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Observatory	
  Overview	
  
•  Wet	
  1350	
  kg,	
  Total	
  deployed	
  system	
  MOI	
  

[	
  2900;	
  2900;	
  5500]	
  kg-­‐m2	
  

•  On-­‐Board	
  aItude	
  relies	
  on	
  DTU	
  μASC	
  
with	
  4	
  Camera	
  Head	
  Units	
  (CHUs)	
  

•  Delta-­‐Velocity	
  feedback	
  uses	
  ZIN	
  
Technologies	
  Accelera?on	
  Measurement	
  
System	
  [AMS]	
  with	
  3	
  one-­‐axis	
  Honeywell	
  
QA-­‐3000	
  accelerometers	
  

•  8	
  radial	
  Aerojet	
  17.8N	
  and	
  4	
  axial	
  AMPAC	
  
4.4	
  N	
  thrusters	
  

•  Spin-­‐stabilized	
  with	
  spin-­‐axis	
  few	
  degrees	
  
off	
  of	
  Eclip?c	
  norm	
  
–  2x2	
  deg	
  science	
  box,	
  poin?ng	
  control	
  

requirement	
  is	
  0.2	
  deg	
  
–  3.1	
  RPM	
  nominal	
  spin	
  rate	
  
–  Minimize	
  transverse	
  rate	
  (nuta?on)	
  

though	
  there	
  is	
  not	
  a	
  hard	
  requirement	
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Derived	
  Forma?on	
  Maneuver	
  Requirements	
  

Maneuver	
  
Size	
  

[m/sec]	
  

Error	
  Alloca6on	
  (3σ)	
  

Magnitude	
   Direc?on*	
  

0.00	
  –	
  0.10	
   <	
  5	
  mm/sec	
   40.0°	
  -­‐>	
  5.0°	
  

0.10	
  –	
  0.50	
   <	
  5	
  mm/sec	
   5.0°	
  -­‐>	
  1.5°	
  

>	
  0.50	
   <	
  1%	
   <	
  1.5°	
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Driving	
  Requirements	
  
•  	
  Establish	
  stable	
  tetrahedron	
  forma?on	
  inside	
  the	
  science	
  Region	
  of	
  Interest	
  (ROI)	
  

	
  “A	
  four-­‐spacecra.	
  tetrahedron	
  forma4on	
  shall	
  be	
  achieved	
  with	
  a	
  quality	
  factor	
  Q(t)	
  
greater	
  than	
  or	
  equal	
  to	
  0.7	
  for	
  80%	
  of	
  the	
  4me	
  in	
  the	
  Control	
  Region	
  of	
  Interest,	
  
excluding	
  orbits	
  with	
  maneuvers,	
  as	
  averaged	
  by	
  phase	
  (1A,	
  1B,	
  and	
  2B).	
  ”	
  

	
  
	
  “During	
  science	
  opera4ons	
  (phases	
  1a,	
  1b,	
  2b),	
  eighty	
  (80)	
  percent	
  of	
  the	
  elapsed	
  4mes	
  
between	
  subsequent	
  pairs	
  of	
  Forma4on	
  and	
  APtude	
  Maintenance…	
  maneuvers	
  shall	
  
be	
  no	
  shorter	
  than	
  fourteen	
  (14)	
  days,	
  the	
  remaining	
  twenty	
  (20)	
  percent	
  shall	
  be	
  no	
  
shorter	
  than	
  five	
  (5)	
  days	
  .”	
  

	
  
	
  
	
  

