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An electrodynamic tether system for power generation at Jupiter is presented that allows extracting energy from

Jupiter’s corotating plasmasphere while leaving the system orbital energy unaltered to first order. The spacecraft is

placed in a polar orbit with the tether spinning in the orbital plane so that the resulting Lorentz force, neglecting

Jupiter’s magnetic dipole tilt, is orthogonal to the instantaneous velocity vector and orbital radius, hence affecting

orbital inclination rather than orbital energy. In addition, the electrodynamic tether subsystem,which consists of two

radial tether armsdeployed from themain central spacecraft, is designed in such away as to extractmaximumpower

while keeping the resulting Lorentz torque constantly null. The power-generation performance of the system and the

effect on the orbit inclination is evaluated analytically for different orbital conditions and verified numerically.

Finally, a thruster-based inclination-compensationmaneuver at apoapsis is added, resulting in an efficient scheme to

extract energy from the plasmasphere of the planet with minimum propellant consumption and no inclination

change. A tradeoff analysis is conducted showing that, depending on tether size and orbit characteristics, the system

performance can be considerably higher than conventional power-generation methods.

Nomenclature

a = orbit semimajor axis
B = magnetic field vector
B = magnetic field magnitude
BS = Jupiter surface magnetic field magnitude at zero

magnetic latitude (420 �T)
d = distance of the point of application of the Lorentz force

from the cathodic end
E = motional electric field
Et = motional electric field projection along z
E� = the motional electric field projection on the tether

rotation plane
e = orbit eccentricity
F = rotation-averaged Lorentz force on a tether arm of

length L
Ftot = total Lorentz force on the spacecraft
F1 = Lorentz force on the upper tether arm
F2 = Lorentz force on the lower tether arm
H0 = reference height for the Divine–Garrett Jovian

plasmasphere model
h = orbit angular momentum per unit mass
ht = conductive-tape-tether thickness
I = tether current
IC = tether current at the cathodic end
Iav = average current along the tether
Imax = maximum current along the tether

I0 = reference current
i = orbit inclination
k = factor for generated power independent of

electrodynamic tether location
k0 = factor for Lorentz force independent of electrodynamic

tether location
L = length of the tether arm
~L = length of the bare portion of the tether arm
mSC = spacecraft mass
mT = total mass of the tethers
me = electron mass (9:1 � 10�31 kg)
Ne = plasmasphere electron density
N0 = reference density for the Divine–Garrett Jovian

plasmasphere model (4:65 � 106 m�3)
qe = electron charge (1:6 � 10�19 C)
RJ = Jupiter mean radius (71,492 km)
ra = apoapsis radius

rSC = spacecraft radial position along the orbit

r0 = reference radius for the Divine–Garrett Jovian
plasmasphere model (7:68RJ)

uE = motional electric field unit vector
uN = Lorentz force unit vector
ut = tether-line unit vector
vexh = propellant exhaust velocity

vpl = plasma velocity

vsc = spacecraft velocity
_W = power at the load

WEDT = electric energy produced by the electrodynamic
tether

Wth = propellant kinetic energy
w = conductive-tape-tether width
ZC = impedance of load

ZC;opt = power-optimum load impedance

z = tether-line abscissa
z� = zero-bias abscissa
�V = spacecraft velocity increment for inclination-correction

maneuver
�mf = ejected fuel mass for chemical thruster
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� = ratio between tether-produced energy and propellant
kinetic energy

� = power density
" = specific energy extracted from the planetary

plasmasphere per unit variations of orbit inclination
and spacecraft mass

� = nondimensional zero-bias abscissa
�opt = power-optimum nondimensional zero-bias abscissa
�0 = nondimensional zero-bias abscissa of the balancing

tether arm
� = power-generation efficiency
� = Jupiter gravitational constant
� = true anomaly
� = density of tether material
	 = ratio between tether hardware mass and tether mass

 = ratio of lower/upper tether arm Lorentz force
’ = angle between the tether line and the local motional

electric field
� = Jupiter sidereal rotation rate (� 1:77 � 10�4 rad=s)
! = argument of periapsis

I. Introduction

A LTHOUGH not yet part of conventional space hardware,
electrodynamic tethers (EDTs) [1–3] are regarded as a very

effective tool for future space exploration and utilization. This is
especially true when we consider the recent advances in EDT
mission design and, in particular, the development of the higher-
efficiency bare-tether concept [4]. After the introduction of the latter,
a substantial amount of research has been devoted to the
understanding of the tether current-collection mechanism and the
interaction with the surrounding magnetosphere [5–7]. In parallel to
this activity, several applications of the bare EDT technology in
space science and applications have been studied, ranging from
propellantless propulsion to space power generation [8–10],
including the use of EDTs as ionospheric science instruments [11].

