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The dynamics of an electrodynamic tether in a three-body gravitational environment are investigated. In the
classical two-body scenario the extraction of power is at the expense of orbital kinetic energy. As a result of power
extraction, an electrodynamic tether satellite system loses altitude and deorbits. This concept has been proposed and
well investigated in the past, for example for orbital debris mitigation and spent stages reentry. On the other hand, in
the three-body scenario an electrodynamic tether can be placed in an equilibrium position fixed with respect to the
two primary bodies without deorbiting, and at the same time generate power for onboard use. The appearance of new
equilibrium positions in the perturbed three-body problem allow this to happen as the electrical power is extracted at
the expenses of the plasma corotating with the primary body. Fundamental differences between the classical two-
body dynamics and the new phenomena appearing in the circular restricted three-body problem perturbed by the
electrodynamic force of the electrodynamic tether are shown in the paper. An interesting application of an
electrodynamic tether placed in the Jupiter plasma torus is then considered, in which the electrodynamic tether
generates useful electrical power of about 1 kW with a 20-km-long electrodynamic tether from the environmental
plasma without losing orbital energy.

Nomenclature

magnetic field vector
distance between the primaries

R = position of the center of mass of the

electrodynamic tether with respect to the
center of the corotating frame

= motional electric field R = magnltude of R .
= projection of E along the tether Ifj = Jupiter equatonal radius
= electrodynamic force u = tether unit vector
= specific electrodynamic force Vi = velocity of th? plasma )
= gravitational force Vse = spacecraft orbital velocity
= specific gravitational force Veel = relative velocity between the spacecraft and
= tether length the plasmasphere
= spacecraft total mass w = tether width . R
= mass of the first primary (Jupiter) 0 = angle bf:tween the tether unit vector & and
= mass of the second primary (Io) magpet{c field B
= electron mass n=GM = gravn;atlona; parame.ter
= local electron density of plasmasphere b = tether electnq potenha}
= electron charge @, = plasma electric potential
@ = angle between B and vy
€ =(0,0,2) = angular velocity of revolution of the two
primaries
Q=,/ % = Keplerian angular velocity of revolution of
the two primaries
® = angular velocity of the body
Subscripts
sc = spacecraft
1 = first primary (Jupiter)

second primary (Io)

1. Introduction

HE three-body orbital dynamics of an electrodynamic tether

(EDT) is investigated, together with power-extraction capa-
bilities when the EDT is placed in the equilibrium positions of the
perturbed circular restricted three-body problem.
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The orbital dynamics of EDTs have usually been investigated with
a two-body description of the motion of the system’s center of mass
around the central body. The tether is modeled as a rigid dumbbell,
with attitude uncorrelated to its orbital dynamics. Even with such a
simple model, complex dynamical features and nontrivial stability
properties appear, as already outlined by many authors (see [1,2]).
The Lorentz force coming from the interaction of the cable with the
plasmasphere can conveniently be used for propellantless propulsion
[3], for example in orbit raising and lowering maneuvers. Several
applications of such a concept have been considered in the past (see
[4-7]). Significant flight and development activities have also been
conducted on EDT systems (TSS-1, TSS-1R, PMG, and ProSEDS).
Furthermore, EDTs have been demonstrated to be capable of
extracting power from space plasmas, i.c., from the plasmasphere of
a planet or the solar wind [8]. Relevant applications at Jupiter have
been proposed [9-12]. For these reason an EDT can seriously be
considered as a future efficient tool for power generation and maneu-
vering in all space applications where an appropriate plasmasphere
(intended as plasma plus magnetic field) is present [13].

The dynamics of an EDT in a three-body gravitational environ-
ment has received a lesser attention than the two-body case.
Pioneering studies of tethers in the three-body environment were
done by Colombo [14] and, later, by Farquhar [15]. These studies
investigated a cable-connected satellite for station-keeping around a
collinear libration point. Subsequent works were done by Misra et al.
[16] and Wong and Misra [17,18], and recently by Peldez and
Scheeres [19,20] and Sanjurjo-Rivo et al. [21]. A recent study lead
by the Advanced Concept Team of the European Space Agency
investigated the dynamics of tethered satellites at Lagrangian points
[22]%. The lack of studies of EDTs in the three-body is justifiable
when we consider that in the Earth—-moon system the presence of a
third body, the moon, can be treated just like a perturbation for low-
Earth-orbit applications. This is not true when we deal with more
general cases and with planetary systems like Jupiter.

