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A Review of Scientific and Technological Results from the
TSS-1R Mission

N. H. Stone!, K. H. Wright2, J. D. Winningham?2, K. Papadapolous3, T. X. Zhang?*,
K. S. Hwang4, S. T. Wu#, and U. Samir>

Abstract

The Tethered Satellite System (TSS) program was designed to provide a unique
opportunity to explore certain space plasma-electrodynamic processes and the orbital
mechanics of a gravity-gradient stabilized system of two satellites linked by a long
conducting tether. A unique data set was obtained during deployment which has allowed
significant science to be accomplished. This paper focuses on results from the TSS-1R
mission that are most important to the future technological applications of electrodynamic
tethers in space—in particular, the current collection process. Of particular significance is an
apparent transition of the physics of current collection when the potential of the collecting
body becomes greater than the ram energy of the ionospheric atomic oxygen ions. Previous
theoretical models of current collection were electrostatic—assuming that the orbital motion
of the system, which is highly subsonic with respect to electron thermal motion, was
unimportant. This may still be acceptable for the case of relatively slow-moving sounding
rockets. However, the TSS-1R results show that motion relative to the plasma must be
accounted for in orbiting systems.
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3 Science Application International Corporation, McLean, Virginia 22012
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1. Mission Background

The Tethered Satellite System (TSS) program is a binational collaboration between
NASA and the Italian Space Agency (ASI) with NASA providing the Shuttle-based
deployer and tether and ASI providing a satellite especially designed for tethered
deployment. Twelve science investigations, given in Table 1, were supported by NASA,
ASI, or the Air Force Philips Laboratory. The TSS-1R mission was the second flight of the
TSS hardware. Its goals were to provide unique opportunities to explore (1) certain space
plasma-electrodynamic processes—particularly those involved in the generation of
ionospheric currents, and (2) the orbital mechanics of a gravity-gradient stabilized system of
two satellites linked by a long conducting tether.

TSS-1R was launched February 22, 1996 on STS-75 into a 300-km, circular orbit at
28.5° inclination. Satellite flyaway occurred at MET 3/00:27 and a unique data set was
obtained over the next 5 hours as the tether was deployed to a length of 19,695 m. At MET
3/05:11, during a day pass, the tether suddenly broke near the top of the deployer boom.
The break resulted from a flaw in the tether insulation which allowed the ignition of a strong
electrical discharge that melted the tether. The operations that had begun at satellite flyaway,
however, resulted in the acquisition of a significant data set that is providing an
understanding of tether dynamics and electrodynamics necessary for practical applications
of tether technology in space.

2. Instrumentation and Measurements

The TSS converted mechanical energy into electrical energy in a -classical
demonstration of Faraday’s law. The configuration was such that the satellite received a
positive bias, as a result of the motional emf, and collected electrons from the ionosphere.
This current was conducted through the tether to the orbiter where the circuit could be closed
back to the ionosphere (see Fig. 1). There were four basic electrical configurations at the
orbiter: (1) Open circuit with no current flow—in which case the full tether-generated emf
existed across the open switch; (2) Passive current closure—in which current was
controlled by adding a load resistance in series with the tether, and closure was through the
collection of positive ions by conducting surfaces on the negatively charged orbiter; (3)
Addition of SETS experiment’s Fast-Pulse Electron Gun (FPEG) to the above circuit to
discharge the orbiter; and (4) Use of the ASI Core electron gun—in which case tether
current flowed directly to the gun cathode (the orbiter was not part of the electrical circuit)
and was emitted back in to the ionosphere. An electrical schematic is shown in Figure 2.

The TSS was instrumented to control the tether current (as described above) and
diagnose the environmental space plasma properties under highly nonequilibrium
conditions. The investigations, shown in Table 1, provided the required ensemble of
instruments which were mounted on either the orbiter or the satellite, as indicated in the
table. Ground-based RF measurements were also made, and ionosound data, combined
with several models, were used to predict the ambient ionospheric conditions (Szuszczewicz
et al., 1997). A functional schematic of the TSS and the location of its instrumentation is
given in Figure 1. A detailed description of the instrumentation, which also flew on the
TSS-1 mission, is provided in a special TSS-1 issue of Il Nuovo Cimento (1994). The
interdependence of the TSS investigations resulted in an integrated approach to the science,
with all the instrumentation and hardware being operated as a single experiment. Science



results are published in a special issue of Geophysical Research Letters (see Stone and
Bonifazi, 1997 and papers following).

The data set obtained from TSS-1R, in one sense, falls far short of premission
expectations. There was no opportunity to execute the detailed experiments that had evolved
over several years of planning. In fact, operations were limited to calibration functions that
were intended to provide a basis for the science experiment, to be conducted at station 1 (full
deployment of 2,000 km). As a result, the data set obtained lacks a systematic approach and
does not provide complete information. In another sense, however, the TSS-1R data set
includes more than could have been hoped for under the circumstances as it became clear
that the measurements differed significantly from pre-mission theoretical predictions. In
fact, the tether break itself provided an especially intriguing and potentially valuable event in
which large currents (>1 A) at high satellite potentials (>1 kV) began flowing ~10 s prior to
the break and continued for ~90 s after separation (Gilchrist et al., 1997). The data
obtained during deployment are also unique in that they have uncovered new and
unexpected physical processes discussed below. Though limited, the data set is of high
quality and includes 13 major operational sequences, covers a significant portion of the
planned ranges of the tether current and voltage, and includes a variety of ionospheric
conditions. Figure 2 provides the conditions under which data were obtained for the various
operational sequences used in the papers that follow.

3. Technical and Results

The most fundamental scientific result from the mission to date is that the various
theoretical current collection models developed over the past 70 years (e.g., Langmuir and
Blodgett, 1923, 1924; Beard and Johnson, 1961; Parker and Murphy, 1967) do not include
the full range of processes by which an electrically biased, mesosonic satellite (supersonic
with respect to the ion sound speed but subsonic with respect to that of the electrons)
interacts with its environmental space plasma. This manifests itself in three striking
difference between the predictions of Theoretical Model and the actual physical
observations:
(1) the predicted relation between satellite potential and charge collection (the current-voltage
characteristic) is, correspondingly, incorrect.
(2) a variety of specific physical effects, including the creation of suprathermal charged
particle populations, plasma waves, and magnetic perturbations were observed. These
effects may be related to the unexpected nature of the current-voltage relationship.
(3) a sharp transition in the interaction process was found to occur at the relatively low
spacecraft potential of +5 V—the ram energy of the dominant atomic oxygen ions. The
reflection of ionospheric ions by the satellite when its potential exceeded the ion ram energy
was expected. However, a transition in the basic physical processes involved was a
complete surprise.

The disagreement observed between the measured TSS-1R current-voltage
characteristic and the predictions of the theoretical models may provide for the most
significant improvement to our understanding of the physics of current collection in space
since the Langmuir-Blodgett model was introduced in 1923 to explain how an electrostatic
probe collects current from an unmagnetized, stationary laboratory plasma (Papadopoulos,
1996). The Langmuir-Blodgett theory was modified by Parker and Murphy in 1967 to
account for the fact that the ionospheric plasma has an imbedded magnetic field which
reduces cross-field charge mobility—Ilimiting current collection approximately to a magnetic




flux tube. (A review of the theory is given in Laframboise and Sonmor, 1993.) The
magnetically limited model seemed to explain observations made from several relatively
slow-moving sounding rocket experiments and was accepted as authoritative for the past 30
years—until the TSS-1R mission. Immediately, even during the 5 hours of data acquisition,
it became obvious that serious differences existed between theoretical models and the
measured results. For example, Figure 3 shows that the attractive potential required on the
satellite to collect a given current is typically an order of magnitude less than that predicted
by the Parker-Murphy model (Thompson et al., 1997). This shows that current collection is
far more efficient than predicted and suggests the requirement for rather rigid adherence of
electrons to magnetic field lines assumed in the magnetically limited models may be too
severe.

The sharp transition observed in the satellite particle and field environment at a
potential of +5 V seems to suggest an abrupt modification of the physical processes. Below
+5 V, mostly accelerated ionospheric thermal electrons were observed. However, when the
satellite potential increased beyond the +5 V level, a sudden onset of suprathermal (~200
eV) electrons, plasma waves, magnetic perturbations, and turbulence in the satellite sheath
were observed (see Winningham et al., 1997; Iess et al., 1997; Mariani et al, 1997; and
Wright et al, 1997, respectively). The suprathermal flux intensity grew rapidly with
increasing satellite potential and quickly swamped the ionospheric thermals. Specifically, a
10 V increase in satellite potential resulted in as much as 6 orders of magnitude increase in
suprathermal electron flux. (Winningham et al., 1997). In addition, relatively energetic ions
were observed outflowing from the satellite’s sheath. The ram energy of ionospheric atomic
oxygen ions is ~5 eV, so that the critical voltage for the transition is the level at which
oxygen ions would be reflected or strongly deflected out of the sheath. It appears possible
that the outflowing ions, or possibly the expulsion of ions from the plasma sheath, may
provide the free energy required to drive the energization of the suprathermal electrons.

These effects are important to all electrodynamic tether applications because their net
effect is to increase the current available at any given value of the emf and ionospheric
conditions. This increases the ability of the system to convert orbital kinetic energy into
electrical power, or conversely, electrical power into an electrodynamic propulsion force.

Specifically, if we take a typical current-voltage profile from TSS-1R and plot the
satellite potential required to collect a given current as a function of tether current, as shown
in Figure 4a, we see that the potential requirements of the Parker-Murphy model far exceed
the actual TSS-1R data. This means that much less work had to be done to collect electrons
that predicted, and this, in turn, means that less of the available motional emf is used to
collect the electrons that make up the tether current—Ileaving more useful power. In addition
to the work required to collect electrons at the satellite, the work done to by the electron gun
on the Orbiter to inject them back into the ionosphere must also be taken into account, along
with the resistive potential drop in the tether. The usable power is, there given by:

Pysable = (Itetherxq)emf) — (tetherX q)satellite) — (ItetherX q)e-gun) - (IztetherXRtether)-

If the usable power is plotted as a function of the tether current, as shown in Figure
4b, we see that the Parker-Murphy model predicts the usable power to increase with current
up to about 250 mA and then decrease to zero at about 440 mA. For a given emf, the total
power generated increases with increasing current. However, the Parker-Murphy model



predicts that the collection process becomes increasingly inefficient with increasing current
so that eventually, all available energy is used to collect electrons, and none is left to do
useful work. Note, however, that this is not what actually happened. The importance of the
enhanced current collection discussed earlier is apparent here because, due to the ease of
electron collection from the ionosphere, the usable power developed by the TSS did not
peak, but continued to increase over the range of the measurements.

In addition to shedding new light on the basic current-voltage relationship, with all
of its technical implications, the present TSS-1R data set may also provide scientists
glimpses of important space plasma processes that occur naturally near Earth and
throughout the solar system. For example:

(1) The reflection of ions by the potential barrier around the positively biased satellite created
counterstreaming ion beams that, in turn, generated a spectrum of lower hybrid waves.
Similar processes are seen in ionospheric double layers, at the magnetopause and at the
Earth’s bow shock, all of which involve the basic physics of how charged particle beams
couple to, and dissipate, energy in plasmas (Kindel and Kennel, 1971).

(2) The modulation of electron beams during TSS-1R operations (Gough et al., 1997) may
be related to the cyclotron resonant maser effect. This effect is thought to be involved in the
production of auroral kilometric radiation (Wu et al., 1989).

(3) There is strong evidence of pickup ion processes occurring in the vicinity of the TSS
satellite. Such processes are commonly associated with solar wind interactions with planets
and comets (Intriligator et al., 1996).

(4) The characteristics of a high voltage, negatively charged spacecraft and its effects on the
ionospheric plasma are important because this study (made possible for the first time by
TSS-1R) can lead to improved techniques for biasing antennas in space to enhance their
coupling to the magnetospheric plasma—which has direct applications to the measurement
of dc electric fields and the efficiency of VLF/ULF transmissions (Gentile et al., 1997).

Satellite-ionospheric interactions under controlled conditions unique to the TSS-1R
can also be used to study the collisionless expansion of plasma into the void region of the
satellite’s wake (Stone et al., 1988). This process has many potential applications in space
and was suggested as a mechanism for closure of the wake of the Moon in the solar wind
plasma by Samir et al. (1983). Recent measurements from the WIND mission appear to
confirm this closure process (Ogilvie et al., 1996).

Electrodynamic tethers can also enable a number of other unique experiments in
which specific scientific cause and effect mechanisms can be studied. For example, tethers
can be used as long antennas to emit ULF (Alfvén lower hybrid) waves which, if our
present understanding is correct, will induce pitch-angle scattering and the precipitation of
electrons trapped in the radiation belts (Kennel and Petschek, 1966).

4. Summary

Although our understanding of the TSS-1R data set is incomplete at this point, it is
apparent that (1) a sharp transition in the physics of the interaction between the TSS and the
ionosphere occurs, when the satellite potential exceeds +5 V, in which electron flux to the
satellite changes from being primarily accelerated ionospheric thermals to being dominated
by a new suprathermal electron population; and (2) the current-voltage characteristic,
possibly as a result of the above transition, is in disagreement with magnetically limited
current—collection models, such as test of Parker-Murphy, which require an order-of-



magnitude higher satellite potential to collect a given current than actually observed in the

TSS-1R experiment. Current extraction from the ionosphere was surprisingly efficient—to ‘
the extent, in fact, that the TSS never pushed the ionospheric plasma’s limits of conductivity

(i.e., there was always usable power above the overhead required to collect electrons at the

satellite and inject them back into the ionosphere not the orbiter). This result is extremely
encouraging for scientific and technological applications of electrodynamic tethers, such as

the generation and study of current systems, electromagnetic waves, or plasma disturbances

in the ionosphere, the generation of electrical power or electrodynamic thrust, and the use of

tethers as VLF/ULF antennas. The complex of effects observed at the satellite are shown
schematically in Figure 5.

The TSS-1R observations show that there is much concerning space plasma physics
that we still do not understand—even the rather basic process of current collection that was
assumed to be well in hand. As the physics contained in the TSS-1R observations become
more clear, this mission may well serve to elucidate plasma-electrodynamic processes
commonly found to operate in the Earth’s near space environment.
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PI/Institution Investigation/Primary Function

Orbiter-Mounted

C. Bonifazi/ASI DCORE  (e-guns, tether current control, I and V measurements)
B.E. Gilchrist/University of Michigan SETS (e-guns, tether current control; I, V, and plasma meas.)
D.A. Hardy/USAF Phillips Lab SPREE (ion and electron distributions and orbiter potential)
S. Mende/Lockheed (Now at U.C. Berkeley) ~ TOP (low light-level TV)

Satellite-Mounted

M. Dobrowolny/CNR/IFIS (Now at ASI) RETE (ac and dc electric fields, ambient electrons, sat. pot.)
F. Mariani/Second University of Rome TEMAG (ac and dc magnetic fields)

N.H. Stone/NASA/MSFC ROPE (ion and electron distributions, satellite potential)
Ground-Based/Theoretical

S. Bergamaschi/Padua University TEID (theoretical: tether dynamics)

A. Drobot/SAIC TMST (theoretical: plasma-electrodynamic models)

R.E. Estes/SAO EMET (ground-based measurements: em waves)

G. Gullahorn/SAO IMDN (theoretical: tether dynamics)

G. Tacconi/University of Genoa OESEE  (ground-based measurements: em waves)

Table 1. TSS-1R Science Investigations
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Figure 1. A functional schematic of the TSS-1R instrumentation and hardware.
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TiPS: Results of a Tethered Satellite System

Jim Barnds
(Swales Aerospace)

Bernard Kelm, Shannon Coffey, Bill Purdy
(Naval Research Lab)

Mark Davis
(Allied Signal Technical Services Corp.)
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TiPS: Tether Physics and Survivability

Mission Goals and Objectives

PP e

Study the dynamics of a tethered system
Survivability
Low cost secondary experiment

Built on short schedule
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System Description

Aft Panel

Norton

s

‘<217 ————
Jettison Plate
— 1 e
Spring Cartridges~———___ U =
Tether/Deployer
Marmon Clamp———" |__
16" ]
SEDS ———T
Electronics Box
Y
Transmitter Battery
NRL Timer Box
< 265" >

Ralph

< D

Tether: Spectra 1000, 2-3 mm in diameter
NASA supplied SEDS electronics

NASA supplied canister

No ACS, RCS, Solar Arrays

Mass properties

- Ralph: 95.3 Ibs
- Norton: 22.4 Ibs
- Tether: 12 lbs

18 Laser Retroreflectors on each endmass
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Initial Mission Operations

Deployed at 7:39 GMT, June 20, 1996

Attitude at time of separation planned for 30 degrees from nadir
Deployment was nominal

- 42.5 minutes fully deploy

Telemetry system operated nominally

Received optical confirmation of deployment from SOR and
Monument Peak Observatory
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Deployment Profile

4500 -+ 45
4000 4 140
3500 1 i l3g
3000 4 130
2500 4 125
2000 4 Fa 120
1500 + | " +1.5
1000 4+ = TErem ! lio
=00 + — Length Rate L/ T 0.5
0 f } } ) ~} 0.0
0 S0 1000 1500 2000 2500 3000
meconds

Nominal deployment
Deployed to full length in 42.5 minutes

Paused at 1900 seconds, restarted at 2100 seconds
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Optical Confirmation of Deployment from
STARFIRE Optical Range (SOR)

Images produced by the SOR 1.5 meter telescope
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Orbit and Attitude Determination

Processing Laser and Radar Observations

GEODYN used to process all ranging data

GEODYN produced all state vectors (orbit and attitude) for
tracking

Embedding of tether equations and partial derivatives into
GEODYN |

x-2wy-wy-(1+2k-)w*x = (T,+F)/m
y+2wx +wx - (1 -k-1) w?y = (T, +F,) /m
z+k-1wz = (T,+F)/m

Optical information used to empirically determine tether
amplitudes and instantaneous orientations
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Tracking Network

27 Satellite Laser Ranging (SLR) sites

- Provided laser ranging and video taping
- Extreme accuracy thought necessary to estimate libration

US Army ALTAIR Radar on Kwajalein Atoll
- Coverage added to fill gaps in SLR data

Maui Space Surveillance System

- Provided optical images that enabled libration estimation

Vandenberg AF Base
- Received RF telemetry at time of deployment

20



Tracking Opportunities: Potential and Achieved
SLR tracking generally limited by weather, elevation restrictions

SLR tracking for TiPS also depended on terminator conditions

- Normally received 2-3 passes per day

- Two peaks with 10-20 passes per day

- Except for peaks, unable to get sufficient data to determine
tether motion

RADAR data (2 tracks/day) from ALTAIR helped substantially
during April and July, 1997

TiPS Passes (6/24/96 - 6/10/97)

. —— — S S — —_— s e Hollas
—— —_— — —_— —_— — —— CONUS
- -— - = —— — — ——— —— — —— S. Amer
e - = —r A Safle W = Europe
- P — —— we— = —— — - — — - -— Australia
TTE Radar

ABOVE: Thin lines show terminator opportunities by geography.
Thick lines show when tracking was 50% or better of opportunities.

35 T
30 t
=
a 25 1
3 ‘ BELOW: Solid line shows terminator tracking
2 20 4 opportunities for SLR sites. Dashed line show
cf } actual SLR and radar tracking.
—
© 15 1
= |
(5]
e
E 10 +
-
2z

T
T aiiannie, ¥ i
LF s et T 7
6/20/96 8/14/96 10/8/96  12/2/96 1/26/97  3/2297  5/16/97
Date
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Range Data
Processing of SLR data difficult

- Short passes

- Orbit and libration periods are similar enough that long
observation spans are necessary to separate the
motions.

- Majority of data on Ralph - Few sites capable of dual
ranging

- Large coverage gaps

Addition of RADAR data extremely helpful

Rapid switching between endmasses

Accuracy sufficient for libration determination

Reliable data source
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Range Data Processing

Long-Arc Center of Mass Run
- Tether held in alignment with nadir.
- Endmasses offset from center of mass accounted for.

- Assumed effects of tether motion would average out
over many libration cycles.

- Resulted in good center of mass ephemeris for TiPS
- Allowed 1dentification of errant or mistagged data.

Single Pass Libration Determination Runs

- All radar, multiple sites and dual ranged passes
investigated

- Orbit state tightly constrained

- Good solutions fit to noise level of the data
= <10 cm rms. for SLR data

- <5 m for ALTAIR data

- Resulting tether motion used as starting point for
attempts at longer-arc libration runs.

Multiple Pass Libration Determination Runs

- Identified dense data sets in order to determine a
coherent solution over multiple passes.

- Longest fit obtained was 2.5 days (rms. error < 10
meters)
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Libration Estimation Problem
Orbit errors can look like tether errors

Problem compounded for short arcs of data

TiPS Residual Sensitivity Plot

Simulated 3.6 minute Pass

Range Residual (m)

0 - y 1 ‘ ; =
16:01:55 16:02:38 16:03:22 16:04:05 16:04:48 16:05:31 16:06:14
Time
. =#—=Norton:Phase=0° —a—Norton:Phase=90°

| —x—~Norton:Orbit Plane Errors
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» Determine instantaneous tether orientation and libration amplitude

e Based on matching tether, nadir and velocity orientations in video
frame to simulated telescope view of tether orientation
- orbit propagated to the time of the observation to provide
correct perspective

e Each frame gives indeterminate family of solutions
- apparent length not used due to difficulties in determining
fov & entire length not always in frame.

* With multiple frames from single pass and favorable pass geometry,
we were often able to deduce amplitude information.
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TiPS Optical Results

Amplitude Solutions

Date In-Plane | Cross-Plane
21-Jun-96 40°+7° Do ElS®
24-Jun-96 35 £7° 21°t7°
21-Sep-96 B
23-Sep-96 6.6°+2°
25-Sep-96 8.5°+2°
26-Sep-96 6°1+2°
29-Sep-96 5¢42°
11-Feb-97 7°12°
6-Apr-97 5.5°42°
20-Jul-97 542"

« Numerous point solutions were obtained and found to have excellent
correlation with GEODYN predicts, particularly for in-plane angles

* Point solutions obtained during deployment indicate initial
out-of-plane deployment angles between 30 and 37 degree’s, £10°
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TiPS Optical Point Solutions

Observation Time | In-Plane | Cross-Plane Observation Time | In-Plane | Cross-Plane
6/20/96 10:36:35 35°£10° 9/26/96 15:05:20 10.5°E2.5° 02"
6/20/96 10:38:20 37°£10° 9/26/96 15:12:32 -10°+1°
6/20/96 10:42:43 9°+10° 9/26/96 15:18:03 -7°41° IR
6/20/96 10:45:50 35°£10° 9/26/96 15:18:30 -10°£2°
6/20/96 10:48:35 30°£10° 9/27/96 13:59:40 35°43.5°
6/21/96 11:22:21 4°+1° 9/27/96 14:03:16 S0
6/24/96 7:50:50 0°+5° 9/27/96 14:06:30 K o
6/24/96 7:55:49 14°45° 9/28/96 5:11:50 -7°82° -3°42°
6/24/96 7:58:00 14°+5° 9/28/96 5:18:13 -19°+1° -5°43°
6/24/96 9:51:00 8°+5° -11°45° 9/28/96 5:23:48 -12°%2° -6°£2°
6/26/96 9:07:39 3°49° 9/28/96 14:35:50 -6°14°
8/19/96 7:56:00 2.2 5" 9/28/96 14:43:22 2a3°
9/21/96 6:02:40 i 5 2 4+ 9/28/96 14:49:20 -12%¢3°
9/21/96 6:05:39 1342 9/29/96 15:23:06 1°+1°
9/21/96 6:10:10 13°42° e o 9/30/96 14:10:13 P
9/22/96 6:42:41 ¥rL.Y2.3 2.5°+2.5° 9/30/96 14:14:13 13%1° 0°+£2°
9/22/96 6:45:38 12.5°42.5° P e 9/30/96 14:19:40 o

9/22/96 6:49:28 s 2078257 10/1/96 14:52:25 TR 0°13°
9/23/96 5:31:44 -1°£1° 10/1/96 14:53:57 9°42° -3°43°
9/23/96 5:36:31 -1%1° 10/1/96 14:58:45 13 4°43°
9/23/96 5:42:44 6] 2/11/97 6:07:44 0.5%1.5°
9/24/96 6:11:53 5°45° 2/11/97 6:13:30 -1°4£2°

9/24/96 6:16:30 4°+1° 5°45° 2/11/97 6:18:35 -6.5°+1.5°
9/24/96 6:20:33 5°45° 4/11/97 15:34:41 -3°£1.5°
9/25/96 5:01:52 -2°%1° 5/17/97 6:42:06 L%

9/25/96 5:07:23 -9°42° 4°£1° 5/17/97 6:43:48 e
9/25/96 5:13:38 8°t1° 7/20/97 15:36:38 -1.5°¢1°

9/26/96 5:47:25 -10°£1°




Rotation Rate Decreases
SLR confirms rotation rate was 4.0 rpm at deployment
Intermediate checks show a gradual decrease

Latest data indicates rate is below 0.25 rpm
- Unable to confirm exactly

Rezidual {meters)

0.20

015 1 +

0.10 ¢ ' *
L A

0.05 % jz ﬁ .

noo 1# o | 3 +
as? *W &“ V !
0.40

38483 38487 36491 38495 38499 38503 36507 38511
weconds of Day
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Knowledge Gained About Librational Motion

Observed a rapid decrease from the initially large libration
amplitudes.

Inplane and crossplane libations appeared to damp rapidly.
Damping in good agreement with theoretical models.

- Primary damping mechanism was internal friction
- Tether expected to remain in current equilibrium state

o
o
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Future Work
Integrate data from Space Surveillance Network

Many tools will be reused for ATEX
(Advanced Tether Experiment)

If funding available, will revise operations to determine TiPS
motion in one year.
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Tethered Satellite System Time Domain Observer Development
for STS-75 Mission

Author:
Haik Biglari, The Boeing Company

McDonnell Douglas Aerospace
haik.biglari@boeing.com

ABSTRACT

Under the influence of Earth’s magnetic field the
Tethered Satellite System (TSS) exhibits a special
motion which resembles the motion of a child’s
skiprope. This motion known as SKIPROPE, only
develops if the core of the tether is metallic. Active
damping must be introduced to control the magnitude
of this motion. Unfortunately, direct measurement of
this motion is not technically feasible. Therefore,
indirect measurements are needed to estimate the
magnitude of this phenomenon. This paper presents
a hybrid scheme in determining the magnitude and the
phase of this motion for the STSO75 mission. An
adaptive Notch Prefilter was augmented with an
Extended Kalman Filter operating at a sampling rate
of 1 Hz. The resulting Observer was successfully
used during the actual mission, until an unexpected
fault broke the tether causing the observer to diverge.

