experience a variety of G-forces, which can be taj lored to the desjred
app l ica t ions .  In  dynamic ,  ro ta t jng  sys tems,  la rge  acce le ra t ions  can be
generated for contro. l  ,  physica' l  processjng, or long-term human health
aool i  cat i  ons.

Momentum Transfer -- objects at the end of tethers can be released, taking
momentun from a na' in object and impart ing j t  to a secondary smal ler object
for either orbit  boost or deboost. The mornentum of the larger object can
then be  made up us ing  h igh-e f f i c iency  low- th rus t  p ropu ls ion  sys tems.

Conste l la t ions  - -  S t ruc tures  can be  es tab l i shed in  s tab le  REL pos i t ions ' tens
or  even hundreds  o f  mi les  apar t .  For  opera t iona l  reasons ,  spec ia l i zed
modules (such as a dockjng wharf) can be separated from a main object for
operations, and then retr ieved, repeatedly.

7 .1 -3  Safe tv  Cons idera t ions

l . lh i le  the  theore t ica l  app l  i ca t ions  appear  to  be  un l i rn i ted ,  the  key  jssue js
whether  such p lans  are  opera t iona l l y  feas ib le .  That  i s ,  can  sa fe  p rocedures
(both AUTO and manual) be developed under which such applications can occur?

Key sa fe ty  i ssues  inc lude (bu t  a re  no t  l im i ted  to )

a. System dynamics stab.i l  i ty

b .  Te ther  fa  i l  u re

/  l \  ( t r r r c f  r r r a I  i / i o r t\ - ,  - .  \ - , - . 1 9 r )

(2 )  A t tach  po in ts

(3 )  Induced  (e .9 , ,  co i l i s ion  w i th  debr i s )

c .  Ree l  ing  mechan ism fa i Iu re

(1) Jarnming

(2)  Power  loss

(3)  Over to rque ree l - in

(4) Runaway

d. Deployed-object anomal jes

(1)  In - l ine  lh rus ter  fa i l -o f f

(2 )  NLoS th rus ter  fa  i l  -on

(3) Oynami cs
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e. Orbiter damage

(1)  Phys ica i  impact  ( t i1es ,  w indows,  SSME/OMS/RCS eng ines)

(2) Tether mechanjsm stow (versus jett ison)

(3)  Mechan ica l  jan  (e .9 . ,  Ku-band an tenna,  PLB doors)

f.  Contingency procedures

(1)  Brake app l  i ca t ion

(2) Motor unpower

I  r ^ " 1 . | 9
\ Y '

(4) Boom jett i  son

(5) Separation maneuvers

Any candidate body of procedures must take into account these and other as
yet undef i  ned concerns.

7 .  1 .4  Reference Mater i  a l

A  number  o f  genera l  re fe rence ar t i c les  a re  ava i lab le  ( f rom wh ich  much o f  rne
mater ja l  jn  th is  sec t ion  has  a l ready  been d i rec t l y  excerp ted) ,  inc )ud ing :

Gu idebook fo r  Ana lvs is  o f  Te ther  App l  i ca t jons ,  Joseph A.  Car ro l l ,  con t rac t
RH4-394049 with I ' lart  i  n-Mari etta (as part of NASA-MSFC contract NASS-35499,
"Study  o f  Se lec ted  Tether  App l  i ca t ions  in  Space" ) ,  March  1985.

r rCont ro l led  Tether  Ex tends  Sate l l i te 's  Orb i ta . l  Range, , ,  V jc to r  l ^ l igo tsky ,
Aerospace Amer ica ,  June 1984,  pp .  34-36 .

"Tether  Propu ls ion , "  Ivan  Bekey  and Pau l  Penzo,  Aerospace Amer . i ca ,  Ju ly
1986 ,  pp .40-43 .

"Tether  App l ica t ions  jn  Space Transpor ta t ion" ,  Joseph A.  Car ro11,  Ac ta
Ast ronaut jca ,  1986,  Vo l .  13  no .  4 ,  pp .  165-174.

Proceedings of NASA/AIAA/PSN "Inlernational Conference on Tethers in Space,"
)eDtemDer l /  -  19.  Lgub.

"Te thers  in  Space:  The Future  Nears , ' '  l , l i l l i am J .  8 road,  N.  Y .  T imes,
January 7, i986.

"Tro l l ing  the  Atmosphere , "  R ichard  OeMeis ,  Aerospace Amenica ,  June 1986,
pp .  16-17 .
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7.2 THEORETICAL CONDITIONS

The stat ics and dynanics of tethered space systems involve malhematical ly
accura te  bu t  in tu i t i ve ly  un fami l  ja r  fea tures .  A  br ie f  summary  o f  the
theore t ica l  bas is  fo r  such fea tures  may he lp  in  apprec ia t ing  the i r
oDerational i  mo I i  cat i  ons.

7 .2 -L  Tens  i  on

In  a  we igh t less  cond i t ion ,  te thered  ob jec ts  a re  un l j ke  ob jec ts  hung on
cab les  under  one g  cond i t ions ,  where  the  fu l l  we igh t  o f  the  ob jec t  j s
supported by the cabie. In orb. i t ,  both tethered objects are near' ly in
s tab le  ba l l j s t i c  t ra jec to r ies ,  and on ' l y  the  d i f fe rence be tween such f ree
trajectories and actual tethered trajectories shows up as tether tension.

Consjder the example of two equa.l  mass objects tethered 10 miles apart.
The i r  c .m.  i s  jn  a  s tab le  o rb i t  w i th  a  known per iod .  For  a  f ree- f l y ing
ob jec t  pass ing  5  mi les  be low th is  sys tem c .m. ,  re la t i ve  mot ion  wou ld  be
approx imate ly  50  mi les  per  REV,  o r  50  f t l s  ( in  accordance w i th  the  "10 : l
ru le  o f  thumb fo r  AH to  la te ra l  separa t ion  ra t ios ) .  The lower  mass ,  then,
is  mov ing  50  f t l s  too  s ' low fo r  a  c i rcu1ar  o rb i t  a t  i t s  a l t i tude ,  bu t  i t  j s
s t i11  mov ing  a t  near ly  25 ,000 f t l s  . rnyway,  so  the  de f ic i t  jn  o rb i t  mot ion  is
a  very  sma11 f rac t ion  (severa i  ten ths  o f  one percent ,  jn  th is  case) ,  and the
weigh t  "hang ing"  on  the  te ther  i s  a  s imi ia r ly  very  sma ' l  I  f rac t ion  o f  the
to ta l  one g  we igh t  o f  the  lower  mass  (a  ha l f - ton  sa te l l i te  ' rou ' ld  jnduce on ly
a  few pounds o f  te ther  tens ion) .  A  ru le  o f  thumb is  lha t  a  f ree-hang ing
te thered sys tem wi l l  exper jence tens ion  equ iva lenr  to  I  percent  o f  the  one g
weigh t  o f  the  ob jec t  per  12  n .  mi .  o f  leng th .

Note :  I f  the  lower  mass ,  5  mi les  be low the  c .m. ,  were  de tached,  i t  wou ld
ac t  exac t ly  as  j f  a  sa te l l i te  lhere  in  c i rcu la r  o rb i t  sudden ly
per fo rmed a  -55  f t l s  AV.  Then j t  wou ld  thus  fa l l  ' i n to  an  orb i t
w i th  oooos i te  end about  33  n .  mi .  lower  wh i le  the  uooer  mass  wou ld
r i se  33  mi les  (v ia  the  o ld  fami l i a r  "2 :1  Ru le "  o f  AV to  AH ra t ios ) ,
Th is  i s  approx imate ly  the  same resu l t  d iscussed under  "momentum
exchange"  app l  i  ca l i  ons .

Grav i ty  g rad ien t  tens ion  js  caused by  a  combina t ion  o f  g rav i ta t jona l  and
cent r i fuga l  fo rces  ( f ig .  7 - l ) .  0ne- th i rd  o f  the  to ta i  fo rce  is  cent r i fuga i ,
due to  the  ROT o f  the  LVLH sys tem in  iner t ia l  space;  two- th i rds  i s  g rav-
j ta t iona l  ,  due to  the  jnverse  square  d iminu t ion  o f  Ear th  g rav i ta t iona l
a t t rac t ion  as  d is tance f rom Ear th  inc reases .

In  1ow Ear th  o rb i t ,  the  magn j tude o f  these e f fec ts  depends on  the  s ize  o f
the  sys tem.  A  ru le  o f  thumb spec i f jes  about  0 .12  1 tg / f t ,  o r  1  Fg  per  8  fee t .
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Over about a foot, the gravity grad.ient forces amount to a lenth of a
mic rogee (essent ia l l y  undetec tab le ) ;  over  the  length  o f  the  Orb i te r  (150
feet),  the grav' i ty gradient forces amount to about 10 microgees (possibly
not iceab le) ;  over  a  te ther  length  o f  5  n .  m i . ,  g rav i ty  g rad ien t  fo rces
amount to several thousand microgees. objects whjch are located that far
f rom the  sys tem c .m.  w i I i  exper ience grav i ty  g rad ien t  acce le ra t ion  f ie lds  o f
tha t  s . i ze .
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Figure  7-1 . -  0 r ig in  o f  "  g rav  i  t y -g rad  i  en t  "  fo rces .
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Prac t jca l  cons idera t jons  he . lp  de f ine  an  Orb i te r -sa te l l i te  range beyond wh ich
grav j ty  g rad ien t  fo rces  can be  re l ied  on  to  sa fe ' l y  ma in ta in  te ther  tens ion .
ins ide  tha t  range,  o ther  techn iques  (such as  in - l jne  th rus ters )  wou ld  be
requ i red  to  na in ta in  tens ion .  For  jn i t ia l  TSS-S s tud ies ,  tha t  range appears
to be approximately 4000 feet. For other tethered payloads, analysis may
produce a d i f ferent range.

7.2.2 Motion

The mot jon  o f  te thered  sys tems has  been ana ly t j ca l l y  s tud jed  in  depth .

Chang ing  the  te lher  length  be tween two end masses  jnduces  a  sys tem t i l t ,  due
to  Cor io l i s  fo rces .  Th js  induced t i l t  se ts  up  a  per iod ic  mot ion  ca l led
l jb ra t ion .  As  w i l l  be  descr jbed be low,  the  reverse  process  is  a lso
poss ib le :  in -p ' lane  l jb ra t ion  can be  damped by  a  jud ic ious  var ia t ion  in
tether reel in and reel out rates.

L jb ra t jon  is  de f jned as  the  cyc l i c  sw ing ing  mot ion  o f  a  te thered  sys tem
re la t j ve  to  the  loca l  ver t j ca ' l  ,  o r  the  sys tem R-BAR.  The fo l low ing
treatment and terminology ' is adapted from Carrol l  (1985).

In -p iane l jb ra t ion  is  measured w i th  an  ang le  the ta  o f  the  te ther  re la t i ve  to
the  sys tem R-8AR.  ou t -o f -p ' lane  I  ib ra t jon  is  measured w i th  the  ang le  ph i ,
aga in  measured as  the  te ther  o r ien ta t ion  re la t i ve  to  

' loca l  
ver t i ca l  .  For

conven ience,  these are  re fe r red  to  as  the ta- l  ib ra t ion  and ph i - l ib ra t ion .

