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Tethered satellites have a vast potential for space applications. If the tether is conductive, electrodynamic forces
result from the motion of the conductive tether relative to the magnetic field of the Earth. The long-term effect
of electrodynamic forces on the equinoctial orbital elements of a tethered system is studied with use of a detailed
model of the Earth’s magnetic field as well as of the tether dynamics. A detailed gravity and aerodynamic model
is used. In all cases studied, bare tethers induce larger electrodynamic forces than insulated tether systems. The
results show that Lorentz forces can remove a satellite from orbit more effectively than air drag if a conductive
tether is attached to it. A simple control law is used to stabilize tether librations caused by electrodynamic forces.
Such an approach for junk removal is practical if the satellite mass is greater than 100 kg or so.

Introduction

HE first in-flight experiments on space tethers took place in
1966.! During the last months of the Gemini program, two dif-
ferent crews used a 30-m Draco tether to demonstrate the spin and
gravity gradient stabilization of tethers. Following a 15-year hiatus,
the 1980s and 1990s saw the rebirth of tethered flight.>* Missions
such as Charge 2A and 2B, Observations of Electric-Field Distri-
bution in the Ionospheric Plasma—a Unique Strategy (Oedipus-A),
Oedipus-C, Tethered Satellite System (TSS-1), TSS-1R (reflight of
TSS-1), Small Expandable Deployer System (SEDS-1), SEDS-2,
Plasma Motor Generator (PMG), and Tether Physics and Surviv-
ability (TiPS) have provided extensive experimental verification for
the theoretical models developed over the 1970s and 1980s.
Among other things, these missions have demonstrated gener-
ation of electric current (TSS-1R), tethered momentum transfer
(SEDS-1), deployment control (SEDS-2), long-term survivability
(TiPS), and electrodynamic orbital boost (PMG). Numerous poten-
tial applications of space tethers have been proposed. The interested
reader is referred to Ref. 2 for a comprehensive survey on the topic.
Several studies on the dynamics and control of space tethered sys-
tems have been conducted. Many of them have considered detailed
models of environmental forces.* However, most tethered missions
flown to date have been carried out over short periods of time: less
than a week. Hence, there was no motivation to study the long-term
orbital and attitude dynamics of such systems. However, the flight
of TiPS (launched in 1996) has paved the way for much longer
missions.’
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Studying the long-term dynamics of TiPS has motivated the de-
velopment of new models with enough detail to simulate the flight of
tethered spacecraft accurately over long periods of time. One such
model developed by the authors is discussed in detail in Refs. 6 and
7 and will be outlined in the theory section. This formulation has
proved quite accurate in predicting the long-term evolution of the
orbital trajectory and of the librations of tethered spacecraft.

More recently, studies have shown promising prospects for a
novel application of space tethers: electrodynamic propulsion.® To
face the increasingly alarming issue of artificial space debris, it has
been proposed to run ionospheric electrons down a conductive tether
so that the resulting Lorentz force would decay the orbit of spent
rocket stages and dysfunctional satellites much faster than air drag.

To study the long-term evolution of orbital elements and attitude
dynamics of conductive space tethered systems, in this paper the
authors extend their model presented in Ref. 7 to account for the
influence of the Lorentz force on the satellite. The Earth’s magnetic
field is modeled by using a Legendre expansion in spherical co-
ordinates (see Ref. 9) similar to that used to represent the Earth’s
gravitational field.

The performance of the two types of tethers (insulated and bare) is
studied. The behavior of insulated systems is modeled based on the
Parker—Murphy law,'® modified following the flight of the TSS-1R
in February 1996 (Ref. 11), whereas that of bare tethers is modeled
after the treatment of Sanmartin et al.!? The results were obtained
by numerically integrating the equations governing the evolution of
equinoctial elements that have no restrictions regarding eccentricity
or inclination.

In the following a dynamic model of a tethered system is presented
that includes the calculation of electrodynamic forces. Numerical
results for an example are then given, followed by some concluding
remarks.