Derived	
  Forma?on	
  Maneuver	
  Requirements	
  
•  Employed	
  Monte	
  Carlo	
  Simula?on	
  

Techniques	
  to	
  establish	
  1)	
  an	
  absolute	
  
accuracy	
  floor	
  and	
  2)	
  direc?on	
  requirement	
  
especially	
  for	
  the	
  very	
  small	
  maneuvers	
  

•  Actual	
  performance	
  is	
  beoer	
  though	
  
maneuver	
  magnitude	
  and	
  direc?on	
  are	
  not	
  
something	
  the	
  team	
  specifically	
  reconstruct/
assess	
  	
   *	
  ‘-­‐>’	
  denotes	
  linearly	
  decrease	
  with	
  maneuver	
  size	
  



Maneuver	
  Safety	
  Constraints	
  
Safety	
  Constraints	
   Limits	
  

SDP	
  In-­‐plane	
  Deflec?on	
   <	
  14.0°	
  

SDP	
  Out-­‐of-­‐plane	
  Deflec?on	
   <	
  7.00°	
  

SDP	
  Tension	
  at	
  Retrac?on	
  Point	
  of	
  Interest	
   >	
  0.51	
  N	
  

SDP	
  and	
  Magnetometer	
  Boom	
  Separa?on	
  Distance	
   >	
  1.00	
  m	
  

ADP	
  Root	
  Bending	
  Moment	
   <	
  14.3	
  N-­‐m	
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Accelera?on	
  Measurement	
  System	
  (AMS)	
  

•  ZIN	
  Technologies,	
  Inc	
  (Cleveland,	
  Ohio)	
  
•  It	
  provides	
  three-­‐axis	
  accelera?on	
  measurements	
  
(Honeywell	
  QA	
  3000)	
  as	
  well	
  as	
  integrated	
  delta-­‐
velocity	
  during	
  orbit	
  adjustments	
  

•  Internally	
  sampled	
  at	
  100	
  kHz	
  
•  Embedded	
  processor	
  down	
  samples	
  and	
  filters	
  
measured	
  accelera?on.	
  Effec?ve	
  bandwidth	
  of	
  
250	
  Hz	
  

•  Resolu?on	
  <1	
  μg	
  in	
  high	
  resolu?on	
  mode	
  
•  Bias	
  stability	
  <1	
  μg	
  over	
  a	
  12-­‐hour	
  period	
  
•  Onboard	
  control	
  system	
  provides	
  AMS	
  es?mated	
  
spin-­‐rate	
  and	
  AMS	
  bias	
  before	
  each	
  closed-­‐loop	
  
maneuver	
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AItude	
  Determina?on	
  with	
  DTU	
  Star	
  Trackers	
  

•  Danish	
  Technical	
  University	
  (DTU)	
  
μASC	
  with	
  4	
  CHUs	
  

•  Adver?sed	
  accuracy	
  60/60/200	
  
arcsec	
  

•  Full	
  performance	
  level	
  at	
  up	
  to	
  4	
  
RPM	
  spin-­‐rate	
  

•  Raw	
  quaternion	
  measurements	
  
from	
  all	
  four	
  CHUs	
  are	
  combined	
  
onboard	
  with	
  a	
  Mul?plica?ve	
  
Extended	
  Kalman	
  Filter	
  (MEKF)	
  

•  Digital	
  Sun	
  Sensor	
  measurement	
  is	
  
not	
  used	
  in	
  the	
  filter	
  due	
  to	
  lack	
  of	
  
accuracy.	
  It	
  is	
  only	
  part	
  of	
  Sun	
  
Acquisi?on	
  Mode	
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Orbit	
  (Delta-­‐V)	
  Controller	
  
•  6-­‐DOF	
  Controller	
  
•  Separate	
  logic	
  for	
  velocity	
  control	
  and	
  momentum	
  

control	
  
•  Velocity	
  control	
  tracks	
  an	
  iner?al	
  Delta-­‐V	
  profile	
  

designed	
  by	
  Flight	
  Dynamics	
  
–  Radial	
  control	
  frequency	
  is	
  governed	
  by	
  spin-­‐

rate,	
  0.10	
  Hz	
  
–  Axial	
  control	
  frequency	
  is	
  0.2	
  Hz	
  

•  Momentum	
  control	
  holds	
  the	
  current	
  aItude	
  in	
  
order	
  to	
  minimize	
  SDP	
  boom	
  excita?on	
  
–  Control	
  frequency,	
  0.33	
  Hz,	
  is	
  chosen	
  to	
  avoid	
  

ADP	
  boom	
  excita?on	
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•  For	
  the	
  most	
  part,	
  the	
  two	
  control	
  logics	
  and	
  their	
  associated	
  thruster	
  commands	
  are	
  
interleaved.	
  Whenever	
  the	
  same	
  thrusters	
  are	
  selected,	
  velocity	
  control	
  is	
  given	
  the	
  higher	
  
priority.	
  AItude	
  adjustment	
  can	
  wait	
  ?ll	
  the	
  Delta-­‐H	
  por?on	
  of	
  the	
  maneuver	
  sequence.	
  

