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Electrodynamics of the Getaway Tether Experiment
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An electrodynamic circuit model of the interaction of a pair of small tethered satellites and the ionosphere is
developed and analyzed. The system under study, the Getaway Tether Experiment (GATE), is composed of two
small satellites and 1 km of insulated conducting tether. The nonlinear model has elements representing the
emission, collection, and resistive flow of charge through an electrically conductive tether, plasma contactors,
and the ionosphere. The circuit model is incorporated into a dynamic orbital simulation to predict mission
performance. Simulation results show the feasibility to bilaterally transfer energy between stored electrical
energy and orbital momentum. A transient model is also developed using the circuit model and a string of V
lumped-parameter modules, each consisting of resistance, capacitance, and induced potential for the tether.
Transients are shown via simulation to occur over millisecond intervals.

Nomenclature
Ay =surface area of mother
Ay = filament surface area
B =magnetic field vector
B, = horizontal components of B
B, =vertical components of B
B, =045G
C = capacitance of mother
C, = capacitance of tether segment
D =Debye shielding distance
e = electronic charge
I =current
I =net current at zero potential
i = orbital inclination
Jo =current density at zero potential
K =120 A/cm? K?
k = Boltzmann’s constant
L =tether length vector
I, =mean free path of particles
m =mass
N =number of tether segments
N,,N; =c¢lectron and ion density
Rg =radius of the Earth
R, =load resistance
Ry =tether resistance
R, =resistance of tether segment
Ry/R;  =inner/outer radius of plasma sheath
re =filament radius
T =temperature
Ve =emitter potential
V, =applied voltage source
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V. =mother subsatellite potential

1% =velocity vector

Vihe =electron thermal velocity

Vi =ion thermal velocity

@ = proportionality factor

g8 =resistance temperature coefficient

] = probe potential

¢ = filament work function

€ = free space permitivity

n =normalized potential

[/ =magnetic colatitude

U = gravitational constant

w =electron gyroresonant frequency

wg = Earth rotational frequency

WG =Getaway Tether Experiment orbital frequency
Introduction

NE of the most convenient methods for satellite deploy-

ment from the Space Shuttle is the ‘‘Getaway Special’’
(GAS), a system that requires only a release command from
the Orbiter. The Getaway Tether Experiment (GATE), de-
scribed in recent papers,!~? is a low-cost tethered satellite sys-
tem that may be released from the GAS canister into a low-
Earth orbit. The GATE consists of two subsatellites connected
by an insulated, conducting tether. The orbit of the GATE will
carry it through the lower F region of the ionosphere, an
appropriate setting for experiments in an anisotropic, magne-
tized plasma. Since the early 1960’s, researchers have exam-
ined the characteristics of a tethered satellite system in low-
Earth orbit, and the GATE could be one of the first
demonstrations of this technology.

One motivation for the GATE is the length of its proposed
mission life;: GATE will orbit the Earth for eight or more
weeks, relaying the data collected from electrodynamic exper-
iments to ground stations every orbit, whereas experiments
with sounding rockets have a very short mission length cover-
ing many layers of the ionosphere. GATE can map the
plasma-tether characteristics over many orbits, aiding in the
design of future experiments and demonstrating the dynamic
exchange between orbital and stored electrical energy.
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Fig. 1 Getaway Tether Experiment: magnetic field strength is ap-
proximately 0.45 g, and the orbital velocity is 7726 m/s.

As shown in Fig.1, the system consists of ‘“mother”’ and
““‘daughter’’ subsatellites connected by a flexible tether. Both
subsatellites are cylindrical with a diameter of 0.46 m, but the
daughter displaces approximately one-third the volume of the
mother. The mother passively contacts the plasma, while the
daughter does so actively with either an electron emitter or a
hollow cathode device. A braided, flexible, insulated cable
with a diameter of approximately 1-2 mm and nominal length
of 1000 m connects the mother and daughter subsatellites. The
tether has an electrically conductive path with the characteris-
tic of an insulated copper wire. The electrical connection
between the tether, subsatellite, and plasma will be controlled
by internal electronics. An insulated conductive tether was
chosen to minimize the loss of electrons to the surrounding
plasma.*