An EDT can be used in generator mode (i.e., without an external
power supply) for extracting useful power from the interactionwith a
planetary magnetosphere in the presence of plasma. In the general
case, the power balance involves the orbital energy of the system,
which is affected by the Lorentz force acting as drag (whereby the
system loses orbital energy, resulting in orbit decay) or, in some
circumstances, as thrust (whereby the system gains orbital energy,
resulting in orbit raising). An example of a passive EDT system
providing both thrust and power has been studied for the Jupiter
system [10,12–14].

In some circumstances it may be desirable, due to specificmission
constraints, to maintain the EDT in a constant-energy orbit while
producing useful power. Although, in general, this will require
correction maneuvers to be performed with an onboard propulsion
system (hence at the expense of fuel mass), some exceptions exist.
Peláez and Scheeres [15,16] have studied an EDT system that
exploits the presence of the Jovian moonlets to eliminate the orbit
drift while extracting power from the Jupiter environment. A similar
scheme has been studied by Bombardelli et al. [17] to provide
continuous power for an Io orbiter with a passive EDT.

Here, we investigate a means to produce power generation at
constant orbital energy that exploits polar orbits. In this case, and
assuming that the tether is lying in the orbit plane, the Lorentz force is
directed orthogonally to the orbital plane and consequently affects
the orbit inclination rather than the semimajor axis. As long as the
inclination deviation remains small, the power extracted will come
from the kinetic energy of the corotating plasma.

A promising application of this concept is to supply power for
Jupiter explorationmissions. Solar radiation at Jupiter is, on average,
about 27 times less than on Earth, which implies the use of very large
solar arrays or heavy and expensive radioisotope thermoelectric
generators (RTGs), both solutions offering relatively low power
density. On the other hand, high-throughput sciencemissions require
considerable power for both instruments and communications.

Previous work by Sanmartin and Lorenzini [10] and Sanmartin
et al. [12–14] has shown that the Jupiter system is particularly
suitable for operating EDTworking in the generatormode because of
its relatively strong magnetic field and fast-rotating plasmasphere.
These same features make it particularly advantageous to extract
energy from the plasmasphere with a polar-orbiting EDT. An
additional advantage of polar orbits is that they provide a reduced
radiation dose. For instance, the Juno mission [18], scheduled for
launch in 2011, employs an 11-day elliptic polar orbit with periapsis
at 1.06 Jupiter radii, which avoids the region of the trapped radiation
belts, hence minimizing shielding requirements during the one-year
nominal mission operation.

In this paper, we model the performance of a spinning bare EDT
system around Jupiter considering polar orbits with generic
eccentricity and argument of periapsis.

The reference spacecraft design consists of a central module
spinning about an axis normal to the orbital plane and equipped with
two bare EDTs of a few kilometers in length, deployed radially. The
two tether arms operate as separate electrical systems, and as the
spacecraft rotates, one arm provides power to the central part of the
spacecraft, whereas the other is used to cancel out the overall Lorentz
torque on the system. This mode of operation is convenient for an
EDT in polar orbits, because the electrodynamic torque would
otherwise induce an undesired precession of the spacecraft spin axis.
Note that the price to pay is a reduction of the useful power that the
overall tether length would otherwise provide. Although other
methods proposed to control the average attitude of the tether axis
have a smaller impact on the power-generation efficiency, the present
schemewas chosen for its simplicity of implementation. For the case
of gravity-gradient stabilized tethers, a method for eliminating
Lorentz torques was proposed by Peláez and Sanjurjo [19].