NOMENCLATURE
x. Satellite quaternions Vi - {1,2,3,4}

[x, xs  Skiprope motionin (U, ) plane.
[x, %g x,] Satellite rotational rates in rad/sec.
[%10 x,|  Skiprope velocity in (U, 7) plane.
X Tether density in kg/m.

[x” xu] Libration angle rates in rad/sec.

[%14 %1 In-plane, out-of-plane libration angles.

LVLH Local Vertical Local Horizontal.
TDSO  Time Domain Skiprope Observer.
EKF Extended Kalman Filter.

I, Satellite moment of inertia about x-axis.
I Satellite moment of inertia about y-axis.
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I Satellite moment of inertia about z-axis.

Satellite torque due to tether motion.

—
~
"
~
~
—_—

Nz] Satellite torque due to thruster firings.
Effective force due to magnetic field.

TSS state vector (16x1).

Estimate of TSS state vector (16x1).
TSS stochastic input (7x1) vector.
TSS measurement (15x1) vector.
Orbiter mass in SI units.

—_— —
*®
-

]
S |
2
S

I I ¢ R &
Q

“

Satellite mass in SI units.

State covariance matrix at time k.
Kalman gain at time &

Measurement noise covariance matrix.
Process noise covariance matrix (7x7).
Earth's magnetic field (3x1) in LVLH.
Tether current in SI units.

Tether length in SI units.

Shuttle orbit rate in rad/sec.

DN X XNV

INTRODUCTION

In controlling Dynamical Systems, it is essential to
have a knowledge of the controlled variable. This
knowledge is sometimes available in the form of
direct measurement. However, in most cases the
controlled variable is not directly measurable.
Kalman Filtering (KF) , has been used since early
1960s to estimate the unmeasured system states which
are observable. The method is based on the earlier
work of Wiener's Least Squares Filtering in the mid
1940s [2] and is closely related to the Luenbeger
Observer developed in the early 1960s. Application
of the Kalman filter to Tethered Satellite technology




has been reported in [11, 13]. Other frequency
domain approachs have been reported in [12,14].

In the Tethered Satellite System the variable to be
controlled is the kinetic energy stored in the tether.
This energy is in the form of skiprope motion as
depicted in Fig. 1. This motion is initiated by a force
induced from current flowing in the tether and the
Earth's magnetic field. This force can be found from
the following equation:

dF,-I(dL % B.) 1)

where; dF,. is the elemental force on the tether.

" xsv yS
y Satellite Frame
T

N

/ //'
Skiprope 1> )/
v 7

LOS //
X /
b y
» LVLH Frame
| 4
z \
|

/

N

Figure 1. Tether skiprope motion

Assuming that only the first mode is present, Eq
(1) can be expanded, resulting force will be :

dF,-1|dL|[0 O -1]'%T,"T,"B, .., )

where; the T,and T, matrices are transformations

from the libration frame to the LVLH frame. They
are expressed as:

x,) 0 -Sx,)

T,-| 0 1 0 ;
Sx,) 0 C,)

32

1 0 0
T,- 0 Cx,p) SCx,)
0 -S(x,9 C(x,9)

Simplifying Eq(2) we obtain:

dF =1|dL|[a Y] .
S(x,)8x,) Clx,) -S(x,9C(x,,) 3)
-C(x,,) 0 -Sx,)) |

Assuming that only the first mode is present, Eq
(3) can be integrated in a closed form, then

the U, ¥V component of the resulting force per unit

length will be:

ay - %[ G, S0, Cly9) - SG1)CeL ) Brypyy

- 4
ay - “21C6,) 0 S6,)) Bus )

The induced force is only present during the time
when current flows in the tether. Furthermore, during
the first half of the skiprope period energy is pumped
into the skiprope and during the second half of the
skiprope period, energy is taken out of the skiprope.
Therefore, by proper pulsing of the tether current the
skiprope energy may be absorbed, and as a result the
skiprope magnitude may be reduced.

A second method of reducing the skiprope
magnitude is by performing a Shuttle yaw maneuver
in the direction of the skiprope motion with the
proper phase. Regardless of the damping method, it
is important to correctly and reliably estimate both
the magnitude and the phase of the skiprope motion.
Since EKF is a model-based estimator, a simplified
dynamical model of TSS becomes necessary.

TETHER DYNAMIC EQUATIONS

The dynamics of TSS is best described by a set of
Partial Differential Equations (PDE). However, an
approximation must be made for numerical
implementation. One such approximation is to divide
the tether into several sections, and lump the mass of
each section into a bead. This technique converts a
set of PDEs to a set of Ordinary Differential
Equations (ODE). This method has become known as
the TSS bead model. In our initial implementation a
single bead model is used which is sufficient if only



the first mode is to be controlled. This formulation
assumes an equivalent tether mass, rotating around
the line-of-sight between the satellite and the Shuttle,
which transfers it's energy to the satellite through a
massless tether. A set of sixteen coupled non-linear
differential equations describe this motion. The four
equations describing the rigid body kinematics of the
satellite are:

dx, /dt=0.5(xx,-xx,+xx,)+0.50x, + u,
dx,/dt=05(-xx,+xx,+xx,)+0.5Qx,+u
dx, | di - 0.5(xx, - %, + xx,) - 0.5Qx, + u O
dx,/dt=0.5(xx, -xx,-xx,)-050x, +u,

If we denote the instantaneous position of the
tether at the mid node bead x;x,, (see

(U, V) plane in Figure 1.)
dxg/dt=-xy,

dx,/dt - %y, (6)
The rigid body dynamics for the satellite becomes:

de,/dt=[t + Ny xx(I -I)1/I +u,
dx,/dt=[t + N« xx,@_-I)1/1 +u (7)
dx,/dt=[t,+N,+ x,‘c‘(lw DN/, u
Since the higher order modes are not modeled, and
the thruster firing frequencies are much higher than
one Hertz, the thruster firing terms [N, N, N] can
be neglected. However, to compensate, a higher

process noise will be assumed. The set of equations
describing the tether acceleration then becomes:

dv,,/dt-[a, wFx/L?]/x, - u,
dx,/dt=[a,-n’FxJL*]/x,,+ u, ®)

The effective tether density is essentially constant
and can be used as slack state variable. Therefore,

dx,,/dt=-u, 9)
The remaining four Equations describe the tether
in-
plane and out-of-plane libration angles and their
derivatives respectively are:
dxyyldt--3Q%8(x, )C(x,y) -
2(xy3+ Q)[L/L - x stan(x,) ] + u,
=X
:14;3 =- ?(x dC(x 19 (10)
15 1 1
BQXCHx,) - (x5 Q) -2Lx, /L +u,,
dx g/ dt = %,
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TETHER STATIC EQUATIONS

The following set of static equations are used to

compute the forces and torques acting on the
satellite.
Lo r nx,/L
tl-\r, 0 -r|-A4-B-C|-nx/L|'F (11)
el 0 1

where A is the Direction Cosine matrix, which

transforms vectors from LVLH to the satellite
coordinate system. It is most conveniently expressed
in terms of the elements of the quaternion vector:

2 2 2 2
| - Xy - X3 + X4 2(xyx, + X3%,) 2(x x5 - X% ,)
2 2 2 2
A= 2(xx,-x3%)  -Xp + X5 X3+ X, 2(xx5+ X1X,)

2 2 2 2
2(xyx5+ X%,) 2(xx3-xx,)  -Xp -Xp + X3 +X,

The tether tension F, can be approximated as:
F-=3Q*L(m, -0.5x,L)(m, - 0.5x,L)/ (m, ~m)

EXTENDED KALMAN FILTER

In the previous sections, we formulated the first
mode equations of motion which govern the TSS.
For the sake of simplicity, we shall refer to the
resulting sixteen differential equations by the
following state-space representation:

X=f(x)+ Gu

y=h(x) - Dv

the

(12)

where X represents state vector
and M,V represent additive process noise and
measurement noise, respectively and G,D are
selection matrices. Therefore,
x=[x x, x xlé]T

and

T
u-[uq u, u, u, u; u, u,l
Where;




u_ = A 4-vector process noise for the satellite kinematics

u =4 3-vector process noise for the satellite dynamics

u, = Process noise in the u direction

u_ = Process noise in the v direction

u = Process noise of the tether density

u,, = Process noise of the in-plane libration angle

U o, = Process noise of the out-of-plane libration angle
Similarly the measurement noise V may be
expressed as:

v=[v, Vv, Vg Vg vp]T
Where;

v, =4 3-vector noise covariance of satellite attitude data
v, = A 3-vector noise covariance of the satellite rate data

Vo= A 2-vector noise covariance of the Earth Sensor data
V= A 3-vector noisecovariance of the magnetometer data estimated satellite yaw ¥,

result the corresponding residual becomes null, this in
turn implies that the corresponding innovation
equation will not update the state with new
information, which is indeed true. The first set of
computed states are the quaternions derived from the
attitude measurements.

Omeas] - C(,/2)C0,/2S0,/2) - S4,/2)S0,/2)C0//2)
Omeas2- C(y/2S0,/2)C0,/2) - S0,/ DC0,/256,/2)
Omeas3 - S(4,/2C6,/2)C0,/2) - C0,/DS0,/56,/2)
Omeast - C(/CH,/2)C0,/2) - S6,/DS0,/5,/2)

For the Earth Sensor, the satellite roll and pitch angle
are telemetered, which contain some information
about the satellite quaternions. Therefore, to compute
these quaternions a satellite yaw angle is also
needed. This can be supplied from the estimated
satellite yaw angle, which is derived from the

v,-4 6-vector noise covariance of the pseudo measurements

MEASUREMENTS

The measurement vector ), includes four

distinct sets of measurements and a set of pseudo
measurements:

Yol ande | Voeie | Vux | P50 | Viemiad ™

where the first set of measurements are satellite
attitude data with the following sequence.:

Yoimiae = va yy y,]
The second set of measurements are satellite rate data
defined with the following sequence:

Veaer Vi Yoy Ved
The next set of measurement data is the Earth
Sensors, which are defined as:

Yes= [yEg’ Yy Eg']
This is followed by magnetometer measurements:
Yg=[B, By B]
Each set of measurements is a function of system
the state variable X. Therefore, the states may be

computed from these measurements. Similarly, any
measurement can be estimated using the estimated
states. Thus, the residuals may be formed by finding
the difference between the computed states from
estimated states. This formulation naturally resolves
the data drop out problem. If a particular
measurement is not available then the corresponding
computed state is replaced by estimated state. As a
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estimated direction cosine matrix Am. The
becomes:
A2
Y - Atan «(12) (13)
A u(l,l)

The computed quaternions found fromEarth Sensor
data can be expressed as:

Qearthl - C(2/12)C(y /2)S(,/2) - S(B/2)S(y ,/2)C(,./2)

Qearth2- C(2/2)S(y, q/Z)C(y /2) - S(B/D)C(Y /)80 ,/2)

Qearth3- S(‘P/Z)C(yq/Z)C(ya/Z) - C(‘Y/Z)S(yq,IZ)S(yQ/Z)

Qearth4- C(¥/2)C(y/2)C(y,/2) - S(T/2)S( ,/2)S1/ /2)
The magnetometer outputs are also a function of
satellite quaternions:

Yp=A Biyy+ v

computed from

(15)

where By, is a Spherical

Harmonic Expansion of Earth's magnetic field, based
on the latitude and the longitude of LVLH origin.

PSEUDO MEASUREMENTS

The pseudo measurements are a set of computed
quaternions from rates, the skiprope U component
derived from the Adaptive Notch Filter (ANF) and
the skiprope V component derived from the ANF.
The computed quaternions from the rates are based on
the discrete kinematic equation, where the previous
angular rates and the previous set of quaternions are
used to compute a new set of quaternions. The
pseudo measurements provide complete observability
with only gyro rate data when the satellite is not
spinning. However, when the satellite spins the
minimum required data is satellite rates, Earth sensor
data, and magnetometer data. The set of equations



used for computation of the pseudo measurements
are:

Y Pvewdo =
[Cos(e T/2) - ——Sin(w 1120 T, %, %, %1
W

{16
5 pseudo
VN
Where @,, £, may be computed from
w, -, +A,2)802
W, =@, +A(2,2) 2 a17)
w, -w,+A3,2) Q2
and
P P ] (18)
and
{ 0 o, W, W,
-@ 0 o,
ge _ ez ex ey (19)
Wy, W, 0 ,,
W, @, -0, 0

THE ADAPTIVE NOTCH PREFILTER

This is a bandpass notch filter (complement of
band reject notch filter) designed to provide a pseudo
measurement for the skiprope. It is assumed that the
satellite roll angle and the satellite pitch angles in
(2,1,3) sequence are available. It is important to note
that the telemetered data as received, is in (3,2,1)
sequence which is not the proper sequence for this
type of filter. This is due to the fact that the roll and
pitch angle in this sequence are modulated by the
yaw angle. The prefilter is adaptive because its center
frequency is a function of the length of the tether.
First, a sequence conversion is performed. Then the
converted angles are fed to the prefilter. The
prefilter processes the converted data by using a set
of two second order notch filters. Each filter is
centered around the natural frequency of the first
mode of skiprope. The frequency domain
representation of each notch filter becomes:

U, [5) sa

6,1cn(®) _ (V) + e+ (w/e) (20)
and similarly for the V component we have:
Ves®) e
1)

6, (Vaf + S/a+(0/a)
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Where, is the bandwidth and @, is the

center frequency which is a function of tether tension,
tether length, and tether density, as shown by the
following equation:

! -F-7*/(L-x(12)

a

(22)

The bandwidth was set to .01 rad/sec which is about
.5 deg/sec. Since the actual implementation requires
Discrete Domain representation:  The discrete
Domain representation for the U component

becomes:
1 -Ta-+1 -Ta)sz Tﬁm(23)
= + p.
2]n.1 T 1 2]n ¢

And the skiprope estimate in the U direction becomes:
7 2

Similarly, the roll data is processed by:

(24)

n-1

1 -Ta+1 -Twl|P; [T}a. -
T 1 A 0 mll( )

2)p.1

And the skiprope estimate in the V direction becomes:

Lo 1
V. -2 o (26)
L 2
n+l
The Bode plot of ANF

{a=.01, o -(27/600)} isshownin Figure

2. It should be noted that the above estimates must
be adjusted to take into account the skiprope offset
due to current flow, therefore the skiprope offset may
be computed from:

AU I-To, 0 |Ay| |Tay/(x;,0;)

av|, , 0 1-Toy dV]|, Ta,,(/z(;cjza)s)
Correcting for the offset, we obtain:

U= U+ AU (28)
Similarly:



V -V

est est

+ AV 29)

0.01 0.1 Rad/Sec

Figure 2. Frequency response of ANF.

THE EKF MEASUREMENT UPDATE

The EKF updates the skiprope estimates every
second to reflect the effects of measurements. If no
measurement is available then the state evolution is
propagated by the model. Therefore, EKF time
update takes the form of:

X -f(%)

During the time update, the state covariances are
also updated by first linearizing the state equations
about the operating point:

(30)

7.2
S (32)
which result in a linear system:
b 1o Dy (3)

Then the above continuous system is converted to a
discrete linear system by the exponential method:

tl'
X X .4 / P, ;G -u,dr (34)

L
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where @, is the state transition matrix at time k,

and is defined as:

B - oFlx)at

% =

(35)

Assuming that system dynamics and input do not
change between the sampling interval (Az-1 sec) ,

Eq(20) then becomes:
Xe=Dp ;"X 1+ W

(36)

Then, the corresponding discrete process noise
becomes:

0,-[ 2G-Q-GT ¥, J(49 37
where Q is determined empirically using a high

fidelity TSS simulation. Now the state
covariance P, can be propagated during the time

update (see section 5.3.3) :
P =B P, B0, (38)
Measurement update is ideally performed once
every second. Therefore, the system measurement
equations must be linearized about the operating point
after each measurement. Therefore, the variation in
measurement becomes:

oy =H,0x+Dv (39)
and corresponding measurement noise covariance
becomes:

R, -DRDT (40)
which results in a Kalman gain K, computed from:
K, -P;H, [H P;H,-RJ’ (41)
The measurement covariance matrix R, is a

diagonal matrix and it's diagonal elements may be
increased to a large number if the corresponding
measurement is not available or is not to be used.
The next step is evaluation of the innovation
equation:

X =X+ K[y, - k()] (42)
where the term in the bracket represents the residual
of the estimation process, which has to be minimized
in an optimal manner.

Finally, the state covariance matrix is updated with
new information:

S,- [ -KH, | 43)
Then the state cTovariance b;comes:
P, =S,‘P,;S,‘r + KkRAK,, (44)



EKF TIME UPDATE

Eq (2) thru Eq (11) are propagated in time until a
new measurement becomes available. In normal
operating conditions, approximately every second
there should be a measurement. If no measurement
becomes available by the end of any sample period,
the filter goes into DEAD RECKONING mode until
a new measurement becomes available. ~DEAD
RECKONING can continue for approximately half of
the orbit time . However, it is important to note that
DEAD RECKONING is only meaningful when the
TDSO has locked into an acceptable solution.

BAD DATA IDENTIFICATION &
REJECTION

For robust operation of the EKF it is essential to
identify and reject telemetry dropouts. A set of flags
is needed to indicate whether data from the telemetry
stream is to be used or rejected. If a measurement
fails limit checking it's flag is set to zero, otherwise it
is set to one. However, some measurement data may
actually pass the limit checking process but still not
contain valid data. Hence, these flags can also be set
manually. An automatic bad data identification is
also implemented where the residuals are normalized
by their corresponding expected variations. If this
quantity exceeds a predefined threshold then the
corresponding measurement is declared bad.

THE PROBABILITY ELLIPSE

For every time step, the TDSO computes a 50%
probability ellipse in the neighborhood of the
estimated skiprope. The ellipse represents a region in
space which is perpendicular to the tether at the mid
node. The major and minor axis of ellipse are
located in the U,V plane. If we designate this region
by R then the problem is to find aregion R such that
the probability of finding the mid node at that region
would be 50% or mathematically:

P{(x,y of skiprope) cR} -0.5 (45)
The joint probability density for this process is
assumed to be Gaussion with a mean concentrated at
the estimated value of the skiprope, therefore:

g ~05(x-u y-wA (x-u y-v)F

f(xy) -
2-7- (detd )

(46)

Where the covariance A, is updated every second

from the
error covariance obtained from EKF:
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A

[P(s,s) P(s, 6)} 7

" |P(6,5) P(6,6)

For the ease of computation, we can remove the mean
by sliding the coordinate system to u, v. We must
keep in mind that the region R will be centered
around u, v. Now, define a new moving coordinate
system:

X, =X-u
X,=X-V (48)
Then the joint probability density becomes:
- -0.5(x, y)A'(x, y)T
fxpyy - (49)

2-7-(detA ) %°

To find the region, we must double integrate Eq(49)
and equate the result to 50%:

/ / Sxp y)dx,dy, -
xp YR,
-0.50c; y A x; y)T

(4
// 27 (detA )

xXp YR,

(50)
dx,dy, - 0.5

Now, change the coordinate system one more time to
diagonalize the covariance matrix:

[:’ -A- b’ (51)
1 2
Substituting Eq(4) in Eq(39)
-~ -0.5(x, y)ATA A (x, y)T .
Y
/S 2-7- (detd ) °* A2 (52)

X, ¥} R,
=0.5

The exponent of Eq(41) has a covariance which is
diagonal. Therefore Eq(41) can be rewritten as:

/ / o ~056 y)Diag(d, DI (5, 3 )

{x,y,)€R,

dxdy
27 Ux'(ly (55)

= 0.5

In order to integrate Eq(42) symbolically, we need to
perform another change of variable:

R s

Eq(42) now becomes:

a. 0
: (54)

0ay




-0.5(x] -y})
4y

[ [

X, y}€R,
=-0.5

To integrate Eq(44) we must express the integral in a
cylindrical coordinate system:

(35)

r=c 62n
T darde
/0 / d (56)
=05
For Eq(45) to hold we must have:
- VIn(d) - 1.1774 (87)

Which implies that the region is an ellipse, centered
at (u,v), where the axis of the ellipse is rotated
by the eigenvectors of A, and the semi-major and

the semiminor axis are 1.1774 times the eigenvalues
of A.
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Figure 3. Kalman Filter Loop.
EKF LOOP

Figure 3. shows the sequence of execution of
major TDSO functions. Blocks two through thirteen
are executed every second. Block number one and
block number fourteen are executed only once.
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SUMMARY OF RESULTS
With proper choice of process noise, TDSO
provides the satisfactory skiprope estimates. As

Figure 4. U Actual and U Estimated

evident, the convergence occurs in less than 250
seconds. The filter maintains a robust estimate, if
system parameters_change within the expected range.
Figure 4. compares a typical estimation of circular
skiprope with This skiprope motion was actually
observed with the estimator during STS-075 mission.
Since there is no direct skiprope measurement, the
only reference is the ANF estimates. Figure 5. shows
the comparison of the EKF estimates and the
estimates obtained with the Adaptive Notch Filter.

CONCLUSION

An Adaptive Notch Filter (ANF) is augmented to an
Extended Kalman Filter (EKF) for robust estimation
of the motion of the tether in a Tethered Satellite
System. The resulting hybrid filter is capable of
estimating TSS skiprope throughout the mission. The
accuracy of estimation is primarily a function of
process noise specification. The filter operates in the
presence of spin reversal and other disturbances and
unmodeled dynamics. The filter was used
successfully during the STS-075 mission.
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STS-75/TSS-1R TETHER CONTROL & DYNAMICS
OPERATIONS

Joseph L. Williams, Jr.”

The reflight of the tethered satellite system (TSS) onboard Space Shuttle
Columbia during STS-75 provided many challenges to Mission Operations
in preparation for and execution of the mission relating to
deployment/retrieval of the tethered satellite and the control of tether
dynamics. A new method of flight controller training was developed using
the Internet as a backbone between the crew in the simulator, the Johnson
Space Center (JSC) tether dynamics team on a set of workstations at JSC,
and the Marshall Space Flight Center (MSFC) tether dynamics experts on a
remote set of workstations at MSFC. This allowed the team to maximize
use of the best available man-in-the-loop tether dynamics and Shuttle
piloting system with the actual ground displays to be used in the Mission
Control Center (MCC) in Houston, minimizing travel of the MSFC team to
JSC. Finally, a clear operations concept was developed in the course of
training in which a first-response team consisting of flight controllers at JSC
was trained heavily in quick actions, and two teams of tether dynamics
experts from MSFC, one hosted in the MCC Payload Operations Control
Center (POCC) and the other in the Huntsville Operations Support Center
(HOSC), were present to provide technical expertise in more long-range
activities.

INTRODUCTION

The first flight of the Tethered Satellite System (TSS-1) on Space Shuttle Atlantis in
August, 1992, was an extremely challenging mission. It pushed to the limits the flight
crew, the supporting team on the ground, and the mission facilities. The job of my team
was to control tether dynamics to ensure we met the TSS satellite deployment and retrieval
profile, all of this under the auspices of the Houston Flight Director. Our primary
responsibility was to oversee nominal delivery of the satellite to the onstation point, and to
successfully retrieve the satellite. We produced the TSS DYNAMICS ' Flight Data File,
which contained the procedures for nominal deployment/retrieval and the timeline defining
their order of execution.

In an off-nominal situation, we were responsible for determining how to safe and
recover the deployment/retrieval within the scope of our expertise and within the limits
defined by the FLIGHT RULES?, the document that defines the envelopes for mission
success and crew safety. This involved managing tether dynamics to stop the system and

" Rendezvous Guidance and Procedures Officer, United Space Alliance, 600 Gemini, Mail Code USH-423T,
Houston, TX 77058, Joseph.L.Williams1@)jsc.nasa.gov

! JSC-48087-75

? NSTS-18308
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reconfiguring deployer guidance parameters to resume the mission. We also replanned
activities and events relating to piloting the Orbiter and managing tether dynamics.

Pre-mission, our team served as consultants to the crew in the technical details of
piloting the Orbiter in the presence of the attached TSS satellite. We provided
familianization and verification of the procedures with the crew to augment their mission
preparation. We also assisted in the development of the FLIGHT RULES, drawing upon
our expertise in shuttle operations and tether dynamics, to define rules governing the
conduct of nominal and contingency tether operations. We also developed software for use
by all parties to augment awareness of the state of the tethered system and to assist in
decisions regarding actions to take.

We learned many lessons from that first experience. The Tether Control &
Dynamics Operations Team (CDOT) was formed at the Johnson Space Center (JSC),
Houston, in August, 1994, to address the challenges for the reflight of TSS-1 (TSS-1R),
scheduled onboard Space Shuttle Columbia as part of STS-75 in February, 1996. Part of
its charter was to address two specific areas relating to tether dynamics:

e How can we improve our readiness on the ground?

e How can we improve our realtime operations?

IMPROVING READINESS

Our first step was to make use of as many readily-available experts on tether
dynamics as we could, tempered somewhat by concerns of economics. We identified
personnel at both the Marshall Space Flight Center (MSFC) and JSC as candidates. MSFC
had a team of tether dynamics experts in Huntsville who interfaced directly with the
deployer hardware team pre-mission. They had great expertise in tether dynamics and ready
access to key personnel on the deployer hardware side. Also, they had an interface to the
TSS Mission Management structure in Huntsville. JSC also had developed tether
dynamics expertise in Houston during the first tethered satellite mission. That expertise
was augmented with personnel in Mission Operations who knew how to fly Shuttles and
learned about tether dynamics and its ramifications to operations during the first mission.
Finally, we had available a long-time tether expert as a consultant. This group of people
formed the core of the operations team for managing tether dynamics. This will be
discussed further later.

Another area we addressed early was that of how best to provide software support
for tether dynamics training and realtime operations. It seemed clear to us that the best
bang for taxpayers’ dollars could be achieved if existing tools could be reshaped to meet the
needs of tether dynamics operations. Furthermore, it had to fill the needs of both training
and realtime operations for both flight controllers and the crew. This was an ambitious
goal, but one we would not have undertaken without having the right pieces of the puzzle
present already.

At JSC, we have the Rendezvous Operations Support Software (ROSS) as a basic
telemetry acquisition, processing, and display system. This software was developed
originally to support Shuttle rendezvous operations, but it is highly reconfigurable and
could be easily tailored by the operators to display tether dynamics data as well as Shuttle-
related data. Also, we have a standalone high-fidelity man-in-the-loop tether dynamics
simulation called the Orbital Operations Simulator (OOS). This simulation was developed
for tether analysis with a pilot in the loop. We felt it would be ideal if we could tie together
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ROSS and OOS and use the integrated system for simultaneous crew and tether flight
controller training.

