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Applications	
  Enabled	
  by	
  Tethers	
  

End-­‐Of-­‐Life	
  Deorbit	
  and	
  
AcEve	
  Orbital	
  Debris	
  Removal	
  

Reusable	
  Launch	
  Assist	
  and	
  
LEO-­‐to-­‐GTO	
  Transfers	
  

FormaEon	
  Flying	
  

Reboost	
  Large	
  	
  
Space	
  PlaZorms	
  

Up	
  to	
  1	
  MW	
  Power	
  GeneraEon/	
  
Propulsion	
  at	
  Gas	
  Giants	
  

MulEpoint	
  
Ionospheric	
  Science	
  

Orbit	
  Transfer	
  Vehicle	
  
(small	
  to	
  large	
  s/c)	
  

boost/deboost/inclinaEon	
  change	
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Selected	
  Prior	
  Tether	
  Missions	
  
§  Small	
  Expendable	
  Deployer	
  System	
  (SEDS)	
  (1993	
  -­‐1994)	
  

§  SEDS	
  1:	
  de-­‐orbited	
  small	
  payload	
  using	
  20	
  km	
  tether	
  
§  SEDS	
  2:	
  controlled	
  deployment	
  of	
  a	
  20	
  km	
  tether	
  	
  
§  Plasma	
  Motor	
  Generator:	
  EDT	
  physics	
  using	
  500	
  m	
  conducEng	
  wire,	
  2	
  HCPCs	
  

§  ShuSle	
  Tethered	
  Satellite	
  System	
  (TSS)	
  (1992,	
  1996)	
  
§  TSS-­‐1:	
  	
  256	
  m	
  deployed,	
  demonstrated	
  stable	
  dynamics	
  

§  Last-­‐minute	
  S&MA	
  design	
  change	
  resulted	
  in	
  bolt	
  jam	
  in	
  deployer	
  
(configuraEon	
  control	
  process	
  failure)	
  

§  TSS-­‐1R:	
  19.9	
  km	
  deployed,	
  >5	
  hours	
  of	
  excellent	
  data	
  validaEng	
  models	
  of	
  
ED	
  tether-­‐ionosphere	
  current	
  flow	
  
§  Arc	
  caused	
  tether	
  to	
  fail	
  (tether	
  fabricaEon/design/handling	
  flaw)	
  

§  TiPS	
  -­‐	
  Survivability	
  &	
  Dynamics	
  invesEgaEon	
  (1996	
  -­‐2006)	
  
§  4	
  km	
  nonconducEng	
  tether,	
  ~1000	
  km	
  alt	
  
§  Survived	
  over	
  10	
  years	
  on	
  orbit	
  

§  T-­‐Rex	
  –	
  Bare	
  Anode	
  Tape	
  Tether	
  deployment	
  (2010)	
  

Most	
  tether	
  missions	
  HAVE	
  been	
  successful.	
  
Mission	
  failures	
  were	
  due	
  to	
  design	
  process	
  errors,	
  	
  

not	
  due	
  to	
  fundamental	
  physics.	
  

Past	
  missions	
  demonstrated	
  stable	
  tether	
  deployment	
  &	
  
fundamental	
  feasibility	
  of	
  electrodynamic	
  propulsion.	
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Space	
  Tethers:	
  Prior	
  Missions	
  
Year Mission Type Description Lessons Learned 
1966 Gemini-11 Dynamics •  15-m tether between capsules 

•  Tethered capsules set in rotation + Successful deployment and stable rotation 

1966 Gemini-12 Dynamics •  30-m tether between capsules 
•  Tethered capsules set in rotation + Successful deployment and stable rotation 

1989 OEDIPUS-A ED/Plasma Physics •  Sounding rocket experiment 
•  958-m conducting tether, spinning 

+ Successfully demonstrated strong EM coupling between the ends of conducting tether t 
+ Obtained data on behavior of tethered system as large double electrostatic probe 

1992 TSS-1 ED/Plasma Physics 
•  20-km insulated conducting tether to study 

plasma-electrodynamic processes and 
tether orbital dynamics 

– Too-long bolt added without proper review caused jam in tether deployer 
+ Demonstrated stable dynamics of short tethered system 
+ Demonstrated controlled retrieval of tether 

1993 SEDS-1 Momentum Exchange 
•  Deployed payload on 20-km 

nonconducting tether and released it into 
suborbital trajectory 

+ Demonstrated successful, stable deployment of tether 
+ Demonstrated deorbit of payload 