The outline of the paper is the following. The power generation of
a bare EDT and the optimal choice of the inserted load is investigated
based on orbital motion limited (OML) plasma-collection theory [4].
Ohmic losses and ion collection are neglected, which is reasonable,
considering the tether lengths to be used at Jupiter. Next, a self-
balanced two-arm rotating EDT design is presented and analyzed.
The fourth and fifth sections of the paper are devoted to the analytical
computation of the rotation-averaged power along elliptical orbits
and the variation of inclination due to the resultingLorentz force. The
effectiveness of an inclination-compensation maneuver is
investigated in the sixth section. Finally, a numerical analysis is
conducted to verify the validity of our simplifying assumptions, and
a tradeoff analysis is conducted to compare the power density of the
EDT with the one relative to RTGs and solar arrays.

II. Optimum Power Generation of an EDT
with No Ohmic Effects

Let us consider a bare EDT (Fig. 1) of length L operating in the
generatormode andflying along a generic orbit in themagnetosphere
of a planet. The tether is a tape with a cross section of width w and
thickness ht (with ht � w). Moreover, we assume that the tether
maintains a rectilinear shape, where ’ is the angle between the tether
line and the local motional electric field E along the orbit, which is
defined as

Fig. 1 Schematic of bare EDT working in generator mode with

negligible ion collection on the negatively biased segment. I is the

conventional (positive) current.
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E � b�vsc � vpl� ^Bc (1)

where B is the local magnetic field, and vsc and vpl are the orbital
velocity of the tether and the local velocity of the planet’s corotating
plasma.

A load of impedance ZC is inserted in the circuit before the
cathodic end for power-extraction purposes. Because of the
relatively low density of Jupiter’s magnetosphere, the current
flowing into the EDT is small and ohmic effects can be neglected for
tethers of practical 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.

Regarding the radiation impedance of various types of waves
emitted by a tether carrying a steady current, they are known to be
negligible in low Earth orbit. It has recently been shown, however,
that the Alfven impedance, which is proportional to the Alfven
velocity, can be greater at Jupiter by almost 3 orders of magnitude
[20,21]; this will be considered in future work.

Under these assumptions and neglecting variations of magnetic
field and plasma density along the tether length, the outside motional
electric field can be assumed to be 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 the anodic to the cathodic end (see Fig. 1) and it becomes null
at a point z�:

z� � L� ZCIC
Et

(2)

whereEt is the motional electric field projection along the tether line,
and IC is the current at the cathodic end.

The current gradient along the tether is as follows:

dI

dz
> 0; z < z� (3a)

and

dI

dz
� 0; z > z� (3b)

We will now compute the current profile assuming OML theory.
This assumption is valid as long as the radius of a wire, or the
equivalent radius w=4 in the case of a tape, is small compared with
both the plasmaDebye length�D and twice the electron gyroradius re
[6]. In low Jovian orbit (periapsis down to 1:06RJ), whereas �D is on
the order of a meter, re can drop to about 3 cm. Ultimately, the
following calculations are acceptable for an EDT not exceeding
about 6 cm in width.

Then, under OML theory conditions and following the preceding
simplifying assumptions, the current profile along the tether yields
[4]

dI

dz
� 2w

�
qeNe

�����������������������������
2qeEt�z� � z�

me

s
; 0< z < z� (4a)

dI

dz
� 0; z� < z < L (4b)

whereqe is the electron chargemagnitude of 1:6 � 10�19 C,me is the
electron mass of 9:1 � 10�31 kg, and Ne is the plasma electron
density.

The current profile is obtained after solving Eq. (4a) for I�z�
0� � 0 as

I�z� � 4

3

w

�
qeNe

������������
2qeEt
me

s
	�z��3=2 � �z� � z�3=2
 0< z < z� (5)

After introducing the nondimensional zero-bias abscissa

�� z
�

L
� 1 � ZCIC

EtL
(6)

the maximum current along the tether follows from Eqs. (5) and (6):

Imax � IC � I0�3=2 (7)

where

I0 �
4

3

w

�
qeNeL

3=2

������������
2qeEt
me

s
(8)

The average current along the tether can now be computed as

Iav �
1

L

Z
L

0

I�z�dz� �5 � 2���3=2
5

I0 (9)

Finally, the power at the load is

_W � ZCI2C � I0EtL�1 � ���3=2 (10)

The value of � that provides maximum power generation is obtained
by imposing a zero first derivative as

�opt � 3
5

(11)

The corresponding load impedance is derived from Eqs. (6–8):

ZC;opt �
3�

���
2
p

8
�
1 � �opt
�3=2opt

������
me

q3e

r �����
Et
p

New
����
L
p (12)

Equation (12) shows that the impedance needs to be continuously
controlled to follow the variation of the motional electric field along
the orbit. In addition, for the general case of rotating EDT, the
impedance is modulated by the tether rotation.