In this study, the system orbits at an altitude of 300 km with
a velocity of approximately 7726 m/s. The motion of the
electrodynamic tether through the geomagnetic field results in
an electromotive force v X B along its length. For a nominal
magnetic field strength of 0.45 G and nominal length of 1000
m, this electromotive force (emf) causes a potential drop of
approximately 350 V across the tether. This paper will show
that when the subsatellites of GATE complete an electrical
circuit between the tether and the plasma, a current on the
order of tens to hundreds of milliamperes results. The passage
of this current through the electrodynamic tether causes the
Lorentz force IL X B to accelerate the system and thus alter its
orbit. Assuming eastward orbital motion and an Earth-cen-
tered coordinate system, the current in the tether is directed
upward, and the IL X B force opposes the velocity of the
system. It will be shown that for sufficient opposing emf, the
current direction in the tether may be reversed, resulting in an
acceleration in the same direction as the velocity of the satellite
pair.

Electrodynamic Circuit Model

The steady-state electrodynamic circuit model of GATE
is shown in Fig. 2. Inserted between the tether resistance Ry
and the current source I, is a voltage source and a series
resistance. Assuming eastward motion of the system and
V, =0, current is directed up the tether, the polarity of the emf
in Fig. 2 is positive, and the current / performs useful work in
load resistance R; . The system in this configuration is in the
“‘charging mode.”” Useful work such as charging batteries is
done at the expense of orbital momentum, and the rate of
change of orbital energy is emfx 7. When V, >emf and R, is
the output resistance of a switching dc power supply, the net
current is directed downward relative to the surface of the
Earth, causing an electrodynamic force to accelerate the
GATE in the same direction as its velocity. This configuration
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Fig.2 GATE electrodynamic equivalent circuit.

is the ‘‘electroboost’” mode. Electrical energy from storage
devices is expended to increase the altitude of the satellite pair.

Another possible phenomenon that may contribute to the
tether’s orbital decay is that caused by Alfvén waves (electro-
magnetic radiation) associated with the presence of motionally
induced ac currents (passive). This phenomenon has been
considered in detail by Hastings et al.® and Barnett and Ol-
bert,® who have characterized a system’s energy loss due to
radiation for low-Earth orbits. In both of the aforementioned
analyses, the authors do not claim a precise calculation of the
energy loss, but rather point out some of the possible effects
Alfvén waves may have on orbiting conducting bodies.

For the purposes of this study, the influence Alfvén waves
could have on the net energy loss relative to the specific tether
experiment addressed here has been considered. It is beyond
the scope of this paper to elaborate on all of the possibilities
for energy loss of an orbiting system (electromagnetic or
other), and only some general observations relative to the
Alfvén-wave phenomenon will be stated at this time.

The major consideration regarding this energy-loss mecha-
nism is how the resulting force is exerted on the tether. When
radiation due to ac currents is present, the ac currents induce
a Lorentz force aligned with the direction of orbit. Assuming
that only ac currents are considered and that the possible
changes in orbital velocity for time constants associated with
the lowest ac frequency are negligible, it may be concluded
that the net force affecting the tether’s orbit is approximately
zero. Admittedly, there are second-order effects possible.
However, within the confines and purpose of this paper, it is
considered sufficient to state the ac currents on the tether
system stemming from Alfvén wave phenomenon may be an
important factor, but will not be incorporated in the system
studies presented here. The final determination of what the
dominant energy-loss mechanisms are relative to the orbiting
tether will be obtained from instrumentation when it is in
orbit.

Transient-Model Development

A transient-response model has been chosen for the tether
following the logic of Arnold and Dobrowolny.” This model
uses all the elements of Fig. 2. The remaining elements of the
transient-analysis model are the capacitance of the mother
subsatellite surface and the typical tether segment. The ap-
proximation of the capacitance of the mother subsatellite is a
function of the radius of the smallest spherical shell enclosing
the mother subsatellite Ry and the radius of the sheath sur-
rounding the mother subsatellite’ R;.

