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Transient Potential Modification of Large Spacecraft

Due to Electron Emissions
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The transient potential response of a large spacecraft structure in low Earth orbit due to electron generator
emissions has been investigated experimentally using the Tethered Satellite System on NASA’s Space Shuttle and
by equivalent-circuit-model simulations. The model simulations of this highly distributed and complex structure
demonstrate that useful predictions of high-speed potential behavior and charging levels can be made. Our experi-
mental results were obtained when an electron generator emitted pulsesinto the surrounding nighttimeionospheric
plasma. Because of the surrounding plasma’s low density, the electron generator modified the Shuttle’s potential
quickly and by several volts. Our experimental system measured the resulting voltage transients by selectively
sampling the system voltage in high-speed bursts. The model simulations show that the transient potential re-
sponse of the system is due to a combination of the system’s electrical circuit and the modification of the Shuttle’s
potential due to the electron generator emissions. Computer simulations also were used to perform parametric
studies of transient spacecraft potential modification for varying plasma densities, electron-beam currents, and
electron collection areas. These results have implications for the use and simulation of electron generators that

actively modify the potential of their host spacecraft.

Nomenclature
A, = electron collection area, m?
A; = ion collection area, m?
Co,, = Orbiter capacitance, F
Cyy = satellite sheath capacitance, F
Ics = Orbiter capacitance discharge current, A
Iy = incidentelectron current, A
I,, = currentto engine bells, A
I; = incidention current, A
I.n» = ionram current, A
I, = current to satellite, A
lemer = tether current, A
Jo = electron current density, A/m>
J; = ion ram current density, A/m?
k = Boltzmann’s constant, 1.38 x 1072* J/K
m, = electronmass, 9.109 x 1073 kg
n, = plasma density, m~>
n; = ion density, m™3
q = elementary charge magnitude, 1.602 x 107"° C
Rgpen = Tethered Satellite System open-circuitload impedance, 2
Ves = voltage on Orbiter capacitance discharge current
source, V
Veng = voltage on engine bells, V
Vs = voltage on satellite, V
g = spacecraft velocity with respect to flowing plasma, m/s
o, = nondimensional electron sheath factor
o; = nondimensionalion sheath factor
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0. = electron temperature, eV
6; = ion ram energy, eV
Introduction

REDICTING steady-state and transient spacecraft potentials

remains of fundamental importance for a variety of scientific
and technological applications because the charging of spacecraft,
dueto either natural processesor active emission of charge, can alter
the performance of sensitive instruments as well as induce possi-
bly damaging charging levels.! The potential of large spacecraft,
especially those operating with exposed high-voltage systems such
as the International Space Station, can be dramatically and rapidly
modified due to a complex set of external and internal processes 2
These processes are also of importance to electrodynamic tether
systems for which active collection of current necessarily involves
charging effects and transient switching responses >

To date, several experimental systems have flown to examine
these processes. These systems include the Cooperative High Al-
titude Rocket Gun Experiments (CHARGE-2) suborbital rocket
flown in December 1985 (Ref. 5), the Space Power Experiments
Aboard Rockets (SPEAR-1) suborbital rocket flown in December
1987 (Ref. 6), and the first Tethered Satellite System (TSS-1) or-
bital mission flown in August 1992. In their experimental systems,
CHARGE-2 and SPEAR-1 applied differentialbiasing between dif-
ferent parts of the rocket systems to alter their platform potential;
CHARGE-2 and TSS-1 also used an electron generator.’