Dynamic Model

Description of the System and of the Model

The system under consideration consists of two satellites linked
by an axially extensible tether. The state of the tethered system
is characterized by a set of 10 variables that describe the position
and velocity of the center of mass of the system, the orientation
and axial elongation of the tether, and its temperature. The position
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Earth

Fig. 1 Orbital coordinate axes.

and velocity of the system are obtained from a set of orbital elements
defined later. The attitude of the tether is given by the in-plane pitch
angle o and the out-of-plane roll angle y. The longitudinal elon-
gation of the tether is characterized by its strain (assumed uniform
along the tether).

Most of the vectors needed for this analysis are easily expressed in
orbital coordinates O XY Z. The origin of this noninertial coordinate
system is the center of mass of the tethered satellite system (Fig. 1).
The X axis is parallel to the local vertical, that is, along the position
vector of the system center of mass measured from the center of the
Earth. The Z axis points in the direction of the angular momentum
vector of the satellite orbit. Finally, the Y axis completes the right-
handed frame O XY Z.

In Refs. 6 and 7, a detailed formulation is presented to predict
the trajectory and the attitude of the system, as well as the temper-
ature and the longitudinal vibrations of the tether. That formulation
will be adapted to the present case. It uses equinoctial elements
(a, Py, P>, Oy, O», L) for orbit propagation,13 which are robust for
small inclination and eccentricity. The mean longitude is replaced by
true longitude of L* for computational advantage. The equinoctial
elements are related to the classical orbital elements as follows!?:

P, = esin(w + ), P, = ecos(w + Q) (la)

0, =tan(i/2)sin €2, 0, =tan(i/2) cos (1b)
L*"=0+w+Q (1c)

where a, e, i, w, 2, and 6 are the classical orbital elements:
These are semimajor axis, eccentricity, orbit inclination, argument
of the perigee, longitude of the ascending node, and true anomaly,
respectively.

The perturbation equations for the equinoctial elements can be
written as

a = Qa*/m)[(PysinL* — PycosL*) f, + (p/R) f, ] (2a)
Pi = (R/W{~(p/R)cosL" f, + [Pi + (1 + p/R)sin L] £,
— Py(QicosL* — Q,sinL*) f.} (2b)

Py = (R/W){(p/R)sinL* f, + [Py + (1 + p/R) cos L*| f,

+Pi(QicosL* — QysinL*) f.} (20)
01 = (R/2h)[1+ Q% + Q3] sinL"£. 2d)
0> = (R/20)[1+ 0} + QF] cos L* f. (2e)
L* = (h/R*) = (R/)(Q1cos L* — Qysin L%) f. 2

where R, p, and & are the geocentric altitude of the center of mass
of the tethered system, semilatus rectum, and specific angular mo-
mentum, respectively, whereas f., f,, and f. are the components
of the perturbative acceleration along the orbital coordinate axes.
Derivative with respect to time is represented by the dot.

The equations governing the pitch, roll, and longitudinal exten-
sion are

@+6) +2(@ +0)0nky/melo) — y tany +¢/(1 + €)]
+Bu/RY)sinacosa = Q, (3a)
P+ 2p[(mbo/mebo) + /(1 + )] + (0 + &)°
+@u/R¥) cos’ o) siny cosy = Q, (3b)
[lo(1 + €) + 260é + £oé] + E A(e + Bé) — (me [m*)Lo(1 + €)

X [(@+6)? cos’ y + 2+ (/R*) (B cos’ acos’ y — )] = Q.
30)

where «, y, and € are the pitch angle, roll angle and longitudinal
strain, respectively, £, is the nominal length, and Q,, Q,, and O,
are nondimensional generalized forces. Here m,, m, and m* are
functions of tether and end masses.’

The perturbative accelerations in Egs. (2a-2f) and the general-
ized forces in Egs. (3a—3c) arise due to the atmospheric lift and
drag, asphericity of the Earth (zonal and sectorial harmonics), so-
lar and albedo radiation, lunisolar attraction, and electrodynamic
forces. Only the last one is discussed here. The details of the other
forces may be found in Ref. 7; the only things that need to be men-
tioned here are that the World Geodetic System 1984 (WGS84)
model is used for the gravitational field and Jacchia J-77 model'*
for atmospheric density. The orbit propagation results presented in
this paper, of course, include all effects.