- 4mwegRoR,

¢ Ry —Ry

M

For neutral potential relative to the plasma, the difference
R, — Ry will be assumed to be the Debye shielding distance,?
typically 0.5 ¢m for the ionosphere around the GATE. At
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large absolute subsatellite potential, the radius of the sheath
increases in a manner derived by Al’pert!®:

R\/Ry=0.8 [el VI/KT (D/Ry)*? 2)

If it is assumed that this model holds for both positive and
negative subsatellite potential, a slight modification to this
equation provides continuity with the neutral potential sheath
thickness, namely,

Ry =Ry-{1+08[elVI/KT (D/R)**} + D ?3)

At zero potential, Eq. (3) predicts a sheath radius greater than
R, by the Debye length. In the limit of large potential, Eq. (3)
closely matches the Al’pert model of Eq. (2).

The lumped-RC model of the GATE tether has a typical
segment shown in Fig. 3. Let the number of tether segments be
N: E; is the Alfvén emf divided by N, and R, is the tether
resistance divided by N. The capacitance per unit length is
given by?®

C = 2mee/ o (r/12) (CY)

The capacitance of the tether segment C; is just the tether
capacitance of Eq. (4) multiplied by the length of the tether
divided by N.

If the current entering the right arm of the segment model is
denoted IB, and the current leaving the left arm of the seg-
ment model denoted I4;, then the nodal tether segment po-
tential Z; is found as

dZ,/dt = (IBy — IAg)/Cy (5)

The current through the typical tether segment is a function of
the potential of the ends of the segment:

TAp = (Zi + Ex v 1— Zi o )/ Ry ©
and
IB, =IA;_, @)

Using this convention, the current through the right arm of the
tether segment connected to the daughter is IB, = I.. Because
of the control electronics that can alter the series resistance of
the system by R,, the tether segment connected to the mother
requires special treatment, implying

dvy/dt =dZy, /dt = (IAN — 1)/ Cyy, 8)

TAy =(Zy + Vo — Zn. )/ (Ri + Ry) ®

Induced EMF

The motion of the electrodynamic tether through the geo-
magnetic field creates a nonelectrostatic field E = v X B. For
an eastward motion of the tether, positively charged particles
move up the tether and electrons move toward the Earth; the
resulting electric field is directed downward. The electromo-

Fig. 3 Typical tether segment.
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tive force developed along the length of the tether is
L
emf=| v XB-d\ 10)

where dA\ is directed radially outward from the Earth. GATE
will employ control laws to stabilize the system along the
gravity-gradient vector and minimize tether limitations. For a
nominally linear tether, the electromotive force of Eq. (10)
may be approximated by emf =v X B - L.

Electron Emission

The plasma contact characteristic of the daughter subsatel-
lite is a nonlinear function of many variables depending on the
method used. Two methods are considered for the GATE:
thermionic emission and hollow cathode emission. Assuming
low tether currents, thermionic emission of electrons is a func-
tion of electrode temperature and potential'®:

I= AfKTZ exp~ (af+ eV)/kT’ VO >0
I= AfKTZ exp( —&r+ \/E3V/41r€rf)/k7" V<0 (1 1)

The V-I characteristic of a hollow cathode is far more complex
and will be based on an empirical relationship derived from
lab data of Patterson and Wilbur!!:

I =0.03884 exp —0.07541¥, (12)

The plasma contact relationship of the daughter will be mod-
eled as a voltage-dependent current source I, connected to the
distant neutral plasma.

Electron Collection

As with the daughter, the plasma contact of the mother
subsatellite is a nonlinear function of many variables. From a
circuit model standpoint, the skin of the mother is a voltage-
dependent current source connected to a neutral area in the
distant undisturbed plasma. Langmuir and Mott-Smith!?
derived explicitly the equation for current to a collector with
1 >0, although their results were limited to probes in a labora-
tory gaseous discharge chamber. At an altitude of 300 km, the
dimensions and velocity of an experiment such as the GATE
are bracketed by the Debye length and mean free path of
particles and the thermal velocities of ions and electrons,
respectively, namely,

D <Ry<l,
Vini { Vo< Vipe (13)

which imply that the motion of the GATE through the plasma
does not greatly disturb the velocity distribution of the elec-
trons, and a Maxwellian drift current is appropriate. Relative
to the GATE, the ionic thermal motion is minimal, and ion
ram current per unit area is given by