1993 PMG ED •  500-m insulated conducting tether 
•  Hollow cathode contactors at both ends 

+ Demonstrated ED boost and generator mode operation 
•  Did not measure thrust 

1994 SEDS-2 Dynamics •  Deployed 20-km tether to study dynamics 
and  survivability + Demonstrated successful, controlled deployment of tether with minimal swing 

1995 OEDIPUS-C ED/Plasma Physics •  Sounding rocket experiment 
•  1174-m conducting tether, spinning + Successfully obtained data on plane and sheath waves in ionospheric plasma 

1996 TSS-1R ED/Plasma Physics 
•  20-km insulated conducting tether to study 

plasma-electrodynamic processes and 
tether orbital dynamics 

+ Demonstrated electrodynamic efficiency exceeding existing theories 
+ Demonstrated ampere-level current  
– Flaw in insulation allowed high-voltage arc to cut tether 
•  Tether was not tested prior to flight 

1996 TiPS Dynamics •  Deployed 4-km nonconducting tether to 
study dynamics and survivability 

+ Successful deployment 
+ Tether survived over 10 years on orbit 

1999 ATEx Dynamics •  Tape tether deployed with pinch rollers – “Pushing on a rope” deployment method resulted in unexpected dynamics, experiment 
terminated early 

2000 Picosats 21/23 Formation •  2 picosats connected by 30-m tether + Demonstrated tethered formation flight 
2001 Picosats 7/8 Formation •  2 picosats connected by 30-m tether + Demonstrated tethered formation flight 
2002 MEPSI-1 Formation •  2 picosats connected by 50-ft tether 

•  Deployed from Shuttle + Tethered formation flight 

2006 MEPSI-2 Formation •  2 picosats connected by 15-m tether 
•  Deployed from Shuttle + Tethered formation flight of nanosats with propulsion and control wheels 

2009 AeroCube-3 Formation 
•  2 picosats connected by 61-m tether 
•  Deployed from Minotaur on TacSat-3 

launch 
+ Tethered formation flight with tether reel and tether cutter 

2007 MAST Dynamics •  3 tethered picosats to study tether 
survivability in orbital debris environment 

– Problem with release mechanism resulted in minimal tether deployment;  
+ Obtained data on tethered satellite dynamics  

2007 YES-2 Momentum Exchange 
•  Deployed payload on 30-km 

nonconducting tether and released it into 
suborbital trajectory 

+ Tether did deploy, but: 
– Controlling computer experienced resets during tether deployment, preventing proper 

control of tether deployment 
2010 T-REX ED/Plasma Physics •  Sounding rocket experiment 

•  300-m bare tape tether + Successfully deployment of tape and fast ignition of hollow cathode 
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n = Met All Mission Goals       n = Did Not Meet All Mission Goals 

>70%	
  of	
  Tether	
  Missions	
  Have	
  Been	
  Fully	
  Successful	
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Tethered	
  Multipoint	
  Measurement	
  
•	
  Proven	
  during	
  TSS-­‐1R	
  
•	
  Found	
  asymmetries	
  in	
  density	
  
gradients	
  within	
  a	
  large	
  plasma	
  
bubble.	
  Important	
  for	
  scinEllaEon.	
  

TSS-­‐1R	
  tether	
  and	
  magneEc	
  field	
  geometry.	
   7	
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TSS-­‐1R	
  Two-­‐Point	
  Example	
  
• 	
  TSS-­‐1R	
  Orbiter	
  and	
  
Satellite	
  data	
  
• 	
  Prominent	
  density	
  
structures	
  seen	
  at	
  
both	
  Orbiter	
  and	
  
satellite	
  
• 	
  Uniform	
  Eme	
  
delay	
  of	
  2.5	
  s	
  aligns	
  
them	
  

Indiresan,	
  R.,	
  B.	
  Gilchrist,	
  S.	
  Basu,	
  J.-­‐P.	
  Lebreton,	
  E.	
  P.	
  Szuszczweicz,	
  Simultaneous,	
  dual-­‐point,	
  in	
  situ	
  measurements	
  of	
  ionospheric	
  structures	
  
using	
  space	
  tethers:	
  TSS-­‐1R	
  observaEons,	
  Geophys.	
  Res.	
  Le6.,	
  25,	
  3725-­‐3728,	
  Oct.	
  1,	
  1998	
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Space	
  Tether	
  as	
  long-­‐baseline	
  
double-­‐probe	
  


Eamb ⋅ L̂ =

Vm
L
−
vO ×

B ⋅

L( )+ δL

• Proven	
  during	
  TSS-­‐1R	
  	
  
	
  
• Ambient	
  Electric	
  field	
  (Eamb)	
  
deduced	
  aoer	
  removing	
  
tether	
  electromoEve	
  force	
  

	
  	
  
• Eamb	
  parallel	
  to	
  tether	
  length:	
  
uncertainty	
  scales	
  as	
  ~	
  1/L	
  	
  

δ =Vm
RT + RPO + RPS + RO + RS

RM

!