With the exceptionof CHARGE-2, however, the spacecraftpoten-
tial measurementsmade to date have been of relatively low temporal
resolution. Although CHARGE-2 did make high-speed (10 MHz)
spacecraftpotential measurements, they were taken in short, 100-us
bursts spaced approximately 1 s apart. With the Shuttle Electrody-
namic Tether System (SETS) on TSS-1, we were able to sample
vehicle potential at fairly high rates (32 kHz) for longer periods
of time (1-s bursts). These measurements allowed us to develop a
detailed model of the Orbiter-tether-satellite system and its inter-
action with the local plasma environment. This model allows us to
predictthe response of the TSS systemto quickly changingpotential
modifications. Note that the ability to make these Orbiter potential
measurements was facilitated by using the tethered satellite as a
remote plasma reference.’
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During TSS-1, we had the unique opportunity to study the sys-
tem’s steady-state and high-speed transient response to spacecraft
potential changes. We provide first reports of the TSS transient re-
sponseto the firing of its electron generatorinto the local low-density
ionosphere. We have expanded the tether system model developed
by Bilénet al.* to include a circuitmodel of the electron generatoras
well as a more accurate model of the plasma response at the Orbiter.
The Bilén et al. model accounts for the variability and asymmetry
seen in TSS-1 mission electrodynamic tether switching transients.
These transients occurred when the TSS system switched from its
current-measuringmode to its voltage-measuringmode. The obser-
vations used in the present analysis were made when TSS-1 was in
its voltage-measuringmode and the electron generator was actively
and quickly modifying the Orbiter potential.

The TSS-1 mission and SETS experiment system are introduced,
and their operation is described. We then present the transient ob-
servations from the TSS-1 missionused in our analysis, describe the
electrodynamic tether system transient model when flying through
the ionosphere, and compare experimental results with model pre-
dictions.

TSS-SETS Experiment System

TSS-1 was a joint mission between NASA and ASI (Italian Space
Agency) that flew onboard STS-46 in August 1992 (Refs. 3 and 9).
TSS-1 deployed an electricallyconductive, 1.6-m-diam Italian-built
satellite to a distance of 267 m above the payload bay of the Space
Shuttle Atlantis, which was at an altitude of approximately 296 km.
The satellite was connectedto the shuttle viaan electrically conduct-
ing insulated wire, and the interaction of this wire with the Earth’s
magnetic field induced a potential across the tether reaching values
near 60 V, which allowed tether currents approaching 30 mA.

Central to the results reported here is the SETS experiment that
made high-resolutionmeasurements of the induced tether potential
using a high-impedance voltage monitor.! SETS also controlled
current flow through the tether using switched loads and active
electron-beamemissions. To measure I-V tether characteristics, the
SETS experiment could selectively place resistive loads between
the tether end and the Shuttle’s electrical ground, allowing cur-
rent to flow through the tether from the ionospheric plasma. The
load connections were made with and without 1-keV electron-beam
emissions from the SETS fast-pulsed electron generator (FPEG),
which was connected to the Orbiter electrical ground. Because of
the orbitally induced potential polarity, the TSS-1 satellite was typ-
ically biased to attract electrons to its conducting surfaces while the
Orbiter either attracted ions to its main engine bells—its primary
conducting surfaces—or emitted electrons via the FPEG.

In the present analysis, data from three SETS instruments were
used: the dc tether voltage monitor (TVMDC), tether current moni-
tor (TCM), and current mode monitor (CMM). The TVMDC is the
primary measurement of tether potential and features 16-bit reso-
lution, 360-Hz sampling rate, and three gain states: x1, x 10, and
x100. The TCM is a Hall-effect probe that makes no direct con-
tact with the tether circuit. It has a 16-bit resolution and a sample
rate of 24 Hz. The CMM is a dc coupled burst measurement of
the tether potential applied to the load resistor bank and also has
three gain states: x 1, x10, and x 100. It is an 8-bit digitizer (1-bit
resolution: x1,39.4V; x10,3.96 V; and x 100, 0.397 V) with a pro-
grammable sample rate of up to 107 samples/s that can be used to
capture transientevents. During TSS-1, the CMM was filtered with
a 12-kHz double-pole low-pass filter. The CMM signal is available
only through a burst-mode channel that can handle up to 4 captures
with a total of 32,000 samples each before downloading them in the
telemetry stream. For the experiments discussedin the present anal-
ysis, the CMM measurements were made at x 10 and x 100 gains
at a rate of 32 kHz. More information on these instruments can be
found in Ref. 10.

