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Electrodynamic tethers (EDT) are a promising alternative for producing the energy required in any scientific exploration mission to Io and its plasma torus, which are generally handcuffed by a scarcity of power. We
propose two alternatives using EDT working in the generator regime: 1) a bare self-balanced electrodynamic
tether in equilibrium position in the synodic frame Jupiter-Io, and 2) a rotating EDT orbiting around Io to
generate permanent power and to provide propellantless orbital maneuvering capability. For the first alternative we derive the necessary orbital and tether design conditions for equilibrium and the system performances
in terms of power generation. For the second alternative, we investigate two mission scenarios both involving a
25-km-long 5-cm-wide tape tether placed on a stable retrograde equatorial orbit around Io capable to provide
kW-level useful power extracted from the fast rotating Jupiter plasmasphere. In the first scenario the tether
current is controlled to provide maximum power generation. The amount of power produced and the impact
on the orbit stability is investigated numerically. In the second scenario the current is controlled in order to
reduce or increase the orbital energy of the system with the possibility of reaching escape velocity. Results
show that EDT can be used as a permanent power production system in exploration missions to Io and the
surrounding plasma torus without compromising the orbital stability.

I. Introduction
H e Galileo’s fly-by of Io during its approach to Jupiter on 7 December 1995 confirmed the strong volcanic activity
of this Jovian moon, detected years before by the Voyagers when, they discovered nine simultaneously active
volcanic sites. The scientific relevance of this discovery is highlighted in ref. 1: «Io has represented the greatest
challenge of Galileo’s extended missions and arguably its greatest success. Images, spectra, and fields and particles
data have begun to elucidate the broad variety of phenomena ranging from styles of ultrabasic volcanism and the SO2
cycle to the structure and dynamics of Io’s core and mantle to the varied and complex interactions between Io and the
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Jovian magnetosphere». Another interesting comment that underlines the importance of this Galilean moon can be
found in:2 «This system, i.e., Io and its atmosphere, the Io plasma torus, and Jupiter with its magnetosphere, is very
strongly coupled with a number of feedback mechanisms. In the history of space science, this system has also played
an important role in the progress of understanding satellite plasma interactions in general».
Regarding Io, however, many questions are still open as a paradoxical consequence of our better understanding
of its crucial role in many interesting feature of the Jovian world. Some of these questions are of dynamic character,
for instance there is a resurgence of interest in the rotation of Io or in the long term behavior of its orbital dynamics
(see3, 4 ); other are of specific interest for some segment of the scientific space exploration field (see5 ). The interest
stirred up by Io is reflected in some of the missions proposed to visit this moon as, for example, the VOLCAN project
described in.6 The Io Community Panel addressed a report to the USA-National Research Council (NRC) (see8 )
underlining that: «Io is the most dynamic body in the Solar System. The only place beyond Earth where we can watch
large-scale geology in action».
Any mission to the Jovian world must face some hindering factors. The scientific payload is usually an small
fraction of the whole spacecraft mass due to launcher limitations and the low dry/wet mass fraction characteristic of
chemical propulsion. Moreover, solar panels become rapidly ineffective further from the Sun. The solar intensity
at Jupiter, 5 AU distant from the Sun, is only one twenty-fifth of its value at Earth. As a consequence, energy is
a scarce commodity in this kind of missions and the total energy which will be consumed by the spacecraft should
be transported onboard. The power source used in all missions to the outer planets, Radioisotope Thermoelectric
Generators (RTGs), are relatively weak, require large masses which at the end strongly penalize the mission scientific
payload and turn out to be very expansive.
Arguably, tackling the power availability issue is the first priority towards advancing Jupiter exploration. If power
availability is sufficient the mission would enjoy the following benefits: 1) fuel mass would be reduced by resorting to
electric propulsion, 2) more powerful scientific instruments and communications could be used which would permit
to carry out high throughput science with shorter timescales hence reducing radiation exposure. This last point is
interesting because, in addition to fuel needs and power availability issues, radiation survivability represents a serious
technological challenge. This is especially true when missions to the inner Galilean moons, Io and Europa, are
considered. The prolonged exposure to Jupiter strong radiation environment implies heavy radiation shielding of
sensitive devices besides the use of radiation-hard and fault tolerant electronics. Moreover high power availability
is key to enable active radiation protection techniques (e.g. magnetic and/or electrostatic radiation shielding) which
could become practical farther in the future.
For an Io exploration mission the power needs are particularly high. The extreme temporal variability of Io surface
requires high data rate to adequately monitor surface changes in addition to high spatial resolution. Because of that
and due to the harsh radiation environment of Io large data storage systems and high bandwidth communications are
required which are power demanding.
Recent studies9, 13 have addressed the power generation capability of passive bare electrodynamic tethers in the
Jupiter environment. Sanmartin et al.9, 10 have investigated power generation and storage for a spinning electrodynamic tether performing a tour of the different Galilean moons. Bombardelli et al.11 have studied the behavior
of electrodynamic tethers in polar orbits obtaining power generation without affecting orbital energy. Peláez and
Scheeres12, 13 have proposed to place electrodynamic tethers in the neighborhood of the Lagrangian points of the inner
Jupiter moonlets (Metis, Adrastea, Amalthea and Thebe) for power production. In all these analysis, and also in this
paper, it is assumed that the collection of electrons takes place in the Orbital Motion Limited (OML) regime.
In the concept proposed by Peláez and Scheeres the gravitational attraction of the moonlet is exploited simultaneously to the electrodynamic interaction with the Jupiter plasma so that orbit drift is prevented and it becomes possible
to continuously extract power from the orbital energy of the moonlets (for the case of Metis, Adrastea and Amalthea)
or from Jupiter fast rotating plasmasphere (for the case of Thebe). Current control was used as the sole mean to stabilize both the position and the attitude of the constant-length non-rotating electrodynamic tether system. The dynamical
analysis of13 shows that there exist equilibrium positions where the tether could be operated appropriately. Some of
these equilibrium positions are stable and other unstable. The operation of the probe in an stable equilibrium position
would be preferable, but the probe would be operated in an unstable equilibrium position by using a feedback control
law. A similar mission to Io would be a perfect complement for the JUNO project (see7 ).
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II. Non rotating electrodynamic tether at equilibrium
In the first part of this paper we extend the analysis of12, 13 to the case of the Io moon. We analyze the pros and
cons of this option. Table 1 summarizes the power and mass of RTG’s used in past missions to Jupiter. The main result
of12, 13 is that an EDT operated in Metis is able to produce a larger level of electrical power than the one provided by
the classical RTG’s.
Mission
Pionner 10
Voyager 1 y 2
Ulysses
Galileo
Cassini

