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Abstract

It was recently shown [1] that an electrodynamic tether operating in passive mode (i.e. without

onboard power supplies) and orbiting around a planet with a rigidly corotating plasmaphere can

be used to increase the energy of the orbit as long as the orbital eccentricity and/or inclination is

not zero. In the case of non-circular equatorial orbits results has shown that a decrease in orbit

eccentricity corresponds to an increase in semimajor axis until full circularization. In this article

we address the case of inclined orbits showing that in this circumstance one can achieve the highest

performance in terms of orbit raising. Orbital energy, which is extracted from the kinetic energy of

the planet corotating plasmasphere, is increased at the expense of orbit inclination until an equatorial

orbit is reached and thrust is no longer possible. Examples are presented for systems operating in

Earth and Jupiter orbit.

1 Introduction

The cost of power generation, both in terms of mass and system complexity, is arguably the biggest

obstacle to the development of e�cient electric propulsion systems in space. The potentially huge

propellant mass savings of high speci�c impulse electrostatic or electromagnetic thrusters, can be in

fact only partially exploited in real space missions due to the cost of on board power production.

Solar panels, which are almost always the power generation system of choice in space mission, can

presently reach about 10 to 20 kg/kW speci�c mass in Earth orbit while progress in photovoltaic

technology should lead to an 5kg/kW speci�c mass in the future. In addition, solar panels need

to be constantly track the sun direction if high e�ciency is desired and do not work during eclipse

time. Systems o�ering higher power density generation capability or simpler control management are

therefore highly desirable.

An Electrodynamic tethers (EDT) is a space apparatus which can supply power and/or propulsion

to a spacecraft by exploiting the electromagnetic interaction of a conducting cable orbiting around a

planet with a magnetic �eld and reasonable plasma density. As such interaction occurs without the

need of expending fuel EDTs can be used as propellantless propulsion systems of great interest in

space technology. After its �rst appearance in the literature [2] the concept of electrodynamic tether

has been studied and re�ned until the introduction of the higher performance bare electrodynamic

tether concept in 1991 by Sanmartin et al. [3].

In general an EDT can operate either in passive mode, in which case a current �ows through

the tether without the need of a spacecraft power supply, or in active mode, in which the current

is driven through the tether at the expense of power generated onboard the spacecraft (e.g. with

solar arrays). It is customarily believed that in a passive EDT orbital energy is always dissipated to

result in spacecraft deorbiting with the option of having part of that energy stored or directly used

as onboard power. This is, however, not always the case and there are examples in the literature
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Figure 1: Thrust and drag conditions for an EDT in circular equatorial orbit around Jupiter

that highlight a more complex behavior. The case of EDTs around Jupiter is particularly instructive

in this regard. As shown by Sanmartin and Lorenzini ([4]) a passive EDT in a prograde circular

equatorial orbit experiences thrust beyond the stationary radius (rs = 2.24rJ with rJ indicating the

equatorial Jupiter radius) where Jupiter-corotating plasma exceeds orbital speed and can be used as

a source of thrust and power generation. More recently Bombardelli and Pelaez ([1]) have concluded

that in the most general case a passive EDT can be used to increase the orbital energy of any orbit

with the exception of circular equatorial orbits below the stationary radius. In the same article, an

analysis of orbit energy raising starting from equatorial elliptic orbits around Jupiter was performed

showing that plasmasphere thrust maneuver resulted in a circularization of the orbit together with

an increase in semimajor axis. In this article we investigate the orbit raising capability of passive

EDTs starting from inclined orbits.

2 Lorentz Force Curve

When correct contact with the surrounding plasma is established1 an EDT experiences the Lorentz

force:

F = IavL(ut ∧B) (1)

where L is the tether length, Iav the current averaged over the tether length, ut the tether line

unit vector and B the local magnetic �eld.

Following the work of Bombardelli et al. [5] the maximum average current �owing through an

EDT with tether under orbital motion limited current collection, can be written, in the hipothesis of

small ohmic e�ects and negligible potential drop at the cathode, as:

Iav =
3

5
ηθIch (2)

where Ich is the characteristic tether current and ηθ is the thrust ohmic e�ciency . For a thin

1other than bare tether anodic contact this requires a hollow cathod placed at one or both tether ends
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tape tether of width w the former is equal to:

Ich =
4w

3π
Ne

√
2Et
me

q3eL3, (3)

whereNe is the local plasma electron density, qe andme the electron charge and mass, respectively,

and where Et is the projection of the local motional electric �eld along the tether line2:

Et = |[(vsc − vpl) ∧B] · ut| (4)

with vsc and vpl indicating the spacecraft and plasma velocity vectors, respectively, and ut the

tether line unit vector.