•  Off-­‐pulsing	
  of	
  axial	
  thrusters	
  is	
  an	
  excep?on	
  to	
  the	
  above	
  rule.	
  This	
  feature	
  is	
  implemented	
  
rela?vely	
  late	
  in	
  the	
  design	
  phase,	
  one	
  of	
  the	
  lessons	
  from	
  Monte	
  Carlo	
  methods,	
  in	
  order	
  to	
  
handle	
  maneuver	
  corner	
  cases	
  where	
  the	
  Delta-­‐V	
  targets	
  are	
  predominantly	
  axial	
  and	
  that	
  
radial	
  thrusters	
  are	
  precluded	
  for	
  control	
  due	
  to	
  geometry.	
  



Momentum	
  (Delta-­‐H)	
  Controller	
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•  A	
  non-­‐linear,	
  Lyapunov	
  controller	
  using	
  Path-­‐
Weighted	
  methodology,	
  an	
  extension	
  of	
  
Reynolds-­‐Creamer’s	
  work	
  for	
  RHESSI.	
  	
  The	
  
Lyapunov	
  Func?on	
  contains	
  three	
  quadra?c	
  
components:	
  
•  Poin?ng	
  error	
  term	
  -­‐>	
  Align	
  angular	
  

momentum	
  vector	
  toward	
  the	
  iner?al	
  spin-­‐
axis	
  target.	
  	
  

•  Nuta?on	
  term	
  -­‐>	
  Minimize	
  transverse	
  rate	
  
about	
  non-­‐major-­‐principal	
  spin-­‐axis	
  
direc?on.	
  	
  

•  Spin-­‐rate	
  “energy”	
  error	
  -­‐>	
  Drive	
  spin-­‐rate	
  
to	
  the	
  target	
  spin-­‐rate.	
  	
  

•  At	
  every	
  Delta-­‐H	
  control	
  cycle,	
  the	
  controller	
  
cycles	
  through	
  all	
  14	
  thruster	
  torque	
  pairs	
  
searching	
  to	
  rate	
  error	
  within	
  the	
  torque	
  
authority	
  circles	
  prescribed	
  by	
  an	
  efficiency	
  
angle/radius	
  then	
  command	
  the	
  most	
  efficient	
  
pair	
  of	
  thrusters.	
  

Blue	
  line	
  is	
  the	
  path	
  of	
  rate	
  error	
  
in	
  body	
  sphere.	
  Thruster	
  
Actua?on	
  when	
  blue	
  line	
  enters	
  
the	
  torque	
  authority	
  circles	
  (red)	
  



Forma?on-­‐Class	
  Maneuvers	
  
•  Ini?aliza?on,	
  Maintenance,	
  Resize,	
  or,	
  in	
  general,	
  all	
  
maneuver	
  types	
  where	
  high	
  accuracy	
  (1%)	
  is	
  needed	
  
and	
  thus	
  closed-­‐loop	
  Delta-­‐V	
  control	
  is	
  required.	
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Science	
  Region	
  of	
  Interest	
  

Maneuver/Burn	
  #2	
  
Orbit	
  Only	
  

Desired	
  Tetrahedron	
  
Forma6on	
  

Maneuver/Burn	
  #2	
  Planning	
  

Maneuver/Burn	
  #1	
  
Orbit	
  and	
  AOtude	
  Adjustment	
  

Orbit	
  Velocity	
  



Forma?on	
  Maneuver	
  Sequence	
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System	
  Robustness	
  via	
  Monte	
  Carlo	
  Method	
  

•  Monte	
  Carlo	
  Method	
  is	
  used	
  to	
  
demonstrate	
  system	
  robustness	
  
and	
  performance	
  in	
  the	
  presence	
  of	
  
plant	
  uncertain?es.	
  