In  the  ex t reme case,  l ib ra t jon  becornes  sp in ,  as  the  sys tem beg ins  a  cen l r i f -
ugal RoT rather than a periodic back-and-forth swing. Such dynarnics have
app l ica t ions  bo th  to  momentum t rans fer  techn iques  and po ten t ia l l y  to  non-
th rus ter  re t r ieva l  techn iques .

Four  aspec ts  o f  l jb ra t ion  behav io r  deserve  no t . i ce :

F i rs t ,  the  res tor ing  fo rces  grow wj th  the  te ther  length ,  so  I  jb ra t . ion
f requenc ies  (a t  1ow anp l  i tudes)  a re  independent  o f  te ther  length .  Thus ,
te ther  sys tems tend to  l ib ra te  "so1 id1y , "  l i ke  a  dumbbe l l ,  ra ther  than w i th
the  te ther  t ry ing  to  sw ing  fas te r  than the  end masses  (as  can be  seen in  the
cha in  on  a  ch i ld ' s  sw ing) .  For  low o rb j t s  a round  Ear th ,  l j b ra t ion  per iods
are  rough ly  an  hour  ( the ta- l ib ra t ion  per iod  is  0 .577 t imes orb i ta l  per iod ;
ph i - l i b ra t ion  per iod  i s  0 .5  t imes  o rb j ta l  pe r iod ) ,  and  inc rease  i f  amp l i tude
is  very  1arge.

Second,  te thered  masses  wou ld  be  in  f ree- fa l l  except  fo r  the  te ther ,  so  the
sensed acce le ra t jon  is  a lways  a long the  te ther .

Th i rd ,  the  ax ia l  fo rce  can become negat ive  fo r  ex t reme swings  (ph i  >  60 ' ,  o r
near  ends  o f  re t rograde in -p1ane swings  where  the ta  >  66 ' ) ,  and th is  may
cause prob lems un less  the  te ther  j s  re jeased,  o r  re t r ieved a t  an  adequate
ra te  to  p revent  s lackness  (o r  i f  the  ob jec ts  have ac t . i ve  in - l ine  th rus ters ) .
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Four th ,  a l though the ta- l ib ra t ion  is  no t  c lose  to  resonance w j th  any
s ign i f j can t  d r iv ing  fo rces ,  ph i - l ib ra t ion  js  jn  resonance w ' i th  severa l  ,  such
as out-of-plane components of aerodynamic forces ( in nonequatorial orbits
that see dif ferent air dens' i ty . in northward and southward passes), or
electrodynamic forces ( i f  tether currents varying at the orbital frequency
are  used) .  There  are  l im i ts  to  the  e f fec t  o f  such weak bu t  pers is ten t
fo rces ,  bu t  these l im i ts  a re ,  jn  most  cases ,  qu i te  h igh .  Fur ther ,  when a
sys tem is  in  an  eccent r j c  o rb i t .  var ia t ions  in  o rb i ta l  ra te  cause l jb ra t ions
which  in  tu rn  exer t  per iod ic  to rques  on  an  in i t ja l l y  un i fo rmly - ro ta t ing
ob jec t ,  and in  h igh ly  eccent r j c  o rb i ts  th is  can soon induce tumbl ing .

Besides l  ibrat ion, other dynamic features of tethered systems are tether
osc i l la t ions  ( " long i tud ina i "  o r  leng th-w ise ,  and , , t ransverse t r  o r  c rosswise ,
bo th  jn  p lane and ou t  o f  p lane) ,  and end mass a t t i tude  osc i l la t ions  (p i tch
and ro l l  mot jon  is  ca l led  "pendu lous  rno t ion , , '  and  yaw mot ion  is  jus t  sp in -
around-  the-  te ther  ax is ) .

Six contro. l  methods have been described jn the l j terature. They are:
tens ion  var ia t ion  v ia  ree l  commanding ;  ma in  ob jec t  th rus t ing ;  dep loyed
object thrusters; movable mass on tether; st i f f  tether and movab.le boom:
aerodynamic effects. 0n1y the f i rst three appear practjcal in the early
years of STS/stat ion tethered operations.

L ib ra t ion  damping  js  done by  pay ing  ou t  the  te ther  when the  tens ion  is
grea ter  than usua l  and re t r jev ing  j t  a t  o ther  t imes.  Th is  absorbs  energy
f ro rn  the  I ib ra t ion .  In -p1ane l ib ra t ion  causes  la rge  var ia t ions  in  tens jon
(due to  Cor io l j s  e f fec t ) ,  so  such , ,yo-yo , ,  maneuvers  can damp in -p lane
l jb ra t ions  qu ick ly .  Cont ro l  o f  ou t -o f -p1ane l ib ra t ion  w i th  th js  techn ique
is  more  d i f f i cu l t .  Te ther  osc i l ld t ions  can a lso  be  damped by  use  o f  th js
techn ique.  Reversa l  o f  these techn. iques  is  poss ib le  so  tha t  l ib ra t ion  can
be "pumped"  ra ther  than "damDed. "

Although these long-period effects may dominate tethered rnot. ion when the
sate l l j te  j s  fu l l y  o r  near ly  ex tended,  and spec ia ' l  con t ro l  p rocedures  must
be  de f ined and va l ida ted ,  dur ing  the  more  dynamic  phases  ( in i t ia l  dep loy  and
f ina l  re t r ieve) ,  the  t ime per iod  js  b r ie f  enough tha t  such per jod jc  e f fec ts
are  en t i re ly  masked by  loca l  o rb i te r -spec i f i c  dynamics .

7.3 TYPICAL HAR[)I, IARE

A wide variety of candidate hardware
te thered miss ions  now be ing  p lanned.
to describe typica l  hardware.

is  under  deve lopment  fo r  the  var jous
The fo l low ing  d iscuss ion  i s  on ly  meant

7  .3 . I  Orb . i te r -Sate l  I  i te  Connect ion

The 0rbiter dnd the tethered satel l i te are connected by a phys.ical tether
(sec t ion  7 .3 .1 .1 )  and poss ib ly  by  one or  more  in - l ine  a t teh tua t ion
mechan i  sms (sec t ion  7  .3 . I .2 )  .

1 1
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7 .3 .1 .1  Te ther

Eoth conducting and nonconducting tethers are under development, selected
either for pure support or for electromagnetic experi mentat i  on.

Candidate tether configurations either have no covering or have jackets of
Tef lon ,  Kev la r ,  o r  Nomex bra jd .  0 iameters  range f rom 0 .065 to  0 .100 jnches .
The Kev la r  (a rarn id )  te ther  exh ib i ts  a  very  h igh  s t rength  - to -we i  g  h t  ra t io ,  a
wide  opera t ing  range o f  -148 '  to  392"  F ,  and good mechan ica l  fa t igue
DroDert i  es -

Typ ica l  te ther  we igh ts  run  f rom 2  to  6 lb  per  k f t  fo r  b reak ing  s t rength 'o f
400 to 600 lb.

An a t t rac t i ve  mater ia l  fo r  qu ick  sa te l l i te  dep loyments  i s  SPECTRA-1000.
Such a  te ther  wou ld  be  0 .030 inches  in  d iameter ,  we igh ing  0 .2  1b  per  k f t ,
w i th  a  150- lb  b reak ing  s t rength .  I t  me l ts  a t  300 '  F  and has  no  long- le r rn
res is tance to  u l t rav io le t  rad ia t ion  and a tomic  oxygen eros ion ,  bu t  fo r
shor t - te rm miss ions  i l  p rov ides  10  t imes the  car ry ing  capac i ty  per  l ine
we igh t  as  does  KevIar .

Two types  o f  te ther  s t re tch  are  o f  concern :  e las t i c  and de formab le .  E las t ic
s t re tch  lengthens  the  te ther  under  tens ion ,  bu t  d isappears  under  re laxa t ion ;
de fornab le  s t re tch  is  permanent  a l te ra t ion  o f  l jne  length .

E las t ic  s t re tch  causes  dynamic  mot ion  o f  the  sa te l  l j te ,  bo th  jn  a t t . i tude  and
long i tud jna l  l y  a long the  te ther .  l t  damps ou t  tens ion  excurs ions  caused by
Orb j te r  mot ion  ( i f  un in ten t iona l  excurs ions ,  th i s  i s  a  bene f i t ;  j f
de l jbera te  excurs ions  fo r  con t ro l ,  th js  j s  a  d rawback) .  As  a  mechan ism fo r
energy  s to rage,  i t  can  jmpar t  energy  to  the  sa te ' l  l i te  in  undes i red  and
unexpecled ways.

Deformable stretch js of concern in terms of measured length, as the tether
is being retr ieved. The "dep' loyed length" parameter computed by the
dep loyer  mechan ism may reach zero  wh i le  a  s ign i f i can t  amount  o f  s t re tched
te the  is  s t i ' l  1  dep loyed.  I f  th is  pararne ter  j s  to  be  used . in  computa t . ions
for 

' l  
ibrat ion control or as a cue for crew procedures, there must be a means

of  ca l jb ra t jng  i t  aga ins t  some o ther  range de terminator  (e .9 . ,  radar  o r  CCTV
t r iangu la t ion)  and then en ter ing  a  cor rec t ive  o f fse t  va lue .

7  .3 . I .2  A t tenuat  ion  l '4echan isms

Por t ions  o f  the  Orb i te r /sa te l l  j te  connector  may be  shock  a t tenuat jon
s t ruc ture ,  e i ther  one- t ime (s t re tchab le / f rang ib le  te ther )  o r  cyc l i c  (spr ingy
te ther ) .  A  proper ty  known as  " loss iness"  (where  de format ion  occurs  a t  a
cost in work done) would be a useful characterist ic of boom- tether-pay l  oad
cor rec t ion  mechan isms;  "1ossy"  s t ruc tu res  cou ld  absorb  and so f ten  tens ion
je rks .
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7.3 .2  0eo loy-0n l  v  Hardware

Simple  te ther  sys tems wh jch  do  no t  env isage re t r ieva l  can  pay  ou t  the  te ther
from the deployed satel l  i te. One such near-term system . is the PMG on
Hi tchh iker  G2.  The te ther  i s  pu l1ed ou t  o f  a  dep loyer  assembly  on  the
sate l l j te  as  the  sa te l l i te  depar ts  w ' i th  j t s  own momentum.  Any  snag w i l l
cause the  te ther /o rb i te r  a t tach  p lug  to  pu l l ;  a t  the  end
dep loy ,  the  p lug  w i l l  a l so  nomina l l y  pu i1 .  Sc ience  da ta

ot
l s

the p 1 anned
taken on  ly

dur i  ng  the  ree l -ou t  per iod .

More  advanced vers jons  o f  th js  sys tem env isage s tab le  s ta t jonkeep ing  a t  fu l I
te ther  ex tens jon .  In  such cases ,  the  0rb i te r / te rher  connect ion  must  be
de l ibera te ly  cu t  a t  the  end o f  te thered  opera t ions  (severa l  REV's ) .  Snagged
te ther  dur ing  dep loy ,  o r  dep loyment  mechan jsm jan ,  must  s t i l l  resu l t  in
immedia te  o rb i te r / te ther  separa t ion  and a  subsequent  0 rb i te r /sa te j l i te  sa fe
separa t ion  w i thout  Orb i te r  mdneuver .