The thrust ohmic e�ciency can be accurately evaluated with the following formula [5]:

ηθ '


1− 3

8
ε+

63

880
ε2 ε ≤ 1.6

5

3ε

(
1− 1

(2ε)2/3

)
ε > 1.6

, (5)

Where ε is the ratio between the tether ohmic impedance and the equivalent plasma impedance:

ε =
4

3π

√
2q3e
me

NeL
3/2

σhE
1/2
t

, (6)

with σ indicating the tether conductivity and h the tape tether thickness.

Eq. 1 can be compacted in one formula by use of Eq.s (2-5):

F =
4ηθw

5π
NeB

√
2q3eEtL5

me
(ut ∧ uB) , (7)

with uv and uB indicating the instantaneous velocity and magnetic �eld unit vectors, respectively.

The parameter ε quanti�es the incidence of ohmic e�ects and depends not only on the position

and velocity of the tether along the orbit but also on its attitude. After calling β the angle between

the tether line ut and the local motional electric �eld E we have:

ε =
εmin√
|cosβ|

where εmin is the value of ε obtained when the tether is aligned with the local motional electric

�eld E and is de�ned as:

εmin = ε(β = 0) =
4

3π

√
2q3e
me

NeL
3/2

σhE1/2
. (8)

Let us now set a right-handed Cartesian reference system centered at the tether center of mass,

with the z axis aligned with the local magnetic �eld vector B and the y axis aligned with local

motional electric �eld vector E, which is, by de�nition, orthogonal to the former.

If we assume the tether line to be constantly orthogonal to the local magnetic �eld vector the

Lorentz force is the highest achievable and its components along the x and y axis are:

Fx = Fmax ×
ηθ(ε)

ηθ(εmin)
cos2β

Fy = Fmax ×
ηθ(ε)

ηθ(εmin)
cosβsinβ

where

Fmax =
4wηθ(εmin)

5π
NeB

√
2q3eEL5

me

2we assume that two hollow cathodes, one at each tether end, are used
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Figure 2: Force curve for a passive EDT as a function of the angle β between the tether line and the
local motional electric �eld. The case of large and negligible ohmic e�ects are compared.

Figure 3: Force curve for a perfectly refelective solar sail as a function of the solar sail �clock angle� β.

The force vector describes a curve in the x− y plane which is plotted in Fig.2. The force curve of

a solar sail is added for comparison in Fig.

3 Thrust Attitude Range and Optimum Attitude

Starting from the previously derived Lorenz force curve and neglecting ohmic e�ects (ηθ = 1) let

us call v⊥sc and v⊥pl the component of the spacecraft and plasma velocity, respectively, orthogonal to

the local magnetic �eld B. Note that, by de�nition of motional electric �eld E, the component of

the relative velocity vector orthogonal to the magnetic �eld 4v⊥ = v⊥sc − v⊥pl has to be parallel and

opposite to the vector E ∧B which is equivalent to say that v⊥pl v
⊥
sc must have the same component

along E.

After examining Fig. one can see that unless v⊥sc is parallel and opposite to E ∧B there always

exist a range of tether attitudes ∆β for which orbit thrust (in the sense of orbital energy increase) is

obtained. After calling φ the angle between v⊥sc and the E ∧B vector the thrust attitude range can

be written as:

∆β =


[
−π

2
;φ+

π

2

]
− π < φ < 0[

φ− π

2
;
π

2

]
0 < φ < π

(9)

In addition, the optimum orientation βopt of the tether line for maximum thrust can be derived

as[1]:
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Figure 4: Force curve for a perfectly refelective solar sail as a function of the solar sail �clock angle� β.

βopt ' 2 tan−1

(
φ

π

)
(10)

The angle βopt, and, in turns, the angle φ should be as small as possible to achieve higher thrust

(4). The latter can be developed as:

φ = cos−1

 v⊥sc ·
(
v⊥pl − v⊥sc

)
‖v⊥sc‖

∥∥∥v⊥pl − v⊥sc

∥∥∥
 (11)

When the local plasma velocity exceeds the spacecraft velocity (v⊥sc < v⊥pl) the minimum value the

angle φ can reach is zero and occurs, as it comes from intuition, when the two vectors are parallel. In

this case the EDT is sailing �downwind�, βopt is zero and the Lorentz force achievable is the maximum

possible.

More interesting, and less intuitive, is the case of the EDT crossing a �slower plasmasphere�

(v⊥pl < v⊥sc). In this case the minimum value for the angle φ occurs when the spacecraft velocity

component in along the plasma velocity vector v⊥plis equal to the plasma velocity magnitude
∥∥v⊥pl∥∥

or, equivalently, when the following identity holds [1]:

(
v⊥pl − v⊥sc

)
· v⊥pl = 0 (12)

which plugged into Eq. (11) yields:

φmin =
π

2
+ cos−1 (ρ) , (13)

where ρ is the ratio between the component orthogonal to the magnetic �eld B of the plasma

velocity and spacecraft velocity respectively:

ρ =
v⊥pl
v⊥sc

(14)

Eq.(13) shows us the role of the plasmasphere velocity in providing thrust to the passive EDT.