Jo,i = alNjevy, 0.5<a<1.0 (14)

Because the photoelectric emission due to solar illumination
may be neglected, the charged particle flux to the surface of
the subsatellites will consist of free electrons and streaming

ions.!? For a sufficiently positive mother subsatellite surface
the collected current is

I=A, [N.e VkT/2zm, F(8) — aN;ev, exp ~ /7] (152)

where F () is a function that models the increase of electron
flux in the positive sheath surrounding the mother. The corre-
sponding equation for negative satellite potential has a con-
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stant ion ram current summed with the electron current'?:
I=A,, [N.e VKT/2wm, exp ~ ¥*T — aNjevy] (15b)

The problem of finding a suitable function F(8) for a satel-
lite in low-Earth orbit has been considered by several authors.
If the force of electrical field within the sheath dominates the
magnetic forces on the motions of charged particles as con-
firmed by Dobrowolny and Janve,’ then the function F(3)
may be extracted from AV pert et al.!* as

F®)=1/1, = 0.951 [(e6/kTYD/ry,)*3%" (16)

If the magnetic forces could not be so easily dismissed as
contended by Parker and Murphy,!® the derivation of the
function describing this electron drift mechanism follows a
rigorous dynamical bounding of the sphere potential resulting
in

F®)=1I/1, < 1 +\83e/mowr? amn

where w = eB/m,.

Without sufficient experimental evidence, a choice between
the functions F(6) of Egs. (16) and (17) may not be made. The
equivalent electrical circuit for the GATE shown in Fig. 2 will
be analyzed using these models for charged particle collection
and emission. The limits of system performance may then
specify requirements for the design of an electrodynamic teth-
ered satellite system.

Figure 4 compares the F(8) functions of Egs. (16) and (17)
for the range of satellite potential applicable to the GATE. As
expected, the Al’pert model is optimistic for large potential.
At low potential, however, the square root characteristic of
the Parker-Murphy model exceeds the current predicted by the
Al’pert model.
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Fig. 6 Charging mode transient response with R; = 3000 Q.

Orbital Simulation

A simple planar orbital simulation for a point-mass with
tangential thrust was adapted from Perkins.!6 The equations
of motion with a tangential thrust F, are

r” =v¥r— (@) /r—p/r*+ F,(r'/v)
v =F, —(u/r)’/v) (18)

where u is the gravitational constant and r is the radius from
the center of the Earth. The point-mass approximation is
crude, but should yield order-of-magnitude results good for
early analysis. The thrust is IL x B. Although electrons al-
ways will flow from mother or daughter subsatellite, the
orientation of L changes between electroboost and charging
modes.

An orbital simulation of the electrodynamic tether in the
ionosphere requires a model for the geomagnetic field. Mar-
tinez-Sanchez and Hastings!” suggest a simple dipole model in
which only the magnitude of the horizontal component of the
magnetic field matters. Incorporating this model into a planar
simulation yields (see Fig. 5) the following relationship be-
tween tether length, velocity, and magnetic field vector:

v X B -L =vB,L sinf (Rg/r)?
X sin [1.57 — 0.192 sin(wgt) — i cos(wgt)] (19)

This electrodynamic orbital simulation will assume either a
thermionic emitter or hollow cathode device at the daughter
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subsatellite, and the Al’pert charged particle collection model
at the mother subsatellite.

Methods

The equations for the transient model [Egs. (1-9) and (16)]
were solved iteratively using an HP 9000 computer. Numeric
integrations were performed using a fourth-order Runge-
Kutta algorithm. For steady-state analysis, the two nonlinear
equations [Egs. (11), or (12) and (15)], and the linear circuit
equation were solved numerically. The orbital equations were
solved using the fourth-order Runge-Kutta integrator.

Transient Analysis Results
Deployment and Charging

After the initial deployment sequence, the system is brought
into gravity gradient orientation with the mother subsatellite
above the daughter (charging mode). The skin of the mother
subsatellite receives a flux of ions and electrons, but because
no charged particle transfer occurs at the daughter, the tether
current is zero. The potential of the mother subsatellite with
respect to the neutral plasma is a small negative value, typi-
cally — 0.2 V. The potential drop along the tether length is
uniform, and the potential of the daughter is more negative
than the mother subsatellite by v -B -L. In the charging
mode, V, =0, and the load resistance R; is assumed to be
3000 Q.