The SETS FPEG was used to eject electrons from the Orbiter to
study the TSS currentbalanceand Orbiter chargingin differentiono-
spheric conditions and under different TCVM resistive loads. The
FPEG hastwo independentgun assemblies,eachcapableof emitting
1-keV electrons with a beam currentof 100 mA per assembly. Each
gun assembly has a separate filament power supply, high-voltage
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Fig. 1 TSS-1showing the location of the satellite (stowed), tether reel,
SETS FPEG, cargo bay doors, and engine bells.

power supply, and solid-state high-voltage switch. Beam emission
is controlled by the high-voltage switch, which, when on, connects
the filament directly to the high-voltage power supply. The FPEG
electronbeamcanbe pulsed at highrates becauseof the short, 100-ns
rise and fall times of the high-voltageswitch. The on and off times of
the pulses can be programmed separately.!”!! For the data reported
here, the FPEG was commanded to fire one filament (100 mA) with
an on and off time of 13.1 ms, giving a pulse frequency of 38.2
Hz. The beam heads are aimed 23 deg up from the Orbiter’s +y
direction such that it fires over the starboard wing. Figure 1 shows
the location of the FPEG in the Orbiter’s cargo bay.

The TSS tether deployer system consists of a large tether storage
reel thatis mechanically turned to wind tether on and off. This reel is
a 121.9-cm-long, fiberglass-coated, hollow aluminum spindle that
is 11.3 cm in diameter and has 96.5-cm aluminum flanges on each
end.'? Both the spindle and its flanges are electrically grounded to
the Orbiter. Fully wound before satellite deployment, the system
contains 22 km of insulated tether wrapped on the reel and can be
considered electrically as an inductor of approximately 12 H with
parasitic capacitances and resistances*

Observations

The observations used in this analysis were chosen because they
met four criteria: 1) The FPEG was placed in a pulsing mode rather
than a dc firing mode, 2) the TSS system was in a region of low lo-
cal plasma density, 3) the CMM captured high-speed voltage data,
and 4) the CMM data were not limited by instrument resolution
nor were they saturated. Two such observations met these criteria
and are listed in Table 1. They occurred during one of the TSS-1
experiments called joint functional objective number 2 (JFO2, also
called DEP1), of which there were a total of 98 performed. (A
more detailed description and complete plots of JFO2 can be found
elsewhere.!”) More specifically, the events occurred during JFO2
step 2, which characterizes the FPEG’s ability to support current
flow through the tether system. In this step, FPEG beam emissions
occur as each TCVM load resistor is switched in and then out indi-
vidually. In addition, a quick SHUNT closure (240 ms in length)
occurs at the beginning of the step, and at this time the CMM cap-
tures data. For most of the JFO2 executions, the FPEG emitted a
dc beam; however, there were seven executions during which the
beam was pulsed instead at 38.2 Hz. Of these seven, five occurred
in a region of low local plasma density such that the Orbiter poten-
tial could be quickly modified by the FPEG. Although the CMM
captured high-speed data during these five, in only two were the
CMM data not limited by instrument resolution, allowing rigorous
analysis.

These two observationsare shown in Figs. 2a and 2b, which show
the Orbiter potential modification via the FPEG pulsing. Shown
are the tether potential, tether current, load resistor in use, Green-
wich Mean Time, and CMM captured transient response for the
observations. The vertical dotted line is the time when the CMM
burst data are collected. Also included s the simulated transient re-
sponse, which is discussed later. Although the quick modification
of the Orbiter potential can be seen in the tether potential measure-
ment, which was collected with the 360-Hz sampling rate TCVM,
the data are aliased and are not easily resolved. The CMM mea-
surement, which was collected at 32 kHz, shows that the Orbiter
potential is easily modified by the FPEG and also that a second-
order ringing response is excited by this firing. This second-order
ringing has been shown to be the pulse response of the TSS tether
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deployer system,'> which is similar to the pulse response of a trans-
former.!*