7 .3 .3  [ ]  eo  I  o  v /Ret r  i  eve  Hardware

When tethered objects are to be deployed and then retr ieved, much more
complex  sys tems are  requ i red .  These can jnvo lve  un fur lab le  boom s t ruc tures .
ree ls  and motors ,  and cor respond ing  mon i to r /con t ro l  mechan isms.

7 .  3 .  3 .  I  Booms

For  the  TSS,  a  la t t i ce  dep loyrnent  boom was chosen,  ra ther  than a  te lescop ing
or . fu r lab le  des ign ,  because o f  inherent ly  g rea ter  s t rength  and damping .
Th is  i s  des igned as  a  jo in ted  non-cont inuous  longeron boom,  and js  ex ienoeo
and retracted through a motor-drjven nut at the canister ou et.

Shou ld  the  boom and can is te r  assembly  need to  be  je t t i soned f rom j ts  p r imary
suppor t  t russ ,  pyro  nu ts  a re  re ' leased and th ree  cons tan t - fo rce  l jnear  spr ing
motors  g ive  a  60- lb  push over  80  inches  o f  t rave l  on  t racks  jn  the  suDpor t
t russ .  There  is  a lso  a  redundant  pyro-opera ted  te ther  cu t te r  fo r  th is
cont ingency .  A  te ther  cu t te r  j s  a lso  ins ta l led  on  t .he  uDDer  boom mechan ism
for  s imp le  te ther  gu i ' l  l o t jne .

The sa te l l i te  dock ing  cone a t  the  top  o f  the  boom cons is ts  o f  a  c i rcu la r
suppor t  covered w i th  0 .2 - in . - th jck  Tef lon  fe l t ,  and fas tened to  a  tubu ' la r ,
s t ruc tu ra l l y  suppor ted  f rame.  The boom permj ts  dock ing  the  sa te l l i te  a t  an
ang le  o f  20" .  The en t i re  upper  boom mechan ism mounts  on  a  contac t  ba l l
bear ing  tha t  a l . lows t180 '  ro ta t ion ,  powered by  a  gear  motor ,  to  a l ign  the
aerodynamjc  boom for  sa te l l i te  re inser t ion  in to  the  pLB.

7 -3.3.2 Reel l '1o tors

The TSS ree l  d r ive ,  wh ich  s to res  the  te ther ,  i s  powered by  a  b rush ' less ,  3 -
phase,  5 -horsepo$/er  e lec t r i ca l l y -commuted samar ium coba l t  dc  rno tor .  The
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1000 rpm at torques up to
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LINE STAYS
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THRUSTER

F igure  7 -2 . -  L ine - tens ion  techn iques .

7 .3 .4  Gener ic  Te thered 0b iec t  Svs tems

A generic tethered object may possess a wide varjety of operational
capab i l i t ies ,  based on  d i f fe ren t  types  o f  hardware .

7 .3 .4 .L  L ine  Tens ion  Mechan isms

The most straightforward technique for maintain. ing short-range tether
tension is for the tethered object to act ivate thrusters pointed down the
te ther .  S ince  the  p lume js  d i rec t l y  jn to  the  0rb i te r  pay load bay ,  most
techno iog ies  are  ru led  ou t  on  contaminat ion  grounds,  bu t  n i t rogen gas  is
ful iy acceptab.le and has suff jcient perfornance. The TSS-S has two
thrus ters  o f  Z-newton fo rce  (0 .45  lb )  each.  They  are  cont ro l led  over  the  RF
l ink  by  c rew inputs  to  a  pay load-spec i f i c  SPEC.

Another  cand ida te  techn ique fo r  ma in ta jn ing  sa te l l j te  tens ion  aga ins t  a
tether js use of another tethered object, a deployed mass at the end of a
5-  to  10 ,000- f t  te ther  wh ich  pu l l s  the  main  pay ioad ou t  ( l . i ke  a  d rogue
chute) ,  and majn ta ins  tens jon  dur ing  re t r ieva l  ( f ig .  7 -2) .  pos t re t i . ieva l  ,
th js  mass  is  je t t i soned.  Th is  i s  the  so-ca l  led  r rqnaca anchor - ,1

TH I P,D-I4ASS
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CENTRI
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7.3 .4 .2  0 ther  A t t i tude /Trans l  a t  ion  Capab i i i t y

Tens ion  on  the  te ther  a t tach  po in t  on  the  sa te l l i te  can be  counted  on  to
main ta jn  sa te l l  j te  ro l I  and p i tch  ang les  w i th in  smal l  deadbands.  However ,
the  te ther  exer ts  no  fo rce  . in  the  sa te l l i te  yaw ax is  ( ro l l  about  the
0rb i te r -sa te l l ' i te  l ine) ,  so  some means o f  ac t i ve  yaw cont ro l  may be  requ j red
both  fo r  sa te l l i te  po in t ing  and to  p revent  excess jve  le ther  tw is t jng .

To ass is t  in  ma in ta in ing  Orb i te r -sa te l l i te  re la t i ve  s tab i l i t y ,  a  te thered
sate l l  i te  may a lso  possess  t rans la t jon  th rus ters  fo r  bo th  in -p1ane (para l1e1
to  Orb j te r  X  ax is )  and ou t -o f -p1ane (para i1e1 to  Orb i te r  Y  ax is )  maneuvers .
In  the  event  o f  s ign i f i can t  sa te l l i te  ro l l /p j t ch  dev ia t ions ,  however ,  use  o f
such sa te l l i te  th rus ters  can s ign i f i can t ly  impact  te ther  tens ion .  I ' l h j le
t rans la t ing  the  sa te l l i te  i s  a  much more  economica l  techn ique than
t rans la t ing  the  Orb i te r ,  there  rena in  opera t iona l  and t ra in ing  concerns
about  the  prac t ica l  i t y  o f  such a  techn ique.

7 .3 .4 .3  Radar /0p t i ca1  V is ib j l i t y  Enhancement

[ )ue  to  po ten t ia l  te ther - induced radar  degradat ion  ( in  the  case o f  e lec t r i -
ca l l y  conduct ing  te thers ) ,  the  p lacernent  o f  radar  enhancement  dev ices  on
te thered ob jec ts  may be  h igh ly  des ' i rab le .  I f  radar  TRK th roughout  the
depioyed phase is deemed mandatory, use of an active transponder may be
cons i  dered .

V is ib i l j t y  o f  the  sa te l l i t e ,  espec ia l ] y  a t  n igh t ,  may  be  a  sa fe ty  j ssue  fo r
c lose  opera t ions ,  espec ia i  l y  w i th in  the  range where  grav i ty  g rad ien t  fo rces
can no  longer  be  re l jed  on  to  ma in ta in  tens ion .  A t  n igh t  and w i th  radar
fa i ied ,  i f  there  are  no  o ther  sensors  capab ie  o f  ver i f y ing  sa fe  Orb j te r -
sa te l l i te  separa t ion  and ra tes ,  te ther  gu i I lo t ine  and orb ' i te r  separa t ion  may
be the  on ly  sa fe  op t ion .  Hence,  e i ther  h  i  gh-  per fo rmance re f lec to rs  o r
sa te ' l  l i te -mounted  l igh ts  (even long-per iod  s t robes)  may be  a t  leas t  h igh ly
des i rab Ie -

A l though vo lume XIV o f  the  Pay load Accomodat ions  Document  on ly  spec i f ies  PL
v is ib i l j t y  to  1000 fee t ,  an  unreso lved issue w j th  te thered  sys tems is
whether  the  te lher  i t se l f  be  cons idered par t  o f  the  PL.  I f  so ,  vo lume XIV' lays 

out the requirement that the f . i rst 1000 feet of the deployed tether be
v is ib le .  no  mat te r  how fa r  ou t  the  ac tua l  sa te l l i te  i s .  Th is  i ssue must  be
reso lved on  a  case-by-case bas is .

Techn iques  to  enhance v is jb i l i t y  o f  the  te ther  i t se l f  (par t i cu la r ly  the
segment  c loses t  to  the  sa te l l i te ,  fo r  severa ' l  hundred fee t ,  e i ther  in
en t i re ty  o r  po in tw ise)  may be  examined;  such v is ib i l i t y  may s ign i f i can t ly
enhance the  ease and conf jdence o f  c rew procedures  dur ing  jn i t ia l  dep loy  and
f  ina l  re t r ieve  opera t ions .
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7  .3 .4 .4  Ree l  s

A l though the  most  common des ign  invo lves  a  te thered  sa te l l i te  a t tached
permanently to the far end of the tether, there are concepts jn which the
sate l l j te  i t se i f  may ree l  jn  the  te ther ,  e i ther  to  s to re  i t  onboard  or  to
dep loy  . i t  ou t  the  o ther  end ( i .e . ,  the  sa te l ' l  i te  "c rawls"  up  the  te ther
leav ing  i t  hang ing  f ree  beneath  i t )  .

7 .3 .4 .5  Ground ing  Dev i  ce

For  e lec t ro -dynamic  app l i ca t ions ,  the  e lec t r i ca l  c i rcu i t  must  be  c losed 'by
"ground ing"  the  ends  o f  the  te ther  in to  the  ionosphere ,  bo th  a t  the  orb i te r
end and at the satel l  i te end. This can be done with an electron qun or a
ho l low ca thode.

7 .3 .5  Tvp ica l  Te thered Pav l  oads

A wide variety of tethered objects is already under development or advanced
des ign .  These are  typ ica l :

a .  Te thered Sate l l i te  Sys tem (TSS)

The TSS is  a  1100-pound,  S- f t -d iameter  spacecra f t  bu i l t  by  Aer i ta l  ia  in
I ta ly ,  under  management  o f  the  I ta l ian  Counc i l  fo r  Nat iona ' i  Research .

b. Plasma Motor-Generalor (PMG)

Planned fo r  use  w i th  the  H i tchh iker  G2 pay ioad.  Deta i l s  TBS.
Has 200-meter tether, not retr ieved.

c .  K ine t ic  Iso la t ion  Tether  Exper iment  (K ITE)

Involves 1-ton payload (SPARTAN-c1ass or actual nrodif jed SPARTAN spacecraft)
to  range  o f  l  to  5  k i l omete rs  (0 .5  to  2 .5  n .  m i . ,  o r  3000  to  15 ,000  f t ) ,  i n
stable grav i  ty-grad j  ent att i tude. In study phase on1y.

d .  Sma11 Expendab le  Oep loyment  Sys tem (SEDS)

Th is  dernons t ra t ion  exper iment  invo lves  a  basketba l l -s jze  dep loyer  and an
0.030- inch  te ther ,  10  n .  mi .  long ,  we igh ing  about  20  1b .  The sys tem is
designed to deploy a payload of up to I  to L-l /Z tons; after deployment, the
te ther  j s  je t t i  soned.
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7.4 INTERFACE/IMPACTS TO STS

0perating a tethered object from the Orbiter can be expected to have
signif jcant impacts on many normal operating procedures, sometimes requir jng
major  p rocedura l  changes or  add j t ions .