To determine the generalized forces, the tethered system is dis-
cretized into k 4 2 elements: two for the end bodies and k elements
for the tether. The principle of virtual work is used to obtain the
generalized forces in Egs. (3a—3c). The quantities f, fy, and f. are
determined by adding all of the environmental forces acting on the
k + 2 elements and dividing by the total mass of the system.

Electromagnetic Field

The magnetic field of the Earth at any point can be described in
terms of a series of associated Legendre polynomials in spherical
coordinates as follows:

o pk+2 _k

R
n-y

k=1 j=

(k+ DP/[s@)][gl ¥ + W] (4a)
0

o pk+2 k

By =sec(®) Y 22N jPs@)I[—gl W+ h{wi] (4b)
j=0

R

k=1

o k42 _k

Bo=3 i

k=1 i=0

Plls@1[gl % +h[ %] (4o)

where the prime above P denotes differentiation with respect to
its argument. The values of g and /4 are found in the International
Geomagnetic Reference Field IGRF) model. '

The electromotive force induced in a conductive space tethered
system is given by?

Y :/ (Vom X B) - dl 5)
system
where the velocity of the satellite element with respect to the mag-
netic fields, v/, is given by
Vem = Vs — Wg X R (6)
where v; is the absolute velocity of the element and wg, is the angular

velocity of the Earth’s magnetic field.

Current in an Insulated Tether
Conducting tethers can be either insulated (with inner conduct-
ing core covered by an insulator) or bare (with conducting section
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Fig. 3 Current flow in a bare conductive tether.

exposed directly to the ionosphere). In this subsection, the charac-
teristics of insulated wire systems are analyzed. These devices can
only exchange electrons with the ionosphere using the subsatellites
because the entire wire is covered with an insulator (Fig. 2). As a
result, electron collection in insulated systems is limited to fairly
low currents due to Debye-sheath shielding (see Refs. 12 and 16).
On the other hand, electron emission can be achieved using a hollow
cathode or an electron gun.

As in other investigations,'>!~'8 the present formulation neglects
the tether resistance and assumes perfect efficiency. The short-circuit
current, which corresponds to a load resistance of 0, is given by the
Parker—-Murphy law,!® which was recently updated following the
TSS-1R mission'!:

1
Inax ~ K1 T3[ 5 + (Y /Y)*5] (7

where K| =5.1255 x 107 A - m3/(K)"/? and n, is the ionospheric
electron density which varies between 10'? e~/m? (during the day)
and 10'° e~/m? (at night). T, is the undisturbed ionospheric plasma
temperature, Y is the electromotive force given by Eq. (5), and Y,
is given by

Yo = A*B%e” [8wm, 8)

Here A* is the total surface area of the collecting body, B is the
magnitude of the surrounding magnetic field, e~ is the elementary
electron charge, and m, is the electron mass.

Tether Current in a Bare Tether

Bare wire systems rely on the tether itself for electron collec-
tion (Fig. 3). However, a bare wire cannot effectively release elec-
trons into the ionosphere.'® For this reason, such systems must be
equipped with one subsatellite acting as an electron emitter and an-
other end mass that merely serves as a ballast to keep the tether
taut. Unlike insulated tethers, the characteristic radius of bare wire
systems, that is, the tether radius, is much smaller than the Debye gy-
roradius. This virtually eliminates Debye shielding, which severely
limits the electron collection capability of insulated systems. As a
result, bare tethers can collect ions in much larger numbers than
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Fig. 4 Current and bias voltage variation along a bare conductive
tether.

insulated wire systems.'® Bare tethers are also less affected by large
variations in electron density than insulated systems.

For example, Fig. 4 shows the voltage bias and the tether current
along a bare wire system designed for the generation of 3.1 kW
through a load resistance of 200 €2 using a 20-km-long tether with a
1 mm radius flying through a motional electric field £y =0.2 V/m
and an electron density of 9 x 10'! e~/m?. The voltage bias V* is
defined as the difference between the motional emf generated at a
distance / from m, and the voltage drop/rise at the load/battery.'® In
other words,

V*(l) = EOI — Inax Rioad )

In Eq. (9), the motional electric field Ej is the ratio of the total emf
across the system over the total tether length.

The collection scenario is the following: The electrons are cap-
tured over a segment of the tether (4.52 km in Fig. 4). Beyond this
point, the current reaches its maximum value (15.48 A in Fig. 4)
and does not change thereafter because the voltage bias becomes
negative and the wire does not effectively release electrons.