Thermal W
2,250
7,200
4,400
8,800
13,182

Electrical W
150
470
290
570
888

Mass (kg)
54.5
117
55.5
111
168

Table 1. Power and mass of RTG’s in past missions

A pair of examples will help us to grasp the scale of the problem. We are speaking about two bare Aluminum
tapes with mass around 100 kg providing 4000 – 5000 watts of electrical power continuously; roughly, one order of
magnitud larger than the power provided by RTG’s. Table 2 summarizes the characteristics of both tethers.
Length L (km)
40
30

Width dw (mm)
10
25

Thickness h (mm)
0.1
0.05

Power Wu (w)
4000
5000

Tether mass mT (kg)
108
102

Table 2. Power and mass of EDT at Metis

The performances of the bare tether as electron collector depend on two external fields: the magnetic field and the
electronic plasma density. Since the orbital radius of Io (421,800 km) is larger than the radius of Metis (128,000 km)
the Jovian magnetic field will be weaker and the performances of the bare tether will be smaller. However, the tether
will be operated in the neighborhoods of the peak exhibited by the plasma density —we follow the model of Divine
& Garret described in the Ref. 18— which is associated with the iogenic plasma source, that is the rate of supply of
ions, mass, momentum, and energy to the plasma torus created by neutrals from Io. In addition the relative velocity of
Io with respect to the local plasma is as high as 56.84 km/s. The hight plasma density and velocity compensate for the
weaker magnetic field providing relative high power generation capability.
The bare self-balanced tether would be placed at an equilibrium position relative to the synodic frame associated
to the binary system Jupiter – Io. Since the orbit of Io is outside of the stationary orbit, the Jovian plasmasphere at Io
is faster than the moon. As a consequence, the equilibrium position is in front of Io, at a distance given by
1