The primary impact of tethered objects wil l  probably be from the enforced
at t i tude  ho ids  requ i red  dur ing  the  dep loyed phase;  these a t t j tudes  w i l l  p ro -
bably be either -Z toward or away from center of Earth. Impacts may jnclude
the fol l  owi ng:

7 .4 .1  oAP

The constant torque from the tether tension can have signif icant impacts on
at t i tude  cont ro l ,  even i f  the  0rb i te r  i s  a l lowed to  reach an  equ i l ib r ium
at t i tude  w i th  the  dep loyed te ther .  The sys tem monents  o f  iner t ia  w i l l  be
changed in several axes. The TSS-D torque wil l  exert a contro' l  l ing force in
r011,  and to  a  less  ex ten t  in  p i tch ,  wh i le  yaw DB must  a lso  be  main ta jned.
Examinat ion  o f  th is  i ssue by  appropr ia te  gu idance,  NAV,  and cont ro l  ana lys ts
has not yet been undertaken.

7 .4 .2  Ku-Band Radar

Tes t ing  a t  | . lh j te  Sands jn  1986 ind jca ted  tha t  e lec t r i ca l l y -conduct ing
te thers  have a  s ign i f i can t  negat ive  impact  on  RR TRK ab i l i t y  ( th is  was
ant ic ipa ted  on  theore t ica l  g rounds) .  Forvard  sca t te r ing  o f  the  radar  pu ise
down the  te ther  seems to  su f f i c ien t ly  de focus  the  pu lse  so  thd t  the  re tu rn
echo is weakened; the effect reduces the apparent radar cross sectjon of rne
te thered ob jec t .  Th is  may have impacts  fo r  jn i t ia ' i  RR acqu is i t ion  dur ing
retr i  eva I .

7 .  4 .3  F l  iqh t  Dvnamics

As a  te thered sa te l l i te  ob jec t  i s  dep loyed
sate l l j te  sys tem cont inues  to  o rb i t  Ear th
by the c.m. of the whole system. However,
be TRK the 0rbiter on1y, and can be offset
Orb i te r "  by  a  s ' ign i f  i can t  amount .  For  the
offset can amount to several hundred feet,
thousand feet downtrack error per REV. SV
offset effect into accou nt.

to great range, the Orbiter/
in  a  pa th  essent ia l l y  de termined
both ground and onboard NAV wi l  l
f rom the  t rue  "  (who1e-sys tem)
TSS a t  20-mi  le  range,  th is  c .m.
which corresponds to several
management  must  take  th is  c .m.

7 .4 .4  IMU A l  i  qnment .s

Rest r i c ted  a t t j tudes  w i l l  requ i re  use
compl ica t ions  ar ise  f rom the  spec i f i c
deploys place the -Z STRK toward Earth
sa te l l j te  cont inuous ly  in  the  -Z  STRK

of  TGT's  o f  oppor tun i ty .  Fur ther
nature of the required att i tude: down-
and up-dep' loys may st j  l ' l  have the

FOV (at a range of 20 n. mi. the TSS-S
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br igh tness  in  te rms o f  s te l la r  magn i tude shou ld  be  be tween 0  and -2 ,  in
day l igh t ) ;  in  e i ther  case,  the  -Y  STRK is  po in ted  near iy  hor izon ta l  ,
although there should be a narrow safe-operating range fol i ts use. Two
stars of opportunity should be avaj lable through the -Y STRK for such
a l  i  gnments .

7 .4 .5  M. ic roqrav  i  t v  E f fec ts

At  max imum ex tens ion  o f  a  subs tan t ia l l y -s ized  te thered ob jec t ,  s ign i f i can l
mic rograv i ty  acce le ra t ion  w i1 l  be  exper ienced in  the  orb i te r  in  the  +Z
( "down")  d i rec t ion .  The TSS a t  20  n .  rn i .  w j l l  move the  0rb i te r /sa te l l i te
system c.g. out above the orbiter by several hundred feet, jnducing a micro-
grav i ty  f ie ld  o f  severa l  tens  o f  mic rogees ins ide  the  Orb i te r .  l . lh j le  no t
imrned ia te ly  no t iceab le ,  such a  f je ld  wou ld  cause any  f ree- f loa t jng  ob jec ts
to  " fa l l "  to  the  f loor  w i th in  a  minu te  o r  two ( th is  nay  impact  c rew hab i t -
ab i l  i t y )  ,  w i l l  cause a l l  f lu ids  to  se t t le ,  and can jnduce convec t ive  cur -
ren ts  jn  the  a tmosphere  and o ther  f lu ids  (depend ing  on  d i f fe ren t ia l  heat -
ing ) .  Th is  f j e ld  can  las t  on  the  o rder  o f  a  fu l l day ,  under  cu r ren t  p lans .
Proper  f lu id  feed in  oMS/RCS,  fue l  ce11s ,  and o ther  sys tems may be  a f fec ted ;
the induced weak convective effects in the cab.in atmosphere may impact cool-
ing .  As  a  f i rs t  approx imat ion ,  no  ser ious  mal func t ion ing  migh t  be  expec ted
s ince  the  acce ' le ra t ion  js  in  the  same d i rec t ion  as  dur ing  en t ry  and land ing ;
however, the very iong t ime jnterval of the accelerat ion may introduce unex-
pec ted  e f fec ts .  Ser ious  sys tems ana lys is  o f  th is  j ssue is  ye t  to  be  under -
taken.  I t  shou ld  be  no ted  tha l  such fo rces  a l ready  ex is t  w i th in  the  0rb i te r
due to j ts large dimensions (the crew compartment js about 50 feet from the
OrDi te r  c .g . ) ,  bu t  the  techer - induced fo rces  w i ' l  1  be  severa l  t imes as  la rge
and in  another  ax is .

7.5 GROUNDRULES, ASSUMPTIONS, AND CONSTRAINTS

7.5 .1  Ded ica ted  Crew S ize  -  In i t i a l  OPS

Anaiysis by CB indicates that four dedicated crewmembers are needed for
in i t ia l  dynamic  te ther  mjss ion  phases :  one MS js  a t  the  PLT s ta t ion
operating SPEC's; another l ' ' lS is performing photodocumentat j  on at the aft
r igh t  s ta t ion ;  the  PLT is  a t  the  a f t  le f t  s ta t ion  per fo rming  the  ac tua l
f l y ing ;  the  CDR is  a t  the  C[ )R s ta t ion  coord ina t ing ,  and prepar ing  fo r
cont ingency  opera t ions  such as  gu i l lo t ine  and separa l ion .  Conce ivab ly ,  a
TSS PS cou ld  a lso  be  present  as  an  observer .

7 .5 -?  Ded ica ted  Crew S ize  -  Mature  OPS

Regu lar  te ther  opera t ions ,  once su f f j c ien t  exper ience has  been accumula ted ,
nay be performed with three or even two dedicated crewmenbers.
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7.6 SPECIAL t)ISPLAYS/CONTROLS

Unique fea tures  o f  te thered  opera t ions  requ i re  spec ia l l y -des igned mon i to r ing
too ls  and techn iques .  These can invo lve  s tandard  RNDZ i tems such as  SPEC
func t ions ,  CCTV sys tems,  and cab in  too ls  such as  rang ing  ru le rs .

7  .6 . I  Crew 0 i  so lavs

Our ing  1986 SES TSS runs ,  a  un ique pseudo-SPEC func t ion  was des igned fo r
"TSS Cont ro l , "  and i t  was  arb i t ra r i1y  des ignated  "SPEC 50" ;  th is  number  and
the  en t i re  d isp lay  de f jn i t ion  was un ique to  the  SES.  Parameters  ava i lab le
on the SPEC 50 d.isplay included RR range and range rate, in-p1ane and out-
of-p' lane angles and angle rates, and NLOS ft ls rates, tether length and
length rate (measured by the TSS-0 mechanism), etc. The displayed radar
range was approximately 75 feet higher than the lether length because of
geonet r i c  fac to rs .  S ign i f i can t  ins igh ts  were  ob ta ined jn to  the  des i rab le
fea tures  o f  the  rea l  ,  s t i l l - to -be-def ined "TSS Cont ro l "  5PEC.  Two d isp ' lays ,
one fo r  sys lems and one fo r  dynamics ,  were  eventua l l y  deve ' loped ( f ig .  7 -3) .
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F igu re  7 -3 . -  Te the red  OPS con t ro l  d i sp lay .
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parameters not avai I  abl e
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Enough requirements were developed to raise the issue of creating two TSS
crew displays, one for TSS-S/D systems and the other devoted to TSS
dynamics. The forrner would include a substantial body of st i l l -undefined
TS5-0 parameters, as well  as TS5-S systems monitoring and reel controls.

The Ia t te r  wou ld  d jsp lay  da ta  needed immedia te ly  a t  the  a f t  c rew s ta t ion  by
the crewmember performing the f lying and would be the basis for design of a
gener ic  te ther  dynamics  SPEC fo r  any  app l ica t ion  to  te thered  opera t jons .

0n  the  TSS DYNAMICS d isp lay ,  the  c rew shou ld  have the  op t ion  o f  en ter ing  a
length bias to correct for tether stretch during dep' loy; at a set range
measured both by radar and by TSS-S angular sjze in the CCTV, the measur'ed
length should be observed, and the necessary bias consequently computed and
entered .

l l i th a correct length and length rate, t  i  me-to-berth i  ng should be computed
and d isp layed . in  MM:SS.  Th is  was s imu la ted  a t  the  SES by  se t t ing  a  count -
down clock based on known run duration, and i t  was found to be extremeiy
usefu l  dur ing  the  te rmina l  phase in  es t imat ing  cor rec t ive  f i r ings  requ i red
and jn avo' id i  ng overcorrection.

TSS-S a t t i tudes  must  be  d isp layab le  in  an  Orb i te r  re la t i ve  f rame as  we l l  as
LVLH, so that proper berthing al ignment can be noted.

7.6.2 Speci a' l  CCTV Arranqement

For  1986 SES TSS runs ,  a  spec ia l  CCTV ar rangement  spec i f ied  tha t  two CCTV's
be p laced on  the  TSS-D pa11et ,  near  the  PLB d t tachment  po in ts  on  the  r igh t
and le f t  s . ide .  Each camera  was a1  igned lo  look  up  pas t  the  boom t ip  towards
the TSS-S, and the two views were mult iplexed onto monitor l  at the aft crew
sta t ion  to  p rov ide  a  pseudo-s te reo  representa t ion  ( f ig .  7 -4) .  Th is
techn ique prov ided superb  cues  to  TSS-S/boom re la t i ve  pos i t jon  and ra tes ,
espec ia l1y  in  the  f ina i  s tages  o f  the  re t r ieva ' l  .

7 .6 .3  Ranq inq  Ru I  e rs

The symmetry of the TSS-S lends i tself  wel l  to use of CCTV . image size
subtended angle as a backup range determinator, as done on other PROX OPS
miss ions .  Trad j t iona l  " rang ing  ru le rs"  (wh ich  when p laced over  lhe  max-zoom
image of the TSS-S on the aft f  l . ight deck monitor provide a usable range
ind ica t ion)  have been produced and u t i l i zed  success fu l1y ;  a  spec ia l  s te reo
ranging ruler, used to measure the center-to-center distance on the muxed
view, was also tested and proved to be useful in ranges of under 200 feet.
Both  o f  these range de terminator  techn iques  are  h . igh ly  des i rab le  because o f
nomina l  loss  o f  RR range a t  c lose  ranges and an  unpred ic tab le  b ias  on
the tether length measurement (as measured by the deployer mechanism) due to
te ther  s t re tch  dur ing  the  dep loy  per iod  (a t  f ina l  ber th ing ,  the  " length ' '
measurement may be reading negative by tens, j f  not hundreds of feet).
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(b) l tuxed vie* of
DOOm and 155-  5
nea r l y  be r thed ,

(a) Vl6r tron orgblter nos6

Figure 7-4.- CCTV arrangement /TSS-0 boom/pallet.