To analyze these observations, we must know the local iono-
spheric plasma density around the Orbiter. Normally, direct den-
sity measurements were made by the Research on Electrodynamic
Tether Effect’s (RETE) Langmuir probe. At the time of these ob-
servations, however, no direct density measurement was available.
Thus, we estimate it using the technique of Thompson et al.'® Their
approachrequires that the Orbiter be moving with a supersonic ve-
locity v, with respect to the ambient ions. They then assume an
effectiveion collection area A; of the Orbiter engine bells and state
that the ion ram current /,,,, collected to the uncharged Orbiter is
equal to the tether current /e, Such that

Ie er
teth (1)

n, =
Aiqvx

e

Because reasonable estimates of n, from Eq. (1) require Iieper =
L., two conditions affecting /i, must be satisfied: The FPEG
must not be firing and /ey must not be limited by tether resistance.
To satisfy the first condition, we cannot use iy from JFO2 step 2
because the FPEG is firing. Step 3 of JFO2, however, follows the
same switching sequence as step 2 but without FPEG emissions
and, although separated by 140 s, a reasonable value of ieper, and
hence plasma density, can be obtained during step 3. The second
condition—that /.y nOt be limited by tether resistance—generally
was met easily when TSS-1 flew through regions of low plasma
density. Because both conditions can be met, Eq. (1) providesa rea-
sonableestimateof plasmadensity for the observationsreportedhere
(involvinglow Orbiter charging and available tether emf of less than
10 V). Estimates are listed in Table 1. The conclusion that the ob-
servations during this time period took place in low plasma density
conditions is corroborated by observations discussed by Oberhardt

Table1 Summary of TSS-1 JFO2 used in analysis

Greenwich Estimated Tether
DEPI1 mean time, Burst-mode time, density, length,
event ddd/hhmm:ss ddd/hhmm:ss x 1010 m~3 m
30 217/2310:23 217/2312:05 3.2 25.9
31 217/2318:08 217/2319:50 52 44.7
07— —
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et al.! using the Shuttle Potential and Return Electron Experiment
(SPREE)."

During the time of these observations, TSS was in its initial de-
ployment phase and the orientation of the Shuttle was such that its
engine bells were directed in the ram direction with its nose pitched
down 37 deg, placing the payload bay into a deep wake. The satellite
itself was in close proximity to the Shuttle and firing a neutral-gas
thrusterto propelit away from the Orbiter. However, the neutral-gas
density in the payload bay was already sufficiently low to allow in-
struments with exposed high-voltagesystems to be turned on safely.
Further, simultaneousFPEG operationswith certain Orbiter thruster
firings were separately shown to enhance plasma density in the pay-
load bay using the SPREE instrument.'® If significant density en-
hancement had occurred during the observational period discussed
here, spacecraft positive charging would have been reduced.

Electrodynamic Tether System Model

We have expanded the model developed by Bilén et al.* to in-
clude a circuit model of the FPEG as well as a more complete
electrical model of the Orbiter. Their model was used to account
successfully for the ionosphere-induced variability and asymme-
try seen in TSS-1 mission electrical transients—the transient case
that occurred when the TSS system switched between its current-
measuring mode and its voltage-measuringmode. When TSS-1 was
in the current-measuringmode, a selectable load impedance (15 €2,
25 k€2, 250 k2, or 2.5 M2) was placed between the tether and the
Orbiter, which allowed a measurable current to flow. In the voltage-
measuring mode, TSS-1 was in a configuration in which only the
high total impedance (=35 M) of the SETS and deployer core
equipment (DCORE) voltage monitors was connected between the
tether and the Orbiter end. In this case, negligible current flows
along the tether and almost all of the voltage drop in the system
occurs across this high-impedanceload, allowing an accurate mea-
surement of tether potential. The observations used in the present
analysis were made when TSS-1 was inits voltage-measuringmode.

For our discussion, the expanded equivalent circuit model of
TSS-1 is divided into six sections: 1) satellite, 2) electrodynamic
tether, 3) tether reel, 4) SETS, 5) Orbiter, and 6) FPEG, as shown
in Fig. 3. Because the first three have not been modified and are de-
scribed in detail by Bilén et al.,* only a brief, qualitative overview
for them is given here. The remaining three have been modified, and
more rigorous descriptions are given. In our description, we begin

Tether
Potential (V)

=20+

Tether 0.01 .......................... 4

Currcnt (A) L |
R2500K [ W1 [ 1 1 1 1
R250K [ T T WM T [ [T
R25K [ T T T T 1
SHUNT T T T T TS
Time (GMT) — } ——t—} { ;
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Transient
Response (V)

2043 .