de =

RIo ν 3
√ ,
χ

where

χ=

Iav B0 L
1

mRIo ω 2 ν 3

Here RIo = 421, 800 km is the Io’s orbital radius, ω = 4.11059 · 10−5 rad/s is the angular velocity of the synodic
frame, L the tether length, B0 = 2.079 · 10−6 T the Jovian magnetic field at the Io’s orbit, ν = 4.70377 · 10−5 is the
reduced mass of Io and Iav the averaged tether current. Finally, m is the total mass of the spacecraft.
In the configuration considered here the tether has a load of impedance ZC at the cathodic end. By tuning appropriately the value of ZC the useful power provided by the tether reaches an optimum value (a relative maximum).
Figure 1 summarize the results of the calculation performed following closely the theory developed in12, 13 for the
Io case and using an Aluminum tape 0.05 mm thick; the electronic plasma density considered —taken from ref. 18—
is about n∞ = 0.18683 · 1010 m−3 . In the abscissa-axis figure shows the tether mass mT (in kg); in the ordinate-axis
the useful energy provided by the tether (in kilowatts); in both axes we use a logarithmic scale. Two families of curves
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Figure 1. D IFFERENT OPTIMIZED CONFIGURATIONS IN I O (h = 0.05 MM )

have been drawn on the figure: the green lines show the variation of the useful power Wu with the tether mass mT
when the tether length L is fixed; along these lines the only parameter which changes is the tether width dw . The red
lines show the variation of the useful power Wu with the tether mass mT when the tether width dw is fixed; along
these lines the only parameter which changes is the tether length L. For the red lines, the slope is larger than for the
green lines: the useful energy is more sensitive to the variations of the tether length L than to the variations of the
tether width dw . Obviously, changing the tether length and width simultaneously is possible to increase Wu keeping
the tether mass mT constant.
From figure 1 we select three tether designs which are sumA
B
C
marized in Table 3. The useful power provided for the designs
L (km)
25
35
35
A and B is about 2100 watts, and for the configuration C is
3000 watts. In all cases the tether dimensions, width and length
dw (mm)
50
25
36
are feasible for the Aluminum tape 0.05 mm thick.
mT (kg)
169
117
170
In order to calculate the non-dimensional parameter χ and
ZC (Oh)
640
1265
886
the distance de between the center of mass of the spaceW
(w)
2100
2100
3000
u
craft and the center of mass of Io, we assume a total mass
Isc (A)
10.94
5.53
7.89
m = 500 kg for the spacecraft, that is, the mass of the payload and the rest of devices ranges in the interval [330, 383] kg.
Iav (A)
1.43
1.04
1.49
Note that the small values of the parameter χ assures the staφ∗ (deg)
39.7
40.06
40.06
ble character of the equilibrium positions where the spacecraft
χ · 103
5.79
5.91
8.43
is situated; in effect, in13 is proved that for values of χ in the
d
(km)
200,052
198,119
165,803
e
range χ ∈ [0, 0.115] the corresponding equilibrium position
T (mN)
5.28
7.4
7.4
is stable. Therefore, the control needs are strongly reduced
which at the end allows some increase of the scientific payTable 3. Three possible designs h = 0.05 mm
load.
However, the distance de is large, compared with the equatorial radius of Io (rIo = 1822 km). This is due to
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the strong gravitational field of this Jovian satellite, which requires to place the spacecraft far away from the moon if
the electrodynamic thrust has to be balanced with the gravitation of Io. A first sight these equilibrium positions are
not appropriated for the direct exploration of Io, due to the value of de ; nevertheless, the spacecraft lies just inside
the Io plasma torus, one of the most interesting element of the Jovian world. In effect, the Jovian plasmasphere has
the iogenic plasma source which is now the subject of a detailed investigation (see, for example, refs. 19, 20). The
interaction between the plasma and the distribution of energetic heavy ions near the Io orbit, the mechanisms governing
the mass loss at Io, the stable character of the plasma source, the role of Io volcanic plumes and the supply of dust
to the magnetosphere are some open questions closely related with the Io plasma torus. From this point of view, a
spacecraft at rest and placed in this mentioned equilibrium position could becomes a valuable source of scientific data
on the Jovian world.
Finally, the tension supported by the tether in these equilibrium positions is small, of the order of mN (see Table
3). These values of the tension are due to the smallness of the Jovian gravity gradient which is associated to the small
averaged density of this planet. This is a weak point of this proposal which deserve to be studied in detail in future
works, since it has implications in the deployment of the tether and also in the station keeping maneuvers. In particular,
the use of rotating tethers, instead of steady tethers, could be an appropriate solution to get the tension needed to assure
the structural stability of the tether. Another interesting alternative is to use some of the electrical energy produced by
the tether to try to increase the tension; it should be taken into account that the tether will balanced and therefore the
component of the forces normal to it will be globally zero and only locally could appear small non vanishing lateral
forces.
In the next sections we try to obtain energy from the Jovian plasmasphere with a rotating tether not at rest at the
equilibrium position but orbiting around Io.