7 .7  CANDIOATE PROCEDURES

Ear ly  theore t ica l  cons idera t jons  and feas ib i l i t y  assessment  have genera ted
several candidate procedures for tethered operations. No ver. i f  . ied
procedures  ex js t  fo r  any  miss ion  phase a t  th is  t ime.

7 .7 .1  Deo  I  ov

As d jscussed by  Car ro l l  (1985) ,  there  are  severa l  d i f fe ren t  theore t jca l
deploynent techniques. Two are shown jn f igure 7-5.

In  bo th  cases ,  the  ' in i t ia l  dep ioyment  j s  done w i th  th rus t ing  or  a  la rge
DOOm.

In  the  f j rs t  case ( le f t ) ,  the  te ther  i s  pa id  ou t  under  tens ion  s l igh  y  less
than the  equ i l ib r iun  tens ion  leve l  fo r  tha t  te ther  lenqth-  The te iher  i s
s l igh t ly  t i l ted  away f ro rn  ver t j ca l  dur ing  dep loyment  (upper  ob jec t  t ra i l ing
a long V-BAR)  and l jb ra tes  s l igh t ly  a f te r  dep loyment  i s  comple te .

In  the  o ther  case,  a f te r  the  in i t ia l  near -ver t i ca l  seDara t ion  ( to  about  2
percent  o f  the  fu l l  te ther  length) ,  the  two end masses  are  a l lowed to  d r i f t
apar t  in  near - f ree- fa l l ,  w i th  very  low but  con t ro l led  tens jon  on  the  te ther .
Jus t  under  one orb i t  1a ter ,  the  te the l i s  a lmost  a l l  dep loyed and the  range
ra te  decreases  to  a  min imum due to  o rb j ta l  mechan ics  e f fec ts .  Thrus t ing  or
tether braking is used to cushjon the end of deployment and prevent end mass
reco i l .  Then the  te ther  sys tem beg ins  a  la rge-ampl j tude prograde swing
towards  lhe  ver t i ca l  ,  dur ing  wh ich  h igh  te ther  tens jon  occurs .

' l  
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Figure  7-5 .  -  Dep loyment  techn ique

In both cases, the angular momentum transferred from one mass to the other
is  s imp iy  the  in tegra l  over  l ime o f  the  rad ius  t imes the  hor izon ta l
component  o f  te ther  tens jon .  In  one case,  t rans fer  occurs  main ly  dur ing
dep loyment ;  in  the  o ther  case,  i t  occurs  main ly  dur ing  the  l ib ra t ' ion  a f te r
dep l  oyment.

An intermediate strategy, deployrnent under moderate tension, has also been
inves t iga ted .  However ,  th is  techn ique resu l ts  in  very  h igh  dep loyment
ve loc i t ies  and la rge  ro ta t ing  masses .  I t  a lso  requ i res  power fu l  b rakes  and
a more massive tether than required by the other two techniques.

Cor io l j s  fo rces  can cause a  la rge  bowing o f  the  te ther  dur ing  dep loyment  o f
l igh t  pay loads .  A t .  low a l t i tudes ,  aerodynamic  d rag  can have a  s imi la r
effect.

7 .7 .2  S ta t i  onkeeo i  nq

The prinary control mechanism for distant tethered objects wil l  probably be
reel inlout operations, supplemented by thrusters on the object and on the
0rbiter. Secondary effects can be generated by use of the moment arm
prov ided by  a  long boom (such as  the  TSS-D) .

Oeta i l s  remain  undef ined un t i l  nore  rea l i s t i c  ana lys is  and s imu la t ions  are
comp I eted .

xo.-e tjf ! --J
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7 .7  .3  Nomi  na  l  Detach

Many in te res t ing  app l ica t ions  invo lve  per fo rming  a  hang jng  re lease o f  a
tethered object (f ig. 7-6) in order to transfer momentum from a primary body
to  a  smal le r  one ( resu l t ing  in  t rans fer  to  a  h igher  o r  lower  o rb i t ,  as
des i red) .  The te ther  (and ree l )  may e i ther  be  on  the  pr imary  body  and be
retr ieved for reuse or on the reieased body.

For two tethered objects at distance L, release of the tether causes a
growing  separa t ion .  A f te r  ha l f  an  orb i t ,  tha t  separa t ion  o f  o rb i ts  reaches  a
d is tance o f  7  t imes L  (phys ica l  separa t ' ion  w j l l  be  grea ter  s ince  the  lower
ob jec t  w i l l  a lso  be  subs tan t ia l l y  fu r ther  ahead due to  o rb i ta l  mot ion ,  by
about 20 t. imes L).

@
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Figure  7-6 .  -  Hang ing  re Iease.

swing ing  re ' lease ( f ig .  7 -7) ,  tha t  o rb i t  separa t ion  can
14 L ;  fo r  spun or  w inched re leases ,  i t  can  be  grea ter
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Car ro l l  (1986)  g ives  an  approx ' imat ion  fo r  ach jevab le  hang ing  re lease lV  ( in
LEO, with the deployed object mass much less than the nain object mass) as:

AV = k Vc SQRT (telher mass x end masses sum / end masses product)

where Vc = 2300 ft ls for Kevlar, 3300 to 3800 ft ls for advanced materials
andk=  1  fo r  sp inn ing  opera t ions

1.  15  fo r  hang. ing  re leases
L.2  fo r  sw ' ing  i  ng  re leases
1.4  fo r  w inch ing  opera t  i  ons

Note  tha t  the  AV is  a  func t ion  o f  te ther  mass ,  no t  leng th  (a  more  mass jve
te ther  can suppor t  more  energet ic  re leases) .  For  pay loads  very  l igh t  in
comparison to launching object. the SQRT reduces to SQRT (tether mass /
pay ioad mass) .  For  b reak ing  s t rength  o f  10 ,000 pounds,  Kev la r  we ighs  40  to
100 1b per kft ,  and Spectra-1000 weighs 12 to 15 lb per kft .

F igure  7-7 . -  Low- tens ' ion  dep loyment ,  sw ing  and re lease.

0f course, momentum given to one object is taken from another. I f  the
momentum can la te r  be  res tored  by  a  h igh-e f f i c iency  propu ls ion  sys tem,  th js' i s  lo le rab le .  In  some cases  th is  may even be  usefu l :  i f  a  space s la t ion  uses
a te ther  to  deboost  an  orb i te r  a t  the  end o f  i t s  resupp ly  miss ion ,  space
stat ion orbital decay makeup needs and orbiter deorbjt  burn propellant needs
are both reduced.

7 .7 .4  Ret r ieve  (Ac t  i ve)

Ret r ieva l  o f  te thered  ob jec ts  i s  the  most  d i f f i cu l t  phase o f  te thered
operations.

7  .7  .4 .L  Theore t i ca l  Bas is

The theore t . i ca l  bas is  o f  re t r ieva l  s tab i l i t y  con ta ins  a  la rge ,  bu t  as  ye t
unva l jda ted ,  body  o f  mathemat ica l  ana lys is .
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7.7 .4 .2  S imula tor  Bas is  fo r  Procedures

In  1986,  a  ser ies  o f  TSS re t r ieva ls  was made on the  SES,  w i th  var ia t ions  in
Orb i te r  0B 's  and in  a l lowab le  TSS-S out -o f -o lane and in -o lane excurs ions .  A
"bes t  techn ique"  was subsequent ly  se lec ted  fo r  fo l low-on cont ingency  runs ,
bu t  th is  cannot  be  cons t rued as  be ing  any  sor t  o f  s tandard ,  va l jda ted
procedure .  Th is  techn ique is  o f fe red  on ly  as  a  v iab le  cand ida te ,  wh. ich  may
i l lus t ra te  many o f  the  charac ter is t j cs  the  f jna l  p rocedure  shou ld  be  expec ted
to  have.

7  .7  .4 .3  Procedure  Setup

The DAP was in LVLH, with nominal RNOZ/PROX OPS deadbands (2' NORM, 1' VERN
for  bo th  t )AP A,B) ,  and smal l  t rans la t ion  impu lses  (0 .05  f t l s  A ,0 .01  f t l s  B) .

The approach was guided along a funnel with sides proport ionately naffowing
as tether length decreased: at 500 feet, a 5" dispersion was acceptable in
e i ther  in  p lane or  ou t  o f  p lane,  jn  the  400,s  j t  was  4" ,  in  the  300 's  i t  was
3" ,  and in  the  200 's  i t  was  2 ' .  The anq les  and ra tes  o f  the  sa te l l i te  a re
observed on SPEC 50.

7 .7 .4 .4  In i t i  a l  Re t r i  eva l

Control can be accomplished by 0rb.i ter transiat jon, performing tX and tY
burns  'd i th  the  THC to  f1y  the  boom t ip  back  towards  the  sa te l l i te  image ( in
the  case  0 f  the  TSS-S,  i t  j s  a l so  poss ib le  to  f l y  the  sa te l l i t e  i t se l f  by  use
of  i t s  onboard  th rus ters ,  bu t  th is  has  no t  been lhorough ' l y  eva lua ted ,  and i t
may be  more  reasonab le  to  make use o f  D i lo t inq  techn ioues  w i th  wh ich  the
crewmembers  are  a l ready  fami l ia r ) .  Smal l  Orb i te r  DB,d  have been (no t
surpr is ing ly )  found to  be  bes t  fo r  a l low ing  use o f  th is  sa te l l i te  LOS as  a
cue t0 correct ive maneuverjng.

One s ign i f i can t  e f fec t  o f  Orb i te r  RCS cross-coup l ing  has  been no ted  and
deserves mention. When observing a target out the overhead window, the
crewnember commands RCS translat ion maneuvers oeroendicular to the LOS in
order  to  cont ro l  Orb i te r / ta rge t  re la t i ve  pos i t ion  ( in  a , , f1y  to , ,  mode) .
However ,  because t rans la t ions  induce some cross-coup led  ro ta t ion ,  the  in i t ia l
LOS mot jon  o f  the  ta rge t  may be  momentar i l y  mis lead ing .  Th is  e f fec t  i s
d iscussed jn  de ta j l  in  sec t ion  6 .2 . I .2  and f igure  6-7 ,  and dccentua tes  the
need for the crewmember to be patient after perforrning trans' lat ion pulses, to
see the  LOS mot ion  a f te r  deadband. ing ,  and no t  be  mis led  by  the  in i t ia l  LOS
ra tes  (wh ich  conta jn  decept ive  ro ta t  j  on-  i  nduced components ) .  Th is  a lso
under l ines  the  need fo r  t igh t  DB 's .