Jupiter offers a unique environment for an EDT, due to the
outstanding morphology of its magnetosphere and the fast rotation of
the planet. All around the orbit of the Galilean moon lo, a region of
increased plasma density called the plasma torus modifies and affects
the Jupiter magnetosphere. The presence of the plasma torus is a
consequence of the volcanic activity of the moon Io and its strong
tidal heating. The motion of a spacecraft within the Torus is influe-
nced by two main gravitational attractors, Jupiter and Io. Further-
more, all the Lagrangian points of the Jupiter-Io-spacecraft system
are contained inside the torus. At first approximation, the motion of
an EDT-spacecraft inside the torus can be described by the equations
of the circular restricted three-body problem, with the addition of the
electrodynamic force produced by the interaction of the EDT with the
plasmasphere.

In this paper we show that a whole family of new dynamical
features appears when we study the tether dynamics by using the
dynamical paradigm of the circular restricted three-body problem.
Relevant consequences on power production and spacecraft maneu-
vering can be inferred, like for example the possibility to extract
power while maintaing a quasistable position with respect to the
corotating frame. As an example, the case of Jupiter—Io EDT system
is considered and analyzed here in detail.

The paper is organized as follows. The basic principles of an EDT
operating in the generator mode are recalled, in order to show the
relations describing the self-powering of a bare EDT. After that the
three-body dynamical model has been derived, and the equilibrium
positions obtained. A new family of equilibrium positions (extending
the classic Lagrangian points) appears as a function of the electro-
dynamic force. Energy considerations lead to the evaluation of the
electrical power that can be extracted from the environmental plasma.
We have obtained a simplified model for the evaluation of the
equilibrium positions, and we have verified the results with a higher
fidelity numerical model. The model has then been applied to the
planetary system composed by Jupiter-Io EDT, showing that

kilowatts of useful power can be obtained by using tethers of
moderate length, in condition of optimal matching of the load
impedance.

II. Power Generation Equations

We consider a bare EDT [23] of length L and rectangular section
w % h (tape tether), mounted on a satellite with a load impedance Z...
The motion of electric charges of the conductor with respect to the
background magnetic field is responsible for a motional electric field
(EF) E, given by:

E :(V,,C—Vp])XB (1

where the plasma is assumed to be frozen to the magnetic field. The
motional EF projected along the tether line, E, = E - &, provides the
potential that drives the electrical current flowing along the tether.
Figure 1 shows a schematic model of the tether.

When ohmic losses are neglected, the electric circuit equation is:

EL=Ez +2Z1I )

where it was assumed no impedance of the plasma contactor at the
cathode, Z. is the impedance of the load, and z* is the zero-bias
position along the tether, measured from the anodic tip. Ohmic losses
cannot be neglected in presence of a dense plasmasphere, but they are
negligible for the less dense plasma of Jupiter and a low-resistance
wire. For the plasma density of Jupiter, the tether radius is much
less than the debye length and the electron Larmor radius and,
consequently, electrons are collected according to the Langmuir’s
orbital motion limited (OML) model [24,25]. Under the OML
assumptions, the collected current is a function of the tether-line
abscissa z [23]:

dl 2w q

dZ e Ggelle sz E.‘( = Z-) (3)

After analytic integration of Eq. (3) the current profile /(z) can be
obtained with the condition /(z = 0) = 0, and the length-averaged
value I,,, = (1/L) ff 1(z) dz is given by (see [1] for the derivation):

2
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and { = z*/L is the nondimensional zero-bias position.
The power that can be extracted at the load is a function of {:
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Fig. 1 Bare tether schematic (generator mode). The two graphs show
the profiles of the current I, of the tether potential ¢, and of the plasma
potential ¢, as a function of tether abscissa z.



and it has a maximum at {,,, = 3/5. The optimal power condition can
be obtained with an appropriate control of the load impedance. The
optimal impedance Z;" is proportional to the following set of
parameters [ 1], which is variable along the trajectory as a function of
VE,/N.,

1 E,
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The Lorentz force due to the interaction of the current with the
magnetic field is:

L ~
Fo= [ 1)di < B =1, Lbi x5 ®
0

where b is the unit vector of the magnetic field vector B, and the
current is parallel to the line element of the tether. The unit vector i is
assumed to have the same direction of the conventional electric
current, pointing from the cathode to the anode. The tether current
flow involves a particular caveat when dealing with rotating tethers,
whereby cathode and anode reverse one another during each tether
rotation. Substituting Eq. (4) in Eq. (8) yields:

F, =10(1 —%&);VQLB;% % b 9)

Equation (9) shows that the Lorentz force is proportional to:
Fy o n,BE" wL5? o n v} B/ 2wl (10)

The scaling of the Lorentz force as a 2.5 power of the length
enables the extraction of significant power levels from the
plasmasphere using tethers of moderate lengths. In fact, the electrical
energy extracted by the EDT during an infinitesimal time step is:

€load = ¢Ioadlm'gd[ (] l)

and the associated electrical power is:
2 P
Pcl=Fcl'vrcl=[0(1_gg)z;—j/zLB(HXb)'vrcl (12)

The maximum power can be obtained when the tether line # is both
perpendicular to the magnetic field and to the relative velocity vector;

in this situation we have (i x b) - 9,, = 1 and the power is:

4w q. 2
Pa=7_dntaBL /zm—e\/E(l = 59“)5”2 (13)

E_ike the clectrodynamic force, the electrical power P, scales as
i

From a thermodynamic point of view, the EDT can be seen as a
machine capable to convert directly the kinetic energy of its motion
into electrical energy, by virtue of the induction law. The
environmental plasma allows the closure of the electrical circuit
and the possibility to have a current flowing through the tether and
possibly a load. The kinetic energy associated with the relative

motion is:
1 1 E 2
o =3k =3 i) -

where E = v, B sing, and ¢ is the angle between v, and B. The
efficiency of power production of the EDT can be expressed as the
ratio between the electrical power at the load and the total available
power:

P,
n==a (15)

srel
Ekin

In the following discussion we will assume the load impedance
being actively controlled (for example by using variable resistance),
in order to track the condition for optimal matching.

III. EDT Three-Body Motion

The tethered satellite is assumed to have a rectilinear rigid shape of
length L with total mass m. The center of mass of the satellite is the
point C and the unit vector defining its orientation is @ (Fig. 2). The
gravitational potential acting over an element mass dm of the tether
placed at a distance R, from an attracting center is given by:

;,[.
Ve =— fm R, dm (16)

The ratio 1/R,, can conveniently be rewritten using Legendre
polynomials:

1 1 1 &
— = =— —1)"A"P,[cos (17
Ru‘m R+/1+ 2Acos Y+ kz R g( ) [ y]

Substituting Eq. (17) into Eq. (16) the gravitational potential
becomes:

Ve =—"8 (1 oo Z(—])"(%)nanP,,[cos ]/]) (18)
n=2

Equation (18) shows that the potential is given by the sum of a
zeroth-order term —mt /R corresponding to the potential of a point
mass and a power series of the ratio L /R, where L is the tether length
and R the distance of center of mass C of the tether system from the
attracting primary. The ratio L/R is usually small and the
corresponding terms negligible, but this condition does not hold for
an extremely long tether or for a tether orbiting very close to one of
the primaries.

The resultant of gravitational forces can similarly be derived:

_ (L) ;
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Fig. 2 Gravitational actions on the tether.



In the limiting case when the ratio between tether length L and
distance R from the gravitational attractor is small, the gravitational
force coincides with the point-mass Newton law:

L/R — 0: Fgr:—%k (24)

When placed in a three-body environment the gravitational
attractions of the two primaries M, and M, must be summed together.
Here we will assume M, > M,, and we will indicate with the
subscripts 1 and 2 the relative distances between the tether center of
mass from M, and M,, respectively. The motion of the center of
mass, expressed in the synodic frame (the frame corotating with the
primaries), is expressed by the classical circular restricted three-body
problem (CRTBP) equations plus the perturbation due to the EDT
electrodynamic force:

Ha

] __Rz +£,  (25)

R+29xR+Rx(SExR) R

with the assumption of a vanishing L /R ratio. When the tether length
is not negligible, the full gravitational force of Eq. (19) must be
considered. The nondimensional form of Eq. (25) is:

Fodim Ut -2E-vy+29 o6

P Pz md<2?
U2 Fc].v
2U=p——L - - 27
- v v F,.
f=—st-Sl+—== (28)

o0 py md?