1 1 1 1 1 1
T T T T T
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220
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Fig. 2 Orbiter potential modification via electron generator pulsing.
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Fig. 3 Equivalent TSS-1 circuit model showing satellite, tether, tether reel, SETS, Orbiter, and FPEG sections.

with the Orbiter section because it is most important and move in a
counterclockwise fashion through the remaining sections of Fig. 3.
Note that the model described here is applicable to transient analy-
ses, i.e., short timescales (tens of milliseconds or less). For longer
timescales (hundreds to thousands of milliseconds), the reader is
referred to other models such as that developed by Agiiero.?

Orbiter Model

The Orbiter surfaces, i.e., its main engine bells and cargo bay
doors (see Fig. 1), can be considered as probes that are immersed
in the surrounding ionospheric plasma and, as such, have charac-
teristic I-V responses or nonlinear conductances. To simulate these
nonlinear conductances, each conductance is based on a physical
current source model as developed by Brundin'® and Garrett.!® This
source model assumes a low potential linear ion ram flux and elec-
tron current collection levels that remain close to or less than the
thermal current capabilities of the Orbiter, which is appropriate for
the cases studied here.

In the Orbiter model, two physical current sources are placed
between the Orbiter electrical ground and the ionosphere. The first
currentsource representsthe interactionof the Orbiter’s engine bells
with the ionosphere. (Although there are other conducting surfaces,
the Orbiter’s primary conducting surfaces are the engine bells.) The
current to the engine bells /., as a function of voltage V,,, with
respect to the local plasma and neglecting magnetic, photoelectric,
and secondary effects is given by

Ieng(veng) = II(Veng) - IE(Veng) (2)
For Ve, < 0, Eq. (2) can be written as
Ieng(veng) = Ai Jir[l —Q; (Veng/ei)] + AeJeO exp(veng/ee) (3)

where Ji; = gn; v, when the ion thermal velocity is ignored and

k6,(11,600K/eV)

Jo=14qn,
0 1 2mm,

Forthe first source, A; = A, ~ 25 m? basedon TSS-1 data and rep-
resents the approximate effective collection area of the Orbiter,'>%°
although somewhat larger values for collection area also have
been suggested?! The value A; represents the approximate cross-
sectional surface area presented to the flowing mesosonic ion flux

and thus is dependenton the attitude of the Orbiter, that is, whether
the engine bells are in the Orbiter’s ram or wake. For the present ob-
servations, the engine bells were in the ram; therefore, the full value
of A; is used. Other values for TSS-1 are v, = 7.5 km/s, 6, ~ 0.2
eV,and 6; & 5eV.

The factor (1 — «; Veng/6;) in Eq. (3), where V.., < 0, repre-
sents a modification to the effective engine bell ram cross-sectional
area A; to account for an increase in the effective impact radius
for ions due to an expanded plasma sheath. The ion sheath fac-
tor o; is small if variation of engine bell potential has little or
no effect on ion collection. In this case the ion current is exclu-
sively due to ram ion flux. On the other hand, «; is close to unity if
engine bell potential variation strongly influences ion current col-
lection. In this case, the total ion collection area includes the ex-
panded plasma sheath. These two cases are analogous to the thin
and thick sheaths described in Ref. 19. If the sheath is thin with re-
spect to engine bell dimensions, then potential variations will have
little effect on ion current collection, whereas if the sheath is thick,
then the potential variation has a large effect on ion current col-
lection. The ion sheath factor ; was determined qualitatively from
the computer simulations to be 0.1, approximating a thin sheath.
This choice of «; implies that the expanded sheath contribution is
only a fraction of the ion collection when the effective collecting
area of the engine bells for these low-charging-magnitude events
is taken as 25 m? (as assumed by Thompson et al.'3). Recent pub-
lished work® provides an explanation for the reasonablenessof this
assumption by identifying in detail the current collection contri-
butions to the charging balance for the range of negative charg-
ing events observed during TSS-1, the result being that the 25-
m? area is a good average for the effective current collecting area
of the Orbiter (including sheath contributions) when the Orbiter is
charged to a magnitude in the range of the available emf for these
events.