In mathematical terms, electron collection in bare wires takes
place according to the following relations.!? !¢ For the interval along
the tether where the voltage bias is positive, that is, from /,o, — /. to
| =, we have

i () 1
—— = Konr, [V*(D]2 (10
di
where V*(I) is given by Eq. (9) and K, =1.9 x 1013 (C?/kg)/2.
On integration, the differential equation (10) yields

3
3

1) = 2Korne(E)) 2 {12 — [ = U Ria) /Eol?} (1)
In Eq. (11), the electron collection length /. is given by
Z(‘ = Zlot - [maleoad/EO (12)

For the interval along the tether for which the voltage bias is negative,
that is, from / =0 to [ =[,; — [.., the tether current is constant,

1
1) = Inax = §Korin (o)1 13)

[

To verify the validity of Eq. (11), one can note that it yields zero
current when / = /;,; and maximum current when / = /;,; — /., which
agrees with Fig. 4.

Electrodynamic Force

The current flow through the tether (whether it is insulated or
bare) induces a Lorentz force on the system (Ref. 2), which is given
by

Lot
Fmag=/ 1(dI x B) (14)
0
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For insulated wire tethers, the current / can be taken out of the
preceding integral because it remains uniform across the system.
The magnetic field vector is given by Eq. (4). For insulated systems,
the tether current is given by Eq. (7), whereas for bare systems,
the current is given by Eqs. (11) or (13), depending on the position
along the tether.

Lorentz forces are responsible for the progressive decay of the
tethered satellite orbit when the system works as an electrical gen-
erator. On the other hand, using a battery to run current against the
induced emf produces a thrust, which raises the orbit of the sys-
tem. However, this thrust is produced at the expense of the energy
provided by the battery. By proper modulation of the current in the
tether, the electrodynamic force can also be used to control the rota-
tional motion of the tether. Such modulation can be achieved with a
variable load resistance and with a battery that reverses the direction
of the current when necessary.

Analysis and Results

Satellite Parameters for Simulation

Simulations of the dynamic behavior of a satellite carrying an
electrodynamic tether and a small auxiliary end mass were car-
ried out by integrating Eqs. (2) and (3) numerically using Gear’s
method!® suitable for “stiff” systems. The system is numerically
stiff because the orbital elements change much slowly compared
to «, y, and €. The simulations assume that the center of mass
of the tethered system of interest initially orbits the Earth along
a circular orbit. The end bodies measure (0.5 x 0.8 x 0.6 m*®) and
(0.05 x 0.08 x 0.06 m?), respectively, and have a mass of 50 and
5 kg, respectively. The length of the tether is 20 km. The load resis-
tance is neglected. The tether core has a radius of 0.2 mm, and it is
made of aluminum (2219-T851), which has a density of 2850 kg/m?
and a resistivity of 27.4 x 10™° € - m. The ionospheric plasma tem-
perature is assumed to be 1000 K, whereas the electron density
profile is (0.9 sin6 + 1.1) x 10'? e~/m?>.

EMF, Current, and Lorentz Forces in Insulated
and Bare Tether Systems

Figures 5-8 show the variation in the induced emf, collected cur-
rent, and Lorentz forces for bare and insulated systems. In these
simulations, the satellite of interest (bigger end mass) is assumed to
fly 600 km above the surface of the Earth, with the tether aligned
along the local vertical. As seen in Figs. 5 and 6, the induced emf
increases linearly with the tether length and is unaffected by the
insulated or bare nature of the tether. On the other hand, the in-
duced current at m; and the Lorentz forces are one to two orders
of magnitude larger for bare tethers than for insulated tethers. As
mentioned in the “Dynamic Model” section, this is the consequence
of the Debye shielding in insulated systems, and the results clearly

3500
3000 Average EMF (Volts)/
2500
2000

1500

/ Average Current (mAmp)
1000
500
5 10 15 20

Tether Length (km)

Fig. 5 Typical average emf and current in an insulated tethered
system.
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Fig. 6 Typical average emf and current at the main mass i in a bare
tethered system.
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Fig. 7 Average Lorentz forces induced in an insulated tethered system.
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Fig. 8 Average Lorentz forces induced in a bare tethered system.

demonstrate the superior capability of bare tethers to capture iono-
spheric electrons.