"
#

$

%
&

+ φO −φS( )+ WFS −WFO( ) 9	
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TSS-­‐1R	
  Measured	
  Vertical	
  E-­‐Field	
  
Comparison:	
  Horz	
  Wind	
  Model	
  

Vm/IGRF	
  
	
  
HWM/IGRF	
  

Williams,	
  S.	
  D.,	
  B.	
  E.	
  Gilchrist,	
  V.	
  M.	
  Aguero,	
  R.	
  S.	
  Indiresan,	
  D.	
  C.	
  Thompson,	
  and	
  W.	
  J.	
  RaiS,	
  “Measurements	
  of	
  induced	
  potenEal	
  and	
  
natural	
  electric	
  fields	
  using	
  an	
  electrodynamic	
  tether	
  double	
  probe:	
  TSS-­‐1R	
  Results,”	
  Geophys.	
  Res.	
  Le6.,Vol.	
  25	
  ,	
  No.	
  4,	
  p.	
  445-­‐448,	
  1998.	
  	
  

VerEcal	
  StriaEon	
  	
  
Due	
  to	
  AcEve	
  Exp.	
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OEDIPUS	
  A-­‐C	
  Rocket	
  Results	
  

	
  
•  DetecEon	
  of	
  radio	
  emissions	
  in	
  
whistler	
  and	
  Z	
  modes	
  

•  Demonstrated	
  existence	
  of	
  sheath	
  
waves.	
  

•  Noted	
  effect	
  of	
  geomagneEc	
  field	
  on	
  	
  
s/c	
  floaEng	
  potenEal	
  via	
  change	
  in	
  
ponderomoEve-­‐force	
  effect.	
  

•  Measured	
  natural	
  electric	
  fields	
  due	
  to	
  
auroral	
  processes.	
  

James, H. G., and B. A. Whalen. "OEDIPUS‐A: Space research with a new tether." Eos, Trans AGU  72.12 (1991): 137-144. 
Laframboise,	
  J.	
  G.,	
  D.	
  D.	
  Wallis,	
  and	
  H.	
  G.	
  James.	
  "RF	
  effects	
  on	
  Oedipus-­‐C	
  floaEng	
  voltages."	
  Spacecra9	
  Charging	
  Technology.	
  Vol.	
  476.	
  2001.	
  
James,	
  H.	
  G.	
  "Ionospheric	
  wave	
  emissions	
  passively	
  detected	
  by	
  the	
  OEDIPUS	
  A	
  tether.JGR:	
  Space	
  Physics	
  98.A11	
  (1993):	
  19099-­‐19109.	
  
Prikryl,	
  P.,	
  et	
  al.	
  "OEDIPUS-­‐C	
  topside	
  sounding	
  of	
  a	
  structured	
  auroral	
  E	
  region."	
  JGR:	
  Space	
  Physics	
  105.A1	
  (2000):	
  193-­‐204.	
  

~1	
  km	
  	
  
Tether	
  

PI:	
  H.	
  Gordon	
  James	
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TSS–1R	
  Enhanced	
  Current	
  Collection	
  
TSS–1R	
  Satellite	
  

0
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  (1967)	
  

TSS-­‐1R	
  

B

Out-Flowing
Deflected Ions

Boom Tip
Radius

Wake

Ionospheric
Thermal
Electron

Ionization
Pair

Magnetic
Perturbation

Plasma/EM
Waves

Outflowing
Reflected Ions

Orbital Motion

Suprathermal
Electrons

Valuable	
  pracEcal	
  informaEon	
  about	
  ED	
  Tethers	
  learned	
  from	
  TSS-­‐1R	
  mission	
  

N.	
  Stone	
  (1998)	
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~1	
  A	
  Currents	
  During	
  TSS-­‐1R	
  
cathodetottsatemf VVLRIVV −+⋅⋅+= §  DramaEc	
  current	
  increase	
  with	
  

tether	
  shorted	
  to	
  Orbiter	
  
§  Even	
  larger	
  current	
  when	
  in	
  

“contact”	
  with	
  Ionosphere	
  
§  Tether	
  current	
  limited	
  by	
  tether	
  

resistance	
  
§  What	
  is	
  ulEmate	
  limit	
  for	
  electron	
  

emission?	
  