Note that, as written, Eq. (3) is strictly valid only for voltages
Vene < 0. To extend Eq. (3) to Ve, > 0, which is necessary be-
cause FPEG emissions charge the Orbiter positively, we specify
an electron saturation region such that the exponential term does
not increase indefinitely. We specified this region in our current
source model s (Leng) vepe >0 = AeJoo(1 4t Veng /6.), Where A, Jg
represents the thermal electron current collected by the Orbiter’s
engine bells, which is allowed to grow as V,,, increases. The ion-
current term becomes insignificant in the positive regime because
the electron-currentterm dominates. With this addition, we obtain



BILEN ET AL. 659

an [-V response similar to the classic cylindrical Langmuir-probe
I-V response.

The second current source, Ics(Vcs), discharges the Orbiter ca-
pacitance C,;,, which is a physical capacitance resulting primarily
from the layered dielectric coating on the Orbiter cargo bay doors.??
For our analysis, we have assumed A; = A, ~ 100 m? for the case
of Ics. The Orbiter capacitance C,,, was set at 30 uF, which is a
reasonable value given the works of Hawkins?! and Liemohn.?2 The
initial voltage applied to C,, was set at the value to which the Or-
biter was charged. Note that more recent work by Agiiero® indicates
that C,, may have different charging and dischargingcapacitances.
These results, however, do not affect our circuit model because we
are dealing with very short, transientevents and not the longer time
responses of that work.

FPEG Model

The FPEG is modeled as a 100-mA, pulsed electron-current
source with a 38.2-Hz pulse frequency,a 50% duty cycle,and 100-ns
rise and fall times. It connects the Orbiter electrical ground and the
ambient plasma medium representedin our model by Earth ground.
In effect, when the FPEG current source is on, i.e., the FPEG is
firing, it is able to simply dump charge because the source is not
voltage dependent.

SETS Model

The configuration of the SETS experiment can be modeled for
the present observations by the 35-MS2 internal impedance of its
and DCORE’s voltage monitors, indicated in Fig. 3 as Ropen. Also
modeled, but not shown in Fig. 3, is a 12-kHz double-pole RC low-
pass filter that is part of the SETS measurement electronics. This
filter was found to have only a minimal effect on the observations
reported here.

Tether Reel Model

A simplified electrical model of the wound tether reel was de-
veloped on the basis of preflight tests.!* This model, which has
proven adequate for the analysis of electrical transients, is included
in Fig. 3. The reel model was optimized to match responses seen
with a fully loaded tether reel, including switching transient level
and decay constant, capacitive discharge, and pulse response. It is
a simple, two-section network that is valid for the present analysis
because we need to consider only the primary reel resonance.

Electrodynamic Tether Model

The insulated, conductingtetheris modeled as a coaxial transmis-
sion line using distributed lumped elements in a manner similar to
that of Arnold and Dobrowolny?* Green et al.,** and Savich.?> With
this type of model, the outer conductoris formed by the ionospheric
plasma, which is on the order of a Debye length away from the
center conductor. James et al.? state that the tether, sheath, and sur-
rounding plasma form an approximationto a coaxial rf transmission
line to the degree that the surrounding plasma can be regarded as
the outer conductor. This model consists of the standard resistance,
inductance,capacitance,and conductanceper unitlength for coaxial
lines (R, L, C, and G parameters) plus an additional E parameter,
which represents the potential generated across each incremental
length due to the tether’s motion through the geomagnetic field.