Effect of Orbital Inclination on Lorentz Forces

The effect of the orbital inclination on Lorentz forces and related
quantities is shown in Figs. 9-12. The orbital inclination strongly
influences the average voltage, current, and Lorentz forces. As a
matter of fact, the emf and current reverse direction in retrograde
orbits. Furthermore, the magnitude of the induced emf or induced
current reaches a minimum along nearly polar orbits and is larger
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for an insulated tethered system.

for inclination of & — i than i. Indeed, the speed of the satellite with
respect to a frame moving with the magnetic field of the Earth is
larger for retrograde orbits than for direct orbits. As per Egs. (5),
(7), (13), and (14) this generates larger emfs, currents, and Lorentz
forces.

In light of the results presented so far in this section, the aver-
age value of F, has been shown to always remain negative. The
explanation for this is quite simple: The electrodynamic force has
the tendency of bringing any conductive object to “rest” with re-
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Fig. 12 Variation of induced Lorentz forces with orbital inclination
for a bare tethered system.

spect to a coordinate system with its origin at the center of the Earth
and rotating with the magnetic field. Whether its trajectory is direct
or retrograde, any satellite system moving at orbital speeds in low
Earth orbit (LEO) is bound to travel much faster than the magnetic
field (400-500 m/s at the equator).

Orbit Boost Using Electrodynamic Tethers

The preceding results imply that regardless of the inclination, it is
impossible to raise the orbit of a satellite in a low Earth circular orbit
by continually applying maximum electrodynamic thrust. In fact, a
circular orbit can be raised only if the average tangential y compo-
nent of the perturbative force is positive. For altitudes beyond the
geostationary orbit, the speed of the magnetic field becomes greater
than the orbital speed. A satellite traveling along one such trajectory
could potentially use the magnetic field of the Earth to obtain both
thrust and “free” electrical power. However, the low intensity of the
magnetic field at these altitudes may very well undermine the po-
tential of this application. On the other hand, this concept could turn
out to be very attractive for propelling a spacecraft in orbit around
Jupiter: a planet with a very strong magnetic field and most of its
moons above the “jupitostationary” orbit.

This leaves only one possible way of using electrodynamic forces
to raise the orbit of a LEO satellite: emf reversal. This procedure
consists of using a series of batteries to reverse the direction of the
induced emf and provide a positive F,. The PMG experiment* con-
stitutes the only example of such emf reversal. Indeed, the planners
of this mission connected several batteries in series to generate an
emf of approximately 80 V, which was higher than the voltage in-
duced by the motion of the 500-m tether through the magnetic field.
However, one could use a dual tether, with one conductive section
and another nonconductive part. This would keep the tether taut and
ensure that the battery does not have to work against unreasonably
large motional emfs.

Orbit Decay Using Electrodynamic Tethers

As mentioned in the Introduction, the tethered deorbit concept
proposes to capitalize on the electrodynamic thrust generation to
decay the orbit of dysfunctional satellites and spent rocket stages.
The range of tether lengths required to keep the tether taut (>5 km)
allows the flow of very high currents (0.5-5 A) through the tether
with emfs in the kilovolt range. If uncontrolled, these high currents
generate large Lorentz torques that destabilize the librations of the
system.® Stabilizing tether librations while decaying the satellite
orbit as rapidly as possible requires a sophisticated control system.
Although far from optimal, the control scheme chosen for the fol-
lowing simulations is relatively simple. It consists of an ammeter
and a varistor working in concert to keep the maximum current at
I =[(0.240.1sin(36)] A. The 36 dependency helps contain roll os-
cillations. To further suppress libration amplitudes, the tether current
is cut whenever pitch or roll reaches an amplitude larger than 20 deg.
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Fig. 13 Librations of conductive tethered system in a circular orbit at
1500-km altitude; i =0 deg.
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Fig. 14 Librations of a conductive tethered system in a circular orbit
at 1500-km altitude; i =85 deg.

Because the superior potential of bare tethers has already been es-
tablished, the simulations presented in this subsection assume that
the satellite is equipped with a 5-km-long bare tether.