The distance of the point of application of the Lorentz force from
the cathodic end is

d� L �
R
L
0 I�z�zdz
IavL

� 8�2 � 28�� 35

14�5 � 2�� L (13)

which, for the power-optimized case, becomes

d��� 3=5� � 0:4L (14)

III. Self-Balanced Two-Arm Rotating EDT

A scheme of the proposed rotating EDT system is depicted in
Fig. 2. The current profile of the upper tether arm can be optimized to
provide maximum power to the central module, as described
previously. On the other hand, the current profile of the lower tether
arm is tuned in such a way that the resulting Lorentz torque balances
the torque on the upper arm. This can be done by insulating part of the
tether closer to the central module and/or by tuning the impedance

Fig. 2 Schematic of two-arm self-balanced rotating EDT working in
generator mode. Both tether arms are insulated for about three-fifths of

their length and no load is inserted in the lower arm. Two cathodes are

active: one at themiddle spacecraft and the other at the lower tether end.
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inserted before the lower cathode. As ion collection is negligible,
insulating a segment of the tether has virtually no effect on the current
collection in the upper tether arm as long as the segment length is
lower than the negatively biased portion of the tether. In contrast, the
insulation in the lower tether arm reduces the electron collection and
limits the resulting Lorentz force and torque.

Denoting ~L as the length of the bare portion of each tether arm and
denoting �0 as the nondimensional zero-bias abscissa computed with

respect to ~L and the lower tether’s impedance, the zero-torque
condition can be written as

LIav��; L�d�L; �� � ~LIav��0; ~L�	L � d� ~L; �0�
 (15)

Taking into account Eqs. (9), (13), and (15) yields

1

14
L7=2�3=2�8�2 � 28�� 35�

� ~L7=2�5 � 2�0��03=2
�
L

~L
� 8�02 � 28�0 � 35

14�5 � 2�0�

�
(16)

which can be solved numerically to provide �0 � f��� once ~L is set.
In particular, it can be seen that for maximum power generation both
at the middle point (main spacecraft) and at the lower tether end, the
insulated length should be zero, and the condition for the load yields

�0��� 3
5
� � 0:44 (17)

On the other hand, a small insulated tether part may be required to
avoid electrical breakdown between the two tether arms and the
central part of the spacecraft. For the other extreme case in which the
impedance in the lower tether is zero, the equilibrium condition
yields the length of the bare part of the tether:

~L � 0:62L (18)

Note that for the optimum power-generation case, having about
three-fifths of the tether length insulated has a negligible influence on
the upper power-generating tether arm.

IV. Power Produced

Let us assume that the spin-stabilized EDT travels along an elliptic
Keplerian orbit around Jupiter with 90 deg inclination, argument of
pericenter !, eccentricity e, semimajor axis a, and true anomaly �
and that the tether rotation plane coincides with the orbital plane
(Fig. 3). The assumption ofKeplerian orbit is justified by the fact that
the most significant perturbations (namely, the acceleration
associated with Jupiter’s nonspherical potential and the Lorentz
force) are expected to have a small impact on the power generation
within the time scale of an orbit revolution. On a longer time scale,
Jupiter’s oblateness has an important secular effect causing a
nonnegligible precession of the line of apses (for the Juno mission
nominal orbit, [18] the precession is about�1 deg per orbit). To first
order, the precession can be accounted for by updating the argument
of periapsis after each orbit revolution. A numerical analysis that
includes these effects is presented in Sec. VII.

In the following, we compute the motional electric field along the
orbit assuming a nontilted zero-offset magnetic field model and the
Divine–Garrett plasma density model [11]. The influence of a tilted
magnetic field will be analyzed numerically in Sec. VII.

Given the preceding assumption and because the plasma velocity
is always orthogonal to the orbital plane, the projection of the
motional electric field on the tether rotation plane has the simple
expression

E � � B ^ vpl � BvpluE (19)

whereB is themagneticfield vector, vpl is the plasma velocity vector,
and uE is the motional electric field unit vector.