To repeat, these translat ions are performed to keep the satel l  i te LOS (as
d isp layed on  a  SPEC)  under  cont ro l  in  the  progress ive ly  narowing  funne i .
Cor rec t ions  must  be  made when the  sa te l l i te  LOS anq les  exceed th i  a l lowab le
l im i ts ;  cor rec t ions  can a lso  be  made as  i t  passes  lh rough the  zero  ang le(s )
to nu.l l  out the angle rates.
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7.7 .4 .5  C lose- in  Procedure

Prior to radar losing lock jnside B0 to 100 feet, the control scheme must
change. Sjnce RR angles are already becoming bjased due to the geometric
offset of the Ku-band antenna compared to the boom tip, and since RR lock is
soon to  be  los t  anyway,  i t  i s  des i rab le  to  sw i tch  to  another  " f l y - to "
techn ique.  Cr i te r ia  fo r  t rans la t ion  f i r ings  js  there fore  changed f rom RR
ang les  to  the  te lev is ion  mon i to r ,  where  the  mul t ip lexed s te reo  ' i rnage o f  the
boom t ip  i s  " f lown to"  a  spot  d i rec t l y  be tween the  tw jn  images o f  the
sate l l j te .  Th is  new p i lo t ing  techn ique a lso  appears  lo  be  "cornmon sense '
w i th  eas . i  1y  unders tood c r j te r ia  fo r  cor rec t ions .

To prevent  au tomat ic  deadband ing  f rom unexpected ly  d is tu rb ' ing  the  LoS,  a t
this changeover point, DAP is moded to MAN and RPY to PULSE/PULSE/PULSE
( i .e - ,  f ree  dr i f t ) .  Our ing  th is  f ina l  phase,  the  0rb i te r  a t t j tudes  may dr i f t
up  to  5"  f ron  in i t ia l  ,  bu t  th is  shou ld  be  acceptab le .

A  typ ica l  tens jon  t ime h is to ry  i s  shown in  f igure  7-8  ( two examples) .  Whi le
the  in - l  ine  th rus ter  cons tan t  va lue  is  apparent ,  w ide  excurs ions  a lso  occur .
Th ' i s  inc ludes  momentary  zero- tens ion  jn te rva ls .

7  -7 .4 .6  A l te rna t  i ve  Procedures

An a l te rna te  cont ro l  techn ique dur ing  the  te rmina l  phase (de f ined as  the
c lose  range where  RR lock  has  broken,  th rough contac t )  i s  to  use  vern ie r
att j tude control to move the boom tjp. There appear to be two arguments
aga ins t  th js  techn jque.  F j rs t ,  the  c rewmember  i s  a l ready  accus tomed to
f l y ing  by  t rans la t ion  and has  become we l l  versed in  p red ic t ing  LoS reac t ions
to  cont ro l  lab le  inputs ,  so  a  new cont ro l  techn ique wou id  requ i re  a  new per iod
of  adapta t ion  dur ing  a  very  b r ie f  and dynamic  phase.  Second ly ,  s ince  the
boon probab iy  does  no t  ex tend th rough the  Orb i te r  c .9 . ,  Orb i te r  ro ta t ions
(par t i cu la r iy  p i tch)  w i l l  jnduce subs tan t ia l  boom t ip  t rans la t jons  in  the  Z
ax is ,  compl ica t ing  the  p i lo t . ing .  For  th ' i s  reason,  cand ida te  p rocedures  so
far  use  t rans la t ion  cont ro l  a l I  the  way th rouqh contac t .

7.7.4.7 Fai I  ure-t ' tode Procedures

Severa l  SES runs  were  made w i th  RR fa i led ,  w i th  VRCS fa i led ,  o r  w i th  one o f
the  two TSS-0  boom pa11et  CCTV's  fa i led .  Prop  usage more  than doub led ,
pr imar i l y  due to  d i f f i cu l ty  in  cor rec t ing  subt le  ang le  ra te  d ispers ions  ( in
sensor  fa i l  cases) ,  o r  to  overcor rec t ions  ( in  VRCS fa i l  case) .  H igher  te ther
tens ion  excurs jons  and longer  per iods  o f  zero  lens ion  were  a lso  exper ienced.
Never the less ,  re t r ieva ls  seem to  have been accompl ished success fu l l y .

7  .7  .4 .8  Sate l  l i te - in -Mot ion  Procedures

Pendu lous  no t ion  o f  the  sa te l l i te  was another  a rea  o f  concern .  Th is  cons is ts
o f  the  sa te l l i te  rock ing  jn  p i tch / ro l I  f ro rn  the  te ther  a t tach  po in t .  l , le
jnduced la rge  p i tch / ro l1  ang le  ra tes ,  up  to  5  to  10  deg/s  (any  h igher ,  and
the  te ther  wrapped around the  sa te l l i te ) ,  and no ted  how they  qu ick ly  coup led
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in to  o ther  axes  and were  cont inuous ly  exc i ted  by  subsequent  RCS f i r ings .
l{hi ie the rates never damped out, contact with boom tip was usual ly made well
w i th in  acceptab le  ang le  ranges .  Whether  the  contac t  range ra te  was sa fe
cou ld  no t  be  de termined ( th is  i s  a  hardware  issue fo r  the  dep loyer  mechan jsm
contractor to judge), but i t  did not appear to be al l  that much worse than jn
nomina l  cases .

7 .7 .5  Ret r ieve  (  Pass i  ve  )

Ret r jeva l  w i thout  in - l ine  th rus ters  may be  per fomed e i ther  en t i re ly  w i thout
l ine  tens ion ,  o r  w i th  some a . l te rna te  means o f  ma in ta in ing  l ine  tens ion .  .Bo th
were performed on the SES jn 1986, under many variat ions. In the absence of
v igorous  o f f - l ine  va l jda t ion ,  these cand ida te  p rocedures  must  be  cons idered
very pre i  imi nary.

7 .7 .5 .L  No-Tens ion  Ret r i  eva l

The no-tension retr ieval was performed in several variat ions, designed to
crea te  a  known Orb j te r /sa te l l i te  REL pos i t ion  fo r  f ina l  approach (and thus
al low use of a canned preverif ied separation maneuver in the evenl of
gu i l lo t ine) ' .  In  one,  the  Orb i te r  went  to  iner t ia l  ho ' ld  and per fo rmed an
iner t ja l  f l ya round o f  the  sa te l l j te  un t i l  i t  reached the  V-BAR (120"  o f  o rb i t
t rave l ,  in  about  30  minu tes) ;  in  another ,  the  Orb . i te r  went  on ly  to  the
sate l l i te  R-BAR,  in  an  a t tempt  to  use  grav i ty  g rad ien t  fo rces  to  p rov ide  a
sna11 tension; in another, the approach was made in LVLH mode direct ly from
the  in i t i a l  cond i t i on .

In  a l l  cases  i t  was  found poss ib ie  to  f l y  the  boom t ip  up  to  the  sa te l l i te
wh j le  mon i to r ing  te ther  s lack  (compar ing  RR to  te ther  

' leng th)  
and keep ing  i t

sna l l .  I t  was  no t jced  tha t  te ther  je rks  wh ich  d id  occur  d id  no t  seern  to
induce wor r isome c los ing  ra tes :  ins tead,  due to  random sate l l i te  a t t i tude ,
they mostly jmparted random att i tude rates to the satel l i te rather than
induc ing  l rans  I  a t  ions .

The major unknown jn this class of procedures was how the system wou'ld
respond a t  f ina l  boom contac t .  The sa te l l i te  a t t i tude  was essent ia l ' l y  random
dur ing  f ina l  approach,  a l though te ther  je rks  tended to  pu11 the  a t tach  po . in t
toward the center of the visible hemisphere. The SES model was of low
f ide l i t y  here  s ince  i t  d id  no t  s imu ia te  "wrap"  o f  the  te ther  a round the
sur face  o f  the  sa te l l i te ;  ins tead,  the  te ther  a lways  ran  f rom the  a t tach
po in t  s t ra igh t  to  the  boom,  even th rough the  body  o f  the  sa te l l j te ,  j f  the
a t tach  po in t  was  pass ing  lc ross  the  h idden hemisphere  ( the  "back  s ide"  o f  the
sate l l i te ) .  i t  i s  conce jvab le  tha t  w i th  the  rea l  hardware  the  sa te l l j te
cou ld  nes t le  in to  the  boom t ip  and then,  th rough a  ser ies  o f  f ina l  je rks  as
the tether continues to be reeled in, become properly a1 . igned for latch
capture  (assuming no  snags  on  sa te l l  i te  s t ruc tu re) .

Even so, however, a procedure which al lows tether wrap around the satel l j te
appears  to  be  h igh ly  undes j rab le .  S ince  the  sa te l l i te  a t t i tudes  and ra tes  go
essent ia l l y  random ear ly  in  a l l  o f  these scenar . ios ,  and do  no t  appear  to  be
control lable by any crew procedures, this option appears unacceptable.
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7.7 .5 .2  Cent r i fuga l  Tens jon  Procedures

The LVLH frame of reference js noninert ial .  The LVLH is rotat ing at orbital
ra te  o f  4 'per  minu te ,  o r  0 .067 deg/s .  Under  in i t ia l  cond i t ions  fo r  these
runs ,  the  0rb i te r  i s  mov ing  in  a  body  vec tor  -X  d i rec t ion  re la t i ve  to  the
0rbiter/TSS system. This system rotat ion wil l  generate some centr j fugal
force between the orbiter and the satel ' l  i te as they rotate about thejr mutual
center  o f  mass .  Th is  induced tens ion  can be  enhanced by  de l jbera te ly
creating a higher rotat ion rate. l ie chose to rotate in the -X direct ion
(versus  +X) ,  because we were  a l ready  mov ing  in  tha t  d j rec t jon  and because
la te r  con t ro l  maneuvers  induced less  c ross-coup l ing .

At a range of 500 to 600 feet, a -X AV of about 0.3 ft ls is perforrned with
THC (mon i to red  on  AVG G in  SPEC 33) ,  fo l lowed by  es tab l i shment  o f  a  -0 .150
deg/s  p i tch  ra te  v ia  RHC input  (mon i to red  on  OPS 201 d isp lay) .  In  the  LVLH
f rane th is  was one fu l l  tu rn  in  40  minu tes .  The boom t io  te lev is ion  imaqe is
" f lown to"  the  sa te l l i te  image us ing  VERN p i tch  and B N0hM out -o f -p lane
t rans la t ion .  OAP js  manua l ,  w i th  ROT in  DISC-PULSE-DISC ( i .e . ,  f ree  in  p i tch
on ly ) ,  and  pu lse  s i zes  (deg /s )  o f  A  NORM 0 .1 ,  B  N0RM 0 .04 ,  A  VERN 0 .01 ,  B
VERN 0 .002.  Turn ing  o f f  in - l ine  th rus ters  resu l ts  in  the  te ther  e las t i c i t y ' s
pu l l ing  the  sa te . l  l i te  inwards ,  c rea t ing  a  

' loss  
o f  tens ion  fo r  severa l

minu tes .  However ,  a f te r  a  ser ies  o f  gent le  je rks ,  the  sa te l l j te  se t t les  jn to
a reasonable stab.i  I i ty with a tension of 20 to 30 percent of that generated
by  in - l ine  th rus ters  (severa l  tens ion  h is to ry  p lo ts  a re  shown jn  f igure  7-9) .

I f  thruster fai l  js known at long range, and j f  there is manual control over
the  ree l - in  ra te ,  the  cen l r i fuga l  maneuver  can be  in i t ia ted  mere iy  by
increas ing  th is  ree l - . in  ra te ,  w i thout  need fo r  th rus ter  f i r ing .