To demonstrate the effectiveness of the proposed current/libration
control scheme, Figs. 13 and 14 show the controlled librations of a
deorbit tether flying at an altitude of 1500 km along a circular orbit
for two different inclinations: 0 deg (Fig. 13) and 85 deg (Fig. 14).
Note that the libration amplitudes barely exceed 20 deg in both pitch
and roll. Hence, the described control scheme effectively stabilizes
tether librations.

Let us now examine how rapidly electrodynamic propulsion (EP)
can decay the orbit of a given object. Although several orbital el-
ements change, the evolution of the semimajor axis and perigee is
relevant here. Figure 15 presents that evolution for the example satel-
lite, whose parameters and current control system are presented ear-
lier. The satellite initially orbits along an equatorial and circular orbit
atan altitude of 1500 km. For this system, the deorbit time is 21 days.

As pointed out by Hoyt and Forward,?® deorbit rates decrease
drastically for nearly polar orbits because the magnetic field orien-
tation is unfavorable to orbit decay near polar latitudes. This phe-
nomenon is exemplified in Fig. 16, which shows how the semimajor
axis and perigee take much longer to decay for a similar satellite
initially flying along a circular orbit at an altitude of 1500 km and
inclination of 85 deg.

In Figs. 15 and 16, one notices that the semimajor axis and perigee
decay smoothly over most of the maneuver (when Lorentz forces
dominate), but drop at an increasing rate near the end of the flight
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Fig. 15 Orbital decay of a satellite initially in a circular orbit at
1500-km altitude; i =0 deg.
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Fig. 16 Orbital decay of a satellite initially in a circular orbit at
1500-km altitude; i =85 deg.

(when air drag becomes dominant). Deorbit times of 21 days (for
an equatorial orbit) and 101 days (for a nearly polar orbit) compare
extremely well with the dozens to hundreds of years required for air
drag alone to decay the satellite orbit. On the other hand, the reentry
time for rocket propulsion is half of the orbital period (approximately
1 h), much less than both EP and air drag.

The ballast and conductive tether total 20 kg of the total sys-
tem mass. This result is independent of the control scheme used
to reduce tether librations. Indeed, the current control system only
influences the deorbit time, not the tether system mass. This 20 kg
exceeds the 5.6 kg of hydrazine-N,O, fuel required to deorbit the
50-kg satellite chemical propulsion. Therefore, EP is not as good
as rocket propulsion to deorbit very small satellites in LEO. How-
ever, the same EP system (a 5-kg tether measuring 5 km with a
5-kg ballast) can deorbit a 1000-kg satellite initially flying along a
1500-km circular and equatorial orbit within 380 days. In fact, for
a given control system, the deorbit time is inversely proportional to
the satellite mass. On the other hand, a rocket system designed to
accomplish a comparable task would require more than 110 kg of
fuel. Further analysis reveals that for the current control scheme and
rocket fuel described, Lorentz forces are more weight efficient than
chemical rocket propulsion when the satellite mass is larger than
90 kg.

Conclusions

A model to analyze the long-term dynamics of orbital tethered
systems was presented. Particular emphasis was placed on the effect
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of electrodynamic (Lorentz) forces on the system. The motional emf,
the induced current, and the resulting Lorentz forces were derived
for both insulated and bare tethered systems.

The bare wires are much more efficient at collecting ionospheric
ions than insulated tethers. Hence, bare tethers can provide larger
electrodynamic force for a given mass of tether. Furthermore, other
parameters such as tether length and resistivity, altitude, and incli-
nation greatly influence the Lorentz forces on a satellite.

Raising the orbit of a satellite is possible if a reasonably short part
of the tether is conductive (to ensure that the satellite battery does
not have to fight against unreasonably large emfs) and if the other
part is nonconductive (to ensure that the tether remains taut).

Furthermore, Lorentz forces can be effectively used to decay the
orbit of a satellite. For the particular control system described in
this paper, Lorentz forces are more effective for orbital decay than
chemical rocket propulsion when the satellite mass is larger than
approximately 100 kg. However, the reentry time for deorbit tethers
(weeks to months) largely depends on the libration control scheme
and is much longer than that of rocket systems (1 h) but still much
faster than air drag alone (dozens to hundreds of years).
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