where (&, n, {) are the nondimensional coordinates of the orbital
position. Length, mass, and time have been, respectively, non-
dimensionalized with the distance between primaries d, the total
mass of the planetary system M| + M, and the inverse of the mean
angular velocity of the primaries 1,/€2. Figure 3 shows the geometry
of the synodic frame with the nondimensional coordinates (£, 1)
centered in the center of mass of the planctary system (with
M, > M,).
The nondimensional mass parameters of the two primaries are:

M,
-]l -y = 29
¥ 2T+ M, 29)
M,
=M+ M, (30)

and the nondimensional distances of the center of mass of the
spacecraft from the two primaries are:
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Fig. 3 Geometry of synodic plane with nondimensional quantities.

pr=vVE+L)+n+8 (31)

p=VvE-—v) +P+7 (32)

From Eq. (31) and (32) together with Egs. (26-28), it can be shown
that in the unperturbed case the equilibrium points must lie in the
intersections of two circumferences with their centers in (—v,, 0) and
(v, 0) and radii equal to p, and p, respectively.

The system of Eqs. (26-28) describes the dynamics of an active
electrodynamic tether in a three-body case, which corresponds to a
perturbation of the classical three-body problem, with a perturbing
force due to the specific Lorentz force f;.

When f,, = 0, the system falls back to the case of the classical
circular restricted three-body problem, with equilibrium positions
consisting of the well-known five Lagrangian points. Small
oscillations around Lagrangian points are expressed by the usual
linear-variational solution of Szebehely [26]:

|:$i| = I:Cil } cos(s, 1) + I:Sil } sin(s, 1)
n C, S
C, Sy |
+ |:C-2 i| cos(s,t) + {S-gj| sin(s,1) (33)

Eigenfrequencies at triangular points have the closed form

S = Im[\/(1/2)(—l £ /1 =27v,(1 —v,y))]- Q [rad/s] (34)

expressing a motion that is a combination of short-period terms,
associated with the eigenfrequency s; and long-period terms,
associated with s,. The two characteristic eigenfrequencies are a
function of the planetary system parameter v,.

The system of Egs. (26-28) has no closed analytical solution, and a
numerical analysis is required to solve for the trajectories. However,
key features of this dynamical system can be derived with a
qualitative dynamics analysis. In the following section equilibrium
positions of the perturbed CRTBP are obtained, and the EDT
equilibrium is analyzed.

IV. Equilibrium Positions

When the EDT orbits in a three-body environment with a
plasmasphere, the Lorentz force [Eq. (9)] perturbs the natural three-
body motion and equilibrium positions different than Lagrangian
points appear. When placed in these positions, the satellite can stay in
equilibrium with respect to the synodic frame, because of the nonzero
electrodynamic force acting on the tether.

The equilibrium positions in the perturbed case are the singular
points (null acceleration and velocity) of the dynamical system
described by Eqs. (26-28). The singular points are the solutions of
the following equations:

z(er “2)+ (5*V|)—<§+f§ (35)
LW W
p?n+pgn—n+f,, (36)
Arplioy a7
R S

where f;, f, and f; are the three nondimensional components of
the perturbing force,

(fe. fy o) = (Fao/mdQ*, Foy, /mdQ? Fy . /mdQ*)  (38)

with components expressed in the synodic frame. From the system of
Egs (35-37) the locations of the equilibrium positions (£, 1, {) can
be readily found, as a function of the perturbing electrodynamic



force. Equation (37) shows that the equilibrium positions outside the
orbital plane of the two primaries are theoretically possible:

fe

o=—Fm—"—73
T/t /o

(39)

When the out-of-plane force vanishes f; =0, the equilibrium
positions lie on the orbital plane ¢, = 0. In our simplified model of
the electrodynamic force for the EDT we have assumed f; ~ 0; thus,
no equilibrium positions exists in the out-of-plane region.

Making the substitution t=1/p} and x=1/p} the two-
dimensional system of Egs. (35) and (36) yields:

vi+v) mE—-v)||t]|_ §+fg]
[ vin 1a1] :I[X]_[?H'.f,, @0

The determinant of the matrix on the left-hand side of Eq. (40) is
V1,7, and for 5 # 0 the matrix can be inverted to obtain (z, x).
This corresponds to searching equilibrium positions outside the
axis 1 = 0 that joins the two primaries. Solving Eq. (40), the two
distances p,, p, of the equilibrium point from the two primaries are
found as:

mn
= 41
& \/vm+fsn+f,,(v1—$) ke

Vai]

p= \/Vzl? —fn+ fn+ 8

(42)

For (f%, f,) = (0,0) the external force vanishes, the distances
from the primaries become unitary p; = p, = 1, and the equilibrium
positions are the classical triangular Lagrangian points: (&,, 1,)=
(1/2— vy, £4/3/2).