S jnce  th js  tens ion  is  so  weak,  i t  can  eas i l y  be  los t  en t i re ly  by  smal l
0 rb i te r  (ac tua l l y ,  boom t ip )  Z  t rans la t ions ,  even those induced by  c ross-
coup l ings  f rom t rans la t ions  jn  o ther  axes  or  f rom ro ta t jons  ( t rans ia t ion
cross-coup l jngs  or  jus t  geomet r ic  resu i ts ) .  Thus ,  ex t remeiy  de l  j ca te
maneuvering is mandatory: pitch in A/MAN/VERN, and translate in B/I4AN/NORM
wi th  0 .01  f t / s  pu lses .  When maneuvers  were  made acc identa l  1y  in  h igher
rates, tension went to zero for lonq Deriods and sometjmes never restabi-. l  

i zed .  Severa l  p lo ts  o f  tens ion-ve isus- t jme are  shown in  f igure  7-9 .

Us ing  h igher  ra les  to  c rea te  s t ronger  cent , r i fuga l  fo rce  does  no t  so lve  th js
problem. The SES reel rate model reacts badly to strong tether tension jerks
by  s lowing  or  even s topp ing  the  ree l - in  ra te .  Th is  occurs  even i f  the
average cent r i fuga l  l ine  tens ion  remains  fa r  be low the  nomina l  in - l ine
thru  s te r -  i  ndu  ced tens ion ,  s ince  tens ion  sp ikes  cont inuous ly  occur  due to  RCS
f i r ings  and these shor t  sp ikes  can f reeze the  ree l - in  fo r  severa l  seconds or
longer .  l t  i s  an  open ques t ion  whether  th is  mode l  i s  comect  (a re  the  ga ins
s imp ly  se t  too  1ow?) ,  and i f  lhe  ree l - jn  ra te  i s  ac tua l l y  much more  robus t
than a  h igher  sys tem sp in  ra te  migh t  be  feas ib le .  However ,  jn  tha t  case,
other I  ini t ing factors appear.

As  the  sa te l l i te  i s  ree led  in  dur ing  th is  0 .15  deg/s  sys tem sp in  ra te ,
angular momentum is transferred into the orbjter and the spin rate jncreases.
A more important impact on the spin rate is the tendency of the satel l i te to
pu l l  up  (+X)  in  the  te lev is ion  f ie ld  o f  v iew,  requ i r ing  more  " -p i t ch"  ( "p i t ch
up"  in  -Z  mode)  to  fo rce  the  boom t jp  to  chase i t .  Th js  d r jves  the  p . i t ch
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ra te  f rom the  or ig ina l  -0 .150 deg/s  to  a  h igher  ra te  (up  to  -0 .400 deg/s ) ,' i nc reas ing  cent r i fuga l  fo rce  and u l t imate ly  caus ing  the  sa te l l i te  ree l  motor
to jan.

To avo id  th js ,  a  d i f fe ren t  scheme must  be  used w i th in  about  400 fee t
(when tether centr i fugal tension reaches about 35 percent of nominal thruster
tens ion) .  Th is  i s  to  per fo rm sma11 (0 .01  f t l s )  +X t rans la t ions ,  usua l ly  in
bursts of 10 or 20 per minute for several minutes (the use of fewer but
la rger  pu lses  does  no t  work  because o f  the  excess ive  impu ls ive  d is tu rbances
of  such la rger  pu lses  on  te ther  tens ion) .  These are  su f f i c ien t ly  1ow and
"pure"  so  as  no t  to  induce excess ive  p i tch  mot ion ,  o r  in  any  o ther  way cause
loss  o f  the  very  f rag i ie  tens ion  fo rces  ( -X  pu lses ,  i t  seems,  a re  too  "d i r ty 'jn  te rms o f  c ross-coup l ing ,  and they  do  induce excess ive  je rks  wh ich  des t roy
the constanl non-zero tension induced by the system R0T). Wjth such a
scheme,  i f  per fo rmed pat ien t ly  and care fu l l y ,  tens ion  and length  ra tes  can
both  be  main ta ined a t  reasonab le  1eve1s  th roughout  th is  in te rva l  .  Care  must
be laken to perform these pulses randomly rather than in a regular pattern,
s ince  the  long i tud ina l  bobb ing  resonent  f requency  o f  a  300 to  500 foo t  te ther
would be on the order of several seconds, and j t  would not be good i f  the
f i r jngs  exc i ted  tha t  mot ion .

0nce length has dropped below 200 feet, the p' i tch control option can be
resumed.  The orb i te r ,  a t  i t s  cur ren t  ro ta t ion  ra te ,  a t  th is  po in t  a l ready
possesses  enough angu lar  momentum tha t  fu r ther  ree l jng  jn  o f  the  sa te l l i te
does  no t  s ign i f i can t ly  add to  i t .  These ra tes  may c l ' imb to  0 .350 to  0 .400
deg/s  a t  con tac t ,  a  h igh  bu t  no t  unreasonab le  ra te .  Meanwhi ie ,  induced
cent r i fuga l  tens jon  drops  as  the  te ther  length  decreases .

The lens ion  main ta ined cons tan t ly  on  the  te ther  a lso  majn ta ins  sa te l  l i te
a t t i tudes  to  w i th in  p roper  ranqes  fo r  ber th inq .  Th is  can be  c ruc ia l  to  a
success fu l  re t r ieva l .  bur ing  i t re  f ina l  few f ie t  (as  sa te l l i te  body  rad ius
becomes la rge  in  p ropor t ion  to  remain ing  te ther  length) ,  tens ion  excurs ions
become high and tens.ion is sporadical ly lost; however, contact rates and
at t i tudes  appear  we l l  w i th in  acceptab ' le  ranges .

7 .7 .5 .3  Open Issues

Th is  pass ive  cent r i fuga l  re t r ieva l  techn ique requ i res  subs tan t ia l l y  more
s tudy ,  bo th  in  s imu la to rs  and ana1yt ica11y .  l4ha t  a re  v is ib i l i t y  cons idera-
t ions (for example, the Sun crossing the FOV at least once)? l l lhat are
cont ro l  impacts  o f  f in ish ing  re t r ieva l  w i th  a  p i tch  ra te  as  h igh  as  ha l f  a
deg/s?  Hhat  k ind  o f  separa t ion  maneuvers  can be  va l jda ted  fo r  use  j f  a
gu i l lo t ine  is  requ i red  f rom a  randon orb j te r /TSS-S p i tch  or . ien ta t ion? How
can th is  re t r ieva l  mode be  in i t ia ted  f rom any  arb i t ra ry  range,  s ince  the  jn -
l ine thrusters rnay fai l  at any range? These questions were uncovered by the
cur ren t  e f fo r t  (answers  w j l l  take  subs tan t ia l l y  more  e f fo r t ) ;  j t  i s  p rudent
to  assume tha t  add j t jona l  ques t ions  awa i t  d iscovery .

In  conc lus ion ,  in i t ia l  feas ib i l i t y  assessment  does  suggest  tha t  th is  cent r j -
fuga l  p rocedure  is  a  v iab le  cand ida te  fo r  cons idera t ion  in  the  no- th rus ters
cont ingency  case,  bu t  i t  can  in  no  way be  cons idered ver i f ied  s ince
uncons idered fac to rs  (o r  d i f fe ren t  mode ls )  may prov ide  h idden showstoppers .
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7.7 .6  Ree l  S top /Star t

The 1986 TSS StS runs jndicated that there may be serjous problems assocjated
with reel motor brake/jam/lock cases. The TSS-S possesses yaw control
th rus ters  ( ro1 I  about  the  ax is  o f  the  te ther ) ,  and has  tX  and tY  t rans la t ion
thrusters (they work well  on the SES; we found no surprises) but j t  has no
ro11/p i tch  a t t i tude  cont ro l .  As  long as  there  is  tens ion  on  the  te ther ,
res to r ing  to rques  are  genera ted  aga ins t  a l l  ro l l  o r  p i tch  d ispers ions .  Th is
fea ture ,  th is  iack  o f  pos i t j ve  ro l  l /p j t ch  a t t i tude  cont ro l ,  severe ly  impacted
the passive no-tension techniques described above since i t  led to random
satel l  i te att i tudes and consequently probable tether wrap; for the motor stop
case,  i t  i s  even worse .

The problem is this: the TSS-S has i ts jn. i t ial  approach rate of several
ten ths  o f  a  foo t  per  second,  and on ly  the  weak in - l ine  th rus ter  i s  repe l l ing
it  from the Orbiter. Fron several runs and from back-of-enve l  ope calcula-
t ions ,  i t  i s  c lear  tha t  even a f te r  ree l  lock  the  TSS-S w i l l  con t inue inward
(toward the Orbiter) from 20 to 40 seconds, then come to a stop, then fal l
back  ou t  (acce le ra ted  by  the  in - l ine  th rus ters )  and sudden ly  run  in to  a  je rk
when the  teLher  goes  tau t .  A t  th is  po in t ,  smal  I  a t t i tude  d ispers ions  wh ich
are always present wi. l  I  be translated by the attach-point jerk (a moment arm
of fse t  f rom the  sa te l l i te  c .g . )  in to  ro11/p i tch  ra tes  o f  up  to  severa l  deg/s .
Even j f  the rates are low after this f i rst jerk, the second jerk a minute or
so  la te r  d r ives  them out  o f  con t ro l ;  usua l  1y  one je rk  i s  enough.  Wi th in  a
minute, the tether is wrapping around the TS5-S.

Th is  cou ld  poss ib ly  be  avo ided i f  the  motor  s top  were  ex tended over  a  long
pen iod  o f  t ime,  say  30  to  60  seconds,  wh i le  the  weak in - l jne  th rus ters
main ta in  tens ion .  However ,  under  the  cur ren t  des ign  the  ree l  b rake  w i l l
p robab ly  b r ing  the  ree l  to  fu l l  s top  w j th in  5  to  10  seconds,  and the  TSS-S
wi l l  then  surge  upwards  in  f ree- f l igh t  be fore  fa l l ing  back  aga jns t  j t s  te ther
and go ing  in to  an  uncont ro l led  tumble .  Gu i l lo t ine  fo l lows.