The magnitudes of the magnetic field and plasma velocity along
the orbit are

B� BSR
3
J

r3SC

������������������������������������
1� 3sin2�!� ��

p
(20)

and

vpl ��rSCj cos�!� ��j (21)

where RJ is the Jupiter’s equatorial radius, BS � 420 �T is the
planetary surface magnetic field magnitude at zero latitude, � �
1:77 � 10�4 rad=s is Jupiter’s sidereal rotation rate, and rSC is the
radial distance to the tethered system, which is given by

rSC �
a�1 � e2�
1� e cos � (22)

After accounting for Eqs. (20–22), the magnitude of the motional
electric field projected on the tether plane yields

E� �
�BSR

3
Jj cos�!� ��j�1� e cos ��2

������������������������������������
1� 3sin2�!� ��

p
a2�1 � e2�2

(23)

for which the component along the tether line is

Et � E� cos’ (24)

After plugging Eqs. (23) and (24) into Eq. (10) and assuming a
constant �, the rotation-averaged power for a single tether arm of
length L yields

_W � 1

�

Z
�=2

��=2
�cos’�3=2d’ � 4

3

w

�
qeNeE

3=2
� L5=2

��������
2qe
me

s
	�1 � ���3=2


� kwL5=2NeE
3=2
� (25)

with

k� 1

�

Z
�=2

��=2
�cos’�3=2d’ � 4

3�

��������
2q3e
me

s
	�1 � ���3=2


� 0:334 �

������
q3e
me

s
	�1 � ���3=2
 (26)

For the case of highly eccentric orbits (e > 0:9) or low-altitude
circular orbits (a < 3:8RJ), it is sufficient to consider the plasma
electron density given by theDivine–Garrett model [22] for the inner
plasmasphere of Jupiter (RJ < r < 3:8RJ). After neglecting
longitude-related density variations, which mostly affect the lower-
density high-latitude regions, we can write

Ne � N0 exp

�
r0
rSC
�
�
rSC
H0

� 1

�
2

�!� ��2
�

(27)

where r0 � 7:68RJ (Jupiter radii) is the reference radius,H0 � RJ is
the reference height, and N0 � 4:65 � 106 m�3 is the reference
density.

The final expression of the power generated along the orbit is
derived from Eqs. (25–27) as

_W��� � 0:334 � N0 exp

�
r0
1� e cos �
a�1 � e2�

�
�

a�1 � e2�
H0�1� e cos ��

� 1

�
2

�!� ��2
�

�
�
�BsR

3
Jj cos�!� ��j�1� e cos ��2

������������������������������������
1� 3sin2�!� ��

p
a2�1 � e2�2

�
3=2

� L5=2w

������
q3e
me

s
	�1 � ���3=2
 (28)
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When intermediate orbits are considered, the expression of the
plasma density is more involved, as different plasmasphere regions
need to be considered simultaneously [20]. This generalization goes
beyond the scope of the present paper.

Equation (28) is plotted in Figs. 4 and 5. Figure 4 shows the power
generated in a Juno-type orbit [e� 0:947 and rp � 1:06RJ (see
[18])] for different values of the tether arm length. Figure 5 shows the
power generated in circular orbits of different radii. A considerably
high level of power is produced even by relatively short tethers.
Specifically, a 25 km tether can produce a peak power on the order of
a megawatt.

V. Impact on Orbit Inclination

The rotation-averaged Lorentz force on a tether arm of length L is
as follows:

F � 1

�

Z
�=2

��=2
�LIavut ^B�d’� 1

�
L

Z
�=2

��=2
�Iavut�d’ ^B (29)

whereut is the tether-line unit vector. Because � is constant, we haveZ
�=2

��=2
�Iavut�d’�

Z
�=2

��=2

�
Iav

E�

E�

�
d’�

Z
�=2

��=2
Iavd’

E�

E�
(30)

Taking into account Eqs. (30) and (9), Eq. (29) yields

F � k
0wL5=2Ne������

E�
p �E� ^B� (31)

where

k0 � 1

�

Z
�=2

��=2
�cos’�3=2d’ � 4

15�

��������
2q3e
me

s
	�5 � 2���3=2


� 0:0667 � 	�5 � 2���3=2


������
q3e
me

s
(32)

Following Eq. (19) and applying the Lagrange triple-product
formula, the force can be written in the compact form:

F� k
0wL5=2Ne������

E�
p 	�B ^ vpl� ^B
 � k

0wL5=2Ne������
E�
p B2vpl

� k0wL5=2NeE
3=2
�

�rSC cos�!� ��
un (33)