For (f¢. f,) = (f, 0) the force acts purely in a direction parallel to
the synodic & axis. In this case, Egs. (41) and (42) show that the
dependence of p,, p, on the £ coordinate disappears and an analytical
solution of the equilibrium points (&, ny) can be readily obtained:

I L 1—v, \¥2 1f v, \¥
EO_E_Uz_I_E(]_Uz‘f'fs) _E(Uz—fg) G

No=

4 ( 1—v, )2/3 {1 a 1( 1—u, )2/3 1 ( V, )WT
1—U2+fE 2 2 1_U2+fg 2 Uz—‘fg
(44)

For (f, f,,) # (0,0) the perturbing components are both different
from zero; no closed form exist, and the equilibrium position must be
derived by means of a numerical method.

Interesting properties of the equilibrium locations can be inferred
when we shift to a polar coordinate system (r,,«), by making
the substitutions: £ = r,cos« — v, and 1 = r,sine, with r, the
nondimensional radial distance from the first primary M, (see Fig. 3).
In this new set of coordinates the distances from the primaries take
the form:

p! = rn (45)

pr=ri+1-2r,cosa (46)

On the circle centered in M, and joining the triangular points
with the second primary the radius r, is unitary, r, = 1, and the
components of the force necessary for maintaining the equilibrium
positions take the simple expression:

[A-G] e

where p;, =1 and p, = +/2—2cosa. Equation (47) is the
nondimensional force that the tether (or any other thrust-device) must
supply to remain stationary with respect to the synodic reference
frame at a given angular position « in the circle joining the triangular
points with the second primary. In dimensional units the magnitude
of the force is:

1
F= mdQl,ffg + f% = mdQZVgpz

E_ l‘ (48)
2

Equation (48) shows that no external force is required to maintain
an object at || = 60 deg, that is at a triangular Lagrangian point, as
expected. Figure 4 shows the two components f;, [, of the
electrodynamic force from Eq. (47) of the nondimensional force vs
the angle «, for all admissible values of the mass parameter
0 < v, < 1/2. Note that a null external force is required at the
Lagrangian triangular points (o = 60°, o =300°). Singular
conditions occur at ¢ = 0° = 360°, where the angular position of
the second primary is reached by the spacecraft.

Figure 5 shows the nondimensional force as a vector field
superimposed to the synodic plane of the Jupiter-lo system (v,=
4.7 x 1073). In the figure Jupiter is placed at (—v,, 0), Io at (v,, 0),
and the five Lagrangian points are marked with a cross. The circle
centered in Jupiter and joining Io with the triangular points is marked

1 iy . .
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Fig. 4 Graphs of a) nondimensional force component f;, and b) f,
required to maintain an equilibrium position with respect to the synodic
frame as a funciton of the angle «.



os S~ k.‘\ | ,/
;] - ._:-\ 1 J:,:"/// '\‘
iy

45 4 05 0 05 1 15

Fig. 5 Nondimensional force components (f;.f,) required to stay in
equilibrium in the synodic frame at locations (marked by dots) different
than classical Lagrangian points.

with a dotted circle. Each arrow in the figure shows the direction and
the magnitude (with different scales as explained later) of electrody-
namic force required to keep the spacecraft in equilibrium with
respect to the synodic frame at locations different from Lagrangian
points, Two main zones can be identified. The first one is a narrow
zone encircling the circle centered in Jupiter and joining Io with the
triangular points. In this region the force has its smaller magnitude (a
scale %2500 has been used for visualization) and has a nonnull
tangential component. The second region is the remaining part of the
synodic plane, which is cut into an inner and an outer zone by the
orbit of To. In this region the force is predominantly directed in the
radial direction, pointing outward in the inner region (0 < r < 1) and
pointing inward in the outer region (r > 1).