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Te
th

er
 C

ur
re

nt
 (A

)

806040200

ΔT (Sec.)

First Arc, 01:29:18.7

Tether Fail Point
Enters Ambient Plasma,
01:29:22.1

Tether Breaks, 01:29:26.5

Stop, 01:30:41.6

Discharge Extinquished
for 9.5 s (01:30:05.4)

 

•  Laboratory	
  demonstraEon	
  
verified	
  ability	
  to	
  support	
  
discharge	
  via	
  
–  Trapped	
  gas	
  
–  Teflon	
  ablaEon	
   14	
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  Currents	
  During	
  TSS-­‐1R	
  
cathodetottsatemf VVLRIVV −+⋅⋅+=

§  DramaEc	
  increase	
  in	
  tether	
  current	
  
shorted	
  to	
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  current	
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TSS-­‐1R	
  –	
  Lesson	
  Learned	
  

§ Insulated	
  Tether	
  Can	
  Be	
  (Will	
  Be)	
  Breached	
  
§ Design	
  for	
  that	
  Reality	
  
§ High	
  Voltage	
  
§ Micrometeors	
  

1m
	
  

Schematic of HoytetherTM TSS-1R Tether 16	
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ED	
  Tethers	
  vs.	
  Electric	
  Propulsion	
  

EDTs	
  provide	
  	
  
§ high-­‐thrust-­‐to-­‐power	
  	
  
§  extremely	
  high	
  
specific	
  impulse	
  
performance	
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60 km of Ellipticity

Example:	
  Orbit	
  Raising	
  Performance	
  

Parameters	
  
	
  	
  	
  	
  -­‐	
  Orbit:	
  400	
  km	
  circular,	
  35o	
  inclinaEon	
  
	
  	
  	
  	
  -­‐	
  Mass:	
  1,000	
  kg	
  
	
  	
  	
  	
  -­‐	
  5-­‐km	
  tether	
  (3	
  km	
  insulated,	
  2	
  km	
  bare,	
  125	
  Ω	
  series	
  resistance)	
  
	
  	
  	
  	
  -­‐	
  Power	
  supply:	
  1	
  kW,	
  Con)nuous	
  
	
  	
  	
  	
  -­‐	
  Thrust	
  limited	
  to	
  within	
  +/-­‐45o	
  of	
  orbit	
  plane	
  (not	
  severe	
  restricEon)	
  

3	
  km	
  
2	
  km	
  

Days	
  

Al
Et
ud

e	
  
(k
m
)	
   InclinaEon	
  (deg)	
  

400	
  

600	
  

800	
  

1000	
  

34.0	
  

35.0	
  

0	
   10	
   20	
   30	
   40	
   50	
  

AlEtude	
  

InclinaEon	
  

60	
  km	
  EllipEcity	
  

Simplifying	
  assumpEons	
  
	
  	
  	
  	
  -­‐	
  Tether	
  in	
  local	
  verEcal	
  orientaEon	
  
	
  	
  	
  	
  	
  -­‐	
  Thermal	
  effects	
  ignored	
  
	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  Solar	
  heaEng	
  
	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  I2R	
  power	
  loss	
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Example	
  2:	
  Drag	
  Make-­‐Up	
  	
  

Parameters	
  
	
  	
  	
  	
  -­‐	
  Orbit:	
  350	
  km	
  circular,	
  35o	
  inclinaEon	
  
	
  	
  	
  	
  -­‐	
  Mass:	
  1,000	
  kg	
  
	
  	
  	
  	
  -­‐	
  2-­‐km	
  tether	
  (1.5	
  km	
  insulated,	
  0.5	
  km	
  bare,	
  50	
  Ω	
  series	
  resistance)	
  
	
  	
  	
  	
  -­‐	
  Power	
  supply:	
  150	
  W,	
  Con)nuous	
  
	
  	
  	
  	
  -­‐	
  Thrust	
  limited	
  to	
  +/-­‐25o	
  of	
  orbit	
  plane	
  -­‐>	
  49%	
  duty	
  cycle	
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PropEL	
  Mission	
  