To accomplish the link, we used a telemetry distribution system called the
Information Sharing Protocol (ISP), developed at JSC. ISP is a system centered around a
set of distributed, networked, TCP/IP (Transmission Control Protocol/Internet Protocol)-
compliant server applications communicating with client applications using ISP Application
Programming Interface (API) function calls. In this case, we added a small layer of
software to OOS to map internal variables into telemetry parameters and to publish this data
to an ISP server. ROSS, in turn, acquired the OOS-generated “pseudo-telemetry” stream
with its own acquisition module built from ISP API function calls, and supplied the data to
ROSS shared memory for the ROSS display applications. For the realtime system in the
Mission Control Center (MCC), the architecture could allow us to replace the pseudo-
telemetry source provided by OOS with a real ‘telemetry source provided by the Orbiter
without changing ROSS at all. Since our networking architecture was TCP/IP compliant,
data could be routed over any network running that protocol -- such as the Intemnet. This
offered great flexibility in development, testing, and operator training. For instance, the
Skiprope Observer development team in Huntsville could tie into a telemetry stream we
generated in Houston without requiring travel one way or the other.

TCP/IP-compliant network TCP/1P-compliant network
7
ISP Server To Other
00S- ISP Telemetry I /F ROSS
7

Users

ROSS-ISP Telemetry | /F

O 005 Shared Memory [ ]

00S Pilot ROSS User O

7 7z
ROSS Display Applications

Figure 1. Tether Dynamics Simulation System Architecture

From this architecture the Tether Dynamics Simulation was born. This was
completely workstation-based with OOS as a high-fidelity man-in-the-loop tether dynamics
simulation piloted by the Shuttle crew. This pumped pseudo-telemetry data to an ISP
server which was tied into by the users running ROSS. It was closed loop in that the
ground would make appropriate calls to the crew, the crew would take the appropriate
action, and the results could be seen by the ground. Two configurations of this system
was used. One was where the crew was in one building at JSC, the JSC personnel were in
another building at JSC, and the MSFC personnel were in Huntsville, all looking at the
same data being served in realtime over the Internet. A second configuration was setup in
the MCC. The crew was stationed on a Silicon Graphics workstation in the MCC, and this
provided pseudo-telemetry data to an ISP server running in the control center. The tether
dynamics team members were located on their respective consoles in the MCC, tied into the
data with ROSS, and used the flight consoles to communicate with the crew. The Houston
Flight Director and Capsule Communicator (CAPCOM) participated in each of the
simulations, supported in some scenarios by the Houston Payloads Officer.
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IMPROVING OPERATIONS

As we trained, we evolved our realtime operations into a two-pronged attack. First,
we developed a Quick-Response Team. This team was trained in nominal TSS operations
and in quick-response actions to off-nominal situations. The head of the team was the
Rendezvous Guidance and Procedures Officer (RGPO) located in the Flight Control Room
(FCR) of the MCC. The RGPO was responsible for the overall mission execution relative
to deployment/retrieval of the satellite and management of tether dynamics. The RGPO
also served as the direct point-of-contact between the tether dynamics team and the Houston
Flight Director.

Supporting the RGPO was the rest of the quick-response team consisting of Tether
Procedures Support, Tether Dynamics, Tether Dynamics Support, Profile, Skiprope
Observer Support, and Rendezvous Operations Software Support.

e TETHER PROCEDURES SUPPORT was responsible for profile monitoring,
performance gates GO/NOGO, deployment/retrieval procedures timeline
execution, libration management, Orbiter Digital Autopilot (DAP) & Orbiter
body pointing requirements for deployment/retrieval, and the relative motion
trajectory during attached operations.

e TETHER DYNAMICS was responsible for tether lateral and longitudinal
motion, skiprope management, tether twist, and satellite dynamics.

e PROFILE was responsible for deployment/retrieval profile monitoring and
reconfiguration in contingency situations.

e TETHER DYNAMICS SUPPORT was responsible for managing tether
motion.

e SKIPROPE OBSERVER SUPPORT was responsible for the operation of the
Skiprope Observers.

e RENDEZVOUS OPERATIONS SOFTWARE SUPPORT was responsible for
monitoring the distribution of tether dynamics data within the MCC and to the
HOSC, and for the execution of ROSS (both onboard the Orbiter and on the
ground).

e TETHER CONSULTANT provided guidance without being involved in the
minute-to-minute details.

Second, we placed several of the MSFC tether dynamics experts in the Payload
Operations Control Center (POCC) in the MCC. They served as liaisons to the deployer
and satellite hardware communities co-located in the POCC. They were not required to
travel to JSC for the Tether Dynamics simulations using the OOS-ROSS closed-loop
system, but did travel to Houston for the Joint Integrated Simulations (JIS). DEPLOYER
DYNAMICS, as the position was called, was staffed exclusively with personnel from
MSEFC.
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Figure 2. Tether Dynamics Realtime Operations Concept

This arrangement addressed the needs of supporting tether dynamics realtime
operations in Houston. Several other tether dynamics experts served as consultants to the
TSS Mission Management Team located in the Huntsville Operations Support Center
(HOSC). We wished to address a need to send information from the MCC to the HOSC to
augment the voice loops already in place. To do this, we extended the Internet-based
architecture of our software system. The network in the MCC was also TCP/IP-compliant,
so we could run ROSS and ISP in the control center as well. Furthermore, we shipped our
tether computations, including the Skiprope Observer calculations, over a special TCP/IP
line connecting the MCC with the HOSC. In Huntsville, the tether dynamics experts there
used ROSS to acquire and display the results of our computations and thus could advise the
TSS Mission Management team as to the status of the tether dynamics. This capability was
available without requiring any changes to ROSS or ISP. It was simply an extension of the
existing system, piggybacking on the JSC-to-MSFC line provided as part of the Remote
Extension to Moscow (REM) gateway supporting Shuttle-Mir missions.

MCC/Houston TCP/IP
Local Area Network (LAN)

MCC/H LAN

Internet

Telemetry from Orbiter ~
ISP Server

O

Figure 3. Software Architecture for Realtime Operations
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One of the major crew requests from the first TSS mission was to have a suite of
tools onboard to ease the burden of monitoring tether dynamics. Before, they had graphs
and equations which required them to read numbers from a Shuttle dlsplay and either plot
or compute numbers by hand. We chose to provide them with the same software we were
running on the ground -- namely ROSS with ISP -- but running on an IBM ThinkPad
laptop computer. For this, we ported a Unix variant called Linux to the ThinkPad and
ported ROSS/ISP on top of that. Next, we tied this machine into a telemetry acquisition
server onboard the Orbiter called PCDecom. PCDecom ran on another IBM ThinkPad and
was tied directly into the Orbiter’s telemetry processing hardware. This provided the crew
with realtime tether dynamics data. Note that neither ROSS nor ISP source code had to be
customized in any way to provide this capability to the crew. This approach provided the
crew with a much requested capability with a minimal cost extension over that providing
for critical support to the ground controller team.
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Figure 4. Sample ROSS Configuration for Onboard Use

The final area addressed for realtime operations was the TSS DYNAMICS Flight
Data File (FDF). The TSS DYNAMICS FDF contained the crew procedures for the
deployment/retrieval of the tether and the timeline defining the order of execution. It also
addressed off-nominal scenarios. We created a “flipbook™ describing quick 5-minute-or-
less actions to be taken by the crew to safe the system. The flipbook was referenced via a
chart containing failure recognition cues.

In the tether break scenario that occured on STS-75, the confirming cue onorbit was
visual. For ground controllers, not having the benefit of immediate visual confirmation,

46



the rest of the values clearly indicated a tether break: tether current=0, the
Fault Detection Annunciation (FDA), the FDA and value=0 from the Z
accelerometer, and high positive opening velocity from the Shuttle’s rendezvous radar

tracking system.

SIGNATURE \

FAILURE

TETHER BREAK

e —
LDOT

TENSION

SLK TETHER

PW

MPC AMPS REEL

REEL MOTOR VOLTS
BRAKE
SAT Z ACCEL [SAT ZACCEL] value=0
TETHER CURRENT 0
e, ®
RADAR (HI +RDOT)
VISUALS TETHER ACCUM

Legend: = FDA message -

BLANK = indication does not matter
(Parenthesis) = indication may or may not be present

Figure 5. TSS DYN Flipbook Matrix Example

The chart directed the crew to the appropriate quick-response procedure formatted
in three columns: Orbiter actions, Satellite actions, and Deployer actions. Immediately
following the tether break on STS-75, the crew proceeded to the TETHER BREAK section
of the flipbook and performed the procedures indicated.

ORBITER

SATELLITE

DEPLOYER

1. CONTROL TETHER SLACK

If slack tether exists in vicinity of orbiter:
DAP: A/AUTO/PRI
DAP TRANS:
PULSE/PULSE/NORM(HI)
FLT CNTLR PWR - ON
Perform SLACK MANAGEMENT,
FB 5-20

If slack continues in vicinity of orbiter:
Go to CUT AND RUN, FB 5-24

1. TURN OFF INLINE THRUSTERS

[SM 214 TSS DEPLOY]
THRUSTERS IN2(IN1) OFF -
ITEM 25(23) +9 9 EXEC (OFF)

(no actions)

Figure 6. TSS DYN Flipbook Procedure Example
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CONCLUSIONS

How did we improve our readiness on the ground?

We maximized our use of existing experts on-hand, both at JSC and MSFC.

Closed-loop tether dynamics simulations provided a superior system for
training the CDOT in tether dynamics operations. We suggest that this system
should serve as model for similar future systems.

The distributed networking architecture based upon ROSS and ISP proved to be
an incredibly robust, reliable, and capable system. Architecture and approach
used in all software phases should serve as model for similar future systems.

How did we improve our realtime operations?

The use of JSC personnel as a quick-response team, and MSFC personnel as
part of the TSS hardware team, proved to be an effective arrangement,
considering both realtime execution and training costs.

We hosted the same software on a laptop for crew use as that used for ground
controller support. This reduced the cost of creating two separate systems.

The TSS DYNAMICS Flight Data File, and especially the Flipbook, worked
quite well, both for ground controllers and the crew onboard Space Shuttle
Columbia.
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APPENDIX

Table 1
STS-75 TETHER CONTROL & DYNAMICS OPERATIONS TEAM (CDOT)
MEMBERS

ABOUT THE AUTHOR

Mr. Williams served as the lead Rendezvous Guidance and Procedures Officer for
STS-75 as the direct representative to the Houston Flight Director of the tether
deployment/retrieval and tether dynamics control team in the Flight Control Room of the
Mission Control Center in Houston, TX. Mr. Williams was also the team lead of the
Tethered Satellite Control & Dynamics Operations Team, consisting of members from
flight operations, crew training, the STS-75 flight crew, and tether dynamics experts at the
Johnson Space Center and at the Marshall Space Flight Center, which addressed the issues
of tether dynamics training and execution by the flight controllers and the crew onboard
Space Shuttle Columbia for STS-75.
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ABSTRACT

The Tether Physics and Survivability (TiPS) experiment
results have been simulated and analyzed. Both the initial tether
deployment phase and the long term libration phase have been
studied. Available data is sparse except for telemetry from the
SEDS deployer during deployment and occasional ground
observations via laser and radar to indirectly estimate tether
libration angles and orbital properties. These data indicate large
initial in plane and out of plane libration angles of 40° and 30°
respectively which were quickly damped over the first 2-3 months
to values of less than 15-20°. Damping slowed from this point
eventually ceasing entirely with residual amplitudes of 5-7°.
Simulations of deployment matched well during early and mid
deployment after appropriate adjustments were made for tether
properties and the spinning of the deployer. Late deployment
which included a pause and a restart of deployment did not match
the restart time. However later analysis with a smaller initial out of
plane attitude angle for the deployer matched much better.
Libration simulations showed that internal tether damping could
provide sufficient damping to explain libration angle decay rates.
A nonlinear libration resonance phenomenon was observed which
helped explain damping of out of plane libration. The simulation
results adequately duplicate the TiPS behavior, but some
discrepancies remain such how to account for observed
simultaneous in plane and out of plane damping which probably
can’t be answered without more precise libration data.
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PRESENTATION OUTLINE AND OVERVIEW

e TiPS Deployment Dynamics Study
B Best estimate of initial conditions for libration
B Adds to knowledge of behavior of SEDS deployers
B Spinning deployer effects
B Initial deployment attitude
B Tether bowing
B Estimate of skip rope

e Nonlinear Tension and Friction Model

e TiPS Libration Dynamics Study (Damping)

B Minimal data available to study dynamics

B SEDS deployment data (except tension) available

B Laser and radar ground remote observations used to estimate
libration

B No libration angles known during deployment

B Large tether bow observed, large skip rope inferred

M [nitial librations 40° and 30° for in plane and out of plane
respectively

B Significant initial libration damping in and out of plane,
settles at 5°-7° steady amplitude

e Deployment Revisited

e (Conclusions
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DEPLOYMENT DYNAMICS STUDY
e Form of Tension Model Given from Previous Work

e TiPS Deployer Spinning at 3 RPM at Time of Deployment
Start. Addition to Deployer Model Required to Model this
B Minimum deployer friction when tether turn rate induced by
deployment just counteracts cannister spin (tether direction of
wrap must be in same direction as spin so that tether de-
spins as it unwraps -- this is consistent with data)

B Most deployer parameters retain SEDS-1&2 values

e Initial Deployer Attitude Unknown
B Varied for best match of deployment ending angles to
starting libration Angles (40° and 30° previously noted)

B Cone angle of deployer spin estimated by NRL to be within
28° of local vertical at deployment start
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SEDS DEPLOYER TENSION MODEL

L "2
Y EL .

T

ep

= ZIepmin +Imultp(1- A L

: vE,
(T mint = Tipmino)(26 = ¢°) ; Where ¢ = smaller(1, )
0
Sling-Scrub Tension Modification: Models tether moving relatively freely
in the open space between the spool and canister inner surface to rubbing
against the spool surface on its way to the exit port at the top of the canister.

T,

dep min

=T

dep min 0

1;

ep _total = I;iep

+ SSI _sc T

depminl *

Assumed to occur as the deployed length exceeds a minimum value f,.,, =
L/L,,.and as the deployment rate drops below the transitional level V,,,,

L -E /7 )
) (L-L,)

max

Spinning Deployer Modification 7, o(1 - 4 5
L, is the rate at which tether rotation induced by deployment cancels the

tether rotation induced by canister rotation.

The tension model parameters are 7, = 7.5; p=1.5 gm/m; 4 =
0.9424; E=0.6; L, =4.0km; S, .= 3.5;

L,= 0.8 m/s. The expected increase in tension due to the 7, depmin LETTN CANNOL
be observed in the data. Thus, we have taken advantage of this feature of the
model to allow us to select a separate value for the scrubbing friction.
Accordingly, we have used the values 7,,,;,) = -0.017 Nand Z, =;

T yepmin1= 0.015 N. The remaining parameters are f,,, - o5 and V,,; = 3.2 m/s.
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DEPLOYMENT SIMULATION RESULTS

e Summary:
B Matches well early in deployment
B Matches deployment pause
B Restart time is later than flight data. Lower tension or greater
deployer friction 1s probable cause.
B Significant skip rope oscillations and large tether bow
observed in simulation results

e Comparison plot of simulated and actual TiPS deployment rate
vs time. TiPS deployment data provided by Chris Rupp/MSFC.

Simulated TiPS deployment, 5-1-97, IP=-5, OP=45

deployment rate (m/s)

1 Ar
0 S/

0 500 1000 1500 2000 2500 3000
time from deployment start (seconds)
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DEPLOYMENT SIMULATION RESULTS (CONTINUED)

o Snapshot of tether shape for TiPS deployment simulation at
5000 seconds after deployment started.

Simulated TiPS deployment, 5-1-97
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NONLINEAR TENSION
AND
FRICTION MODELS

The elastic tension in the tether is modeled using a nonlinear
relationship developed from previous studies of TSS and SEDS
deployment dynamics including both test and flight data.

1

Ten = AE [(s" +a")" —a]; AE=4000N; n=10; a=0.004, .008

For simulation purposes this equation is modified to eliminate the
discontinuity at a strain rate of 0. This modified form is best
described as a sliding equilibrium point model in which the sign()
function is replaced by a function g(s) which is linear within a
small region around an equilibrium value and is limited to lie
within the range -1 to +1. The form of this function within its
linear range 1s

g(s) =G (s-s.).

Logic is implemented to keep the equilibrium strain s, sufficiently
close to s that the value of this function remains between +1 and -
1. The value of G 1s chosen to avoid small step sizes but be
sufficiently large that the linear range remains small compared to
the region of motion.



TETHER LIBRATION DYNAMICS STUDY

Initial Tether Dynamics Damping Considerations
B [n plane and out of plant libration both damped

B No damping below 5-7 degrees (suggests nonlinear
phenomenon (perhaps Coulomb)

B Large damping rates required (5-20% Coulomb)

Simulation Studies

B Effectiveness of Coulomb internal friction model

B Relative effectiveness of in plane and out of plane damping

TiPS libration angles vs time obtained from NRL Tips Web

Site. These solutions were obtained by NRL with software called
GEODYN using scanning laser radar observational data.

Libration Amplitudes (deg)

Amplitude of TiPS Motion Is Decreasing
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20% DAMPING RESULTS

e Coulomb Damping Level at 20% Results in Sufficient Damping
of in Plane Libration
W ]-2 degrees amplitude loss per week matches flight
observations
B Damping of out of plane component also observed but at
much slower rate

® Ten day simulated libration dynamics comparing in plane
and out of plane damping effectiveness.

Simulated TiPS libration, mu=.2, initial IP = 30, OP=15 deg
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10 % DAMPING RESULTS

e New Phenomenon Observed
B Fast damping out of plane while slowed damping in plane
B Abrupt stop to out of plane damping as in plane damping
Increases

e Multiply Periodic Phenomenon Observed
B 5 out of plane cycles per 4 in plane cycles
B Maintained for may days over wide range of amplitudes

e  Plot of simulated TiPS libration amplitudes with 10 percent
coulomb damping.

Simulated TiPS libration, mu=.1, IP=40, OP=30 degrees
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COHERENT LIBRATION MOTION

e Plot of out of plane libration vs in plane libration over the
first day of simulated time.

Simulated TiPS libration, mu=.1, IP=40, OP=30 degrees
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o Out of plane libration versus in plane libration after 7.5 days
for 10 percent damping case.

Simulated TiPS libration, mu=.1, IP=40, OP=30 degrees
25
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40 -30 -20 -10 0 10 20 30 40
in plane angle (degrees)
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5% DAMPING RESULTS
Lower Damping Coefficients Extend Period Required to Damp

Limit Cycle Behavior is Maintained over Many Days and a
Large Range of Angles

Small Amplitude Frequency Ratio, in plane/out of plane is
0.866 versus 0.8 Observed in TiPS Simulations

B Persists for out of plane as small as 12 degrees
B Cannot persist significantly smaller than 12 degrees

TiPS libration amplitudes with 5 percent coulomb damping.

Simulated TiPS libration, mu=0.05, IP=40, OP=30 degrees
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. Out of plane libration versus in plane libration showing the
coherence of the oscillation continues to day 40 for the 5 percent
damping case.
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RECENT OBSERVATIONS

e Simulations at Small Amplitudes (~5°) with Coulomb Damping
Duplicate Observed no-damping Behavior

e Amplitude Where Damping Stops Depends on Damping Factor
(5%, 10%, 20%). Higher Factor Means Larger Steady
Amplitude.

e In plane and out of plane libration amplitudes. The angles are
plotted separately below to make it easier to separate their
variations. The initial transients result in a slight adjustment in
their long term amplitudes.

Simulated TiPS libration, mu=0.2, IP=5, OP=5 degrees
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DEPLOYMENT REVISITED

e Let us now take one more look at deployment to see what might
happen if we assume that the initial out of plane angle was in
actuality much smaller than the observed value. If we set the
initial in plane and out of plane angles to be consistent with the
28° half cone angle estimated by NRL and make adjustments to
the deployer model parameters, we produce the results shown
the the plot below. Some deployer parameters had to be

changed from previous: these are Z,, old value 0.8 m/s, new
value 0.7 m/s; Typpming, 01d value -0.017 N, new value -0.007N,
T opmint» 01d value 0.015 N, new value 0.020 N.

e Comparison of simulated and actual TiPS deployment rate
versus time. Note that deployment restart matches quite well
now due to greater tether tension. Smaller out of plane attitude
angle of deployer at start, only significant change.

Simulated TiPS deployment, 6-26-97, IP=20, OP=20
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CONCLUSIONS

TiPS Deployment Dynamics Reasonably Well Matched by
Simulations

Tether Internal Dissipation Shown Capable of Damping
Librations at Observed Rate

Nonlinear/Resonant Phenomena Discovered which can
Significantly Enhance Damping of out of Plane Libration

Final Considerations:

B Best overall deployment match obtained with small out of
plane libration

B Observed simultaneous high damping of in plane and out of
plane difficult to reproduce in simulations. Sufficient
observational uncertainties exist to suggest that the initial out
of plane libration amplitude was in the range of 10-20°

B Best overall conclusion is that out of plane libration was not
quite as large as data suggested and was damped quickly for
a few days through resonance effect and then settled into
steady amplitude while in plane libration damped.
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The BOLAS Mission

By
H. Gordon James
Communications Research Centre
Ottawa, Ontario K2H 8S2, Canada

Abstract

Bistatic Observations using Low Altitude Satellites (BOLAS) is a basic science
experiment implemented with a spacecraft comprising two payload packages that are
separated by a 100-m tether. The objectives will be to improve the understanding of two
classes of ionospheric dynamic processes that redistribute plasma energy in its flow from
the sun to the low atmosphere: fluid instabilities near the peak of the ionospheric F
region, and microscale instabilities in the collisionless topside plasma. The operation of
the double payload will be coordinated with ground radio facilities to probe high-latitude
density structures hitherto only observed on the ground. The primary facility for radio-
science objectives will be phase-coherent receivers on both ends of the tether that
measure the direction of arrival, signal delay and other parameters of transionospheric
waves. Particle detectors on both ends of the tether will be associated with the receivers
in the study of spontaneous auroral processes whose spatial extent approximates the tether
length. Electron density distributions will be measured tomographically using
transmissions from the Global Positioning System (GPS) satellites to GPS receivers
aboard BOLAS. The mission will be implemented with a low-cost spacecraft consisting
of two small and nearly identical subsatellites connected by the nonconducting tether. The
current plan is to launch BOLAS into low-earth orbit as a Secondary Payload with
RADARSAT II on a Delta II vehicle in the year 2001. The tethered subsatellites will
rotate in a cartwheel fashion, approximately in the orbit plane. BOLAS has attracted
support from various Canadian and U.S. agencies for its technology research. BOLAS
will employ established sounding rocket and tether technology as a base, but also will see
new applications, particularly of tethers, microsats and the use of GPS in orbit. Proposed
technology demonstrations of the mission have significance to future Canadian microsat
and smallsat missions, and to future space station-related and interplanetary missions of
NASA.
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|. Introduction

The Bistatic Observations using Low Altitude Satellites (BOLAS) experiment
exploits a unique set of capabilities in Canada and the U.S.A. for novel space science
that benefits from recent advances in tether and microsat technology. A multi-disciplinary
Canada-U.S. team with interests in space plasmas and microsats/tethers proposed to the
Canadian Space Agency (CSA) a scientific experiment implemented with a low-cost
spacecraft comprising two payload packages that are separated by a 100-m tether and in
a bolas (cartwheel) rotation in low earth orbit [James, 1997a]. The spacecraft is to be
launched using the Secondary Payload resource of the Delta Launch vehicle

The objectives in basic space science, described in Chapter 2, will be to improve
the understanding of two classes of 1onospheric dynamic processes that redistribute
plasma energy in its flow from the sun to the low atmosphere. Attention is given to the
class of the fluid processes around the peak of the ionospheric F region that give rise to
density irregularities, such as the gradient-drift instability. Spaceborne BOLAS radio
instrumentation will be used to view these irregularities from low-earth orbit (LEO) and
hence allow scientists to see the shape of density structures from a new perspective. The
other class of processes is in the realm of microscale plasma instabilities. The
simultaneous observation of thermal and suprathermal particles and concomitant waves
will lead to improved models of the formation of ion conics, cavitons and other
phenomena that must be part of the transport phenomena that control energy and mass
flux in the collisionless topside auroral ionosphere. As well, the electron density
distribution will be measured with tomography using transmissions from the GPS
satellites to GPS receivers aboard BOLAS.

The operation of the two-point (bistatic) payload will be coordinated with ground
radio-science and other facilities to yield insight into auroral density structures hitherto
only observed on the ground. The primary facility for radio-science objectives will be
phase-coherent receivers on both ends of the tether for measuring the direction of arrival,
signal delay and other parameters of the transionospheric waves. Particle detectors on
both ends of the 100-m tether will be associated with the receivers in the study of
spontaneous auroral processes whose spatial extent approximates the tether length. The
bolas rotational motion of the ensemble will allow the double probe to investigate the

dependence of measured parameters on the direction with respect to the local magnetic
field B.

' .I‘he BOLAS science experiments will be implemented with a low-cost Spacecraft
consisting of two small and nearly identical subsatellites connected by a nonconducting
tether of about 100 m length. Each subsatellite will carry an HF receiver, a dipole
gntenna, a GPS receiver and clock, and two Instruments to measure electroné and 1ons
In the ambient plasma. The baseline launch service is as a Secondary Payload with
RADARSAT Il on a Delta II vehicle in the year 2001. The tethered subsatellites will
rotate in a cartwheel fashion, approximately in the orbit plane. Over the mission life, this
will provide scanning of the ionosphere by dipole HF antennas and the particle
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instruments. The required experiment operations involving measurement of direction of
arrival of rf transmissions will be carried out when the spacecraft is traversing the
auroral region of Canada at an orbital height of 350 - 600 km. RF transmissions will be
received from SuperDARN and CADI sites in Canada. The experiments involving
reception of signals by the satellite’s GPS antenna will be conducted when the line of
sight between the BOLAS satellite and a particular GPS satellite passes through the upper
atmosphere of the earth.

Chapter 3 deals with the spacecraft and mission design for the above scientific
experiments. Section 3.1 contains the experiment requirements. The top-level mission
requirements are summarized in 3.2. Then in 3.3, the functional requirements and design
of the science instruments are listed. Section 3.4 describes the low-cost spacecraft that
will carry the science instruments (i.e., the two subsatellites and the tether subsystems).
In 3.5, the proposed arrangements for the launch service and other options are reported.
As well, required BOLAS-associated Delta II orbital maneuvers are given. Section 3.6
describes the deployment phase of BOLAS from the Delta II, including the ejection of
the first subsatellite and tether deployment to a gravity-gradient stabilized state, ejection
of the second subsatellite, and spin-up by partial retrieval of the tether.