Satellite Model

The satellite model is also based on a physical current source to
modelits interactionwith the ionosphere. For the low tether currents
achievedduring TSS-1, the satellite can be considered as a spherical
Langmuir probe with 0.8-mradius. The mathematicalrepresentation
of the model, i.e., the [-V response I, (V,), is described in detail
by Bilén et al.* and is similar to that used in the modified Orbiter
model described earlier.

In addition to the physical current source at the satellite, there
exists an effective nonlinear satellite-to-plasmacapacitance, desig-
nated Cy,, which is dependent on satellite potential. This capaci-
tance can be modeled as a concentric spherical capacitor, with the
satelliteas the inner conductorand the plasma as the outer conductor
separated by the plasma sheath thickness.

Analysis

Computer simulations were performed using an analog circuit
simulation software package similar to the standard Simulation
Program with Integrated Circuit Emphasis (SPICE). These simula-
tions were done by implementing the electrodynamic tether system
model, described earlier and shown in Fig. 3, as a SPICE input deck
and performing transient analyses on the circuit. By modeling the
response of the TSS-1 system via computer simulation, we were
able to determine the relevant importance of each section of the
TSS system during its transient response from FPEG emission. In
the present analysis, we were able to determine that the Orbiter—
ionosphere interaction was the primary effect on the overall circuit
and that the satellite and tetherinteractionhad very little effect when
TSS-1 was inits voltage mode and the FPEG was quickly modifying
Orbiter potential by firing into the local ionosphere. The importance
of the Orbiter-ionosphereinteractionis to be expected because only
microampere-level current flows through the tether in this mode,
substantiallyreducing the effect of satellite-ionosphereinteraction.
This resultis in contrast with what Bilén et al.* found when TSS-1
switched from its voltage to its current mode. In that case, the tran-
sient response was due primarily to the satellite-ionosphere inter-
action and the tether; the Orbiter effect was not significant.

Good qualitative agreementbetween the simulated and measured
transients was found, in that the simulated transient voltage levels
and ringing frequency matched the measured data within 10-20%.
Figure 2 shows the comparison between the measured transients of
the two observations and the simulated transients. Finding agree-
ment between simulation and measurement allowed us to verify the
TSS circuit model that we developed and gave us confidence in
the parametric studies (described later) that we performed using the
model.

There are several limitations of the electrodynamic tether system
model as developed here that may affect the agreement between
the computer simulations and the observations as well as the re-
sults of the parametric studies. First, several of the parameter values
used in the current-source models are estimates rather than exact
values because exact values are still the subject of active research.
Specifically, the values for Orbiter effective collection areas and
Orbiter capacitance are estimates taken from the literature. Second,
the derivation of plasma density has some amount of uncertainty
because of the temporal displacement between the CMM measure-
ment in JFO2 step 2 and the tether current measurement made in
JFO?2 step 3, from which plasma density is calculated. Fortunately,
because n, o 1/A;, any error in plasma density based on the es-
timate of Orbiter engine bell collection area is not compounded in
the engine bell current source model because I.,y X n.A;. Third,
the FPEG model is idealized because the simplifying assumption
was made that 100 mA of electron currentis always ejected into the
local ionosphere when the FPEG is firing. This simplifying assump-
tion may not always be valid because of filament efficiency. Fourth,
this model is limited to low Orbiter charging levels because the
voltage-dependentcurrent source models used were developed for
low charging levels. For conditions of higher positive and negative
charging, the sources would need to be modified.?

Despite these limitations, our work shows that this simple circuit
model can be used to accurately replicate, and hence also predict,
transient spacecraft potential changes. We found that the Orbiter-
ionosphere circuit, and specifically its current collection elements,
was able to accurately model the magnitude of the transient space-
craft potential steps. Using our model, we performed parametric
studies of the magnitude of spacecraftpotential changes for varying
plasma densities, FPEG currents, and electron collectionareas. The
results of these studies are shown in Figs. 4, 5, and 6, respectively.In
each of these studies only one parameter was varied; the others were
the same asinevent31 and were held constant.In each of these plots,
modelresultsare shown with the filled circles and the data point from
event 31 is shown with the open square. Note that these studies are
included to show the capabilities of a relatively simple model and
to examine trends. Indeed, these studies do indicate high levels of
charging that exceed the limits of the low-voltage Orbiter model.