The first electrical transient occurs in the system when the
daughter subsatellite begins electron emission. In order to
determine the transient response time for the system, electron
emission will be assumed to start abruptly as a step function.
If the daughter subsatellite employs thermionic emission and
the mother obeys the modified Al’pert model for charged
particle collection, the typical behavior of the transient model
is shown in Figs. 6a and 6b. In Fig. 6a, the potential of the
daughter rises from —347.7 V toward a value slightly above
the nuetral plasma potential. The potential of the mother
starts at the plasma potential and rises toward a maximum of
+283.7 V. Potential drops across the tether and load prevent
the mother subsatellite from attaining the v X B - L potential.
In Fig. 6b, the current through the load resistor increases
slowly toward the nominal value of 20.8 mA. With a negative
daughter-plasma potential, the thermally emitted current re-
mains essentially constant. Once the potential of the
thermionic emitter rises above the plasma potential, the num-
ber of electrons liberated from the filament is drastically re-
duced. Equilibrium is reached in 2.7 ms for the nominal
parameters chosen in the transient response circuit model.
When the load impedance was decreased by a factor of 10, the
rate of change of potential matched Fig. 6a closely. But the
steady-state potential of the mother subsatellite was more
positive by 55 V, whereas the steady-state current was 2 mA
larger. It is interesting to note that a substantial change in load
impedance has little effect on the period of the transient
response in charging mode.

Electroboost

The electroboost mode can be entered by drawing the tether
into the mother until angular momentum flips the orientation
of the subsatellite relative to the Earth.! To stabilize this new
orientation, the tether is played out to its nominal length
again. It may be verified that the potential of the thermionic
emitter is +347.5 V, and the potential of the mother is —0.2
V. For small potentials, the ion flux and electron flux at the
mother are nearly equal, resulting in no current at the mother.
Few electrons on the surface are energetic enough to escape,
and the net current from the thermionic emitter is very small.
Since the net current at the mother and daughter nodes of the
circuit is zero, the potential difference between the subsatel-
lites is just balanced by the induced potential. If a hollow
cathode device (which can emit ions) is used as a plasma
contactor in the daughter, it can be verified that the initial
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tether current is —0.25 mA, and the potential of the mother
and daughter are —322.08 and 25.6 V, respectively

The mother subsatellite contains a voltage source V, for
electroboost mode, whose “‘on’’ characteristics were assumed
to follow a simple exponential waveform. The time constant
for this exponential characteristic was chosen to be very slow
relative to the electron plasma period. As noted by Candidi et
al.,!8 the electron plasma frequency in low-Earth orbit ranges
from 2.8 to 8.9 MHz. Therefore, a time constant of 200 us was
used for the 700 V applied potential.
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Fig. 7 Electroboost mode transient response: comparison between a
hollow cathode contactor and a thermionic emitter.
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The transient response electroboost results are seen in Fig. 7
for the system using either a hollow cathode contactor or a
thermionic emitter at the daughter. In Fig. 7a, the potential of
the mother and daughter are compared for the two cases. For
the thermionic case, the mother potential rises more rapidly
(1-ms rise), reaches a maximum and settles to equilibrium (347
V) slowly, whereas the daughter potential gradually falls to
slightly above plasma potential. For the hollow cathode case,
the equilibrium (356 V) at the mother is reached in a steady but
much faster rise, whereas hollow cathode falls from 25.6 V to
its steady-state value of 3.35 V in only 4 ms. A comparison of
the current at the two ends of the tether for the two cases is
shown in Fig. 7b. For thermionic emission at the daughter, the
mother current waveform follows the potential waveform and
reaches a maximum value of 39.7 mA. The large positive
potential of the thermionic emitter prohibits electron emission
until £ =11 ms, when the emitted current rises rapidly to the
steady-state value of 24.1 mA. The maximum power delivered
from the applied voltage source is 27.6 W, and the steady-state
power requirement is 16.9 W. For the hollow cathode case, the
negative current in the tether is immediately reversed after the
voltage source is applied. The charged particle flux rate at the
mother subsatellite surface quickly rises to its equilibrium
value, and the hollow cathode electron current rises to 24.3
mA after 4 ms. It is clear that less energy is expended during
the transient response of the hollow cathode system as com-
pared to the thermionic emitter system.