Chapter 4 comments on Canadian and U.S. program interests in BOLAS. It has
attracted support from various agencies for its technology research; BOLAS space
technology demonstrations are outlined in 4.1. BOLAS will employ established sounding
rocket and tether technology as a base, but also will see new applications, particularly
of tethers, microsats and the use of the Global Positioning System (GPS) in orbit. The
CSA Space Technology Program and the NASA Marshall Space Flight Center (MSFC)
are contributing partners in the project. These organizations will use and extend expertise
in tether technology and in Secondary Payload integration acquired in the U.S. SEDS,
PMG and TIPS orbital missions and in the Canadian OEDIPUS suborbital flights. The
first-time application of GPS technology to instrument synchronization and to differential
determination of the inertial direction of the tether will be new applications of this
technology, which also will supply spacecraft ephemeris. Proposed technology
demonstrations of the mission have significance to future Canadian microsat and smallsat
missions, and to future space station-related and interplanetary missions of NASA. NASA
1s interested in the BOLAS as a basis of study of the long term orbital stability of large
spin stabilized structures and as a scale model of future spacecraft employing spin to
produce artificial gravity for interplanetary manned missions. The configuration also is
of interest to the NASA science community for its in-situ atmospheric and ionospheric
measurements. Section 4.2 discusses how the public will be informed about BOLAS.
Finally, in 4.3, the scientific and industrial benefits of the mission are outlined.

The CSA Space Science Program (SSP) approved BOLAS for Phase A study
under its Small Payloads Program announced in July 1996. BOLAS is currently the
subject of feasibility and conceptual design study, principally at Bristol Aerospace
Limited, Winnipeg and NASA/MSFC.
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2. BOLAS Science

2.1 Objectives

The BOLAS experiment is a novel approach to improved understanding of the
ionosphere. It uses two payloads separated in space by about 100 m to focus on two
major areas of current research, firstly density irregularities that affect radio waves and
secondly small-scale instabilities. As well, measurements of the density distribution of
the 1onosphere are made in a novel way. All the areas are linked to the dynamics of the
auroral plasma. Although other multiple-satellite missions are being operated or proposed
abroad, BOLAS will occupy a special niche by virtue of its small payload separation and
its relatively low altitude at and just above the ionosphere-magnetosphere interface.

The scientific objectives of BOLAS are to:

(1) Investigate ionospheric density irregularities that affect radio wave
transmission, using an in-space two-element direction finding array coordinated
with ground transmissions from SuperDARN and CADI ground sites.

(2) Investigate kinetic instabilities of the auroral plasma involving low-energy ions
and electrons using field and particle probes separated by about 100 m.

(3) Measure the two-dimensional electron density distribution in the ionospheric
space between a GPS spacecraft and a BOLAS GPS receiver, to provide the basis
for improved global density models.

As regards objective (1), arguments in favour of coordinated ground and space
observations of the ionosphere-magnetosphere have had currency since spacecraft
exploration began. Ground radars operate through finite time intervals to produce
integrated images of the spatial distribution of various parameters. Spacecraft move
relatively quickly through part of the radar coverage yielding snapshots of the same
parameters. Brought together, these two data sets permit data analysts to understand the
complete spatial-temporal behaviour of atmospheric dynamics.

Admittedly there are objectives adequately addressed with ground facilities alone.
Data from incoherent backscatter, coherent HF backscatter and ground ionosondes when
compared yield consistent measurements of certain quantities, for instance the drift
velocity of the convecting ionospheric plasma. These parameters tend be of the bulk-
parameter or large-scale variety. However, other scientific objectives unavoidably require
in-situ, space observations. These include micro-scale observations of plasma processes
in general, and, in the context of electromagnetic (EM) wave spectrum, observations of
wave parameters which simply are not accessible from the ground. Objectives (1) and
(2) exploit the potential of a tethered payload for these two kinds of in-situ observations.
Objective (3) is a unique and novel method for tomography of the ionosphere, which will
be done with orbiting GPS receivers that are necessary for objectives (1) and (2).
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2.2 Investigation of density irregularities using coordinated space and ground
measurements

The high-latitude ionosphere can have a dramatic effect on EM waves passing
through it. Waves can be refracted, scattered, amplified or damped depending on the
local state of the medium. Using coherent backscatter at High Frequency (HF, 3-30
MHz), facilities like the SuperDARN radar [Greenwald et al., 1995] have been designed
to provide hemisphere-wide maps of the plasma convection. The interpretation of HF
scatter has been based on hypotheses of ray-optics propagation to/from regions of
irregularity where aspect-sensitive scatter returns some of the incident wave energy back
to the radar. These hypotheses are important in the assumed relation of the characteristics
of the scatterers to the overall motion of the medium.

A goal is to investigate wave processes at F-region heights, principally coherent
scatter and refraction, happening between ground radars and observing spacecraft. The
radar waves probe irregularity structures that result from fluid instabilities of the F-
region plasma [Tsunoda, 1988]. The structures are normally assumed to be aligned with
B and to extend to altitudes of the BOLAS orbit. HF radar work, and therefore this
experiment, are mainly focused on the F region because the cross-section for coherent
scatter maximizes there, on account of a combination of plasma-physical and radio-wave
propagation factors.

Scattering hypotheses will be tested through coordinated studies of BOLAS and
the ground facilities SuperDARN and the Canadian Advanced Digital lonosondes
(CADIs) [MacDougall et al., 1995]. An ionospheric perspective on the details of
scattered HF waves is sought. BOLAS synchronized radio receivers will record ground-
originating signals, and onboard particle sensors will detect the density structure on the
field lines near the apparent scattering source(s). Wave parameters analyzed will include
signal amplitude, delay and direction of arrival (DOA). The latter two parameters will
be made possible by synchronization of the wave receivers through the GPS [Hoffinann-
Wellenhof et al., 1992; Wells er al., 1987].

Figure 2.1 illustrates the relationship of ground facilities, the BOLAS spacecraft
and ionospheric targets. A ground HF radar, e.g. SuperDARN, is aimed at the E and F
regions of the high-latitude ionosphere. The radar receives backscatter from density
irregularities in both the E and F regions. F-region scatter can be detected on direct paths
like "b" and from one-hop paths like the dotted line just below the "b" path that involve
an oblique F-reflection and a subsequent ground-reflection before backscatter from
1onospheric irregularities located beyond the right side of the diagram. GPS-based
synchronization permits the data analyst to determine the scattering direction. The
intensity of scattered, or of smoothly propagated, radar waves is followed as a function
of the position of the orbiting receiver, giving information about the angular distribution
of the scatter. Oblique scatter may be detected in both the forward and backward
directions, corresponding to paths "f" and "d" in Figure 2.1, respectively.

The limitations of the DOA measurement with two conventional radio receivers
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with GPS clocks have been investigated. The inherent accuracy of GPS-based clocks
permits phase-difference measurements up to at least High Frequency (3-30 MHz).
Direction-finding can be applied confidently to manmade waves from ground
transmitters, and possibly to some kinds of spontaneous electromagnetic waves.
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Figure 2.1 The BOLAS double receiver is coordinated with ground radars and
ionosondes giving new perspectives on F-region and topside irregularities.

The DOA measurement is based on the two-element interferometer, as follows.
Consider independent wave receivers on the two BOLAS endbodies having a separation
vector T. A plane, monochromatic electromagnetic (E and H fields perpendicular to its
wvave veetor K) wave impinges on both spacecrafi, as shown in Figure Z.2. Tlic wave
front is at angle 6 to T. The two-dimensional geometry of the wave vector k with respect
to T makes the distance s = T sinf, or the total phase path separation of the two
observing points

¢ = T.k (1)

The double receiver configuration can be thought of as a steerable beam or
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interferometer. This can be seen by rewriting (1) as

sinf = R l(m*i (2)
Tk T 27

If the refractive index is n, then A = nc/f, where c is the speed of light and f is the
frequency. Synchronized by GPS, the BOLAS wave receivers measure the residual phase
difference ¢ = ® modulo 2=, but have no way of determining m. Therefore, separation
T should be no more than a few wavelengths in order to minimize the m-fold 2«
ambiguity. EM waves transmitted by SuperDARN or CADI at frequency f = 10 MHz
have a wavelength A = 30 m. A BOLAS tether length 7 of 100 m is called for so as to
make m no more than a few. The known locations of the spacecraft and collaborating
ground radar and frequency-difference techniques may be used to sort out m. An analysis
of the tethered two-element direction finder yields conservative estimates of the error in
DOA of about 5% for EM waves at HF [James, 1997b].

Figure 2.2 Measurement of
the direction of arrival of
plane waves incidenr from the
upper left on a tethered
double receiver. The circles
indicate the receiving patterns
of the short dipoles.

The interpretation of transionospheric waves at heights up to 600 km altitude will
require two-dimensional models of the electron density N, in the great-circle, vertical
plane defined by the spacecraft and the transmitter. If the spacecraft passes near the
zenith of ground ionosondes, these supply information about »,. Indirect information
about N, along smooth propagation paths will also be available from the signal delay and
amplitude of the radar waves at BOLAS, and from the GPS occultation analysis.
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Signal delay 7,, is the integral of (group velocity)"' with respect to distance along
the ray path. In BOLAS, the transmission of pulse sequences at SuperDARN and CADI
and their sampling after reception at BOLAS will be coordinated with reference to GPS-
supplied time. Iterative searches will be made for the two-dimensional N, distribution that
makes the theoretical history of 7;, agree with the observed. In addition, the observed
history of the signal amplitude during the pass will provide a consistency check on the
mode when compared with the results of ray tracing.

Like BOLAS, SuperDARN has an "interferometer" mode, with which it measures
the elevation angle of backscattered rays. By identifying the propagation direction,
SuperDARN thereby distinguishes among direct, one-hop or two-hop paths to the
scattering region. At the BOLAS satellite, a particular mode will be readily identifiable
by its elevation angle. Thus a clear picture of propagation paths will emerge from the
amalgamated ground and satellite DOA data sets.

Analysis of the DOA of EM waves from ground radars either propagating
smoothly over the entire intervening space or scattered by ionospheric irregularities will
require some assumptions or preconditions. A two-element array can determine only one
DOA angle, 6, so one is limited to two-dimensional analysis. Operators will especially
look for satellite passes that stay within one or a few of the sixteen SuperDARN beams,
defined by great-circle vertical planes through the radar location. Scattering will be
mapped through both the orbital motion, at about 7 km s, and possibly by the rotation
of the bolas about its center of mass with a period of minutes. This will sweep 6, but the
phase of the bolas rotation will not be controlled.

Orbital motion will carry the spacecraft near field lines threading irregularity
sources. The thermal particle sensors will measure the absolute background density N,.
Relative density fluctuations from the sensors will characterize the irregularity spectrum
responsible for the scatter seen earlier or later during the pass. Evidence like this could
help to establish the relevance of the competing theories for scatterers: the gradient-drift
instability [Simon, 1963] versus the current convective [Chaturvedi and Ossakow, 1981].

The particle sensors will provide measurements of density gradients when
traversing ionospheric structures. The gradient-drift instability is believed to be the
principal source of irregularities that are generated preferentially on one side of the
density patches during polar cap traversals. A direct measurement: of density gradients
associated with patches will improve our understanding of the irregularity production.

In general, the patches and the adjacent density depletions are elongated in the
east-west direction. Figure 2.3 is an example of a SuperDARN observation of polar
patches, in relation to possible northbound and southbound BOLAS passes through the
center of the patch region. With BOLAS traversing these ionospheric structures nearly
perpendicularly, the geometry is very suitable for the direction finding technique.
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Figure 2.3. Ground tracks of
'sample BOLAS passes in
‘relation 1o polar patches
detected by the SuperDARN
radar at Saskatoon.

Gravity waves are another candidate for coordinated studies [Samson er al., 1989,
1990; Bristow et al., 1994, 1996; Bristow and Greenwald, 1995]. The associated periodic
density gradients will produce periodic focusing and defocusing of HF rays at the
BOLAS altitude. Yet another phenomenon of current interest in the SuperDARN
community is double-peaked Doppler spectra [Schiffler, 1996] produced in regions of
intense soft-electron precipitation. It is speculated that these regions are ionization
columns containing a radial electric field which therefore induces vortical plasma motion.
Such columns may be related to past observations of field-aligned currents [Lee, 1986]

and may be further confirmed through the evidences of curl of the convection pattern
[Sofko er al., 1995].

Passes of BOLAS will be planned over the CADIs, whose beams are centered on
the vertical. This transionospheric radar experiment has the potential for sensitive two-
dimensional measurements of two-dimensional F-region ionospheric structures such as
troughs, gravity waves, auroral blobs, and polar cap patches [MacDougall et al., 1996].
Orbital motion will allow BOLAS to sweep a range of ray directions and thereby probe
the shape of a structure. Figure 2.4 shows the results of a simulation of the raypaths, for
a typical uigh latitude blob [Tsunoda,i>553, from a ground transmitter o the topside
ionosphere. The rays are at 1° increments of elevation angle. A number of effects can
be seen: focusing of energy (where the raypaths are close together), angular deviation
of the rays, group delay effects (the tic marks on the rays show the time elapsed) and
multiple raypaths to the satellite height (with different time delays). The raypath picture
is found to be sensitive to the relative geometry, probing frequency, and electron
densities. Thus, measuring the amplitude, DOA and the time delays of pulses at BOLAS
should allow us to deduce a fit to the structure density contours, as for SuperDARN.
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Figure 2.4. Rays rraced from
a CADI ionosonde through an
ionospheric F-layer model in
which an auroral blob densiry
enhancement is embedded.
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2.3 Auroral wave-particle interactions

The flight of a tethered pair of subsatellites instrumented for field and particle
detection presents a unique opportunity for space plasma research when the separation
of the two bodies is about 100 m. Spontaneous wave structures are found to have scale
sizes of this order of magnitude. The 100-m separated pair will be exploited to compare
particle and wave parameters measured simultaneously across this separation. This will
lead to improved models of localized plasma instability.

This investigation focuses on thermal and suprathermal energies because recent
research has shown their importance in auroral physics. New instrument technologies will
explore a spectrum of particle energies - from thermal to 50 eV - in order to
characterize both the sources and consequences of low to mid-altitude plasma waves.
Particle properties will be compared with wave properties, which, by virtue of the
BOLAS 2-point geometry, will include the wave number k-spectrum, a critical but
heretofore poorly measured quantity necessary for evaluating theories of wave
production.

The two-point BOLAS measurements will provide new information on both
wavelength and spatial extent. Localized density cavities are associated with ion heating
in the nightside auroral zone. The scale size of these cavities is of the same order as the
100-m BOLAS separation. Identical particle sensors on each of the spacecraft will make
novel measurements of the spatial/temporal properties of these cavities, and of the state
of the low-energy plasma distribution within them. VLF (3-30 kHz) lower hybrid waves
are a good example. They are known to occur as "spikelets" concentrated on scales of
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the order of 50 m [LaBelle er al., 1986], and they produce localized ion heating [Kintner
et al., 1992; Arnoldy et al., 1992; Vago et al., 1992].

The Freja satellite mission has revealed a pertinent ELF phenomenon (below 3
kHz): Solitary Kinetic Alfvén Waves (SKAW) [Wahlund et al., 1994]. These waves are
localized on scales of hundreds of meters. They may also generate localized ion heating
[Knudsen and Wahlund, 1997], although this point awaits definitive experimental
verification, hopefully by BOLAS. By traversing these localized heating structures with
two spatially separated probes, one can learn much about their form and dimensions and
as a consequence clarify their normal modes and sources of free energy.

2.4 lonospheric tomography based on occultation of GPS

Terrestrial GPS receivers currently measure total electron content (TEC) on
different horizontal scales [Komjathy and Langley, 1996]. The GPS-derived TEC at the
ground stations can be used to build two-dimensional global zenith TEC maps through
interpolation with empirical models, such as the International Reference Ionosphere 1995
(IRI95)[Komjathy et al., 1996]. Such descriptions of the ionosphere are limited by the
resolution of these maps, which among other factors is a function of the number of
ground stations used in the interpolation, by the land-bound nature of these stations, and
by the absence of information on vertical electron density distribution.

It is planned to remove these limiting factors, through spaceborne GPS receivers
observing the same signals as the terrestrial receivers. By having BOLAS GPS receivers
track GPS satellites rising or setting relative to a BOLAS, vertical profiles of electron
density can be determined when the line of sight cuts through the ionosphere. The phase
and amplitude of the GPS signals are affected in ways that are characteristic of the index
of refraction of the ionosphere [Hajj and Romans, 1996]. These effects can be interpreted
geometrically as bending of the GPS signals, as illustrated in Figure 2.5.

Current ionospheric occultation methodologies call for the atmosphere to be
composed locally of spherical, symmetrical shells, each shell having a uniform index of
refraction. The estimate of the bending of the occulting signal is then derived from
isolating the excess Doppler shift induced by the atmosphere [Hajj and Romans, 1996].
This excess Doppler shift is the difference between the measured Doppler shift by the
BOLAS GPS receiver of an occulted GPS satellite and the computed, theoretical,
“occultation-free” Doppler shift that would have been observed at the BOLAS GPS
receiver. This latter quantity is derived from a precise orbit determination (POD) of the
LEO, utihzing measurements made with the LEO GPS receiver of unocculted GPS
satellite L1 and L2 signals. From the BOLAS and GPS POD information, the theoretical
Doppler shifts can be derived. An Abel integral transform is used to derive the index of
refraction from the bending. The electron density along the ionospheric profile can then
be determined from a formula for the index of refraction [Langley, 1996, p.127].
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Figure 2.5. The radio occultation geomerry. Angle o is the occultation bending angle,
a is the impact parameter, and r is the radius to the ray periapsis tangent point. L1 and
L2 are the GPS Link 1 and Link 2 frequencies, respectively. In the case of BOLAS-GPS
links, this diagram greatly exaggerates the amount of L1 and L2 ray bending: o values
of less than 0.01° are expected

The combination of such spaceborne data and terrestrial data will allow for high
resolution two- and three-dimensional tomography [Yunck and Melbourne, 1996]. This
level of spatial and temporal coverage for the global ionosphere cannot presently be
provided by any single technique. It is planned to use terrestrial GPS-based ionospheric
profiling in combination with the spaceborne occultation technique to provide three-
dimensional 1onospheric images.
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3. BOLAS Implementation

3.1 BOLAS Experiment Requirements

The primary radio observations will be of waves with signal levels between 1 and
at least 1000 mV m. The frequency range will be 100 Hz to 20 MHz. Important
observables will be amplitude to +10%, signal delay to +20 us and the DOA angle 6
to +5°. The received signals will need to be sampled at the tether extremities with less
than 10 ns differential error in the clocking rates.

Electron and ion fluxes will be required at energies between 0.1 and 50 eV. The
detectors should give good angular (10° pitch angle by 40° azimuth bins) and energy
(10%) resolution at high time resolution, the goal being to measure drift energy,
direction, temperature, and density of the core population every 1-10 ms. Both swept-
energy and fixed-energy modes will be required for obtaining the overall energetics and
spatial resolution of small structures, respectively. A complete energy-pitch angle
distribution should be determined within one second. A mode of operation interleaving
fixed- and stepped-energy measurements will be required.

The BOLAS experiments will take place in the auroral oval and its
neighbourhood. It is planned to conduct primary BOLAS operations when the spacecraft
flies near the center of the overlapped coverage areas of the SuperDARN radars at
Kapuskasing and Saskatoon shown in Figure 3.1. The large fan-shaped areas shown in
the figure are the coverage of the SuperDARN radars at 350 km altitude where each fan
shape is subdivided azimuthally into 16 individual beams. In the overlapping coverage,
the ionospheric convection velocity can be determined. At some points during the orbital
passes, at least near the beginning and end, the radars will produce area-wide maps of
the distribution of back scatter. At other times, the selection of a beam or of several
beams could be tailored to the satellite earth track across each wedge. Additionally,
primary BOLAS operations will be conducted when flying over the CADI ionosondes.
The six medium-sized circles in Figure 3.1 are the coverage areas at 350 km altitude of
the CADI 1onosondes. Bottomside sounding will be carried out. For both SuperDARN
or CADI collaborations, the spacecraft operating mode will be based on knowledge of
the orbital path and the state of ionosphere in the sector. The large circle in Figure 3.1
shows the area of coverage of a ground telemetry-command station at Saskatoon.

The ionospheric occultation investigation requires that the GPS receivers process
the relative phase of the L1 and L2 frequencies. The GPS units must have software
control that allows selection ot the relevant spacecratt near the earth horizon.

A summary of the science measurements and specifications is provided below in
Table 3.1.
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Figure 3.1 Ground tracks of typical ascending-node ("7","8") and descending-node
("1","2") BOLAS passes over the center of the region of collaborating ground facilities.

3.2 Orbit, Spacecraft, and Mission Parameters

The requirements of the science experiments outlined Table 3.1 are to be met with
two tethered subsatellites in a low-altitude, high-inclination orbit that maintain a fixed
separation and that rotate relative to each other in a cartwheel fashion to allow
observation of the ionosphere in a variety of inertial orientations. Orbital heights of about
350 km altitude are sought for in-situ probe measurements of density irregularities that
scatter observable waves. Pass altitudes above 600 km in the collisionless plasma of the
topside ionosphere also are required for the auroral wave-particle investigations. To
insure passes through the auroral ionosphere in both cases will require an orbital
inclination not less than 65°. A summary of the systems-level spacecraft and mission
requirements are given below in Table 3.2.
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Table 3.1 Summary of the Science Measurements and Specifications

5 m min.

IAlign dipoles along tether
direction to +10°;

1 - 1000 uV/m signals;
100 Hz - 20 MHz:

10 ns synch. of receivers:
5° DOA knowledge

Region of interest over
SuperDARN & CADI
sites;

2-3 passes per day;

Measurements in both
ayside and nightside
kuroral ovals are required

Radio m tip-to-tip dipole The principal observables include signal level
lobservations ntenna on each satellite; |amplitudes to 10% and the signal delay to +20 us. The

two receivers, one on each subsatellite, will allow for
direction of arrival (DOA) measurements of an
incoming signal. The dipole antennas on each
isubsatellite used for the radio observations should be
laligned along the tether line.

The primary science will be conducted when passing
through the region covered by the SuperDARN radars
land the CADI ionosondes shown in Figure 2.1. The
CANOPUS network will also provide information on
the state of the 1onosphere before and during a pass.
During interesting ionospheric activity, 2-3 orbital
passes will be required per day for a typical duration of
3 days. At other times a lower frequency of passes is
possible to allow for other operational modes.
Flexibility in the science operations should be
maintained to operate in other regions relative to the
carth.

Electron & 10n

0.1-100 eV

Goal 1s to measure drift energy, direction, temperature

measurements 10% energy resolution and density of the core electron and 10on population.
10° x 10° aneular B()th. swept-energy modes and ﬁxcg—cnergy m(')dc:ts' are
: = required, and a complete energy pitch-angle distribution
resolution : )
is required every second. Measurements to be done
1-10 ms sampling time  yhile radio observations are being made
Tomography L1 & L2 carrier phase he GPS tomography studies require the use of the L1
using a GPS precision of 0.2 mm; land L2 frequencies, and the ability of the GPS receiver
receiver selection of GPS satellites [to select specific GPS satellites that are near the horizon

to get rays that travel horizontally through the
ionosphere.
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Table 3.2 Summary of the Systems Level Requirements

“Subsatellite
separation
(tether length)

SOm -300m

100 m (1deal)

the two satellites used to calculate the DOA of an
incoming wave.

Rotat. rate of

BOLAS config | rate

10-30 times the orbital

The BOLAS rotation permits DOA measurements at
various orientations

Orientation of
BOLAS config

in-orbit plane (ideal)

A cartwheel rotation 1s desired but is not mandatory

2-body attitude
determination

H=

Attitude determination of the two body vector in
inertial space

Orbital 350 km to at least 600 Altitudes near 350 km and above 600 km are of
altitudes km primary interest
Inclination above 65° Measurements are to be made in and near the

' auroral oval
Local mean 10:00 - 14:00 The 10:00-14:00 1s the region of most interest.
solar time (primary) Hence, the orbit plane should remain in the 10:00-
(LMST) 14:00 LMST for as long as possible.