In each of the parametric studies, the change in the spacecraft
potential from floating potential as the FPEG is pulsed is measured.
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Fig. 4 Simulated spacecraft potential change due to FPEG pulsing
as a function of plasma density (all other parameters are the same as
event 31).
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Fig. 6 Simulated spacecraft potential change due to FPEG pulsing as
a function of electron collection area (all other parameters are the same
as event 31).

In Fig. 4, we see that, as the plasma density n, increases from a
very low value (~10° m~3) to a high value (~10'* m~3), the po-
tential change drops from a very high value (>100 V) to an almost
negligible amount (<0.01 V). This result indicates that in low den-
sities the Orbiter could charge highly positive because of FPEG
pulsing. In addition, the model predicts that the Orbiter transient
charging due to FPEG pulsing would be greatly diminished if there
is a locally enhanced electron flux. Note from this plot the expected
transient charging levels for normal nighttime (low 10" m~?) and
daytime (high 10" m~*) conditions. During nighttime, transient
charging could be a few volts, whereas during daytime, only a few
tenths of volts is expected. Figure 5 shows that the magnitude of
the FPEG discharge current Igprg also affects the magnitude of the
potential change, increasing the magnitude as the currentincreases.
Increasingthe electronandion collectionareas A, and A;, as shown
in Fig. 6, reduces the magnitude of the potential change. Although

these results are to be expected, they do show the importance of our
model in predicting transient spacecraft potential changes.

In a manner similar to that presented here, circuit models of the
interaction of other spacecraft, in particular large spacecraft, with
the ionosphere can be developed. In developing these models, it
is extremely important not only to use proper current sources to
model the spacecraft-plasma interaction but also to identify any
spacecraft subsystems that may be affected by potential changes
and other spacecraft-plasma interactions. For example, the pulse
response of the TSS tether reel subsystem elicited by the rapidly
changing Orbiter potential provided up to a factor of 1.6 times the
step voltage, e.g.,a 10-V change in Orbiter potential could resultin
16-V peak voltage across the system.

Summary

The electrical transient response of TSS due to the firing of an
electron generator into the ionosphere has been investigated exper-
imentally and by computer-based circuit simulations. Because of
the low density of the surrounding ionospheric plasma, the FPEG
was able to quickly modify the potential of the Shuttle Orbiter. The
resulting voltage transients were measuredby the SETS experiment,
which could selectively sample the system voltage in high-speed
bursts. The computer simulation shows that the electrical transient
response of the system is due to a combination of both the TSS
electrical circuit and the modification of the Shuttle potential due to
the FPEG firing into the surroundingionospheric plasma. The com-
putermodel has provensuccessfulatreplicatingthe Orbiter transient
voltage response for the conditions experienced during TSS-1. In
addition, we were able to determine that, when TSS-1 was in its
voltage mode and the FPEG was quickly modifying Orbiter poten-
tial by firing into the local ionosphere, 1) the Orbiter-ionosphere
interaction was the primary effect on the overall circuit and 2) the
satelliteand tether interactionhad very little effect. Using our model,
we performed parametric studies of the magnitude of spacecraftpo-
tential changes for varying plasma densities, FPEG currents, and
electron collection areas.

The results presented here have implications for the use of elec-
tron generatorsthat actively modify the potential of their host space-
craft. Theseimplicationsare based on an understandingof the physi-
cal interactionof TSS with the surroundingionospheric plasma. For
the TSS-1 case in which the tether system was in its voltage mode
and the FPEG was firingintoa localionosphereregionof low plasma
density, the voltage transient response was driven primarily by the
I-V response of the Orbiter and the second-orderunderdamped re-
sponse of the tetherreel circuit. If the tether reel were to be replaced
with a different circuit, however, the ionospheric effects described
here would still be present, i.e., the magnitude of the spacecraft po-
tential changes. From our results, we have shown that transients can
be caused not only by switching of currentsin a tethered system but
also by electron emissions from one of the end points that quickly
modify its potential.
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