When we consider a self-balanced rotating electrodynamic tether,
the force exerted on the balancing tether arm has to be included such
that the resulting force yields

F tot � F1�L; �� � F2� ~L; �0� � �1� 
�F1�L; �� (34)

with


 � F2

F1

�
~L5=2�5 � 2�0��03=2
L5=2�5 � 2���3=2 (35)

Specifically, for the power-optimized case (�� 3=5) with fully
bare tether arms (�0 � 0:44), 
 � 0:68. If the bare length of the tether
is reduced to 0:62L, we obtain 
 � 0:51.

The variation of the orbit inclination can now be computed using
the Gauss equation:

di

dt
� rSC cos�!� ��

h

Ftot

mSC

(36)

where h is the orbit angular momentum per unit mass,

h�
�����������������������
�a�1 � e2�

p
(37)

and � is the gravitational constant of Jupiter.
From Eqs. (33) and (34), Eq. (36) becomes

di

dt
� k

0�1� 
�wL5=2NeE
3=2
�

mSC�h
(38)

The derivative of the inclination with respect to the true anomaly
can be computed from Eq. (38) after observing that

di

d�
� di
dt

dt

d�
� di
dt

r2SC
h

(39)

which provides

di

d�
� k

0�1� 
�r2SCNeE
3=2
�

mSC�h
2

(40)

After substituting Eqs. (23), (26), and (27) into Eq. (40) and
integrating, we obtain the inclination variation per orbit revolution as

Fig. 3 Schematic of a polar orbit EDT around Jupiter as referred to in

the current analytical model.

Fig. 4 Maximum power generated by a spinning bare EDT of different

arm lengths in a polar elliptic orbit with rp � 1:06 Jupiter radii and

e� 0:947. Tether width is 5 cm.

Fig. 5 Maximumpower generated by a spinning bareEDTof 3 kmarm

length and 5 cmwidth in polar circular orbits of different radii. The data

scale with tether length is L5=2.
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�irev �
Z

2�

0

�
0:0667 �N0 exp

�
r0
1� e cos �
a�1� e2�

�
�

a�1� e2�
H0�1� e cos ��

� 1

�
2

�!� ��2
�

�
�����
�
p

B3=2
s R9=2

J j cos�!� ��j3=2�1� e cos ���1� 3sin2�!� ���3=4
�mSCa

2�1� e2�2

� L5=2w

������
q3e
me

s
� �5� 2���3=2�1� 
�

�
d� (41)

Results from Eq. (41) are plotted in Fig. 6 for a 1 t spacecraft with
two 3-km-long tethers. The coefficient 
 is set to 0.51 (partially
insulated tethers). For EDT of generic length, the value of the
inclination variation can be conservatively scaledwith the 5=2 power
of the tether arm length as long as the impact of the tether mass on the
overall spacecraft mass is neglected.

To determine the most suitable orbit design for power generation,
it is useful to introduce the quantity

"� 1

mSC

dW

di
(42)

which corresponds to the specific energy extracted from the rotating
plasmasphere per unit variations of orbit inclination and spacecraft

mass.
FromEqs. (25), (38), (26), and (32), the quantity " can bewritten in

compact form as

"� 1

mSC

dW

dt

dt

di
� k

k0
h�

1� 
 � �h� (43)

where

�� 5�1 � ��
�5 � 2���1� 
� (44)

is the power-generation efficiency.
Notably, " depends only on the orbit angular momentum, the

plasma rotation rate, and the inserted load, whereas it is independent
of tether geometry, characteristics of the magnetosphere, and the
location along the orbit. Equation (43) shows that placing the tether
in orbits with higher periapsis radii and eccentricities has a smaller
effect on the inclination for the same energy extracted. On the other
hand, we must stress that to reach the required power levels with
reasonable tether lengths, the periapsis radius has to be kept
sufficiently low.

For numerical cases, we consider the baseline Juno orbit
(e � 0:947 and rp � 1:06RJ) and a circular low-altitude orbit
(a� rp � 1:3RJ). In the first case, a spacecraft of 1000 kg equipped
with two 3 km tethers can produce more than 1.3 kW average
continuous power for a year, with less than 10 deg total inclination
change. In the second case, the same spacecraft produces about 1 kW
continuous power for a year, with the same inclination change.