3.3 Science Instrument Design

The BOLAS broadband HF Receiver measures wave fields from both manmade
and spontaneous sources. Basicly it is a preamplifier and an rf signal processor. The
preamplifier matches the high impedance of the BOLAS dipoles to the 50-ohm input of
the signal processor. The processor consists of two branches. One is for direct
amplification at frequencies up to 50 kHz. The other is a double heterodyne for
frequencies between 100 kHz and 20 MHz, at 50 kHz steps. The receiver has
considerable heritage from the OEDIPUS-C REX [Barnes et al., 1996]. The preliminary
specifications for the receiver with the preamplifier are given below:

Mass:
Power:
Size:

Hireee e Aoy e
Instant. Bandwidth:
Dynamic range:
Diff. phase acc.:
Output data:
Antenna:
Reference signal:

Timing information:

9 kg, plus cables

10.8 W

Preamplifier - 127x99x33 mm
Signal processor - 295x257x175 mm (separable into two or more

units)
N v

50 Hz o 20 MHz, not necessarily continuous

50 kHz

-100 to -10 dBm at 50 ohm

Resolves direction of arrival to 5 ° after ground processing
133333.33 16-bit samples per second

6-m tip-tip dipole, parallel to tether, storable tubular elements
S5 MHz from GPS receiver

Nominally +10 ns post flight, from GPS receiver
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Preamplifier: Voltage gain=1; high impedance input; 50-ohm output

The Thermal Electron Capped Hemispherical Sensor (TECHS) instrument is an
azimuthal top-hat electrostatic analyzer. By sweeping the analyzer voltage the instrument
measures a count rate that can be directly related to the particle distribution function
[Pollock et al., 1996b]. From these measurements, integral moments of the electron
distribution function, including density, anisotropic temperature, bulk drift and heat flux
may be derived. A version of the instrument flew successfully on the SCIFER sounding
rocket [Pollock et al., 1996a, 1996b]. The TECHS sensor mounts on the end of a 1-m
boom. The TECHS preliminary specifications are:

Mass: Sensor and boom: 1.5 kg; electronics: 3 kg

Power: S W average

FOV: +4° x 360° in a plane perpendicular to boom

Boom length: Im

Telemetry: 30 bin angles x 1 energy per ms => 30 kB/s = 240 kb/s
Dimensions: Sensor: 2.5 cm dia. x 5 cm long; electronics: 19x18x7.6 cm
Sensor skin bias: +1V

Attitude knowledge: +1°
Angular resolution: 10°
Energy range: 0.3to eV
Energy resolution: dE/E= 8%

The Suprathermal Ion Instrument (SII) images the 2-D ion distribution from 0-50
eV, and provides an integral measure of ion flux at rates sufficient to resolve localized
1on heating on spatial scales of tens of meters. The two SII's on BOLAS are identical.
Each consists of three parts: 1) a 2.5 cm diameter cylindrical sensor head with a
rectangular baseplate housing electronics; 2) a 1-m boom; and 3) a power and control
unit housed inside the subsatellite. The SII is based on the design of the Freja Cold
Plasma Analyzer [Whalen er al., 1994], with two major modifications: the dimensions
will be shrunk by a factor of roughly 3, and the detector design will be based on a
charge-coupled device (CCD). A summary of the instrument specifications is as follows:

Mass: Sensor-500 g, Boom-1 kg, PCU-3.5 kg, total-5 kg

Power: 10 W operating, 20 W Peak

Field of view: +5“x360" 1n a plane perpendicular to the boom

Boom length: I m

Telemetry: 50 kbits/image, 5-10 images/s => 250 kbps

Dimensions: Sensor: 2.5 cm dia, 5 cm long; 10x10x2 cm square baseplate
PCU: 19x18x7.6 cm

Sensor skin bias: -10 < Vg, < 10 V (must be isolated from boom)

Attitude knowledge: Sensor rotation about boom axis must be known to within 5°
Angular resolution: 10°
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Energy range: 0 eV (with an accelerating sensor skin potential) to 100 eV
E max/(E_min + qV_skin; = 10
Energy resolution: dE/E = 15%

3.4 Spacecraft Design

The BOLAS spacecraft is shown below in Figure 3.2 in its final deployed
configuration. It comprises two nearly identical subsatellites attached by a 100 m non-
conductive tether with a pair of 3-m booms on each subsatellite aligned along the tether.
The entire configuration is spinning at about 18 times the orbital rate or approximately
0.2 rpm about its center of mass located approximately at the middle of the tether. The
spin of the two body system is achieved by deploying the tether to initially about 326 m,
and using the gravity-gradient forces to initiate a slow rotation. The tether is then
retrieved at a high rate to its final length of 100 m which causes coriolis forces to spin-up
the system. To implement this spin-up approach, a tether deployer (the mini-SEDS
deployer from NASA/MSFC) is used for the initial deployment and a separate tether
retriever (based on OEDIPUS technology [Eliuk er al., 1996]) is used to retract the
tether. This approach of using separate systems to deploy and retrieve the tether
minimizes hardware complexity and allows for capitalizing on the technology developed
for the U.S. tether programs (SEDS, PMG, TiPS, ATeX) and the Canadian OEDIPUS
tether missions.

Figure 3.2 BOLAS spacecrafi in final deploved configuration, separation not to scale

The main hardware elements of each subsatellite are listed in Table 3.3. The two
subsatellites are identical with the exception of the tether deployer and retriever. To
reduce development costs, only one subsatellite design will be developed that will be able
to accommodate either the tether deployer or retriever.
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Table 3.3 BOLAS Spacecrafi Mass and Power Summaries

Subsatellite BOLAS-1 I Subsatellite BOLAS-2 j
Item Mass Power Item Mass Power
(ke) (W) (kg) (W)
HF rcvr with pre-amp 9 10.8 HF rcvr with pre-amp 9 10.8
Booms (2 @ 3 m) T - Booms (2 @ 3 m) 2.7
TECHS electronics 3 5 TECHS electronics 3 5
TECHS sensor & boom 1 = TECHS sensor & boom 1 =
SII electronics 35 10 SII electronics 355 10
SII sensor & boom 155 - SII sensor & boom 1.5 -
Tether deployer =5 = Tether retriever 25 6.44
Tether (maximum) 2.7 -
Transmitter (2W) 0.45 18.2 Transmitter 0.45 18.2
Tx Antenna patch (2) 02 - Tx Antenna patch (2) 0.2 -
Command Receiver (2) 0.72 4.48 Command Receiver (2) 0.72 4.48
Antenna - Rx (2) 0.4 - Antenna - Rx (2) 0.4 -
On-board Computer 6 25 On-board Computer 6 2.5
Solar Arrays 2.1 - Solar Arrays 2:1 -
Batteries 3.4 - Batteries 3.4
GPS receiver 2.3 6 GPS receiver 2.3 6
Magnetometer 0.2 1.12 Magnetometer 0.2 1.12
Torque coil 0.1 2 Torque coil 0.1 2
Accelerometers (3) 0.45 1.80 Accelerometers (3) 0.45 1.80
Wiring Harness 4.5 - Wiring Harness 4.5 -
PDU & DC-DC conv 0.3 2.2 PDU & DC-DC conv 0.3 2.2
Structure & thermal 14.1 - Structure & thermal 14.1 =
Contingency (20%) 12.02 12.82 Contingency (20%) 11.68 14.11
TOTAL | 72.1 kg 76.9 W TOTAL | 70.1 Kg 84.65 W
(peak) (peak)

The layout of one of the subsatellites is shown in Figure 3.3. The overall
configuration is driven by the accommodation requirements for the Delta 2 launch
vehicle. The tether from the tether deployer goes through the boom package and out the
tip of the boom. This ensures the booms are aligned with the tether and avoids the
possibility of the tether getting tangled around the boom. It also helps to stabilize the
payload oscillations relative to the tether. The concept uses two individual BI-STEM
boom packages, each deploying a single element. The tether is fed through the back of
the boom package and out the tip of the boom when stowed and when deployed.

As the payloads will be stabilized by the tether and the BI-STEM booms,
subsatellite attitude control about the orthogonal axes to the tether is not required.
However, for thermal reasons, a magnetic torque coil is provided to allow for
intermittent open loop spin control (via the ground) about the tether axis. Three axis
attitude determination will be provided by the magnetometer via processing on the
ground. Magnetometer based attitude determination was used for the SEDS tether
missions, and NASA Goddard will develop an algorithm based on this technique for
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BOLAS. Accelerometers will be used to provide attitude rate information and also to
determince the tether tension.

Figure 3.3 BOLAS subsarellite layour

‘The power system consists of two small solar arrays (each made up of 45 2 x 4
cm Si cells) mounted on each face of the subsatellite (except the ends), a 4.5 A-hr battery
made up of commercial NiCd D-cells, and a Power Distribution Unit (PDU) and DC-DC
converters used to provide switchable power to the instrument and subsystems. The 28-V
solar arrays on each face proviae whe necessary power for aii orientations of the two-body
system and at all orbital equator crossing times. Since the current generated from the
solar arrays is very low (well below the trickle charge rate), a battery charge regulator
and shunt regulator are not needed and the solar arrays are connected directly to the
batterics.

‘The on-board computer (OBC) consists of a processor card, an I/O card, a data
handling card, and 4 mass memory cards. It decodes commands from the command
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receiver, executes real-time and time-line commands, collects science and housekeeping
data, provides 64 Mbytes of on-board storage, and outputs a 2 Mbps serial bit stream to
the telemetry transmitter. Low power is a prime requirement and a 80C186 processor
has been selected for the baseline concept as it has adequate capability at very low power
and has considerable space flight heritage. The OBC will be developed jointly with
NASA/MSFC. It will be manufactured from SEL-free, military grade parts, where
appropriate. Screened commercial grade parts may be used in non-critical areas to reduce
costs without compromising critical functions. Through hole construction will also be
employed to reduce cost without greatly affecting size and mass.

The GPS receivers are modified versions of the TurboStar units from Allen
Osborne and Associates. These units provide the necessary features including dual
frequency capability and sufficient on-board processing to allow selecting up to 8 GPS
satellites. The units will require minor modifications to provide a clean 5-MHz reference
signal that will be used by the HF receiver for synchronization between the signals
received from BOLAS-1 and 2 via ground processing (currently the reference signal is
corrected by the GPS clock once every second). The baseline downlink transmitter is an
S-Band 2-W RF telemetry transmitter which accepts binary bits and produces a Linear
or Binary Phase modulated carrier. Two UHF Command Control receivers are
envisaged, each connecting to a small UHF dipole antenna located at each end of the
subsatellite. Both receivers will be on continuously (although strobed to minimize power
requirements) so that a command can be received in almost any orientation of the two-
body system. The GPS and transmitter antennas are microstrip patches that are located
on each end of the subsatellite as shown in Figure 3.2. The GPS antennas (L-band) will
be designed for this mission to provide a nearly omnidirectional pattern. The two S-band
antennas for the transmitter can be switched via timeline commands so that only one is
used at a given time when it is oriented towards the ground.

Some optional hardware will be considered if it can be accommodated from a
resource and cost point of view. The possible hardware includes a “running line”
tensiometer such as that used in the SEDS tether missions which may provide better
tether dynamics data. The other possibility is a small digital camera aligned to view the
tether and the subsatellite on the other end. The current resources on the subsatellite
allow for taking a picture every second for up to approximately 5 minutes and storing
on-board or for about 12 min. Once a series of video "still pictures" is obtained on the
ground, it can be processed to make a video movie (e.g., an MPEG file) that runs at,
say. 30 frames a second. This will be very useful from a dynamics point of view.
Adaaitionally, 1t will be very valuable for public relations. Video clips could be made to
show different stages of the mission (deployment phase, spin-up phase) at various times
throughout the mission life.

3.5 Launch Vehicle and Related Operations

The BOLAS as a secondary payload will be manifested inside the same fairing
envelope as the primary spacecraft on the Delta II vehicle. The accommodation of
BOLAS on Delta is depicted in Figure 3.4. The current baseline for launch as a
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secondary payload is with the RADARSAT-II mission in the fourth quarter of 2001. The
expected mass margin for RADARSAT II, assuming it is identical to RADARSAT 1, is
167 kg, which is adequate for BOLAS.

Launch will be from Vandenberg AFB and the ascending node will cross the
equator at 1800 hr PST. The inclination will be 98.64 degrees and its orbital period
100.7 minutes. This is a circular orbit at 800 km altitude, and sun-synchronous with
dawn-dusk orientation. The BOLAS orbit can be achieved by the Delta second stage after
deployment of the RADARSAT-II spacecraft with a two impulse orbit transfer strategy.

Primary science data will be taken when the satellite passes through the auroral
oval at low height. Both daylight and darkness passes are required over the course of the
mission. The requirements can be satisfied with perigee and apogee of 350 km and 600
km respectively, and a drift over the course of the mission from an initial dawn-dusk
local time through and beyond noon-midnight. As well, the perigee should be near the
auroral oval during the main period of science measurements. The BOLAS orbital plane
will drift by about 120° in 6 months. This requires an orbit inclination of 102.24°. The
corresponding drift rate of the perigee will be approximately -3° per day.

TETHER
DELTA 11
TETHER SECOND STAGE
SUPPORT

Figure 3.4 BOLAS subsatellites integrated on Delta 11 Second Stage

3.6 Deployment, Separation and Spin-Up of the Spacecraft

The BOLAS subsatellite separation and spin-up is achieved initially by deploying
the tether to a length of 326 m which allows the gravitational forces to initiate a slow
rotation of the two-body system. The tether would then retrieved at a relatively high rate
to allow the resulting coriolis forces to spin-up the system to the final rate of about 0.2
rpm with the tether about 100 m long. In this gravity-gradient assisted spin-up, only a

92



relatively simple tether retriever is required. It will be based on already proven
technology developed for the OEDIPUS-C tether mission, and will avoid the use of an
attitude control system and spin-up thrusters. The deployment, separation and spin-up of
the spacecraft is depicted in Fig. 3.5. A timeline study has confirmed that all maneuvers
with the Delta can be accomplished within the allowable operational time, i.e., before
the Delta batteries run down.

RELEASE

BOLAS-2
AND COMPLETE
DEPLOYMENT
DEPLOY ING
TETHER
RE-ORIENT Y
DELTA P ggtlh RETRIEVE
. Y RELEASE ; -
- BOLAS-1 H S BOOMS
P : ... DEPLOYED
i LocaL \
i VERTICAL oy )
spin rate=0.2 rpm \'\'
BOLAS length=100 m ,
ORBIT Q

ACQUIRED

FINAL
CONF IGURAT ION

Figure 3.5 BOLAS tether deploymenr and spin-up scenario

To confirm the feasibility of the gravity-gradient assisted spin-up, deployment
simulations were conducted at NASA/MFSC using flight proven tether dynamics
software, with a deployer friction model based on test results of SEDS deployer hardware
on NRL's TiPS mission. The spin-up dynamics was jointly analyzed by NASA/MSFC
and Bristol, using simpiitied mathemaucal moaets wtat have been verified by comparing
independent formulations [7yc and Pradhan, 1996; Carringron, 1996; Vadali, 1991].
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4. Programmatic Aspects of BOLAS

4.1 Tether and Low Cost Spacecraft Demonstration Objectives

The flight demonstration of important space technologies is an integral part of the
BOLAS mission. The tether technology, the GPS application, and the low-cost design of
the subsatellites are at the forefront of space technology R&D. Elements of BOLAS have
potential for future application, to solar-terrestrial space science missions, to International
Space Station, to future space stations requiring artificial gravity, and to several missions
involving GPS in orbit.

Consequently, the CSA Space Technology Branch, NASA/MSFC, the Defence
Research Establishment Ottawa, and Bristol Aerospace Ltd. participate in the mission.
The technology demonstrations envisaged are:

A. The controlled deployment and spin stabilization with a U.S. SEDS
deployer of a 400-m tether.

B. The operation of a Canadian tether retriever, to achieve spin-up.

C. The short and long-term passive stabilization of BOLAS, in particular
stable orientation of the end bodies, non-decaying spin rate, and
predictable motion relative to the orbit plane.

D. The survivability of a non-conducting 2 mm tether of Spectra 1000
material, in the orbital debris and atomic oxygen environment for at
least six months.

E. Determination of orientation and position of the large rotating
configuration, using GPS in-orbit receivers and differential GPS ground
processing.

B Operation of a data processor for this category of low-cost satellite,

based on a MSFC design and Bristol implementation.

The BOLAS project will draw on NASA’s experience with the successful SEDS-
1, SEDS-2, PMG, and TiPS missions [Rupp, 1995]. The missions employed the Small
Expendable Deployer System (SEDS), and this design of deployer is being offered as the
tether deployer for BOLAS. The two SEDS missions were launched into orbit as
Secondary Payloads on the Delta II launch vehicle in 1994 and 1995. The deployer for
the TiPS mission was launched by the U.S. Air Force in 1996. The proven tether
dynamics modelling software and tether test facilities at MSFC will be used to support
design and development of the mission.

Experience gained in the OEDIPUS-A and C suborbital tether missions will be
the base for the Canadian part of the tether activity [Jablonski et al., 1996; Tyc et al.,
1996; Vigneron et al., 1996]. Canadian team members will have the lead responsibility
for the system dynamics and stabilization of BOLAS. They will use and extend modelling
and software developed over the past several years at McGill University and the
University of British Columbia. The tether retriever for the spin-up maneuver will be
developed under sponsorship of the CSA Space Technology Branch. Its design will be
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based on the successful tether reel design of the OEDIPUS missions. Ground tests of the
retriever and stabilization principles will be performed to qualify the system for in-orbit
operation. The CSA-sponsored evaluations and technical work on the use of GPS for
satellite applications [Bisnath and Langley, 1996] will serve as a base for the novel uses
of the GPS by the BOLAS project.

4.2 Communications Strategy and Public Relations

The BOLAS project clearly has potential for public relations, given the leading-
edge nature of its science and technology. The following public relations activities are
envisaged.:

A. Dissemination of information on the mission which emphasizes the following
points.

* Contribution of basic science results to the "space weather" theme, and the
associated improvements to applications.

e The novel in-space interferometry technique and application of GPS, and
significance as a possible technique for future communications
applications.

* Significance of the spacecraft in the context of the trend to low-cost
applications-focused (faster, cheaper) microsats.

¢ Advances in tether technology, and significance to future Canadian applications
including space science and return of Canadian microgravity
samples from International Space Station.

* Relevance of the BOLAS configuration to future space stations that require
artificial gravity (induced by centrifugal force of rotation), for long
duration interplanetary human travel.

Information in the form of brochures and other hand-out materials could be
prepared by team members, possibly with support from CSA public relations experts.
The material could include VHS videos of computer-generated animation of the tether
deployment sequence and rotating BOLAS. The team and/or individual scientists would
respond to opportunities for presentation in public and secondary schools, universities,
and for press releases.

B. The BOLAS configuration will be visible in the night-time sky, by naked eye or
binoculars, and also with low-power telescopes of amateur astronomers. BOLAS orbit
position information could be made available to instructors of science programs in
secondary schools and universities, by the CSA. Various groups of students could then
use the information to participate in observation and identification of the dynamics of the
tether and configuration. This type of public awareness activity was carried out by NASA
during the SEDS and TiPS tether missions, and was very successful in motivating interest
and participation by students.

C. An on-board camera will be considered for addition to the plan in Phase A. In-orbit
photos of the configuration could be obtained in near-real time. The data could be used
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in the context of both items A and B above.

4.3 Potential benefits
A. Mitigation of Undesirable Effects of the Ionosphere

The understanding of the ionosphere is arguably the most significant limiting
factor on space communication system performance. In many instances the root of a
communication problem can be traced to the densest part of the ionosphere, the F region
at around 300 km altitude where inhomogeneity exists through a wide range of scale
sizes. Turbulence, manifested as random distributions of density, degrades signals being
sent through it, at all frequencies in the radio spectrum. The BOLAS transionospheric
radio experiments address the need for better models of the irregularities. Better models
of density irregularities could be used to address problems which arise in geosynchronous
and low-earth orbit communications at frequencies up to UHF.

UHF communications suffer perturbations during magnetic storms which increase
ionospheric irregularity. Communications systems operators would like to be able to
predict the occurrence, in time and location, of the perturbing irregularities. This means
understanding how irregularities form and, once formed, what structure, or spatial
spectrum, they have. The latter is important because it determines whether irregularities
are a problem for a specific carrier frequency.

BOLAS will address these problems by measuring irregularity spectra using its
particle sensors. At the same time, propagation between the ground and BOLAS will be
observed when irregularities are present. The measured irregularity spectra could be used
to predict the fluctuations expected. A theory that agrees with observations might become
the basis of a code for predicting unwanted effects in communications applications.

BOLAS propagation investigations are carried out at HF where the weaknesses
of communications are well documented: the disruptive effects of natural unpredictable
events like polar cap absorption and sudden ionospheric disturbances; the difficulty of
characterizing manmade interference; and limited bandwidths. The use of HF
nevertheless persists in northern Canada and Alaska. Low population densities neither
justify nor need the expensive communication infrastructure used at lower latitudes. In
the military context, the ionosphere is a robust medium that recovers much quicker than
other media from natural and manmade disruptions. BOLAS research will provide new
perspectives on point-to-point communications at high latitudes.

As 1n communications, ionospheric irregularities also limit the GPS. One area of
public concern which could benefit from improved performance of GPS is earthquake
prediction through the monitoring of the movement of the earth’s crust. For example, in
the area of the Juan de Fuca plate in British Columbia, the magnitude of errors in GPS
positioning techniques imposed by ionospheric irregularities can be larger than the crustal
movement. Glaciologists also are interested in using GPS receivers on high-latitude
glacier ice to gather information about systematic widespread decreases in glacier
thickness indicating global warming. GPS system developers require a methodology for
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characterizing ionospheric turbulence and for subtracting its effects on transionospheric
GPS propagation. The BOLAS research on irregularity spectrum, transionospheric
propagation and ionospheric tomography all will aid the construction of better models.

B. Canadian Industrial Benefits

BOLAS offers the following industrial and technological benefits:

* Flight experience with numerous elements that are integral to CSA’s tentative
plans in low-cost satellite development. These include the GPS
hardware and technique, tether hardware, on-board computer
and several other low-cost spacecraft subsystems.

¢ Cooperation with NASA, and alliances and knowledge transfer in tether
expertise, on-board computer technology, and secondary payloads
integration.

¢ Relationships with NASA and U.S. companies that could lead to a role as
supplier in future NASA and/or military programs.

* A unique technology solution that provides for science missions that require two
separated locations in space.

¢ A technology base relevant to several future international application areas, for
example, sample-return capability from space stations,
interferometric synthetic aperture radar, and rotating space stations
with artificial gravity for long duration human space presence.
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Abstract

The Propulsive Small Expendable Deployer System (ProSEDS) space experiment will
demonstrate the use of an electrodynamic tether propulsion system. The flight experiment is a
precursor to the more ambitious electrodynamic tether upper stage demonstration mission which
will be capable of orbit raising, lowering and inclination changes-all using electrodynamic thrust.
ProSEDS, which is planned to fly in 2000, will use the flight proven Small Expendable Deployer
System (SEDS) to deploy a tether (5 km bare wire plus 15 km spectra) from a Delta II upper stage
to achieve ~0.4N drag thrust, thus deorbiting the stage. The experiment will use a predominantly
‘bare’ tether for current collection in lieu of the endmass collector and insulated tether approach
used on previous missions. ProSEDS will utilize tether-generated current to provide limited
spacecraft power. In addition to the use of this technology for orbit transfer and upper stages, it
may also be an attractive option for future missions to Jupiter and any other planetary body with a
magnetosphere.

Introduction

Since the 1960’s there have been at least 16 tether missions. In the 1990’s, several
important milestones were reached, including the retrieval of a tether in space (TSS-1, 1992),
successful deployment of a 20-km-long tether in space (SEDS-1, 1993), and operation of an
electrodynamic tether with tether current driven in both directions—power and thrust modes
(PMG, 1993)". A list of known tether missions is shown in Table 1. The ProSEDS mission, to be
flown in 2000, is sponsored by NASA’s Advanced Space Transportation Program Office at The
George C. Marshall Space Flight Center (MSFC).

NAME DATE ORBIT LENGTH COMMENTS
Gemini 11 1967 LEO 30 m spin stable 0.15 rpm
Gemini 12 1967 LEO 30 m local vertical, stable swing
H-9M-69 1980 suborbital 500 m partial deployment

S-520-2 1981 suborbital 500 m partial deployment

Charge-1 1983 suborbital 500 m full deployment
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Charge-2 1984 suborbital 500 m full deployment
ECHO-7 1988 suborbital ? magnetic field aligned
Oedipus-A 1989 suborbital 958 m spin stable 0.7 rpm
Charge-2B 1992 suborbital 500 m full deployment
TSS-1 1992 LEO <l km electrodynamic, partial deploy, retrieved
SEDS-1 1993 LEO 20 km downward deploy. swing & cut
PMG 1993 LEO 500 m electrodynamic, upward deploy
SEDS-2 1994 LEO 20 km local vertical stable. downward deploy
Oedipus-C 1995 suborbital | km spin stable 0.7 rpm
TSS-1R 1996 LEO 19.6 km electrodynamic, severed
TiPS 1996 LEO 4 km long life tether

Table 1. Known tether flights.

Experiment Overview

The ProSEDS experiment will be placed into a 400 km circular orbit as a secondary
payload from a Delta II launch vehicle (Figure 1). Once on orbit, the flight-proven SEDS will
deploy 15 km of insulating Spectra tether attached to an endmass, followed by Skm of
predominantly bare wire tether (Figure 2). Upward deployment will set the system to operate in the
generator mode, thus producing drag thrust and electrical power. The drag thrust provided by the
tether, with an average current of 0.5A, will deorbit the Delta IT upper stage in approximately 17
days, versus its nominal >6 months lifetime in a 400 km circular orbit (Figure 3)* . Approximately
100 W electrical power will be extracted from the tether to recharge mission batteries and to allow
extended measurements of the system’s performance. A plasma contactor will be attached to the
Delta II to complete the circuit and emit electrons back into space. Performance and diagnostic
instruments mounted on the Delta II will be used to correlate the propulsive forces generated by the
electrodynamic tether and the existing plasma conditions. These instrument will measure plasma
density, temperature, energy, and potential. ProSEDS will be the first tether mission to produce
electrodynamic thrust, use a bare wire tether, and recharge mission batteries using tether-generated
power.

@ ox

Figure 1. Artist concept of ProSEDS on a Delta II upper stage
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Electrodynamic Tethers

The ProSEDS flight experiment will demonstrate
electrodynamic propulsion (through drag thrust) in space.
From theoretical analyses and preliminary plasma
chamber tests, bare tethers appear to be very effective
anodes for collecting electrons from the ionosphere and,
consequently, attaining high currents with relatively short
tether lengths. A predominantly uninsulated (bare wire)
conducting tether, terminated at one end by a plasma
contactor, will be used as an electromagnetic thruster. A
propulsive force of F =1L x B is generated on a
spacecraft/tether system when a current, I, from
electrons collected in space plasma, flows down a tether
of length, L, due to the emf induced in it by the
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Figure 3. Predicted demonstration of ProSEDS propulsive drag thrust.

1.5

stage reentry time versus tether average current is shown.’

geomagnetic field, B. Preliminary test indicate that a tlun uninsulated wire could be 40 times more

efficient as a collector than previous systems (Figure 4)°.
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Figure 4. Current collected by a bare wire versus a sphere’.

Potential Applications
The main advantage of electrodynamic tethers is that they can be used as propellantless (no resupply
required) space propulsion systems. Tethers take advantage of the natural plasma environment and
sunlight to provide thrust and power. For example, if solar arrays and an external power supply are
used, an emf can be generated in the tether such that current collected from the ionosphere produces
thrust rather than drag. This thrust can then be used to raise the orbit of the system or change its
inclination - all without propellant or rocket engines. It is envisioned that this type of propulsion could
be used on a reusable upper stage to provide a low cost alternative to chemical stages. The
electrodynamic tether upper stage (Figure 5) could be used as an orbital tug to move payloads within
low earth orbit (LEO) after insertion. The tug would rendezvous with the payload and launch vehicle,
dock/grapple the payload and maneuver it to a new orbital altitude or inclination within LEO without
the use of boost propellant. The tug could then lower its orbit to rendezvous with the next payload and
repeat the process. Such a system could conceivably perform several orbital maneuvering assignments
without resupply, making it low recurring cost space asset. The ProSEDS itself could be used
operationally to extend the capability of existing launch systems by providing a propellantless system
for deorbiting spent stages. The launch service provider need not carry additional fuel for the soon-to-
be-required deorbit maneuver, thus allowing all the onboard fuel to be used for increasing the
vehicle’s performance. Similarly, satellites thus equipped could safely deorbit at their end of life
without using precious onboard propellant. Both of these applications would help reduce the
increasing threat posed by orbital debris. An electrodynamic tether system could be used on the
International Space Station (ISS) to supply a reboost thrust of 0.5-0.8N, thus saving up to 6000kg of
propellant per year (Figure 6). The reduction of propellant needed to reboost the ISS equates to a $2B
savings over it’s 10 year lifetime®. Other advantages of using the electrodynamic tether on ISS are that
the microgravity environment is maintained and external contaminants are reduced. Yet another use
for electrodynamic tethers is the exploration of any planet with a magnetosphere, such as Jupiter.
Jupiter’s rapid rotation produces a condition where a tether can produce power and raise orbit
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passively and simultaneously. MSFC is working with the Jet Propulsion Laboratory (JPL) to
determine the use of electrodynamic tethers for future Jovian missions such as the Europa Orbiter and
Jupiter Polar Orbiter (Figure 7).