PropEl	
  will	
  demonstrate	
  robust	
  and	
  safe	
  
electrodynamic	
  tether	
  propulsion	
  in	
  
Low	
  Earth	
  Orbit	
  to	
  enable	
  mulEple	
  
Space	
  Science,	
  ExploraEon	
  and	
  Space	
  
UElizaEon	
  Missions	
  for	
  a	
  variety	
  of	
  
users	
  
§  LEO	
  propulsion	
  and	
  staEon-­‐keeping	
  
without	
  use	
  of	
  fuel	
  

§  MulEpoint	
  in	
  situ	
  LEO	
  plasma	
  
measurements	
  

§  Enabling	
  technology	
  for	
  more	
  ambiEous	
  
reusable	
  tether	
  upper	
  stages	
  

§  CriEcal	
  evaluaEon	
  for	
  future	
  MW	
  power	
  
generaEon	
  and	
  propulsion	
  at	
  Gas	
  Giants	
  

3	
  km	
  
Tether	
  

Endmass	
  

S/C	
  Host	
  

Host	
  Side	
  
Bolt-­‐on	
  
ASach	
  

PropEl	
  Delivers	
  Space	
  Flight	
  DemonstraEon	
  
of	
  ED	
  Tether	
  Propulsion	
  for	
  

Rapid	
  Infusion	
  into	
  Future	
  Missions	
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Concept	
  of	
  ED	
  tethers	
  with	
  pairs	
  of	
  femtosats	
  as	
  a	
  
maneuverable	
  and	
  coordinated	
  fleet.	
  

Motivation	
  for	
  using	
  Miniature	
  
Electrodynamic	
  Tethers	
  (EDTs)	
  

•  EDT	
  can	
  provide	
  propulsion	
  
ü Drag	
  make-­‐up	
  
ü Change	
  inclinaEon,	
  alEtude,	
  etc.	
  
ü No	
  consumable	
  propellant	
  
	
  

•  AddiEonal	
  benefits	
  of	
  tether:	
  
ü Provided	
  gravity	
  gradient	
  stability	
  
ü Tether	
  as	
  antenna	
  
ü Ionospheric	
  plasma	
  probe	
  

•  PhD	
  research:	
  Iverson	
  Bell	
  
	
  

	
  
Can	
  electrodynamic	
  tethers	
  provide	
  ultra-­‐small	
  satellites	
  with	
  life)me	
  
enhancement	
  and	
  maneuverability?	
  	
  Can	
  it	
  provide	
  other	
  capabili)es?	
  

Research	
  ques)ons:	
  
22	
  

Bell	
  III,	
  Iverson	
  C.,	
  Brian	
  Gilchrist,	
  Jesse	
  K.	
  McTernan,	
  and	
  Sven	
  G.	
  Bilén,	
  
InvesEgaEng	
  miniaturized	
  electrodynamic	
  tethers	
  for	
  picosatellites	
  and	
  
femtosatellites,	
  J.	
  Spacrao	
  and	
  Rockets	
  (2016),	
  accessed	
  Oct	
  27,	
  2016.	
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Performance	
  Simulation	
  -­‐100-­‐g	
  Sat	
  

100-­‐g	
  satellite	
  can	
  boost	
  at	
  400	
  km,	
  500	
  km,	
  
and	
  600	
  km	
  

Increasing altitude 
with EDT  

TeMPEST	
  sooware	
  was	
  
used	
  to	
  simulate	
  orbital	
  
dynamics	
  of:	
  
	
  
•  Single	
  100-­‐g	
  satellite	
  at	
  

400	
  km,	
  500	
  km,	
  and	
  
600	
  km	
  (orange)	
  

•  Dual	
  satellites	
  with	
  ED	
  
tether	
  (blue)	
  

23	
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Using	
  Short	
  Conducting	
  Tether	
  as	
  
Antenna	
  

~10	
  m	
  
tether	
  

~10	
  of	
  cm	
  long	
  
tether	
  
or	
  	
  	
  

cubesat	
  frame	
  

ED	
  Tether	
  Antenna	
   Simulated	
  ED	
  Tether	
  Radia)on	
  PaLern	
  

Tether	
  provides	
  direc)onal,	
  traveling	
  wave	
  type	
  radia)on	
  paLern	
  

F	
  =	
  430	
  MHz	
  

Note:	
  Z	
  axis	
  points	
  in	
  
nadir	
  or	
  Earth	
  poinCng	
  
direcCon	
  

HFSS	
  antenna	
  model	
  

Gain	
  ~8	
  dBi	
  

24	
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Conclusions	
  
§  Space	
  Tethers	
  can	
  provide	
  unique	
  capabiliEes	
  

§  MulEpoint	
  measurements	
  
§  Double	
  (MulE-­‐)	
  probes	
  
§  Propellantless	
  Propulsion	
  
§  Antennas	
  
§  Etc.	
  

§ Most	
  tether	
  missions	
  have	
  been	
  successful	
  
§  Thank	
  you!	
  

§  QUESTIONS	
  

25	
  