VI. Inclination Readjustment with Thrusters

Depending on power requirements andmission duration, it may be
necessary to compensate for the variation in orbital inclination. For
high-eccentricity orbits, this can be done very efficiently by thrusting
at apoapsis to provide the required �V:

�V � 2

�������������������
��1 � e�
a�1� e�

s
sin

�i

2
(45)

As an example, for the nominal Juno orbit, only 27 m=s are
required for every degree of inclination change.

It is interesting from the theoretical point of view to have a closer
inspection at the energy balance. The kinetic energy provided by a
chemical thruster can be written as

Wth � 1
2
�mfv

2
exh (46)

where �mf is the fuel mass ejected and vexh is the (constant)
propellant exhaust velocity. For chemical thrusters, the latter can
reach about 3130 m=s employing a bipropellant engine.

For �mf � mSC, we have

�mf � mSC

�V

vexh
(47)

so that the fuel kinetic energy required for the inclination change�i
results in

Wth �
1

2
mSCvexh�V �

1

2
mSCvexh

�������������������
��1 � e�
a�1� e�

s
�i (48)

At the same time, the energy produced by the EDT over an orbit is

WEDT �
Z
T

0

_Wdt�
Z
T

0

mSC"
di

dt
dt�mSC"�i (49)

FromEqs. (48) and (49) and denoting ra as the apoapsis radius, the
ratio between energy produced and propellant kinetic energy yields

� �WEDT

Wth

� 2"

vexh

�������������������
a�1� e�
��1 � e�

s
� 2�

�ra
vexh

(50)

Remarkably, for a Juno-type orbit [18] with a power-optimized
tether (�� 3=5) and employing a bipropellant engine, � reaches a
value of 103. Consequently, the specific kinetic energy of the
propellant is boosted from 1.36 to 140 kWh=kg, reaching more than
7 times the typical energy density of RTGs over a one-year mission.

VII. Numerical Analysis

To check the validity of the primary simplifying assumptions done
so far, numerical simulations were conducted with a full model,
including a tilted-dipole magnetic field, a complete gravitational
model [23], and the effect of the Lorentz force on the orbit evolution.
The tether spin axis was assumed to retain an inertially fixed
orientation.

Thefirst test casewas performed considering a circular orbit with a
radius of 1:06RJ. Results from the comparison are plotted in Fig. 7.
The power generated appears to be mostly influenced by the 9.6 deg
tilted dipole of Jupiter that, due to its 2.4 rev/day precession,
modulates the useful power, causing considerable fluctuations. The
J2 component of Jupiter gravitational field has a much smaller
influence, although it is not negligible. In spite of the fluctuations
mentioned previously, the average value of the useful power is seen
to vary by less than 5% from the analytical value. As for the
inclination variation, the numerical results show good agreement
with the analytical results, as long as the inclination change is less
than, say, 2 deg. Note that due to Jupiter’smagnetic dipole tilt, and as
the orbit inclination departs from 90 deg, a small component of the
Lorentz force parallel to the orbital velocity appears, which tends to
slowly deorbit the tether. For example, a semimajor axis variation of

Fig. 6 Variation of inclination per day for a spinning self-balanced
insulated EDT of 3 km arm length and a 1 t overall mass in a polar

elliptical orbit with different eccentricities and periapsis distances.

Tether width and thickness are 5 cm and 0.05 mm, respectively.
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less than 0.4% was observed after a month for the 1 t spacecraft
equipped with two 3 km tethers. A detailed investigation of these
effects will be conducted in the future.

Similar considerations apply to the case of elliptical orbits. The
analytical–numerical comparison for the power generation along a
Juno-like orbit is shown in Fig. 8.

VIII. Tradeoff with Other Power-Generation Methods

The performance of the EDT as a power-generation system is
compared here with more conventional power-generation methods
that have been used or proposed for Jupiter missions: namely, RTGs
and solar panels.

Because the performance of an EDT depends on the specific
spacecraft location and relative velocity with respect to the ambient
plasma, the power density is a function of the true anomaly. This is in
contrast with RTGs, which have virtually constant power density
throughout the whole mission. For solar arrays, the power density
can also be considered to be constant, provided that there are no
eclipses and that sun tracking is enabled. These issues make a direct
comparison not straightforward.