Figure 5. Artist concept of an electrodynamic tether upper stage.

Figure 6. ISS with Electrodynamic for Reboost Figure 7. Jovian Electrodynamic
Tether Concept

Conclusions

Tether technology has advanced significantly since its inception over 30 years ago. The recent
successes of the SEDS system show that tethers are ready to move from experiment and
demonstration to application. One of the most promising applications for tethers is space
propulsion and transportation. The use of electrodynamic tether propulsion for reusable upper
stages, planetary missions, space station, and launch vehicle deorbit applications will soon be
demonstrated with the ProSEDS mission. The ProSEDS mission will also demonstrate and
validate the production of power in space using a bare wire tether which produces drag thrust
propulsion.
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Abstract

The NASA/MSFC ProSEDS Experiment is designed to demonstrate that
electrodynamic drag on a conducting tether can rapidly deorbiting a spacecraft. This
paper discusses the future commercial application of this technology for mitigating the
long-lived orbital debris hazard created by constellation satellites through the use of
an electrodynamic drag "Terminator Tether'” which will remove constellation
satellites from orbit after their end-of-life. We show that the electrodynamic drag of
a conducting tether is dependent predominantly on the mass, density, and conductivity
of the tether, not its length, and we develop analytical tools for predicting the time
required for a Terminator Tether to deorbit spacecraft from various orbits. We find that
aluminum wire tethers massing just 1 to 5% of the mass of the host spacecraft can
deorbit LEO constellation satellites within a few weeks or months, depending upon the
initial orbit. Although the tether increases the total collision cross-sectional area of
the satellite-plus-tether system during the deorbit phase, we find that the product of
the collision cross-sectional area of the satellite-plus-tether times the deorbit time
(Area-Time-Product), can be reduced by orders of magnitude by using a Terminator
Tether instead of depending upon atmospheric drag alone, greatly reducing the risk of
collision with other spacecraft.

L. INTRODUCTION

This paper investigates the use of a highly survivable, conducting electrodynamic tether
for use as a “Terminator Tether”" for removing unwanted Low-Earth-Orbit (LEO) spacecraft
from orbit at the end their useful lives.'? When a spacecraft fails, or has completed its mission
and is no longer wanted, the Terminator Tether, weighing a small fraction of the mass of the
host spacecraft, would be deployed. At both ends of the tether, a means of providing electrical
contact with the ambient plasma will be provided to enable current to be transmitted to and
from the ionospheric plasma. The electrodynamic interaction of the conducting tether moving
at orbital speeds across the Earth’s magnetic field will induce current flow along the tether.
The resulting energy loss from the heat generated by the current flowing through the ohmic
resistance in the tether will remove energy from the spacecraft. Consequently, the orbital
energy of the spacecraft will decay, causing it to deorbit far more rapidly than it would due to
atmospheric drag alone. Whereas a defunct spacecraft left in its orbit can take hundreds or
thousands of years to deorbit due to atmospheric drag, a spacecraft with a Terminator Tether
can be deorbited in weeks or months. The Terminator Tether thus is a low-mass means of
reducing both the risk of spacecraft fratricide and the amount of orbital space debris that must
be coped with in the future.
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In the first section of this paper, we will begin by discussing the orbital debris problem
motivating the development of the Terminator Tether. We will then describe the basic concept
of electrodynamic tether drag, and review the results of past experiments related to this
concept. In the second section, will develop analytical methods for predicting the effectiveness
of Terminator Tether systems for deorbiting spacecraft from various orbits. In the third section,
we will describe methods of optimizing the electrodynamic drag on the spacecraft, while
concurrently stabilizing the electrodynamic tether libration. In the fourth section, we examine
the effectiveness of the Terminator Tether for reducing the Area-Time-Product for orbital
decay of LEO spacecraft, and compare it to conventional deorbit methods. Finally, we describe
two implementations of the Terminator Tether concept for reducing the LEO debris environment.

L.A. MOTIVATION: ORBITAL DEBRIS IN LEO

Currently, the US Space Command tracks roughly 6,000 objects in LEO. Less than 300 of
these objects are operational spacecraft. The rest are spent rockets and derelict spacecraft.’ In
addition, there are countless numbers of debris objects too small to be tracked; these objects
result from explosions of rocket stages and fragmentation of spacecraft. These objects pose a
growing risk to operational spacecraft. Moreover, in the near future, a number of companies will
begin deploying telecommunications constellations with tens or even hundreds of satellites.
These satellites will have operational lifetimes of approximately 5-10 years. Unless proper
measures are taken to remove these satellites from orbit at the end of their lives, the debris
population in LEO may grow exponentially, making many orbital slots useless.

NASA Safety Standard

NASA and other agencies have begun to address this problem. The current status of efforts
to mitigate the orbital debris population is expressed in the NASA Safety Standard NSS
1740.14 Guidelines and Assessment Procedures for Limiting Orbital Debris.* The relevant
portion of the Standard starts on page 6-3:

General Policy Objective - Postmission Disposal of Space Structures.

ltem 6-1: “Disposal for final mission orbits passing through LEO: A spacecraft or upperstage with perigee
altitude below 2000 km in its final orbit will be disposed of by one of three methods.”

The method of interest relevant for this paper is the atmospheric reentry option:

Option_a: “Leave the structure in an orbit in which, using conservative projections for solar activity,
atmospheric drag will limit the lifetime to no longer than 25 years after completion of mission. If drag
enhancement devices are to be used to reduce the orbit lifetime, it should be demonstrated that such
devices will significantly reduce the area-time product of the system or will not cause the spacecraft or large
debris to fragment if a collision occurs while the system is decaying from orbit.”

The NASA standard applies only to NASA spacecraft and even then only to completely
new spacecraft designs. New versions of existing designs are to make a “best effort” to meet the
standard, but will not be required to change their design to do so. The DoD has adopted the
NASA standard with the same provisos. An Interagency Group report has recommended that
the NASA Safety Standard be taken as a starting point for a national standard. It is NASA's
recommendation to the Interagency Group that the safety requirement be phased in only as we
reach consensus internationally. This consensus is being sought through the International
Debris Coordination Working Group, whose members are Russia, China, Japan, ESA, UK, India,
France, Italy, and the US.

Thus, although the NASA Safety Standard in its present form is not a “Law”, the existence
of the standard means that at some time in the future a similar requirement may be imposed an
all spacecraft. In fact, most of the satellite constellation companies have already
acknowledged that, even without regulatory requirements, they must take proactive steps to
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prevent orbital debris from contaminating their valuable orbital slots. Several, including
Teledesic, Iridium, and GlobalStar, have committed to de-orbiting their satellites at the end of
their operational lifetimes.>® For many of the satellite constellations currently under
development, the Terminator Tether can provide a low-cost, low-mass, low-Area-Time-
Product, reliable, and safe means for deorbiting post-mission satellites and launch/dispenser
rocket stages.

L.B. SUMMARY OF CONCEPT

The electrodynamic drag concept for deorbit of LEO spacecraft is illustrated in Figure 1.
The idea of using electrodynamic drag to remove unwanted spacecraft from orbit was first
discussed by Joseph P. Loftus of NASA Johnson Space Center in June 1996." A first-order analysis
published by Robert L. Forward in July 1996* found that a conducting tether with mass m;
orbiting above the magnetic equator through a transverse magnetic field of strength B; at a
velocity with respect to the magnetic field v,, will generate an electrical power P in the tether
given by the equation:

rd

where 7 is the resistivity and d the density of the conducting tether material. This power is
converted into heat by the resistance of the tether and radiated away into space, extracting
kinetic energy from the host spacecraft. For a m;=10 kg tether of aluminum with resistivity of
r=27.4nQ-m and density d=2700 kg/m’, orbiting over the magnetic equator at an altitude of
1000 km, at a velocity v,,=6814 m/s relative to the Earth's transverse magnetic field B;=20 uT,
the power dissipated is P=2510 W! This energy loss in the form of heat must necessarily come
out of the kinetic energy of the host spacecraft. For a typical example, a 1000 kg spacecraft in a
1000 km high orbit subjected to an energy loss of 2510 J/s from a 10 kg tether (1% the mass of the
host spacecraft) will be deorbited in a few weeks. Similar conclusions have been reached by
many others, including members of the NASA /MSFC ProSEDS Experiment team.”%%°
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Figure 1. The Terminator Tether™ concept.
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Experimental Confirmations of Induced Power Levels

Power levels of the magnitude estimated in the previous paragraph have been measured in
a real orbital space experiment, the TSS-1R mission carried out on the Shuttle Orbiter in 1995."
In that experiment, a large Italian spacecraft, 1.6 m in diameter, was deployed upward from
the Shuttle Orbiter at the end of a conducting copper wire tether covered with electrical
insulation. As the tether was slowly deployed upwards, a series of measurements were made of
the open circuit voltage induced in the tether by its motion through the Earth's magnetic field.
The voltage between the end of the tether and the Orbiter ground varied from zero volts at the
start to 3500 V when the amount of tether deployed approached its maximum length of 20 km.
Periodically, the end of the tether was connected either to one of two different electron guns,
which supplied contact to the surrounding space plasma, or to the Orbiter ground, which proved
to be a surprisingly good plasma contactor via a combination of ion collection and secondary
electron emission. The current flow through the tether was deliberately limited by control
circuits and the current capacity of the electron guns, but power levels of 1800 W were reached.

The tether was intended to have a fully deployed length of 20 km, but at a deployed length
of 19.5 km, when about 3500 V was being induced at the end of the tether inside the Orbiter reel
mechanism, a flaw in the insulation allowed an electrical spark to jump in an uncontrolled
manner from the tether to the Orbiter ground. With no control circuits to keep the current level
down, the current flow jumped to 1.1 A and the total power generated was P=3850 W. Most of
this energy went into the electrical arc, which burned through the tether, causing it to break
and halting the experiment. This experiment showed that large areas of bare conducting
material, such as that provided by the Italian spacecraft and the Orbiter spacecraft, can
collect amperes of current, while thousands of volts of potential can be generated by sufficiently
long tethers moving at orbital speeds.

Thus, both theory and experimental data indicate that significant amounts of
electrodynamic drag force can be obtained from a low mass conducting tether attached to a host
spacecraft, provided the ends of the conductor can exchange sufficient numbers of electrons with
the surrounding space plasma.

Experimental data from the TSS-IR data also produced the amazing result that the
efficiency of a bare metal surface in “contacting” the space plasma is many times better than
the standard theory would predict. The 8 square meters of bare surface area of the Italian
spacecraft were sufficient to collect the 1.1 A of electron current. This amount of area is easily
replicated by a few hundred meters of bare wire,” considering that the effective collection
diameter around the wire is the Debye length, which is a few centimeters at the typical values
for space plasma density and temperature.

Flight Demonstration of Electrodynamic Drag Deorbiting

Because of this result from theTSS-1R experiment, that a bare wire can easily collect
electrons, Les Johnson, Nobie Stone, Chris Rupp, and others at NASA Marshall Space Flight
Center have formed a team, which includes the present authors, which is embarked on a new
flight experiment.’® The experiment is scheduled for a piggy-back flight on a Delta II launch of
an AF Global Positioning Satellite in early 2000. The goal of the experiment is to demonstrate
that electrodynamic drag from a wire moving at orbital speeds through the Earth's magnetic
field will create a large enough electrodynamic drag force to deorbit the >1000 kg Delta II
second stage in a few weeks. This is essentially a demonstration of the Loftus electrodynamic
drag deorbit concept and the first step in the development of a Terminator Tether.

The ProSEDS (Propulsion Small Expendable-tether Deployer System) mission is presently
baselined to use a 5 km long copper wire massing 18 kg, a 20 km long nonconducting tether, and a
25 kg ballast mass on the end of the tether. The total of 25 km of tether length and the 25 kg
ballast mass on the end will provide enough gradient force to keep the tether aligned near the
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zenith, so that the direction of the current in the tether is at right angles to both the direction
of the spacecraft motion in the nominal EW direction and the Earth's near-equatorial magnetic
field in the nominal NS direction.

An important feature of the ProSEDS experiment is that it is designed to be completely
self-powered. It uses a battery to initiate deployment and to power up the plasma contactor,
but once current is flowing through the tether, some of the power is tapped off and used to
recharge the battery. The battery in turn powers the current control electronics, the telemetry
system, and the plasma contactor. The ProSEDS mission will not be designed to allow ground
control changes in operation, primarily because of the increase in cost associated with that
option.

Terminator Tether™

In this paper we propose a commercialized version of the ProSEDS experiment, which
would consist of a small, low-mass deployer/controller package containing a large collecting
area, short length, highly-survivable, multiline space tether, such as a Hoytape mesh® made
of aluminum wire, as a “Terminator Tether” for upper stages and LEO spacecraft, especially the
expected multitude of LEO constellation satellites and their upper stage launcher/dispensers.
The Terminator Tether would be deployed when the host vehicle is no longer working or no
longer wanted. The electrodynamic drag from the Terminator Tether would rapidly remove the
unwanted vehicle from the constellation orbit altitude and a few weeks later complete the
deorbit of the host vehicle from space by bumup in the upper atmosphere of the Earth. For a
Terminator Tether to be of maximum usefulness for constellation satellites, it would be
desirable to minimize the mass and the length of the tether, while at the same time
maximizing the electrodynamic drag force. A lower tether mass means more mass for revenue
producing transponders, while a shorter tether length means a lower collision cross-section
Area-Time-Product during deorbit. Since the proposed Terminator Tether would autonomously
maintain contact with ground control during the deorbit phase, and ground control can control its
rate of descent, a Terminator Tether can avoid the larger spacecraft with well-known and
predictable orbits, thus decreasing the probability of a collision below that predicted using the
Area-Time-Product alone.

Electrodynamic Tether Constraints

The electrodynamic tether is assumed to be made of a conducting metal, and have a length
L, density d, resistivity r, and cross-sectional area A that is constant along the length of the
tether. If the tether is a single round wire of diameter D, then the cross-sectional area is
A=nD?/4. Because of the micrometeorite and space debris hazard, however, it is likely the
tether will be made up of redundantly interconnected multiple lines whose individual cross-
sectional areas add up to A. Given these assumptions, the tether mass is then m;=dLA, while
the end-to-end tether resistance is R=r[/A=rdL*/m,.

ific Co ivity Parameter:

The choice of the metal conductor to be used in a space tether is determined by a
combination of low resistivity (high conductivity) and low density, with cost, strength, and
melting point as secondary considerations for certain applications. Copper has a resistivity
r=17.0 nQ-m, a density d=8933 kg/m’, and a "specific conductivity" of 1/rd=6,585 m¥Q-kg.
Aluminum has a resistivity r=27.4 nQ-m, which is significantly greater than that of copper,
but it has a much lower density of ¢=2700 kg/m’. As a result, aluminum'’s “specific conductivity”
of 1/rd=13,500 m*/Q-kg is twice the conductivity per unit mass of copper. Silver, because of its
higher density and higher cost, is not competitive as an electrodynamic space tether even
though its resistivity of 16.1 nQ-m is slightly less than that of copper. An alternate candidate
material would be beryllium, with a resistivity r=32.5nQ-m, density d=1850 kg/m°, and a
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specific conductivity of 1/rd=16,630 m*/Qkg, slightly better than that of the much cheaper
aluminum. Beryllium also has a higher melting point at 1551 K than aluminum at 933 K, so
some of its alloys may be a preferred material for some electrodynamic applications despite its
higher materials cost. Unfortunately, despite decades of metallurgical research by the nuclear
power industry, highly ductile alloys of beryllium have not been found, so it is difficult to
make it into wire. As a result, because of its high specific conductivity, low cost, and ready
availability in ductile wire form, we will assume for this paper that the electrodynamic
tether will be made of aluminum wire.

Typical Resistance Values: To be competitive, the mass of the tether needs to be a small
fraction of the mass of the host spacecraft it is required to deorbit. Since a typical constellation
satellite has a mass of about 1000 kg, a typical Terminator Tether with a mass that is 2% of
the host spacecraft mass would consist of a deployer/controller package with a mass mp=10 kg,
containing an aluminum tether with a mass m,=10 kg with a volume of m/d=LA=3.70x107 m®. If
this 10 kg of aluminum were formed into a tether with a length of L=2 km and a cross-sectional
area of A=1.85mm? then the end-to-end resistance of the tether would be
R=rL/A=rdL’/m;=29.6 Q. A longer tether would have a proportionately smaller cross-sectional
area and a higher resistance; for example, a 5 km long tether with the same mass would have
a resistance of 185 Q.

II._TERMINATOR TETHER ANALYSIS AND OPTIMIZATION

II.LA. CHANGING A SPACECRAFT ORBIT USING ELECTRODYNAMIC TETHER
PROPULSION

To determine the effectiveness of the Terminator Tether system for de-orbiting a spent
spacecraft, we will now develop analytical tools for predicting the time required for a
electrodynamic tether to deorbit a spacecraft from a specified altitude # and inclination i.

Assumptions:

Circular Orbit
We will assume that the spacecraft trajectory is a nearly circular spiral which can, for
each orbit, be approximated by a circular orbit with radius r.

Tether Orientation

We will assume that there is a balance between the electrodynamic drag on the tether and
the gradient forces on the tether which causes the tether to hang at an angle o from the local
vertical, with the rotation in the direction opposite to the velocity vector. In reality,
variations in the electrodynamic forces along the tether length will likely cause the tether to
hang in a curved manner, and variations in the drag force during an orbit will cause the tether
to librate around some equilibrium point, but for this analysis we will assume that it hangs
straight at the specified angle.

The tether length vector can thus be expressed as
L=L(fcosa+Vsina). )

Current Collection

We will assume that the Terminator Tether system provides sufficient current contact with
the ionospheric plasma to transmit the full current possible between the tether and the ambient
plasma. Consequently, we will ignore the limitations in the tether current level that may occur
due to ionospheric plasma density variations between the day and night sides of the Earth.
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Figure 2. Tilted-dipole approximation to the Figure 3. Spacecraft orbit in the reference
geomagnetic field. " frame aligned with the magnetic axis.

magnetic Field Model:

To first order, the Earth’s magnetic field can be approximated by a magnetic dipole with
the magnetic axis of the dipole tilted off from the spin axis by approximately ¢=11.5° as
illustrated in Figure 2. For this analysis, we will ignore the 436 km offset of the dipole center
from the Earth’s center. At any given point, the magnetic field can be expressed as consisting of
two components, a vertically-oriented component:

B:R: .
B, =—E—EsinA ©)
r
and a North-South oriented horizontal component:
B R}
B Er3 EcosA @)

where Bg=31 uT=0.31 gauss is the strength of the magnetic field on the magnetic equator at the
surface of the Earth, Rg=6378 km is the radius of the Earth, r is the radial distance of the point
from the center of the Earth, and A is the magnetic latitude starting from the magnetic equator.

Reference Frame

In order to make the calculations tractable, we will perform the calculations in a reference
frame that is rotated so that it has its z axis aligned with the axis of the Earth’s magnetic
dipole. The inclination A of the spacecraft orbit with respect to the geomagnetic frame will
vary from A=i-@ to A=i+@ once a day as the Earth rotates. For the analysis in this paper we will
neglect the slight variation of A during a single orbit, and average the effects of the rotation
over many orbits. For simplicity, we also choose the orientation of the reference frame so that
the ascending node of the orbit lies on the x axis.

Expressed in Cartesian coordinates, the geomagnetic field is given by

B R 3xz/r? B RS 3sin Asin6cos @
B=—FE_E| 3yz/r* |=—EE|3sinAcosAsin’6 |, ®)
r r
3z22/1r* -1 3sin” Asin’6 -1
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In this rotated frame, the circular orbit of the spacecraft can be parameterized in terms of
the angle 6 around the z axis as

X cos@
r=|y|=rlcosAsinf |, (6)
z sin Asin 6
and the velocity as
—sin@
vV =1v,|cosAcosf |, : @)
sin Acos@

where the magnitude of the orbital velocity is given by:

GM
Vo =, rE, ®)

where G=6.67x10" m’/kg-s* is Newton's gravitational constant, and M;=5.976x10* kg is the
mass of the Earth.

The motion of the tether across the geomagnetic field induces an electric field in the
reference frame moving with the tether’

E=-vXxB. ©

Consequently, in the reference frame of the tether there is a voltage along the tether
V=EeL. (10)

After some trigonometric yoga, Eq. 10 reduces to
3
L BgRg v
V=———E—35——" cosoecosA =L By v, cosa . (11)
r

where B;=B:R:’v,cosh/r’=By(A=]) is the tangential component of the magnetic field at right
angles to both the velocity vector and the tether.’

If the Terminator Tether system provides a means for the tether to make electrical contact
with the ambient space plasma, such as a hollow cathode plasma contactor, field emission
device, or a bare wire anode, this voltage will cause a current to flow through the tether
conductor. If the total resistance of the Terminator Tether system, including tether resistance,
control circuit resistance, plasma contact resistance, and parasitic resistances, is R , the current
in the tether will be

" Note that in Eq. 9, the correct velocity vector to use is the relative velocity v,=v,~@r cosA between the
orbiting spacecraft and the geomagnetic field, since the geomagnetic field rotates with the Earth at the rate of
og=2nrad/day. For an equatorial orbit at an altitude of 1000 km, the velocity of the geomagnetic field is
0.536 km/s or only 7% of the orbital velocity of 7350 m/s. For nonequatorial orbits the difference is even
smaller. We will ignore this small difference to keep the equations manageable.

* By a geometric coincidence, the transverse magnetic field B; and therefore voltage V given by Eq. 11 are both
essentially constant over the entire orbit, despite the fact that the horizontal magnetic field varies from a
maximum at the magnetic equator B(A=0) to a smaller value of B,(A=A) at the northernmost portion of an
orbit with geomagnetic inclination A. The variation in horizontal magnetic field strength B(A) with latitude
A on the Earth and the variation in the angle at which the velocity vector crosses B,, combine to produce a
constant transverse magnetic field B;=B(A=A) over the entire orbit.
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Va
I=—L. (12)
R
If, as will be the case most of the time, the electron current is leaving the space plasma and
entering the tether along an appreciable length of the tether near the end, then Eq. 12 needs to
be replaced with an integral of the current along the length of the tether.

The reaction of this current with the geomagnetic field will induce a Lorentz force on the
tether. Integrating this force along the length of the tether, the net electrodynamic force F; an
the tether system is

—I? BE RS v, cosar cos® A, _ ~I? B2 v, cosa
R r® R '

The drag force Fy, on the tether is the component of the electrodynamic force Fg that is parallel
to the velocity vector v,

Fr =L(I><B)=%(L><B)= (13)

= Bg- Rg v cos® ot cos? A _ = B% Vo cos? ot

RS R
Using Lagrange’s planetary equations and the assumption that the orbit is nearly circular, the
time rate of change of the orbital semi-major axis a can be found to be

A = 21% B} R cos’ <cos2 /'L> 1
ER Mg R (_)

a5
where M is the total mass of the spacecraft (including the tether system), and (cos2 Z.> is the
average of cos® A as A varies over one day due to the rotation of the Earth:

Fp=Fpev=Fgcosax= (14)

15)

<cos2 /1> = %(6 +2c0s2i+3cos [2(i— )]+ 2cos2¢ +3cos [2(i +¢)] ) (16)

Taking the reciprocal of Eq. 15 and integrating from the initial to the final orbit radius, we
obtain an estimate of the total time required for a Terminator Tether to deorbit a spacecraft:

Mg R 6
a
121* B RS cos’a <c052 Z.>

2 final

At = an

@ initial
It should be noted that if current can flow in only one direction in the system, then the

calculation of <0032 l> must be handled differently for orbits with inclinations greater than

78.5°. This is due to the fact that for such high inclination orbits, the spin of the Earth will
rotate the magnetic dipole so that the spacecraft’s orbit will actually move in the retrograde
direction relative to the magnetic field during a portion of the day. Consequently, the voltage
will reverse direction for a part of the day.

Deorbit Times For Constellation Satellites

To illuminate the utility of using the Terminator Tether system to remove dead and
obsolete satellites from useful orbital slots, we have used the equations developed above to
estimated the time required for a tether massing only 2.5% of the total satellite mass to deorbit
satellites from typical Big- and Little-LEO constellation orbits. In these calculations, we have
assumed that the control and parasitic resistances of in the system equal half of the tether
resistance. Table 1 compares the predicted time required for a Terminator Tether to deorbit a
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Table 1. Deorbit times for example constellation satellites using a Terminator Tether system
with an aluminum tether massing 2.5% of the spacecraft mass.

; : Tell : 1
Orbcomm 1 1A 45 100 years 44 11 days
Orbcomm 2 705 70 100 years 11.6 41 days
LEO One USA 950 50 600 years 32 18 days
GlobalStar 1390 52 9,000 years 223 37 days
Skybridge 1475 55 11,000 years 18.5 46 days
FaiSat 1000 66 800 years 1385 45 days
Iridium 780 86.4 100 years 2.1 7.5 months’
Teledesic 1350 89.5 7000 years 1.2 23 months’

satellite from the orbits used by several existing or planned constellation systems to the time
required for the satellite to deorbit under the influence of atmospheric drag alone. The times
for atmospheric decay are rough estimates based upon the assumption of a 10 m® satellite cross-
sectional area, a drag coefficient of 2.0, and use of the 1977 Jaccia static atmosphere model™ for
the mean exospheric temperatures (see Section III.A). As Table 1 shows, a Terminator Tether
massing only a very small percentage of the total system mass can deorbit a satellite within a
few weeks to a few months, many orders of magnitude faster than the satellite would deorbit
due to atmospheric drag alone.

It should be noted here that true measure of the effectiveness of a deorbit method is not just
whether it reduces the orbital lifetime compared to atmospheric drag decay, but whether it
reduces the product of the orbital lifetime times the collision cross-sectional area of the
spacecraft. This Area-Time-Product provides a measure of the risk of the defunct spacecraft
colliding with another spacecraft during its orbital lifetime. In Section III, we will show that
the Terminator Tether can significantly reduce the Area-Time-Product for most LEO orbits.