III. Rotating electrodynamic tether orbiting Io
Since gravitational attraction in the vicinity of Io is considerably higher than for the case of the Jovian inner
moonlets it becomes possible to have the tether orbiting the moon while perturbed by the tether electrodynamic force.
Similarly to the concept above Io will provide a «gravitational anchor» to keep the tether gravitational energy constant
while continuous power is generated. In the rest of this paper we study an EDT on a retrograde elliptic equatorial orbit
around Io with the tether rotating in the orbital plane.
First of all, these orbits are stable against Jupiter gravitational pull (when eccentricity and semimajor axis are not
too high) therefore the only critical part of the orbital design problem is to ensure the control of the Lorentz force in
such a way not to destabilize the orbit while providing as much power as possible. An additional advantage of these
orbits is that the Lorentz force can act as thrust or drag depending on the position on the orbit relatively to the Jupiter
direction. This means that, in addition to power generation, the tether can be used to raise or lower the orbit around Io
by judiciously controlling the tether current.
The outline of the rest of the paper is as follows: first we derive basic relations for maximum power generation
and maximum thrust of an EDT system in the Jupiter environment. Next we study the power production capability
at Io and the impact on orbital stability. Finally we introduce a very simple control algorithm for propellantless orbit
maneuvering inside the Io environment whose effectivness is evaluated numerically.
There were some speculation about the convenience to avoid, in a mission to Io, the use of orbiters similar to the
Europa Orbiter (EO) proposed by the NRC in 1999. For example, ref. 8 states «the experience gained with the EO
permits to consider as unrealistic an Io Orbiter for the next decade». Instead of the Io orbiter some repeated flyby
missions to Io, appears more realistic although clearly insufficient.
We will shows in this paper that an Io orbiter based in a rotating electrodynamic tether moving in an equatorial
retrograde elliptic orbit is a quite interesting alternative which is free of the main problems afflicting EO while provides
many other benefits.
In the next section we will develop the basic theory for the electron collection of an electrodynamic bare tether;
this theory can be used with rotating and no-rotating tethers.
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IV. Optimum Power Generation of an EDT with no ohmic effectsa

Imax = IC

Let us consider a bare electrodynamic tether (Fig. 2) of length L operating in the generator mode and flying along
a generic orbit in the magnetosphere of a planet. Let the tether cross section be a tape of width dw and thickness h
with h ≪ dw .
Let us assume the tether maintains a rectilinear shape with ϕ (see fig. 3) the angle between the tether line and the local motional elecI
tric field E along the orbit where the latter is defined as:

A

E = (v sc − v pl ) × B

C

B
z = z∗

z

ZC IC

Vp
Vt

A

C

B
z = z∗

Em L

V

z

e−

e−
I

(1)

where B is the local magnetic field while v sc
and v pl are the orbital velocity of the center of
mass of the tethered system and the local velocity of the planet co-rotating plasma.
Let there be a load of impedance ZC inserted
just before the cathodic end for power extraction
purposes. Due to the relatively low electronic
plasma density of Jupiter magnetosphere the
current flowing into the electrodynamic tether
is small and ohmic effects can be neglected for
tethers of practicable size. Similarly, the ion
current collection in the negatively biased portion of the tether can be neglected as well as
the losses at the anodic and cathodic ends of
the tether. Under these assumptions and neglecting the magnetic field and plasma density variation along the tether the outside motional electric field can be assumed constant as well as the
potential inside the conductive tether. Hence the
potential difference between the tether surface
and the plasma is linear with respect to the abscissa z from anodic to cathodic end (see Figure
2) and will go to zero at a point B where z = z ∗
is given by:

ZC

z∗ = L −

Figure 2. Schematic of bare electrodynamic tether working in generator mode
with negligible ion collection on the cathodic segment. I indicates the conventional (positive) current

ZC IC
Em

(2)

where Em is the modulus of the motional electric field component along the tether line and IC
is the tether current at the cathodic end.
Under OML validity conditions and following the simplifying assumptions above current profile along the tether
obeys:
s
2eEm (z ∗ − z)
dI
2dw
, (0 < z < z ∗ )
(3)
=
en∞
dz
π
me
dI
= 0,
dz
a Most

(z ∗ < z < L)

part of this section has been taken from Ref. 11
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(4)

where e = 1.6 · 10−19 C is the electron charge and me = 9.1 · 10−31 kg is the electron mass. Here n∞ is the electronic
density in the planet co-rotating plasma.
The current profile is obtained by solving equation (3), with the initial condition I(0) = 0:
r
4dw
2eEm ∗ 3/2
I(z) =
[(z ) − (z ∗ − z)3/2 ], 0 < z < z ∗
(5)
en∞
3π
me
After introducing the non-dimensional zero-bias abscissa:
ζ=

z∗
ZC IC
=1−
L
Em L

(6)

The maximum current along the tether follows from Eqs.(5-6):
Imax = IC = I0 ζ 3/2

where

4dw
I0 =
en∞
3π

s

2eEm L3
me

(7)

The average current along the tether and the power at the load can now be computed as:
Iav =

1
L

Z

L

0

2
I(z)dz = I0 (1 − ζ)ζ 3/2 ,
5

Ẇ = ZC IC2 = I0 Em L(1 − ζ)ζ 3/2

(8)

The power Ẇ has a maximum which can be obtained by imposing zero first derivative relative to ζ; the optimum value
of ζ and the corresponding load impedance —which is derived from equations (6- 7)— are given by
r
r
√
√
1
3π 2 1 − ζopt
π 30
1
3
me Em
me Em
opt
·
ZC =
·
=
·
(9)
ζopt = ,
3L
3/2
5
8
d
n
e
12
d
n
e3 L
w ∞
w ∞
ζopt
Equation (9) shows that the impedance needs to be continuously controlled to follow the variation of the motional
electric field Em along the orbit. In addition, for the general case of a rotating electrodynamic tether, the impedance
is also modulated by the variation of Em due to the tether rotation.

V. Power Generation in Ionian Orbit

z

y
ϕ
E

ωt
x

Figure 3. Sketch of the equatorial retrograde orbit
and angles

For the present analysis we will consider spinning electrodynamic
tethers along retrograde equatorial orbits around Io, which offer the
benefit of dynamical stability as it is explained in the next section.
High inclination orbits, which are preferred for science, are more critical from the stability point of view and will be considered in future
studies. A quick estimation of the maximum power which can be generated in ionian orbit can be done after realizing that orbital velocity
around Io, whose escape velocity is about 2.5 km/s, has a small influence on the motional electric field which is mostly governed by the
orbital velocity of Io around Jupiter (vIO = 17.3 km/s ). After neglecting the effect of the velocity around Io and considering constant
electron plasma density of about n∞ = 2000 cm−3 and constant magnetic field intensity of 2µT, the motional electric field is approximated
with a constant vector aligned with the Io-Jupiter line:

E ≈ (v IO − v pl ) × B ≈ Eπ (cos ωt, sin ωt, 0),

Eπ ≈ 0.12 V/m

(10)

where ω is Io orbital rate and v pl the plasma velocity at Io. The latter reaches about 74 km/s. In equation (10) the
vector E is expressed in an inertial frame whose first axis coincides with the Io-Jupiter line at the initial time (t = 0).
7 of 11
American Institute of Aeronautics and Astronautics Paper 2008-7384