When the mission involves circular or low-eccentricity orbits, the
EDT is able to provide power most of the time, and one can use the
peak power density and the average power density computed along
the whole orbit as tradeoff metrics.

The peak EDT power density can be computed as

���� �
�

_W

mT �mH

�
max

(51)

wheremT is the overall tether mass (two arms) andmH is the tether-
related hardware mass (e.g., hollow cathods, deployers, etc.). The
latter can be considered to be proportional to the former through a
coefficient	. Suggested values are 	 � 2–2:5 [9], and the expression

of the generated power is given by Eq. (25). In this way, Eq. (51)
yields

�max �
kL3=2

2�ht�1� 	�
max�NeE3=2

� j�� 0; . . . ; 2�� (52)

where � is the tape-tether material density and ht is its thickness. We
will refer to aluminum tapes of ht � 0:05 mm. An aluminum
conductive tape tether of such thickness has been recently
manufactured by theUniversity of Tokyo for an upcoming suborbital
EDT experiment [24]. Similarly, the average power density over the
whole orbit yields

�av �
kL3=2

4��ht�1� 	�

Z
2�

0

NeE
3=2
� d� (53)

An additional complexity is encountered when high-eccentricity
orbits are considered. As seen in the previous sections, in this case,
the EDT will be able to provide power only in the proximity of
Jupiter, while leaving most of the orbit “power-starved.”Clearly, for
a mission for which the power-demanding operations are distributed
along the whole orbit, it is not convenient to use an EDT as the only
power-generation system, because it would imply storing a large
share of the energy in heavy storage devices. The EDT could yet be
employed in conjunction with solar arrays or RTGs to provide high
power levels around periapsis when needed (e.g., for data relay).

However, formissions using high-eccentricity orbits for which the
main power-demanding operations are concentrated around the
periapsis region, as the Juno mission, the EDT can still represent a
valid alternative to conventional systems. In this case, we can
introduce another tradeoff metric (namely, the average power
computed along a 180 deg arc across periapsis):

�per �
kL3=2

2��ht�1� 	�

Z
�

0

NeE
3=2
� d� (54)

Fig. 7 Comparison between results of a fully numerical model (gray)

and our simplified analytical model (dotted dark) for a) generated power

and b) inclination variation for a circular polar orbit of radius r�
1:06RJ using two 3-km-long, 5-cm-thick, self-balanced electrodynamic
tethers.

Fig. 8 Comparison between results of a) a fully numerical model and

b) our simplified analytical model for the power generated along an

elliptic Juno-like polar orbit (r� 1:06RJ and e� 0:947) using two 3-km-

long, self-balanced electrodynamic tethers.
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Based on Eqs. (52–54), a numerical comparison has been
conducted and the results are summarized in Table 1. The coefficient
	 has been set to a value of 2.

IX. Conclusions

A power-generation scheme involving self-balanced bare EDT in
polar orbits around Jupiter has been presented. Simple analytical
formulas were derived that allow the evaluation of the average power
produced along a polar elliptical orbit and the effect on the orbit
inclination.

Results show that usingmodestly sized tethers (two tethers of 3 km
length), peak power of the level of a few kilowatts can be obtained for
periapsis distances of less than 1.3 Jupiter radii (below Jupiter
radiation belts). As the power generated scales with the 5=2 power of
the tether length, megawatt power levels can be obtained by just
using 25-km-long tethers. The corresponding power density can
reach peak levels of more than 1000 W/kg.

As far as the inclination variation is concerned, the large angular
momentum of Jupiter orbits makes it possible to extract a
considerable amount of power while keeping the orbit close to polar.
For instance, an average power of 1 kW bears the cost of less than a
10 deg inclination variation per year in the worst-case scenario.

Finally, the design proposed in this paper can be exploited for
converting the power associated with chemical thrusters into
electrical power by performing an inclination-correction maneuver
at apoapsis. For high-eccentricity orbits, the energy obtained can be a
hundred times more than the kinetic energy of the thrusters, proving
that the largest part of the energy produced is indeed extracted from
the rotating plasmasphere.

The validity of the analytical formulation presented was checked
with a more complex numerical model, showing that Jupiter’s
magnetic axis tilt has an important effect on the instantaneous power
generated and a weak effect on orbital energy, whereas the orbital
inclination and the average power produced do not change
appreciably.
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