Inclination Change

While Table 1 shows that a Terminator Tether system can rapidly deorbit a spacecraft
from orbits with inclinations below about 75°, the rate of altitude drop for a near-polar orbit is
low. Because electrodynamic tether propulsion can be used to change the inclination of an
orbit,”® we explored the possibility of decreasing the deorbit time for a polar satellite by
modulating the tether current to reduce the orbit inclination, thus bringing the satellite into an
orbit with a more favorable interaction between the velocity and magnetic field vectors. For a
nearly polar orbit, however, the rate of inclination change achievable by a passive tether
system turns out to be very small. The rate of inclination change is given by the rate of orbit
precession caused by the net electrodynamic torque T on the orbit in the transverse direction
perpendicular to both the line of nodes (the x axis, in this case) and the orbit axis:

ﬁ — &

a Q
where Q =rXp= Mg (rXxv) is the angular momentum of the satellite in its orbit. This
torque results primarily from the out-of-plane forces on the tether when the satellite is near

(18)

* The results for orbits with />78.5 assume that the tether system can carry current in both directions; if the
tether system is designed to carry current in one direction only, the deorbit times will be roughly twice as
long, due to portions of the day when the orbit is retrograde to the magnetic dipole.

118




the equator; because the velocity vector for polar orbits is nearly parallel to the magnetic
vector when the satellite is at the equator, this force is rather small. Averaging the torque an
the orbit due to the electrodynamic force given by Eq. 13 over one orbit, we obtain

di _ L' By R} cos’ a(sin24) (i)
o 4M, R )

’
If we choose an orbit such as the one used by the Iridium constellation (780 km altitude, 86.4°
inclination), the maximum inclination change that a tether massing 2.5% of the spacecraft
mass could cause would be only about 0.35° per year. Consequently, modulating the tether
current to maximize the inclination change rate will not result in a significant improvement in
the overall deorbit rate.

II.B. MAXIMIZING ELECTRODYNAMIC DRAG

Because the electrodynamic forces are perpendicular to the tether, the tether will tend to
trail behind the spacecraft. In fact, it is necessary for the tether to hang at an angle behind
vertical for the electrodynamic forces to decelerate the spacecraft. The hang angle of the
tether will depend upon the balance between the electrodynamic drag force, which tends to
pull the tether back, and the gradient force, which tends to restore the tether to a vertical
orientation. Because the gradient force decreases as the tether libration increases, if the
electrodynamic drag is too large, this balance can become unstable, resulting in loss of control of
the tether system. In this section, we analyze the drag torque to gradient torque balance and
develop a means of not only optimizing the electrodynamic drag but also stabilizing the tether
libration.

(19)

Force and Torque Balance Analysis

We will now calculate the forces and torques on the tether and, using the fact that the
electrodynamic and gradient torques on the tether must balance each other out to achieve a
stable tether orientation angle, calculate some optimum values for some of the Terminator
Tether parameters.

Electrodynamic Force and Torque

As discussed in previous sections, both theory and experiment show that: provided the
conducting tether is moved rapidly through the Earth's magnetic field in order to generate a
voltage across it, and provided good contact is made with the space plasma, we will have a
conducting tether that has a current flowing through it. When a wire (moving or not) carrying a
current / is embedded in a magnetic field B, there will be an electrodynamic force F; generated
on each element of the wire. The electrodynamic force will be at right angles to both the
magnetic field vector and the length vector of the wire, with a magnitude given by Eq. 13:

BiI’v, coso
= .

The electrodynamic force is always at right angles to the conductor, and stays at right angles to
the conductor as the angle a varies, as shown in Figure 4. Assuming that the electrodynamic
drag force is applied uniformly along the length of the tether, we can make the simplifying
assumption that the integrated force is effectively applied at right angles to the center of mass
of the tether at the point L/2 as shown in Figure 4. The electrodynamic torque on the tether is:
L BiLv, cosa

I =b—=——2——er—

2 2R

F.=

(20)
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Gradient Forces and Torques
When a tether and its ballast end mass are deployed from a host spacecraft, the gravity

gradient force field of the Earth, combined with the orbital centrifugal gradient force field
will cause the tether to deploy either up or down from the host spacecraft. The direction
desired depends on which end of the tether is connected to the electron emitter. Normally, the
electron emitter will be on the end attached to the host spacecraft, in which case the desired
direction of deployment will be upward so that the induced voltage in the tether will produce
an excess of electrons at the electron emitter end of the tether. The desired upward direction is
chosen by having the deployer eject the ballast mass in the upward direction. Once the ballast
mass has been started in that direction, the centrifugal force due to the orbital motion of the
ballast mass will cause the ballast mass to continue to accelerate in the upward direction until
it is brought to a halt by the full deployment of the tether.

If there were no electrodynamic or atmospheric drag, the equilibrium direction of the
tether would be exactly along the vertical, since the combined gradient field is a maximum in
that direction. Because we expect a significant amount of electromagnetic drag, the actual
angle of the tether with respect to the local vertical will be at some angle «, lagging behind
the spacecraft motion in the plane of the orbit, as shown in Figure 4. In the following analysis,
we will find there is an optimum angle for o that produces the largest electrodynamic drag
force on the host spacecraft, hastening its deorbit time.

The combined vertical gravity gradient and centrifugal gradient field 3I' acting on the
ballast mass mj at the end of the tether of length L will produce a gradient force Fg; given by:

Fp=3ImyL cosa, (22)
where the gradient field strength I'=w,’=v,’//’=GM;/7’. The strength of the force depends not
only on the ballast mass my and the strength of the gradient field 3I', but also the radial
component of the distance of the ballast mass from the center of mass of the spacecraft, which is
Leos(o). As shown in Fig. 4, this force acts in the vertical direction along the radius vector
leading from the ballast mass away from the center of the Earth. The component of this
gradient force that is at right angles to the tether, given by Fg; sin o, will produce a torque Tgp
on the tether that tends to restore the tether toward the vertical, lessening the angle o.

Figure 4. Gradient and electrodynamic forces and torques on the tethered system.



T, =LF,, sina=3T my [’sina cosa 23)

The tether mass m; also contributes to the gradient force and torque. If we assume that the
tether has a uniform cross section, then we can replace the distributed mass of the tether with
an equivalent point mass m; placed at the center of mass of the tether, which is the point L/2
along the tether, and a distance L/2 cos o in the radial direction. The gradient force due to the
tether mass is then:

y i =% I'm; L cosax @4

While the gradient torque is:
L : 3 ) .
Ter = EFGT sino = 2 I'm; " cosa sina (25)
The total gradient torque attempting to restore the tether to its vertical orientation is then:
Ty =T+ Tpr =31 | my+-L | I i 2
=T+ T = mB+—4— cosc sino (26)

It is important to notice the variation of the total gradient torque as the tether angle a is
varied. Since the gradient force is always in the radial or vertical direction, there is no torque
on the tether when the tether is vertical, as would be the case when there are no aerodynamic
or electrodynamic drag forces. Once the drag forces become important and start to apply torque
to the tether, increasing the tether angle o, those drag torques causing an increase in tether
angle o will be opposed by a rising gradient torque which will attempt to decrease the tether
angle. The gradient torque reaches its maximum at o=45°, where sina=cosa=0.707 and
sinocoso=0.50. When this angle is reached, we are at a point of catastrophic instability, forif
there is a further increase in the electrodynamic drag force due to an increase in magnetic field
strength or plasma density, causing a increase in current flow through the tether and causing
the angle o to become greater than 45° the gradient torque, instead of growing stronger to
counteract the increased drag torque, will become weaker. The tether will become unstable and
the angle o will go rapidly to 90°, where the drag force will also drop to near zero.

To restore control to the tether angle if the instability occurs, it will be necessary to tum off
the electrodynamic drag forces by shutting off the current flow through the tether. The a=90°
position for the tether and ballast mass is a gravitationally unstable orientation. After a time,
slight fluctuations in the gravity field will allow the gradient force to slowly take over and
restore the tether to the vertical orientation, which, unless it can be controlled in some way, is
equally likely to be up or down. It would therefore be desirable to maintain control of the
tether angle so as to avoid the tether angle getting into the region of instability. To avoid this
possibility of tether instability, the ProSEDS mission planners are planning on using a large
ballast mass and a long non-conducting tether in order to keep the gradient forces high. To keep
the electrodynamic forces from getting too large, they are also planning on limiting the current
flow through the tether to less than 0.5 A average.

Torque Balance on a Stable Tether

The angle o of a stable tether is determined by the balance between the electrodynamic
torque T attempting to increase the angle o and the gradient torque T; attempting to decrease
the angle . Balance is achieved when the two torques are equal:

I =T;=T;+T; @7
or, using Eq. 21 and Eq. 26:
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T,=3L Y% co5=3 r(m8+ﬂ) I sino cosa =T, (28)
2R 4

Simplifying Eg. 28, we obtain a relationship between the electrodynamic and gradient
parameters of the tether that must hold if the tether is to be in a stable equilibrium state.

B Lv,
R

At first glance, it might seem that the optimum angle for the tether would be 45°, since at
that angle the gradient torque is largest and therefore can counteract a larger electrodynamic
drag force, despite the fact that at 45° the tether is at the onset of instability. The optimum
angle, however, is that which maximizes the horizontal or drag component of the
electrodynamic force that opposes the host spacecraft motion, not the total electrodynamic
force. This horizontal drag force is given by Eq. 14:

=61 (mB +ﬁ47—) sino (29)

Bilv BiLv

°cos’q=— e ___cos’a (30)

F,=F.cosot=— — =T S0
pooE R.+rdl* Im,

This equation gives a maximum drag force for long tether length L, small tether resistance R
and small tether angle o.. But to maintain o near zero when there is a large drag force on the
tether requires a large ballast mass or a very long tether. If a large ballast mass were
available, such as might be obtained by cutting off a large portion of the host vehicle (a solar
panel, for example), then this is a mode of operation which can allow the maximum
electrodynamic force F; that is available to produce the maximum drag force Fj,. If, however,
the amount of drag force that can be applied to the tether is limited by tether instability, asit
is in the NASA /MSFC ProSEDS mission and the various Terminator Tether applications, then
instead of looking at the electrodynamic limits to maximizing the drag force F,, we want to
look at the gradient limits to maximizing the drag force. To do this, we use Eq. 29 in Eq. 30 to
obtain:

F,=-6 I“L(m3+ﬂ47—) sin cos’a 31)

This equation says that for maximum drag force on the host spacecraft, you want long tether
length L, as well as massive ballast mass m; and tether mass m;. The equation also states that
a small tether angle o (tether near vertical) is not optimum. If a very large ballast mass is
available then it is possible to operate with o. at a small angle and get the maximum drag force
available from the maximum electrodynamic force made possible by the available
environmental parameters. More realistically, for any given ballast mass, it is better to
operate the tether at the angle o that maximizes the drag force. We can determine that
optimum angle by setting the partial derivative 9dF,/do=0 and solving the resulting equation.
When we do this, we find that the optimum angle for the tether that gives the maximum
electrodynamic drag force F,, while still keeping the tether torques balanced and under control,
is oi=arctan(0.707)=35.26°. This angle is well below the angle of 45° where tether instability
sets in. With this angle selected, we obtain an equation for the maximum stable drag force of:

F,(max,o =35.26°) = - 6sinacos’a I L (mB +—’;i) =-23I1TL (mB +%) 32)
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The tether angle in a Terminator Tether will be controlled by controlling the current
through the tether to compensate for variations in magnetic field strength and direction,
plasma density (which affects the plasma resistance), and other factors, and thereby maintain
the tether at an intermediate angle where both the electrodynamic and gradient forces are at
an appreciable level and balance each other. This can be done in a number of ways, either by
varying a control resistor or inserting stepped values of ballast resistors in series with the
resistance of the tether, or by periodically interrupting the current through the tether to keep
the average current at the desired value.

There are many ways to generate the sensing information needed to provide the feedback
signals to the tether current controller, but the simplest is to merely measure the drag
acceleration on the host spacecraft with a set of accelerometers, and maximize the deceleration
force in the direction opposite to the host spacecraft motion. Another method would be to
measure the current in the tether, and knowing the tether resistance and the amount of control
resistance, calculate the power being extracted and maximize that value. Alternate methods
would be to use GPS receivers at both ends of the tether to measure the angle of the tether or an
optical position sensor to measure the position of the ballast mass with respect to the host
spacecraft. These methods of controlling the drag force or the tether angle should also
stabilize the tether oscillations that presently concern the ProSEDS mission planners.

Electrodynamic Drag Force and Power Levels

We will now estimate the magnitude of the electrodynamic drag force and power
attainable from a Terminator Tether. If we assume the Terminator Tether is in orbit at an
altitude of 1000 km, where the gradient field I'=0.99x10°/s* , and the electrodynamic tether
has a length of L=5 km, a mass of m;=10 kg, a ballast mass of m;=10 kg, and a tether tilt angle
0=35.26°. then the gradient-force-limited maximum allowable stable drag force using Eq. 32 is
Fp=0.143 N. This is to be compared with the electrodynamic drag force obtainable from the
aluminum tether moving at velocity v,=6814 m/s with respect to the transverse magnetic field
Br=20 uT. If we assume the control resistor R =0, then the maximum available
electrodynamic drag force using Eq. 30 is 0.246 N, which is more than the stable drag force of
143 N. The control resistance must be increased to lower the current flow through the tether and
bring the electrodynamic torque down to a level where it will balance the gradient torque and
leave the tether at the optimum angle to produce the stable drag force level of 0.143 N.

This maximum stable drag force F,=0.143 N opposing the motion of the host spacecraft,
assumed to be in an equatorial orbit with A=0 and a velocity with respect to the magnetic field
ofvy=v,-Wgr cosA=(7350-536) m/s=6814 m/s, is equivalent to a deceleration power of:

P=F,v,=975W (33)

Since, as pointed out in Eq. 1, the power generation capability of an electrodynamic tether
is proportional primarily to its mass, the Terminator Tether will be designed to have a high
conductivity tether with enough mass to exceed the design power levels needed for any
particular initial orbit and host vehicle. The current through the tether would then be
controlled at the gradient-limited maximum stable power level so as to maintain the tether at
the optimum angle to give maximum stable drag. For example, the power level P that could be
generated and dissipated in an electrodynamic tether can be obtained either by using Eq. 11 for
the voltage induced across the tether and dividing the square of the tether voltage V by the
tether resistance R, or by using Eq. 14 or 30 for the electrodynamic drag force and multiplying it
by the spacecraft velocity vy, with respect to the geomagnetic frame:

v: (B Lv cosa)2
P:—: T M =F 34
R R +rdl’/m, A el
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Where R is the control resistor, and R;=rdL?/m; is the tether resistance. An aluminum tether
of length L=5 km and mass of m;=10 kg has a tether resistance R;=185 Q. A spacecraft in orbit
at 1000 km altitude over the magnetic equator will have a velocity with respect to the
magnetic field of v,=6814m/s, and will see a transverse magnetic field of B;=20 pT. Using
Eq. 34, we calculate that the above aluminum tether trailing at the optimum drag tether angle
of 0=35.26° has the ability to generate up to 1670 W of power if the control resistor is set to
zero. A control resistor of R.=132 Q will bring the power level down to the desired 975 W.
Variations in the control resistor would then be used to keep the tether stabilized at an angle of
0=35.26°, despite variations in magnetic field strength and plasma density. Since B; varies as
cos), a 10 kg tether will suffice for orbit inclinations up to A=40°. For orbits with higher
inclinations and therefore lower horizontal magnetic fields, a tether with a larger mass would
be called for. Since the tether mass also determines the maximum gradient-limited drag force,
the more massive tether would allow for a higher allowable stable drag force.

III. EFFECTIVENESS OF THE TERMINATOR TETHER FOR DEORBITING SPACECRAFT

III.LA. COMPARISON WITH ATMOSPHERIC DRAG DECAY

The most straightforward method of removing a spacecraft from orbit is to simply allow
atmospheric drag to decay the orbit. For orbits above about 500 km, however, orbital lifetimes
can be tens to thousands of years. The NASA Safety Standard discussed in Section IL.A. states
that if a drag-enhancement method is used to speed the deorbit of a spacecraft, it must also
significantly reduce the total Area-Time-Product of the system. The use of a several-kilometer
long tether will increase the cross-sectional area of the spacecraft system. Nonetheless, the
effectiveness of electrodynamic drag is so many orders of magnitude greater than atmospheric
drag for most LEO orbits that the total Area-Time-Product can be greatly reduced.

For a spacecraft decaying due to atmospheric drag alone in a near-circular spiral trajectory,
the Area-Time-Product is given by

A [dr= s ﬁj el (35)

CD Tinitial p(r’ t) Vuer ’

where A is the cross sectional area of the spacecraft, ris the average semimajor axis of the
orbit, C, is the coefficient of drag, and p(r?) is the atmospheric density as a function of the
semimajor axis and of time (to account for solar variations).

Figure 5 compares the Area-Time-Products for spacecraft with Terminator Tether systems
to the Area-Time-Products for spacecraft deorbiting due to atmospheric drag alone. For these
calculations we have assumed that the spacecraft mass 1000 kg, are in near-circular equatorial
orbits, and have a coefficient of drag of C,=2.0. In addition, we have used the 1977 Jaccia static
atmosphere model for the exospheric temperatures.”® The figure shows that the use of
electrodynamic tether drag can reduce the deorbit Area-Time-Product by several orders of
magnitude. As a result, the Terminator Tether system can greatly reduce the risks of a decaying
spacecraft colliding with another spacecraft.

As pointed out before, a well-designed Terminator Tether can lower the collision
probability even further than the blind chance probability implied by the use of the Area-
Time-Product criteria, by using ground control of the rate of descent to avoid collision with the
larger objects in space with well-known and predictable orbits.
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Note that Figure 5 is conservative in two ways. First, the assumed cross-sectional area of
the tether is much larger than its neutral drag cross section (the area presented to the “wind”)
and, second, the power generated in the tether is assumed to be constant at values that are
considerably less than those to be expected in the range of altitudes shown in Figure 5. For
example, a 5 km, 10 kg tether whose resistance is 185 ohms, would generate over 4000 watts at
622 km altitude if it had perfect contact with the plasma and if it were orbiting in the magnetic
equator. In these examples, we have assumed that the same tether will generate only 1570
watts throughout its descent from 622 to 250 km altitude, although, in the ideal case, the power
would increase with decreasing altitude. These assumptions are based on the power levels
observed in the TSS-1R electrodynamic tether experiment. These lower power levels are
thought to have resulted from incomplete contact with the plasma. As the technology matures,
the higher theoretical values may be possible. The induced power values used in the
calculations presented in Figure 5 are the lower values, which we can be confident of, rather
than the higher theoretical values.
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Figure 5. Area-Time-Product vs. Initial Altitude for a 1000 kg Spacecraft. Upper curves show
results for atmospheric drag alone at mean and extremes of exospheric temperature. Lower two
curves show results for Terminator Tether systems.
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III.B. COMPARISON WITH SOLID ROCKET MOTORS

The other conventional method of removing a spacecraft from a LEO orbit is to build into
the spacecraft system a rocket mechanism capable of deorbiting the spacecraft. This method,
however, requires that a significant fraction of the spacecraft’s launch mass be dedicated to the
propellant needed for deorbit.

If a spacecraft manufacturer were to use a rocket deorbit system, the design requirements for
the system will be more stringent than those for ordinary spacecraft; the system must operate
after many years on-orbit and when some or all other components of the spacecraft have failed.
Moreover, a rocket deorbit system must be capable of proper operation under many kinds of
anomalous situations, such as spacecraft tumbling due to attitude control failure, offset of center
of mass, or lack of orbital position knowledge.

Figure 6 shows the percent additional solid-rocket propellant mass required to drop a
spacecraft from a circular orbit at the specified altitude to a new orbit with a perigee of 200 km.
At this altitude, atmospheric drag will remove a typical spacecraft from orbit in a few
revolutions. The contours of constant stage propellant mass fraction range from low values of 0.5
up to the values associated with the best solid motors (=0.93) that can be built without adding
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Figure 6. Conventional solid rocket motor deorbit system percent mass increase vs. altitude and
stage propellant mass fraction (I,,=288 sec).
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any extra hardware to the deorbit stage. An effective, independent stage to provide a retro AV
of 50-325 m/s will almost certainly have a mass fraction on the order of 0.6 to 0.75. If the
deorbit stage is required to perform its own attitude determination, the stage propellant mass
fraction may be as low as 0.5.

The figure shows that a solid-rocket deorbit system will require a mass allocation that is a
significant fraction of the spacecraft’s launch mass. For a spacecraft in a 1000 km orbit, a
deorbit rocket system with a reasonable propellant mass fraction of 0.7 will consume nearly 13%
of the vehicle’s launch mass. A Terminator Tether system, however, can achieve deorbit of the
spacecraft while requiring as little as 2 to 5% of the launch mass. The mass savings achieved
with the Terminator Tether system can be used for additional revenue-producing transponders,
or for more station-keeping fuel to provide longer operational lifetimes.

IV.IMPLEMENTATION

IV.A. The Terminator Tether™

The basic optimum structure for the electrodynamic tether in a Terminator Tether system
would be one of the many types of Hoytethers.” A multiline (2-10 primary line) Hoytape will
provide the largest contact area with the plasma, since both sides of the tape would be able to
pass current to the plasma. If the spacing between the primary lines is chosen to be larger than
twice the expected average Debye length of the plasma, then the effective maximum current
collection area per unit length of the Hoytape is proportional to the width of the Hoytape
mesh, not the diameter of the wires in the mesh. Thus, a Hoytape not only provides an assured
longer life for the Terminator Tether, but very short lengths may also provide a very large
current collection areas.

The deployer for the tether can deploy the Terminator Tether either down or up or both.
The deployer could stay attached to the spacecraft as was done in the SEDS missions, and as is
planned for the ProSEDS mission, which will use a standard SEDS deployer. However, a better
alternative would be to have the deployer ejected from the spacecraft, with one end of the
tether still attached to the spacecraft, reeling out tether as it leaves. The empty deployer
would then act as a ballast mass at the end of the Terminator Tether, improving its
performance.

The standard Terminator Tether would be a completely autonomous package with no
connections to the host spacecraft except bolt holes. It would contain the electrodynamic tether
and its deployer, communication, command, and control circuitry, a battery sufficient to operate
the electronics during the deployment period and during portions of the deorbit cycle where the
electrodynamic voltages are weak, a small photovoltaic array to supply a trickle charge to the
battery during the long waiting period prior to the deorbit command, a more robust battery
charging circuit that pulls power off the current running through the tether, one or more
methods, such as plasma contactors or field emission devices, to collect and eject electrons from
the ends of the tether, one or more methods to control the current through the tether, and one or
more methods, such as an accelerometer package, to determine the maximum electrodynamic
drag and/or tether tilt angle.

The Terminator Tether package would normally be powered down except for timing circuits,
backed up by temperature sensors on the base plate connection to the host spacecraft--a cold
host means a dead host, and accelerometer signals--continued acceleration in free fall means a
stuck thruster and a spacecraft out of control. Periodically the Terminator Tether electronics
package would wake up, go through a self-check, listen for radio signals from the host
spacecraft to determine if the host is still functioning, and make a status report to ground
control through its telemetry system. If the Terminator Tether fails to report, or reports a
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serious malfunction, then ground control still has the option of using the last portion of the
stationkeeping propellant on the host spacecraft to deorbit the spacecraft. When the host
spacecraft dies, or becomes obsolete, ground control can activate the deorbit sequence the next
time the Terminator Tether checks in. There would be suitable safety features to prevent
accidental or malicious activation of the deorbit sequence. The most reliable one would be to
have the Terminator Tether check for radio transmissions from the host spacecraft. If the host
is still transmitting, no deorbit would be performed.

Once the deorbit sequence was initiated, the tether would be deployed with the current
control circuit open. Although a voltage will be generated across the tether, and can be
measured between the end of the tether and the Terminator Tether ground, with no current flow
there will be no drag. If needed, small amounts of current flow can be used to damp out any
oscillations resulting from deployment. Once the tether is stabilized, the current control circuit
would slowly allow the current to rise. The drag force, as measured by the accelerometers or
other means, will start to increase and the tether will start to lag behind. After a few orbits at
low drag, to determine the maximum and minimum voltages experienced, and the ease with
which electrons are collected and ejected from the ends of the tether, the current flow would be
allowed to increase until the maximum deceleration level is reached. The current flow would
then be varied as needed to maintain that maximum deceleration level while at the same time
using phase-shifted rate feedback to cancel out any induced tether oscillations from the orbit
going through regions of high and low plasma density on the dark and light hemispheres, or
though regions of low or high magnetic field. As the host spacecraft starts its decent from the
constellation, it will likely be necessary to have ground control vary the rate of descent to
avoid fratricide with other spacecraft in the constellation. Of course, since ground control has
control over the rest of the spacecraft in the constellation, their stationkeeping propellant
systems could also be used to avoid the host spacecraft and its tether during the early phases of
the deorbit process. After the host spacecraft is clear of the constellation, the deorbit process
can proceed with little input from the ground, except for those orbital altitudes known to
contain large spacecraft, when again ground control of the rate of descent should be sufficient to
avoid collision.

It is not known at this time if the control of the rate of descent is sufficient to insure that the
host deorbits into one of the ocean basins. Since the strength of the magnetic field is stronger at
lower altitude, there will be more electrodynamic drag force available. Whether that
stronger control of the electrodynamic portion of the drag can compensate for the unpredictable
portion of the variations in the atmospheric drag at low altitudes is unknown at this time.