•  Based	
  on	
  the	
  sta?s?cal	
  method	
  
outlined	
  by	
  Hanson	
  and	
  Beard,	
  a	
  
99%	
  confidence	
  criteria	
  was	
  
selected	
  that	
  permits	
  zero	
  failures	
  
for	
  a	
  sample	
  size	
  of	
  3410	
  runs.	
  

•  Using	
  NASA	
  Goddard’s	
  Freespace	
  
Simula?on	
  Environment	
  and	
  its	
  
parallel	
  processing	
  capabili?es,	
  the	
  
method	
  varies	
  over	
  250	
  model	
  
parameter	
  resul?ng	
  in	
  hundreds	
  of	
  
hundreds	
  of	
  thousands	
  of	
  ?me-­‐
domains	
  simula?ons	
  of	
  maneuvers	
  
at	
  full	
  model	
  fidelity.	
  

•  On	
  several	
  occasions,	
  Monte	
  Carlo	
  
method	
  exposed	
  unexpected	
  
control	
  and	
  mul?-­‐body	
  interac?ons.	
  
This	
  made	
  Monte	
  Carlo	
  Method	
  an	
  
effec?ve	
  tool	
  for	
  fine	
  tuning	
  
controller	
  parameters	
  during	
  design	
  
phase.	
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On-­‐Orbit	
  Calibra?on	
  Performance	
  
•  On-­‐Orbit	
  principal	
  axis	
  

calibra?on	
  and	
  AMS	
  
bias	
  calibra?ons	
  
effec?vely	
  removed	
  
principal	
  axis	
  
uncertainty,	
  rate	
  
es?mate	
  uncertainty,	
  
and	
  AMS	
  bias	
  
uncertainty.	
  	
  

•  They,	
  along	
  with	
  AMS	
  
superior	
  bias	
  stability,	
  	
  
provided	
  the	
  
knowledge	
  
performance	
  needed	
  
for	
  high	
  precision	
  
forma?on	
  control.	
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Closed-­‐Loop	
  Maneuver	
  Performance	
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•  The	
  GSFC-­‐developed	
  
GPS-­‐Enhanced	
  
Onboard	
  Naviga?on	
  
System	
  (GEONS)	
  
soyware	
  provided	
  the	
  
best	
  maneuver	
  
assessment	
  metric:	
  
SMA	
  Δ-­‐error	
  

•  The	
  quoted	
  errors	
  are	
  
‘Total	
  Error’	
  including	
  
maneuver	
  execu?on,	
  
naviga?on,	
  planning.	
  

•  Based	
  on	
  this	
  rela?vely	
  
small	
  sample	
  size	
  of	
  20	
  
cases,	
  we	
  can	
  state	
  
with	
  a	
  90%	
  confidence	
  
that	
  the	
  true	
  standard	
  
devia?on	
  lies	
  in	
  the	
  
range	
  of	
  0.401–0.692%	
  



Conclusions	
  
•  The	
  MMS	
  control	
  system,	
  including	
  hardware,	
  	
  
forma?on	
  controllers,	
  and	
  the	
  en?re	
  maneuver	
  
sequence	
  design,	
  has	
  demonstrated	
  its	
  effec?veness	
  in	
  
carrying	
  out	
  high	
  precision	
  orbit	
  maneuvers.	
  

•  The	
  smallest	
  forma?on	
  tetrahedron	
  to-­‐date	
  is	
  25	
  km,	
  
and	
  they	
  are	
  stable	
  well	
  beyond	
  our	
  two-­‐week	
  design	
  
goal.	
  

•  Unlike	
  tradi?onal	
  orbit	
  maneuvers,	
  MMS	
  forma?on	
  
maneuvers	
  can	
  achieve	
  sub-­‐1%	
  accuracy	
  without	
  any	
  
“fudge	
  factor”	
  involved	
  in	
  maneuver	
  planning	
  or	
  re-­‐
construc?on,	
  which	
  simplifies	
  ground	
  processing.	
  

•  MMS	
  paved	
  the	
  way	
  for	
  the	
  next	
  genera?on	
  of	
  
Forma?on	
  Flying	
  missions	
  to	
  come.	
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