As the tether spins around an axis orthogonal to the orbital plane the motional electric field component along the tether
line is:
Em = Eπ cos ϕ
(11)
After plugging equation (11) into equations (7-8) and assuming constant the value of ζ the rotation-averaged power a
for a single tether arm of length L yields:
s
Z
i
4d
2Eπ3 L5 e3 h
1 π/2
w
(12)
(1 − ζ) ζ 3/2
n∞
cos3/2 ϕ dϕ ·
Ẇav =
π −π/2
3π
me
14
12
10

P (Kw) 8
6
4
2
0
0

10

20

30

40

50

60

Equation (12) is plotted in Fig. 4 considering a 5 cm wide tape tether. When
the influence of the orbital velocity around
Io is taken into account on the orbital motion —together with the effect of the Lorentz
force and Jupiter gravitational pull— the
power will fluctuate around a mean value.
Numerical simulations have been performed
to account for all these effects considering a spacecraft of 500 kg equipped with a
25 km long and 5 cm wide EDT and flying
along different orbits around Io.

Tether length (km)
Figure 4. First order approximation of averaged generated power for a 5 cm wide
tape tether of different lengths in Io orbit.

Figure 5. Power generated with a 25 km long 5 cm wide tape tether along circular
retrograde orbits of different radii: r = 1.1 rIo (grey solid line), r = 2.0 rIo (dark
solid line), and r = 3.0 rIo (dark dotted line).

VI. Orbit Stability
Among the Galilean satellites Io is the
most critical from the point of view of orbit stability due to the strong gravitational
pull of Jupiter. Although there is no detailed analysis of orbit stability focused on
Io the case of Europa has received considerable attention in the literature (see for example Refs. [14, 15, 16, 17]) and many considerations can be extended to the Io case.
In particular, following a similar analysis to
the one performed by Lara and Russell17 for
the case of Europa, it can be seen that retrograde equatorial orbits around Io are stable
as long as the eccentricity and the semimajor
axis are smaller than a critical value. After
running a montecarlo simulation of different
orbit conditions and including both Jupiter
third body perturbation and the effect of J2 it
has been seen that orbits with apocenter radius less than 3.5 Io radii can be safely considered stable for at least a year. For an electrodynamic tether the effect of the Lorentz
force on the orbit stability needs also to be
investigated. The rotation-averaged Lorenz

a In the averaging process we assume two sets of plasma contactors at the tether ends switching the role of the tethers end each half turn: it is a
dual cathode spinning electrodynamic tether, for best performance.

8 of 11
American Institute of Aeronautics and Astronautics Paper 2008-7384

force on a tether arm of length L obeys:
"Z
#
Z
π/2
1 π/2
1
F =
L Iav (u × B)dϕ = L
Iav u dϕ × B
π −π/2
π
−π/2

(13)

where u is the tether line unit vector. When the load impedance is controlled for maximum power generation the
non-dimensional zero-bias length ζ is constant and the following relation holds:
Z π/2
Z π/2
Z π/2
1
Eπ
Iav u dϕ =
·
Iav cos ϕ dϕ
(14)
Iav cos ϕE π dϕ =
Eπ −π/2
Eπ
−π/2
−π/2
Taking into account equations (7-8) and (14), equation (13) yields
k′
F = √ (E π × B)
Eπ

(15)

where
"

1
k′ =
π

Z

#

π/2

4dw
n∞
cos3/2 ϕdϕ ·
15π
−π/2

s

2L5 e3
(5 − 2ζ)ζ 3/2 ≈ 0.0667 dw n∞
me

s

L 5 e3
(5 − 2ζ)ζ 3/2
me

(16)