IV.B. The “Remora Remover”™

The Terminator Tether concept, combined with anti-satellite technologies, can also provide
a method of safely removing from orbit existing large objects such as derelict, rogue, or hostile
spacecraft. This “Remora Remover” spacecraft would consist of a Terminator Tether attached
to small seeker missile similar to the small “hit-to-kill” missiles developed by the Space
Defense Initiative Office, which has evolved into the Clementine vehicle used for space
exploration. Since, in this case, the host vehicle for the tether has operational electronics, the
amount of specialized electronics needed to control the current in the tether would be minimal.
The Remora Remover missile would hunt down a spacecraft that needs to be removed from
space, but instead of hitting the spacecraft, the missile would be programmed to rendezvous
with the spacecraft and attach itself to the host spacecraft using a hooked net, harpoon, or
adhesive “sucker.” The Remora Remover missile would then deploy the Terminator Tether,
which would bring down both the derelict spacecraft and the missile.
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V. CONCLUSIONS

By using electrodynamic drag to greatly increase the orbital decay rate of a spacecraft, a
Terminator Tether system can remove unwanted objects from LEO rapidly and safely. Using an
analytical approach, we have developed methods for predicting Terminator Tether deorbit
times from various orbits. Using these methods, we have shown that tether systems massing
just 2 to 5% of the total spacecraft mass can deorbit a typical communication satellite within
several weeks or months, depending upon the initial orbit. The low mass requirements of a
Terminator Tether system makes it highly advantageous compared to a conventional solid-
rocket deorbit stage. Moreover, the drag enhancement provided by the electrodynamic tether
technique is so large that the total deorbit Area-Time-Product can be reduced by several orders
of magnitude compared to atmospheric drag alone, minimizing the long-lived orbital debris
hazard created by a constellation spacecraft after their end-of-life. In addition, we have
developed a method of optimizing the electrodynamic drag on the tether system by controlling
the tether hang angle. This method also provides a simple method for stabilizing the tether
libration.
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Abstract

The Young Engineers’ Satellite YES is a payload of the Ariane 502 and one of the
experiments of the ESA/ESTEC project TEAMSAT. It has been built to perform a tether
deployment and tethered momentum transfer in GTO, in order to study the special and
unexplored dynamics of a tether in a highly elliptic orbit. To record the dynamics of the
system, GPS, cameras, sunsensors and accelerometers are part of the satellite’s
instrumentation. As a technological demonstration and for clearing of the orbit after the
mission, a precise cut would deliver sufficient AV to de-orbit a subsatellite called TORI,
together with the tether. As a way to mitigate the collision risk for the tether with
operational satellites in LEO, a preferred launch time, governed by the effect of solar
pressure, has been requested but was not compatible with other requirements that turned
up during the launch preparations. Therefore, the ESA Steering Committee has decided
that YES will fly, but the tether will be cut as to prohibit deployment, already before the
launch.

In this paper the planned mission is described, along with the measures foreseen to
minimize orbital lifetime of the tether. A description of the subsystems related to the
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tether experiment will show that still very interesting science can be performed, that can
fulfill the project’s secondary objectives. The tether experiment will be operated as a
rehearsal for a re-flight on an Ariane 4 in the near future.

1 Introduction

Delta-Utec proposed in October 1996 the Young Engineers’ Satellite (YES) on
the second qualification flight of Ariane 5. Supported by ESTEC, ESA’s technical center
at Noordwijk, the YES satellite was built and qualified within 8 months.

YES has served an educational purpose by offering to many students and young engineers
hands-on experience in an end-to-end project.

The YES satellite contains a 35 km tether and has as its primary objective to investigate
tether deployment and dynamics in GTO, for the first time, and demonstrate tethered
momentum transfer for future applications, i.e.:

study of deployment dynamics;

study of dumb-bell dynamics in an elliptic orbit;
end mass attitude behavior;

demonstrate momentum transfer by staging.

Secondary objectives are:

e to demonstrate the use of GPS at high velocity (GTO perigee) and high altitude (GTO
apogee);

e to measure ionizing dose in GTO behind thin shielding using the RADFET
experiment;

e to measure particle fluxes in GTO with the Scintillating Fibre Detector;

e to demonstrate off-the-shelf and commercial technology for short space missions
(PC104).

e to demonstrate the LIGA/Si sensor technology for 3-axis accelerometers in space.

In June 1997, when the satellite was ready for shipment to the launch site in

French Guyana, ESA’s Steering Committee decided not to allow deployment of the
tether, because the imposed launch hour differs too much from the request of the YES
group and therefore the tether would pose a risk to operational satellites in LEO.
Excluding the tether deployment itself it was decided that the YES satellite would be
operated as originally intended to test the hardware and software that was developed.
This paper summarizes the studies performed for the tethered mission. In Chapter II the
YES satellite and its subsystems will be introduced. Chapter III will discuss the
deployment strategy and the behavior of the tether in an elliptic orbit. In chapter IV the
control of the YES dynamics is discussed, focusing on de-tumbling of the YES satellite
after an ejection with high tip-off rate. The study on the influence of solar pressure on the
orbital lifetime is summarized in chapter V.
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To better understand the YES tethered mission first four satellites need to be
introduced:

e YES, the Young Engineers’ Satellite. This 175 kg satellite is carrying the tether
deployer and the main subsystems as described in the next paragraph;

e TORI, Tethered ORDbit Insertable. A 12 kg passive tether end-mass;
e TEAM, Technology and Educational payload Added to MaqSath. The TEAM satellite
contains both the former mentioned satellites and in addition 3 cameras, a star mapper

and an oxygen measurement unit. Including YES and TORI the weight is 308 kg;

e MagSath. A dummy satellite of ~2100 kg.

Both YES and TORI (red on picture) are stored in the TEAM
satellite. For the tether mission, first YES will be ejected
followed shortly by TORI.. The TEAM satellite will stay
attached to the Magsath satellite.

II YES Subsystems Related to the Tether Experiment

This chapter will summarize the subsystems of the Young Engineers’ Satellite
that constitute the tether experiment. The satellite is designed for a mission of up to 7
days. Design drivers have been delivery time and cost. YES carries engineering models
and flight spares, and re-flies components of earlier ESA missions. Commercially
available parts are used for selected functions, with adjustments and testing for sufficient
shock, vacuum and outgassing properties. Some instruments involving new technologies
were delivered at low or no cost by their developers to have their maiden flight on YES.
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YES has no customary active attitude control. The Maqgsath will spin at 0.5 rpm.
Other than that, YES relies on manipulation of the tether tension during deployment.
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1.1  The deployer

It was decided to use parts of the SEDS deployer [Car:93] because it could be
made available on short term and because earlier studies gave confidence that even with
the irregular friction of the barber pole brake, accurate deployment paths can be followed
when applying the right feedback [Hei:96].

The canister contains a 35 km double strand tether with the following layout (from
TEAM to YES) [Car:97]:

TEAM/TORI YES
260 m kevlar round 0.7mm -  34.8 km 2 strand 7x100 Dyneema, stitched together every 180 m -—- 10 m 11x215 Spectra
tether design + material length [m] break Melting
: load [N] point [°C]
e 1 strand 8x400, 0.7 mm Kevlar 260 450 425
e 2 strands 7x100 Dyneema SK66 34750/35100* 275/165™* 150™**
e 1 strand 11x215 Spectra 10 800 150

*  the longer strand is slack under normal conditions

** value from industry: ~ 240 N per strand. Testing (J. Carroll): 165 N per strand. For a cold
tether (minutes after deployment), this value will be at least 20% higher.

The shorter tether will under normal circumstances (<40 N) carry the tension by itself. For
elongation larger than 1%, the second strand will contribute in carrying the tension. Under break
load (3.6% strain), the shorter tether will carry 60% of the tension, which results in a 275 N break
load if both strands are intact and a 165 N final strength is assumed.

The connections at the end and the transitions between the various tether parts have been tested to
be at least as strong as the tether itself. The parallel splices in the Dyneema were verified to fail at
over half the break load, not harming the individual strands, so as to allow them to take the full
tensional load.

*** operating temperature recommended below 70 °C

The Kevlar is thick and better resistant against the (possible) heat from the
aluminum structure of MAQSATH, TEAM or TORIL The Dyneema part consists of a force
carrying tether and a slack redundant tether stitched together every 180 m to minimize
meteoroid risk (Carroll Caduceus). They are wound tightly in criss-cross shape around a
hollow core, in total about 86000 turns, and are tied down by 3 knots located on the outside
of the winding, the first of which needs a 30 N tension jerk to break. Upon ejection, the
tension peaks will be about 1 second apart and >10 N for roughly 0.01 s.
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On top of the barber pole brake' 2 AirTech [Air:96] tether pyro-cutters designed for
parachute industry have been mounted. The control of the barber pole brake as well as the
registration of the turn counts with the SEDS optical turn counts (OTC’s) have been
implemented in the onboard computer Joris!.

1.2 The onboard computer

All experiments are controlled by a newly developed ‘rad-smart’ powerful on-
board computer - Joris! - consisting of:

e 2 highly integrated SH7032 RISC microcontrollers from Hitachi at 32 MHz, with host
selector and optional external host;

40 MB storage FlashROM & SRAM;

FPGA & OctoUART + redundant installation from ROM by H/W design;
latch-up detection & auto reboot;

regular and programmable automatic warm & cold reboots by H/'W & S/W;
Watchdog circuit;

redundant S/W loading;

built-in stepper motor H/W and infra-red sensor electronics (OTC);

test connector for monitoring and uploading of S/W;

many data and control interfaces to other subsystems and/or instruments.

The S/W developed for Joris! is written in C and C++ and based on the
MicroCOS operating system, featuring DMAC, semaphores and multitasking. It allows
for read-out and control of the individual experiments, up to 250 time tagged
telecommands, S/W patches uploading, storage of telemetry frames, per application, into
circular buffers, historical and real time data, telemetry and telecommand identification
and automatic resending of missing telecommands and telemetry packets. The tether task
includes nominal profiles that can be updated by telecommand, various feedbacks based
on OTC pulses, a warm-up and a test sequence, various motor drive modes and a tension
pulse mode.

1.3 TORI, the AUTEC & the absorptive tether

TORI stands for ‘Tethered ORbit Insertable’. It is a 30 x 8 cm 10.7 kg Aluminum
passive disk that acts as a counter mass to YES and is therefore attached to the other end of

! The barber pole is a white pole with a red spiral painted on it. Sticking out of the wall, it serves as a
landmark for barber shops all over the world. It is however not commonly known that the barber pole
symbolizes the throats of the clients of the London barber Sweeney Todd, after he was finished shaving and
killing them by holding tight his knife to their throats while turning the barber chair they were sitting on.
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the tether. An excavation on the TEAM facing surface is to store the so-called ‘absorptive
tether’, subject of the next paragraph.

Mounted to TORI is the AUTEC: the AUtonomous TEther Cutter, basically a timer, battery
and an AirTech cutter that cuts the tether four days after TORI ejection. This is an addition
for extra mission safety reducing the orbital lifetime of the tether in a contingency case.
Upon cutting of two pyro bolts, TORI is ejected shortly after YES with 0.2 m/s from the
TEAM structure and out of its box.

After its ejection, TORI is linked to the MAQSATH by a 1.4 m, 0.8 cm diam. so-
called absorptive tether [Ock:87]. This tether is a steel cable carrying alternatingly
cylindrical and spherical beads. If the cable is tensioned, the beads are pressed together and
when bent, a friction force is induced between them, thus absorbing energy. The absorptive
tether is used to dampen TORI’s ejection velocity so that TORI is stopped just outside the
TEAM box. The tether then acts as a rod with some bending stiffness under the low tension
applied during the major part of the deployment. When deployment is finished, the
absorptive tether is cut by another pyro at the TEAM end and TORI is released. This way a
new tethered system is created: TORI-tether-YES.

TEAMSAT Subsystem Classification

I11.4  Ejection mechanism

The ejection mechanism consists of 8 pyrobolts and 4 springs. The 8 pyrobolts
hold down the YES lid onto the TEAM box. In two sessions the pyros are cut: the first
session cuts 6 bolts leaving 2 opposite bolts around the axis of the lid with the highest
inertial moment (9 kg.mz). The stored energy of the springs will give the 175 kg YES
satellite a AV of 1.7 m/s once the last two pyros are fired and the tether mission starts.
The uncertainty in pyro firing time of 1 ms, the CoM offset and the inbalance of the
springs can lead to tip-off rates upto 10°/s of the YES satellite. In absence of a high
deployment tension stabilizing of YES can be done by special braking as explained in
Chapter IV.
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1.5 YES GPS

The YES satellite carries a Trimble TANS II GPS receiver LEO configuration.
The GPS experiment is threefold [Pol: 97]:

e it will be the first GPS receiver above the GPS satellite constellation. It will be used to
collect signals from the side lobs of the GPS satellites when YES is at 20.000 km as
well as raw data from the weak signals of the satellites behind the Earth when YES is
in apogee. Ideally, about 1-4 satellites are expected to be in view in this range of the
orbit;

o it will receive at velocities upto ~9.92 km/s in perigee;

o it will give additional data of the tether deployment (length & velocity).

Two antennas are connected to the GPS receiver:

e one is on the outside of the TEAM box and is operational both before and after
ejection;

e the other is mounted ‘on top of YES’, initially inside the TEAM box, and will be used
after ejection.

1.6 Solar aspect sensors

There are 7 solar aspect sensors on the TEAM/YES satellites that will be used to
determine the direction of the sun vector with an accuracy of 2.5 degrees [Not:97], and
therefore will give information about the spacecraft attitude and rotation rates. Using other
information like telemetry and GPS S/N ratio and the camera output, it will be possible to
determine the attitude history of the satellites.

Each solar aspect sensor consists of two perpendicular slits, each with a photo-sensor, a
NPN silicon transistor, and a field of view of about 90 degrees by 3 degrees of width. The
timing of the successive pulses yield for the sun vector. To get omni-directional coverage, a
rather large number of sensors is installed. Each sensor contains also a small electronic
circuit to convert the impedance to a low value and provide RF filtering.

The data of the sensors are on-off time tags on a separate location in the housekeeping
channel for each sensor, sampled every 4 s and transmitted in real time.
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1.7  Accelerometers

Two newly developed Triad 442T accelerometers [For:97] are installed

symmetrically with respect to the YES center of mass and approximately 30 cm away from
1t.
The accelerometer unit represents 2 LIGA sensors and a single Si sensor. The LIGA sensing
element is made of Nickel. It consists of a freely movable seismic mass suspended by
springs and deflected by forces of inertia when subjected to accelerations. The same mass
acts as the middle electrode of a differential capacitor, which is operated in a force to
rebalance mode. The applied electrostatic force can be measured with extremely high
precision and equals the force of the inertia to be determined.

Accuracy and resolution are respectively 1ug and 1 ug/\/Hz for the technology as
described. The YES will provide the Triads’ maiden flight before fine tuning and calibration
of the new sensors could be completed. Therefore, for temperature range of -10 to 30 °C,
specified for this mission, due to thermal hysteris and thermal drift the guaranteed accuracy
is below 0.4 mg. Of course, when temperature turns out to be rather constant, this number
would be better.

Order of magnitude of the expected accelerations during the mission are the following:

Ejection: 4g

First minute of deployment: peaks of 20 mg
Larger part of deployment: 10-60 pg

End of deployment: 5 mg

TORI ejection: drop to 0.1 mg
Spinning YES-TORI system: 0.6 mg

Tether cut: droptoO g
Spin/tumbling: 25-200 pg

From this it can be seen, that no accurate tether tension level during the larger part
of deployment can be determined. However, because of the double measurement, the effect
of rotations can be eliminated so it will be possible to focus on the translational
accelerations. The frequency of the measured harmonics may tell about the rotational
velocity of the space craft.

The main use of the accelerometers is to witness:

ejection,

breaking of the 3 tie downs,

end brake,

TORI release,

tension during the spin phase (YES-TORI),
slackness effects and duration,
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e tether jamming,
e and the tether cut.
I1.8 Camera

Two QuickCams will be flown to witness the ejections and the deployment of the
tether. Both are mounted on the top cover plate of the YES satellite and will therefore be
inside the TEAM box until ejection. One, connected to Joris! will be aimed at an open side
of the brake assembly. It will witness the way a double strand is wound around and moves
along the barber pole and associated with e.g. possible tension spikes. Also the cutters will
be in view so the tether cut can be witnessed as well. A second camera is looking straight
up, to witness the ejection of YES, but also to see the deploying tether move by as the
satellite turns around its axis.

The QuickCam is black and white CCD camera, 320x240 pixels, and has a field of view of
30x 23°.

Picture of barber pole brake and Airtec tether
cutters mounted on YES as seen by the YES
QuickCam connnected to Joris!

I1.9  Commercial computer

A second computer has been added to the satellite. The PC104 will report its
health and take images of the deploying tether with one of the QuickCams. The only
modification to the PC is coating of the board and gluing of the components to withstand
vibration. The processor has a thermally conductive link to the PC’s housing. This
computer is an experiment itself, but can also be used as a back-up transponder for
receiving Joris!” TC.

I YES Deployment Strategy: Tether Behavior in Elliptic Orbits
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The vast majority of tether applications consider tethers in circular orbits whereas

only a few studies involve the motion of tethers in elliptic orbits [Bel:93, Cre:96,
Ock:96]. One aspect of tethers in elliptic orbits is that for eccentricities above 0.45, an
initially radially positioned tether will start to rotate. This aspect will be used to obtain the
AV required for de-orbitation of the TORI satellite.
The tether mission is planned to start at a true anomaly of 90°> with a backward
downward ejection of the YES satellite of 1.7 m/s. Closely after ejection TORI is pushed
out of the TEAM box by small springs and will be restrained by the absorptive tether. A
deployment of the tether from YES, aided by the gravity gradient forces, will follow at a
fairly constant speed of 2.5 m/s.

1. insertion into GTO, 0.5 rpm

2. oth orbit, start deployment, 1.7 m/s

3. Seconds later, TORI ejection

4. 4 hrs later, 35 km tether, TORI release
5. perigee approach, tether direction Earth
6
7¢
8

Mission Outline
MAQSATH 2300 kg )

§ YES 175kg

. after perigee YES/TORI rotates
. apogee tether cut

< >
TORIZ5kd . perigee TORI + tether <O km

é)';j% R
TEAM/YES SR 28-4 97, M.Kruijff & E.J. van der Heide (Autec) / UTEC

In the first apogee after ejection (15450 s) the deployment will be smoothly
stopped by a tension drop caused by the release of TORI (cut of absorptive tether) which
minimizes the effect of tether slackness. The new tethered system (YES & TORI) will
orbit slightly below that of Magsath and pick up an in-plane rotation during its pass
through perigee (eccentricity of GTO ~0.7 > 0.45 critical value of ‘stability’). The
rotations are in the direction of the orbit and take about 50 minutes. Close to the apogee,

% As the gravity gradient in the GTO orbit is very small, technically speaking, a start of deployment before
perigee is preferable. However the attitude of MaqSath was imposed on us and dictated a late ejection.
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range

when TORI is swinging backward, the tether will be cut at the YES side. This decision
will be based on the most direct data from ranging measurements of the YES satellite.

Ranging

The YES satellite has a coherent transponder. Its ranging capability is foreseen to
be used to determine the motion of the YES satellite, from which also the tethered
system’s center of orbit can be derived. When the tether is deployed, the distance between
YES and the center of orbit is ~2 km. As the range accuracy of a transponder is ~20 m the
motion of YES with respect to the center of mass can be determined with sufficient
accuracy to determine the attitude of the system and thus when to cut the tether.
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Orbit of tethered system’s CoM and the motion of YES around it (enhanced for visual effect)

The orbit of the tether system’s center of mass can be assumed to coincide,
approximately, with the orbit of a point mass. It is possible to reconstitute such an orbit
from integration and averaging of the YES motion.
Both anomaly and range of the YES satellite are measured and can be compared with the
predicted position of the center of mass to yield the relative position.
This measurement could give us extremely useful information about deployment and
dumb-bell dynamics that cannot be required otherwise:

e the accelerometers do not have sufficient resolution to be integrated to yield position;
e GPS cannot be relied upon for decision making as it is an experiment of its own and
its results may require non trivial and extensive processing as well;
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¢ sun sensors will only be good to give the direction of the satellite body (not of the
tether!) with respect to the sun vector.

For a tether cut using the ranging capability, there are two requirements:

1. close to apogee;
2. TORI should be at lesser altitude than YES, and less than 45 degrees from the vertical

(Earth direction).

This means that the transponder should be a few km higher than the center of
mass at tether cut.
On the approach to apogee, the TORI/YES system is expected to rotate in the orbital
plane at a rate of 1 rotation per ~ 50 minutes, so the cut has to be performed within one of

about three 12 minute windows.

v Control of YES Dynamics

The Magsath satellite is inserted into GTO orbit as a spin stabilized platform with
0.5 rpm spin rate. This rate is a compromise between three requirements:

1. high spin: no tumbling of Magsath or YES to be expected;

2. low spin: required to turn around YES with the tension in the tether when in the
rotational phase;

3. low spin: requirement from the TEAM AVS camera experiment.

Tip-off rates of 10°/s can be expected with the design of the YES ejection
mechanism. The main contribution to the tumbling is due to the delay between firing of
the last two pyros: about 1ms at 1G.

In absence of a reasonable deployment tension in GTO, the deployment would come to a
preliminary stop as the tether would wrap around the satellite, in which the deployer is
located.

Additional braking profiles were studied to increase the tension and to transform the
tumbling into an oscillation.

The stepper motor would start turning directly after ejection close to maximum speed,
hold for a few seconds and turn back again as shown in the figure below.
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The satellite would react as depicted in the two figures below [respectively the
angle and the angular velocity in 2D].
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| The short, well tuned, but open loop brake pulse reduces any initial tumbling
within the expected range to a harmless oscillation of YES. Further optimization is
needed but not performed. On-ground tests will be performed early 1998 to show the
feasibility of above brake profile as well of the earlier developed Flex End Brake

[Kru:97].

Vv Influences of Solar Pressure

The effect of solar pressure on the nominal tether mission is negligible. The tether

| would re-enter within a day. However in an off-nominal mission scenario the tether with
its 35m” surface could stay in orbit for much longer. In this case, the tether orbital

lifetime would be mainly dependent on the effect of solar pressure. The effect is of one
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order higher than that of the gravitational effect of the Sun and Moon and the effect of air

drag at 600 km.
sun at 15.35 Kourou Local Time

launch 1 hr later = sun vector rotates 15° clockwise l l l
regression line of apsides 0.6°/day
sun at 9.35 - line of apsides
Kourou Local Time N— tether

Angle of line of apsides w.r.t. solar. vector at 2 launch hours: 9.35 & 15.35 KLT

The initial angle between the lines of apsides and the solar vector is a function of

launch time and is shown in the picture above. Due to the nodal regression (-0.373 °/day),
the apsidal precession (0.738°/day) and the rotation of the earth around the sun (-0.986
°/day), the angle between the line of apsides and solar vector, as depicted above, recedes
with -0.621°/day.
The solar pressure is decelerating the tethered system at apogee so that the perigee will
drop. The effect is strongest when the solar vector is perpendicular to the line of apsides.
Taking into account the regression of the orbit, the integrated effect of solar pressure on
the re-entry time of the tether is as shown below.
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The graph shows the time needed for the perigee to drop until burn-up against the
hour of launch. Launches before 13.00 KLT will not lead to a quick burn-up and life
times in the order of (tens of) years can be expected. Launches after 13.00 will leave the
tether in orbit for some few months.

The assumptions made for the calculations are:

o reflection coefficient is 0.8, absorption coefficient is 0.2;
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e the effective surface is 22.3 m’ (rotating tether);

e tether with no endmasses (see AUTEC chapter I1.3);

® 1o air drag above 150 km;

e a critical perigee height of 150 km, below which the air drag will quickly circularize
the orbit and re-entry will take place.

The launch window of Ariane 5 was imposed to us in May 1996 being 9-12 AM. This is

not compatible with the proposed risk mitigation by solar pressure effects. It was decided
unanimously not to deploy the tether for this case.
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VI Conclusions

The YES satellite - an almost tether mission - was conceived, proposed, designed
and built within 8 months time. The 35 km tether would have de-orbited a 12 kg disk,
TORI, from the 580 km x 35796 km Ariane 5 GTO orbit, using the characteristic
dynamics of highly elliptic orbits. However, the imposed launch time was not compatible
with the proposed risk mitigation strategy for contingency cases. The strategy relied upon
the effect of solar pressure that can ‘blow’ down the tethered system’s perigee causing re-
entry within a few months. Although the ESA Steering Committee considered tethers in
GTO technically and scientifically interesting it judged the risk of a (partial) tether
deployment unacceptable.

The ESA Steering Committee decision makes the primary, tether related
objectives of the mission not feasible, however the mission will be a rehearsal for future
tethered missions to reach those mission objectives with a higher probability of success.
The Steering Committee supports a successor mission ‘YES2’ to be flown on Ariane 4.
Ariane 4 has a much lower perigee (200 km), that ensures a quick re-entry by air drag.

The five secondary mission objectives on the other hand can still be achieved:

e to demonstrate the use of GPS at high velocity (GTO perigee) and high altitude (GTO
apogee); :

e to measure ionising dose in GTO behind thin shielding using the RADFET
experiment;

e to measure particle fluxes in GTO with the Scintillating Fibre Detector;

e to demonstrate off-the-shelf and commercial technology for short space missions
(PC104, QuickCam);

e to demonstrate the LIGA/Si sensor technology for 3-axis accelerometers in space.

Despite the short time in which the satellite has been built, some major
developments have taken place:

e a highly flexible satellite system design;

e design, simulation and implementation of the first tether experiment in highly elliptic
orbit;

¢ a flexible on-board computer Joris! with integrated SEDS I/'F H/W;

e complete on-board and ground segment S/W development;

e an OBDH using asynchronous virtual channel multiplexing, developed at ESTEC.

With an interesting mission still ahead, the main goal of the YES project has

already been achieved, namely to provide an opportunity for many students and young
engineers to experience an end-to-end and hands-on project.
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Planned For ATEx’s Flight
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ABSTRACT

Following the successful one year operation of the Tether Physics and
Survivability (TiPS) satellite, the Naval Research Laboratory (NRL)
plans to fly a second tethered satellite system in mid-1998. The
Advanced Tether Experiment (ATEx) is designed to extend our
knowledge of control and survivability of tethered space systems.
Experiments in active control will study deployment dynamics via a
constant-speed motor and utilization of both in-plane and cross-
plane thrusters to excite and arrest librations. Additionally, ATEx
will investigate the survivability of long-life tether materials. This
paper will describe the ATEx payload carried by the Space
Technology Experiment (STEX) spacecraft and preview the
anticipated flight experiments as shown by the results of two
tethered system dynamics simulations.

INTRODUCTION

The NRL built the ATEx to ride atop the STEX spacecraft. ATEx
was delivered to the STEX contractor as government furnished
equipment for integration and test. The launch 1is planned for
February 1998.  After approximately ninety days of spacecraft
early-orbit checkout and orbit transfer to 425 NM (787.1 km)
circular altitude at 85° inclination, the ATEX mission will begin and
continue for a maximum experiment duration of ninety days.

ATEx offers a next step in low-cost tether flight experience.

Placing the tether’s lower end-body atop an active spacecraft permits
opportunity to be the first to perform libration control experiments.
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To date, no tether mission has demonstrated extended control of
system librations. Comfort with the ability to control these motions,
along with the remaining objectives, is necessary before continuing
to develop more sophisticated tethered space systems. There are
three ATEx mission<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>