Note in fact that if the plasma velocity v⊥pl is set to zero the spacecraft velocity v⊥sc is �condemned�

to be parallel and opposite to the vector E ∧B (i.e. φmin = 0 ) thus making EDT thrust impossible.

From a quantitative point of view we can compute the thrust reduction coe�cient de�ned as

the ratio between the Lorentz force component along the velocity vector and the maximum force

magnitude Fmax. Assuming the spacecraft velocity is normal to the local magnetic �eld the latter

yields ([1]):

µT =
F · vsc
Fmax

=
√

cosβopt cos (φ− βopt) (15)

By use of Eq. (10,13,14) we can write the thrust reduction coe�cient in power series of ρ:
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Figure 5: Semimajor axis and inclination variation for an optimaly oriented passive EDT starting from
a high inclination (i0 = 108o) low jovian orbit (rp0 = 1.1rJ ) with initial eccentricity of 0.2. A 270 kg
aluminum tape tether of 40 km length, 5 cm width and 0.05 mm thickness is employed. The payload
mass is set to 200 kg.

µT =
π − 1

π5/2
ρ3/2 +O

(
ρ5/2

)
, (16)

which highlights the importance of having the highest possible local plasma velocity when com-

pared to the spacecraft velocity when passive EDT thrust is sought. The parameter ρ is ultimately

the one gauging the propulsive capability of a planetary plasmasphere. For a comparison, if we con-

sider a circular �grazing� orbit around Earth and Jupiter we obtain about 7.9 km/s and 42.1 km/s

of orbital velocities, respectively, while the local plasma velocities for the two cases at the equator

are, respectively 0.46 and 12.6 km/s resulting into velocity ratios of 0.058 and 0.3, respectively. This

translates into more than one order of magnitude di�erence in thrust reduction coe�cient (Eq.(16)).

If we add that the local electric �eld of Jupiter exceeds the terrestrial one by almost two order of

magnitudes and ohmic e�ects degrade the performance around Earth we conclude that the propulsion

capability of Jupiter plasmasphere is far superior.

4 Energy Raising in Inclined Orbits

Optimum spacecraft velocity conditions with respect to the plasma (Eq.(12)) are obtained for orbits

which are nearly polar so it makes sense to consider high inclination orbits as starting point for

the proposed concepts. The e�ect of the Lorentz force will tend to decrease the orbit inclination

which can be exploited to reach equatorial orbits when needed but will inevitably make the optimum

plasmasphere sailing conditions only transient.

Figure 5 displays the semimajor axis and inclination variation for an EDT starting from a high-

inclination Jovian orbit. The system is able to exploit the propulsive capability of Jupiter fast-rotating

plasmasphere to reach beyond Jove-stationary altitude. It can be seen that highest-e�ciency orbit

raising occurs around 80 deg inclination. Figure 6 shows how the same EDT can be passively driven

from a quasi-equatorial retrograde orbit to a polar orbit.

Performance in Earth orbit is considerably worse for the reasons mentioned above as it can be

seen in Figure 7. The orbit energy increase is rarther slow and considerably better performance can

be achieve with an active EDT of equal mass including the power subsystem.

5 Conclusions

Passive electrodynamic tethers (EDT) can be used also to increase orbital energy by harnessing the

kinetic energy of a planet corotating plasmasphere. The performance in terms of orbit raising is best

when high-inclination (quasi-polar) orbits are considered. In the Jupiter case, where plasmasphere
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Figure 6: Inclination variation for an optimaly oriented passive EDT starting from a quasi-equatorial
retrograde low jovian orbit (rp0 = 1.1rJ ) with initial eccentricity of 0.2. A 270 kg aluminum tape tether
of 40 km length, 5 cm width and 0.05 mm thickness is employed. The payload mass is set to 200 kg.
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Figure 7: Semimajor axis and inclination variation for an optimaly oriented passive EDT starting from
a high inclination (i0 = 108o) low Earth orbit (rp0 = 1.1rE ) with initial eccentricity of 0.2. A 70 kg
aluminum tape tether of 10 km length, 5 cm width and 0.05 mm thickness is employed. The payload
mass is set to 100 kg.

tangential velocity is already quite high (12 km/s) in low altitude orbits, o�ers interesting possibilities

in terms of orbit raising at the expense of orbit inclination showing that the passive EDT can reach

Io orbit in about 3 months starting from a low quasi-circular Jovian orbit. In Earth orbit the much

slower rotating plasmasphere combined with the weaker electric �eld and performance-degrading

ohmic e�ects make the concept considerably less interesting.
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