Similarly to what was done in the previous section an approximated expression for the Lorentz force can be derived
after neglecting the influence of the orbital velocity around Io on the motional electric field and assuming a non-tilted
dipole magnetic field. In this way the Lorentz force vector projected on an inertially fixed Iocentric reference system
with x along the Jupiter-Io line and y along the Io velocity vector at t = 0 (see Fig. 3) yields:
s
Eπ L5 e3
· (5 − 2ζ) ζ 3/2
(17)
F ≈ F (− sin ω t, cos ω t, 0)
with
F = 0.0667 dw n∞ B
me
As the direction of the force rotates
around the orbit with angular rate ω
the effect on orbital energy is, on average, zero. Several numerical simulations were carried out to assess the influence of the Lorentz force on the orbit stability. Figure 6 shows the evolution of the orbital radius after a month
starting from circular retrograde orbits
of different initial semimajor axes and
having the Lorentz force acting continuously for power generation purposes. Although not visible in the plots
a small drift in orbital energy appears
with the orbits below 2 Io radii getting
slowly deorbited; when the initial radius is larger the orbit tends to gain energy. The small drift can be easily controlled by switching off the tether current at convenient points.

3.5

3

2.5
r
rIo

2

1.5

1
0

5

10

15

20

25

30

time (days)
Figure 6. Evolution of orbital radius for circular retrograde orbits of different radii (1.2,
2.0, 2.5 and 3 Io radii) under the effect of the Lorentz force of a 25 km long 5 cm wide tape
tether with power-optimized impedance control.

VII. Orbit Control
Because, as seen above, the main
contribution to the motional electric field comes from Io orbital velocity rather than the spacecraft orbital velocity
around Io the action of the Lorentz force results mainly into one thrust arc and one drag arc along each Ionian orbit as
represented in figure 7.
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A simple control strategy has been implemented for a preliminary test of the propulsion capability of the EDT. The value control parameter
ζ is switched to 1 (maximum Lorentz force) on
thrust arcs and switched to 0 (no force) on drag
arcs. A numerical simulation has been conducted
assuming a 500 kg spacecraft equipped with a
25 km long and 5 cm wide electrodynamic tether
starting from a low altitude retrograde circular orbit (r = 1.2 Io radii). Figure 8 reports the trajectory evolution during the spiral out phase until escape from Io gravitational field which require
less than 5 months. Note that considering an aluminium tape tether of 0.05 mm thickness (which
can be achieved with current technology) the mass
of the 25 km tether is ≈ 170 kg, that is, less than
200 kg.

F

v IO

Io

Thrust arc

Figure 7. Schematic of electrodynamic thrust and drag arc for a generic
Ionian orbit. We neglect the orbital velocity around Io in the determination
of motional electric field
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VIII. Conclusions and future works
The use of bare electrodynamic tethers in scientific missions to Io have been investigated from
the point of view of the generation of power and
thrust.
By using non-rotating self-balanced tethers situated in stable equilibrium positions of the synodic
frame Jupiter – Io a power generation of 2 – 3 kw
can be achieved with tethers of reasonable length
(25 – 35 km) and mass (115 – 170 kg). This configuration is well appropriated for the exploration of
the Io plasma torus, since due to the large distance
between the Jovian moon and the spacecraft (≈
100,000 – 200,000 km for a total mass of 500 kg)
the direct exploration of Io could be problematical. Future analysis will be focused on the stability issue related to the tether tension which in the
present model turns out to be small (of the order of
mN). The alternatives to be explored are: 1) due to
the high values of the energy generated, would be
possible to use a part of it to increase the tether tension, and 2) to change from a non-rotating to a rotating tether which provide, by centrifugal forces,
the tension needs to assure the structural stability
of the system.
We also investigated the use of electrodynamic
tethers along retrograde, equatorial orbits around
Io for power generation and propellantless propulsion. Modest size tethers (25 km long) can provide more than one kW of continuous power on
Ionian orbit without compromising the orbital stability. A very simple non-optimized control strat-
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Figure 8. Spiral-out trajectory (upper) and orbital radius evolution (lower)
for a 500 kg spacecraft propelled by a 25 km long 5 cm wide tape tether with
simple current control strategy
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egy has been tested which allows reaching escape velocity after less than 5 months starting from low Ionian orbit.
Future studies will be focused on the definition of an optimum control strategy to reach escape velocity in minimum
time. The possibility of using the Lorentz force to stabilize high inclination Ionian orbit will also be a matter for future
analysis.
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