I In tu i t i ve ly  there  may a lso  be  prob lems w i th  where  the  s lack  te ther  co l  lec ts
dur ing  th is  par t i cu la r  sequence.  When the  ree l - jn  ceases ,  the  TSS-S and
te ther  w i l l  con t inue towards  lhe  orb i te r  under  the i r  own momentum,  and the
excess tether irnmedjately above the TSS-D boom may col lect at the boom tip
and even sp i i l  over .  The boom is  h igh  enough to  p revent  contac t  w i th in  the
PLB unless the slack amounts to more than 100 feet; however, sndgging on the
outside of the boorn t ip may occur, especial ly i f  the slackened tether forms
loops . l

A  w ide  var ia t ion  o f  techn iques  was t r ied  to  counter  th js  d isas t rous
consequence o f  engag ing  the  ree l  b rake .  The in - l ine  th rus ter  was  cyc led  on
and off to force the TSS-5 back aqainst a taut tether: 0rbiter +Z
t rans la t ions  were  used to  reduce i lack ,  and -Z  t rans l i t ions  were  made to
so f ten  the  fu11- length  tau tness  je rk ;  cen t r i fuga l  fo rces  were  induced by
system RoT's to try to push the bouncing TSS-S against a taut tether. None
worked;  in  a l l  cases ,  each je rk  pu11ed the  TSS-S back  inwards  jn  p repara t ion
for  a  subsequent  je rk ,  and no  s ign  o f  T5S-S ang le  excurs ion  damping  cou ld  be
detected. This was most l ikely because the greatest force of the jerks came
fron the high random att i tude rates (which never damped), with random
dis tu rbances  f rom var ia t ions  in  abso lu te  Orb i te r /TSS-S ranqe.
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Even a t  sys tem sp in  ra tes  o f  up  to  1 .0  deg/s ,  the  bounc ing  wou ld  no t  damp
out ,  The bounc ing  was cont ro l lab le  in  tha t  the  sa te l l i te  appeared to  be
bouncing around the radius of the tether, never approaching more than 10 to
20 feet from ful ' l  extension (and thus not threatening to contact the
orbiter).  But TSS-S att i tudes were out of contro' l  ,  and tether wrap was
a l rnos t  cer ta in iy  unavo idab le .  By  the  c r i te r ion  o f  sa fe  TSS-D re t r ieva l  ,  th is
s i tua t ion  was abso lu te ly  unacceptab le  and gu i l lo t ine  wou ld  be  mandatory .

An a t tempt  to  sp in -s tab i l i ze  the  TSS-S by  de l ibera te ly  induc ing  a  yaw ra te  in
i t  a lso  seems to  be  ine f fec t i ve .  Hopefu i l y  th is  wou ld  have res t ra ined
pitch/yaw excursions and al low the bouncing to damp out. However, the
control system as modeled only al lowed a t5 deg/s rate and this was not
enough:  ang le  ra tes  qu ick ly  becane jus t  as  bad as  w i th  no  "sp in -s tab i l  i za -
t ion." Perhaps a TS5-S yaw (spin) rate of 20 to 30 deg/s would be rnore effec-
t i ve ,  bu t  i t  may no t  be  ach ievab le  w i th  cur ren t  TSS cont ro l  laws.  A lso ,
f lu id  damping  in  the  sa te l l i te  (e .9 . ,  vanes  in  the  N2 tank)  rnay  promise
suf f j c ien t  s tab  i  1 i ty .

I f  the  fa l l -back  je rk  i s  no t  too  s t rong (e j ther  a t  a  c lose  range when the
c los ing  ra te  i s  1ow,  o r  i f  the  orb i te r  per fo rms some -Z  in  an t ic ipa t ion  o f
the tether going taut),  then sorne contro. l  scheme may be effect ive. Although
we were  never  success fu l  in  severa l  runs  (some uD to  a  fu l ]  o rb i t  in
dura t ion)  in  es tab l  i sh ing  s tdb i  l i t y  (de f i r ied  as  cont inuous  non-zero  tens ion
and a t tach  po in t  remain ing  on  v is ib le  hemisphere  o f  TSS-S) ,  we cannot  ru le
out  the  poss ib i l i t y  tha t  some techn ique may be  deve loped.  Never the less ,  i t
l  ooks  un l i ke ly .

The imp l ica t ions  o f  th is  d iscovery  seem to  be  tha t  i t  i s  unacceptab le  to
brake the  ree l  a t  a l l ,  a t  leas t  dur ing  re t r ieva ls  and a t  the  c lose  ranges we
were  examin ing .  Any  s i tua t ion  requ i r ing  brak ing  the  ree l  shou ld  be  ser ious
enough to  accept  consequent  TSS-S gu i l lo t ine .  Th is  i s  an  ex t remely  severe
cons t ra in t  and needs to  be  w ide ly  d iscussed in  the  dynamics  and opera t ions
groups .  Pre l im inary  ana lys is  has  suggested  tha t  mere ly  unpower ing  the  motor
wou ld  a l low a  su f f j c ien t ly  gent le  s top  fo r  tens ion  to  be  main ta ined.

Fur thermore ,  p lann ing  must  an t ic ipa te  an  un in ten t jona l  ree l  jam a t  ANY range,
w i th  subsequent  loss  o f  TSS-S a t t i tude  cont ro l .  Procedures  must  be  deve loped
to accomodate such fai lure modes.

7  .7  .7  Je t t i  son /Separa t ion

In  the  te ther  gu i l lo t ine  case,  two fea tures  were  accentua ted .  F i rs t ,  the
TSS-S becomes a  f ree- f l ie r  w i th  an  jn i t ia l  c los ing  ra te ,  and second ly ,  i f  the
in - l  ine  th rus ters  a re  s t i l l  f i r ing ,  they  beg in  to  impar t  an  unpred ic tab le  AV
to  the  TSS-S as  the  a t t i tude  o f  the  sa te l l i te  wanders  ou t  o f  con t ro l .
Neither of these features is at al1 comfort ing. A prompt and powerful (1
f t l s )  0 rb i te r  +Z separa t ion  seemed ca l led  fo r  (a l te rna te ly ,  a  s t rong TSS-S
X/Y t rans la t ion  may be  in i t ia ted  be fore  gu i l lo t in ing) .  l ' ' l uch  more  PROX OPS
and separa t ion  ana lys is  and s imu la t jons  are  requ i red  here  be fore  we can be
comfor tab le  about  hav ' ing  a  re l iab le  p rocedure .
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7.7 .8  RNDZ Wi th  Tethered 0b , iec t

There  are  a t t rac t i ve  scenar ios  wh ich  invo lve  a  RNDZ (perhaps  by  the  0rb i te r
or  an  Orb i te r  t rans fer  veh ic le  (OTV)  w i th  a  te thered  ob jec t  (a  dock ing  whar f
deployed perhaps from a space stat ion or an 0rbiter).  These concepts may
appear  ambj t ious ,  bu t  w. i th  p rec ise  NAV data  (e .9 . ,  GPS)  may ac tua l1y  no t  be
d i f f i cu l t .  A  sample  pro f i le  i s  shown in  f igure  7-10 .

Tethered capture has large benefj ts in safety (remoteness from primary
ob jec t ) .  and opera t ' ions  (no  p lume imp ingement  on  pr imary  ob jec t ;  la rge  fue i
sav ings) .  The main  hazard  is  co l l i s jon  due to  undetec ted  NAV er ro rs  o r
te ther  f  a i  I  u re .

The tethered object i tself  may actual ly be active and perform the major
MNVR's  fo r  dock  i  ng .

F igure  7-10 .  -  Te ther -med ia ted  RNDZ.

Caro l  l  (1986)  po in ts  ou t  tha t  w i th  exper ience,  much longer  te thers  migh t  be
used to  a ' l  iow veh ic le  cap lu re  a t  s ign i f i can t ly  suborb i ta l  ve loc j t ies .  Th js
cou ld  rad ica l l y  inc rease PL 's  de l  j vered  to  the  majn  ob jec t  (e .g . ,  a  space
s ta t ion  fac i ' l  i t y ) .  S ince  launch t ra jec to r ies  do  no t  approach the  majn
ob jec t ,  veh ic les  o f  uncer ta in  re l iab i l i t y  can  serv jce  the  fac i l i t y  and uncon-
vent iona l l y  boos ted  PL 's  can be  captured  sa fe ' l y .
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7.7 .9  Loose Tether

7 .7 .9 .L Jett i  soned From Orb i ter

Due to  the  low mass- to -area  ra t io  o f  typ ica l  te ther  mater ia ls ,  in  LEO the
te ther  shou ld  depar t  f rom the  Orb i te r  ex t remely  rap ' id ly  due to  d i f fe ren t ja l
drag. Natural drag effects dominate ai l  reasonable Orb.i ter AV maneuvers
except at very 1ow range.

7  -7  -9 -Z  Eroken Tether

A loose te ther  a t tached to  the  0rb i te r ,  espec ia l l y  one w i th  a  c los ing
ve loc i ty  induced by  cont inued ree l - in  (and to  a  lessor  degree by  sudden ly -
re leased tens ion) ,  must  be  o f  opera t iona l  concern  due to  the  po ten t ia l  fo r
structural contact.

A t  very  long ranges (>  severa i  m i les ) ,  ana ' l ys is  ind ica tes  tha t  d i f fe ren t ia l
d rag  and grav i ty  g rad ien t  e f fec ts  shou ld  overcome a l I  reasonab le  in i t ia l
c los ing  ra tes  and pu11 the  te ther  ou t  away f rom the  Orb i te r ,  res to r ing
tau tness  in  a  sa fe  and s tab le  conf igura t ion .

At  med ium ranges (1000 fee t  to  severa l  m i les )  the  te ther  momentum wou ld
probabiy carry i t  back toward the orbjter. However, for reasonable return
t imes (severa l  m inu tes)  and s tab le  in i t ja l  cond i t ions  ( typ ica l  o f  known
dep loyment / re t r ieva l  scenar ios) ,  the  main  segment  o f  the  te ther  w i l l  be
car r ied  down the  V-BAR by  Cor io l  i s  fo rces ,  su f f i c ien t  to  assure  Orb i te r
s t ruc tu re  avo idance.  I f  the  orb i te r  end o f  the  te ther  i s  cu t  in  a  reasonab le
reac t jon  t ime (3  to  5  minu tes) ,  the  te ther  segment  in  th . i s  case w i l l  en t i re ly
miss  the  Orb  i  te r .

At short ranges ( less than 1000 feet from 0rbiter to break point) the tether
wil l  probably recontact the 0rbiter at a speed of 10 to 20 ft /s. Time from
break to recontact is on the order of 1 minute.

S ince  the  te ther  segnent  i s  shor t  and 1 igh t ,  RCS p lume ward-o f f  techn iques
(per fo rm +Z t rans la t jon ,  f l y  away f rom te ther )  appear  p romis ing  in  th is  case.
The technique seems to have the advantage of not bejng harmful jn the event a
break  js  perce ived,  bu t  does  no t  jn  fac t  ex is t ;  tak ing  such precaut ionary
s teps  can be  done w i thout  impact ing  success fu l  te thered  opera t ions .  The
te ther  wou ld  become tau t  aga in  qu ick ly .

7.8 QlIl, l rssuES

Through use o f  the  exce l len t  SES mode l  jn  the  1986 s tud ies ,  s ign i f i can t  new
ins igh ts  in to  the  TSS-S te rmina l  phase re t r ieva l  p rocess  were  ga ined.
A l though no  opera t iona l  p rocedures  have ye t  been des igned,  much less
ver i f ied ,  never the less ,  a  number  o f  p romis ing  cand jda te  techn iques  were  made
ava i lab le  as  a  s la r t ing  po in t  fo r  downst rean procedures  deve lopment  work .
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Deployment jam can cause high stresses and recoi l  velocit ies. One proposed
f ix  j s  to  add a  sec t ion  o f  y ie idab le  te ther  mater ia l  wh ich  migh t  p revent  a
fas t  reco i I  in  th is  eventua l i t y .

A  severed th rus ter  cou ld  reco i l  and fou l  o rb i te r  mechan isms.  Can the  RCS
thrus ters  be  used to  b ' low away or  de f lec t  a  reco i l  ing  te ther  (a t  low reco i l
ve loc i t ies )  be fore  i t  p i les  up  around the  Orb j te r?
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