Steady-State Results

Figure 8 is a plot of the induced emf in a 1-km tether for an
orbit with a 28 deg inclination. The primary oscillation has the
same period as the orbital frequency, and the envelope varies
with Earth rotation. The actual emf would be distorted from
this model by anomalies in the geomagnetic field.

The results of the charging mode orbital simulation are
shown in Fig. 9 using the F(6) of Eq. (16) and a thermionic
emitter. Results using a hollow cathode are essentially the
same due to the current collection limitations of the mother.
The charging mode tether current shown in Fig. 9a varies with
the same phase as the emf curve in Fig. 8. Figure 9b shows the
variations of the electrodynamic force on the tether. Because
this force opposes the velocity of the GATE, the altitude of
the tethered satellite system (Fig. 9c) decreases at a rate of 1
km per day. As seen in Fig. 9d, the tether current dissipates an
average of 1 W into a 16-kQ load or 24 Wh of energy per day.

The electroboost mode orbital simulation used a source
voltage of 700 V, with a source resistance of 100 Q to counter-
act the negative-induced emf. The results of the electroboost
simulation using the F(6) of Eq. (17) are seen in Fig. 10. Like
charging mode, the electroboost current is in phase with the
emf forcing function. Because the tether orientation is re-
versed, the phase of the current in Fig. 10a is reversed from the
current in Fig. 9a, and causes the 7L X B characteristic of Fig.
10b to be additive with the velocity. The gain of altitude for
the electroboost simulation is drawn in Fig. 10c. At the ex-
pense of 480 Wh per day (Fig. 10d), the GATE altitude is
increased 2.6 km.

Conclusions

An electrodynamic model for the Getaway Tether Experi-
ment has been presented and simulated. Transients were
shown to occur over millisecond intervals, and steady-state
performance was calculated using a reduced mode with only
three nonlinear equations. Although many simplifying as-
sumptions were made, the results give a good indication of
mission performance of GATE.

Several comments should be made about the result of the
transient response numerical simulations. In each case, the
GATE electrodynamic system started from an equilibirum
state and reached a new equilibrium state in a well-behaved
manner. The longest transient response lasted only 12 ms,
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allowing the orbital and ionospheric parameters to be assumed
constant during the transient response.

The Parker-Murphy model for electron collection was not
employed in the transient response simulations due to prob-
lems determining the sheath radius as a function of potential
with that model. Without this sheath radius function, the
calculation of mother subsatellite capacitance makes no sense.
In addition, the charging mode transient response simulation
did not include the hollow cathode model for charged particle
emission. The initial potential of the hollow cathode would
have been —347.7 V, and the empirical volt-ampere model is
not valid for potentials less than —20 V.

The transient response simulations demonstrated two im-
portant electrodynamic aspects of the GATE. In charging
mode orientation, the transient response simulation showed
that it is possible to raise the potential of the mother subsatel-
lite to a large positive value above the neutral plasma potential
and increase the current in the tether. In electroboost mode
orientation, the motion-induced emf is reversed in the tether,
and the current trends to be negligible. Once the voltage
source is applied, the transient response simulation showed
that the potential of the mother subsatellite may again be
raised above the neutral plasma potential to a large positive
value. Both of these conditions are essential to the success of
an electrodynamic mission.

As an example of the use of this tool for planning mission
sequence, consider the electroboost mode. An observable
change in altitude for the GATE is 15 km. At 2.6 km per day,
6 days of electroboost are required. The necessary stored
energy is 480 x 6 =2880 Wh. Conversely, at a 24 Wh per day
charging rate, 120 days would pass in the charging mode to
replenish the batteries. The electrodynamic model presented
clearly demonstrates that the GATE possesses the ability to
electrically alter its orbit, either using stored energy for thrust
or drawing energy from its orbit for electrical use.
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