V. Self-Powering at Equilibrium Positions

When the EDT is placed at an equilibrium position away from a
Lagrangian point, a nonzero electrodynamic force acts upon it, and
the EDT can supply electrical power to the spacecraft itself. The
region of allowed equilibria for technologically feasible tethers lies
inside the narrow region encircling the circle centered in M, and
joining the triangular points with the second primary. When
M, < M, as in all practical cases of the solar system, the equili-
brium points are all placed very close to the orbital path of the second
primary, and their effective location is a function of environmental
parameters (i.e., plasmasphere and planetary system), tether size, and
plasma collection device.

In a general case, the attitude of the tether affects the magnitude
and orientation of the electrodynamic force, and consequently the
location of the equilibrium points. Assuming the EDT is self-
balanced [27], the force vector acts on the center of mass of the
system, and no net electrodynamic torques affect the orientation of
the system. Under this hypothesis the equilibrium locations of the
EDT can be obtained by considering only the effect of electrody-
namic force, substituting the electrodynamic force [Eq. (8)] in the
equilibrium equations of the three body [Egs. (35-37)]. A nonlinear
least-squares algorithm has been used to find the roots of the system
formed by Egs. (8) and (35-37). A family of equilibrium locations
has been obtained, stemming from the unperturbed triangular
points L, and Ls. Numerical examples are shown in the following
paragraph.

A useful simplified model has been derived to describe the
powering conditions, under the following hypotheses: 1) the tether
system is contained in the synodic plane (£, ) and points toward M ;
2) the tether system is above the stationary orbit of M ; 3) aligned and
centered magnetic field generated by the first primary and rotating
with the angular velocity of the primary £2,; and 4) orientation of B is
from north to south (as in Jupiter and Saturn), thus, in the synodic

plane the unit vector of Bis b = (0,0, —1).

Under these simplifications, when the tether is at equilibrium
(meaning that it has a zero velocity with respect the synodic frame),
the projection of the motional electric field on the tether is simply
given by:

E,=B-d- (2, —Q+ Qu,cosw) (49)

The Lorentz force vector, with its components expressed in the
synodic frame, has the following simple expression, which repre-
sents a counterclockwise force, tangential to the orbit of the second
primary mass:

9F, = Fyuil x b = F (- sina; cos a; 0) (50)

where the force magnitude is given by:

Fy= Gq; /2 ET) (1 = %c) G (WL (n,BVE)  (51)

In these expressions the tether line 2 = (cos a; sin «; 0) takes into
account the direction of the current, which is imposed by the
motional electric field pointing outward.

As shown previously a nonzero electrodynamic force is required
to keep the EDT system in an off-Lagrangian equilibrium position.
The scalar product of this force with the velocity relative to the
plasma gives the ideal electrical power generated.

Under the hypotheses of the simplified model the ideal power for a
tether placed at an angle «, along the orbit of the second primary is:

Pid = lm,gLBd(Q - Q; — Qcos G’.'()Uz) (52)

In the two-body case, the mass parameter v, vanishes and Eq. (52)
simplifies to:

Pid = IzlngBd(Q - Ql) (53)

From the comparison of simplified expressions Egs. (52) and (53),
some important differences between the classical two-body case and
the three-Body case can be inferred. In the two-body case the ideal
power is simply driven by the difference (2 — £2,) between the
orbital and plasma angular velocities. In the three-body case the ideal
power is reduced by the small term cos oy v,. The reduction term is
of geometrical nature, and is due to the displacement between the
centers of rotations of the plasmasphere and the corotating frame.
The reduction term reaches the maximum value of 0.5 only in the
limiting case when the planetary system has M, = M, and the
equilibrium point reaches o = 0 at the location of the second
primary. In all cases of practical relevance within the solar system, the
mass parameter is always small, v, < 10~ (except for system of
asteroids), and the reduction of power due to the three-body effect is
negligible. As a result, the power obtained in the three-body case is of
the same order of magnitude of the two-body case, but has the
additional feature of keeping the spacecraft at an equilibrium point
without deorbiting.

VI. EDT in the Jupiter Plasma Torus

By using the model described in the previous sections, the
dynamics of an EDT satellite inside the Jupiter plasma torus has been
studied as a special case. Jupiter offers several attractive advantages
for EDTs, due to its high rotation rate, strong magnetic field, and
nonnegligible plasma density. The presence of the plasma torus all
around the Io’s orbit makes this region an attractive location for an
EDT, both for power generation and propellantless maneuvers. High
power levels (kilowatts and more) can be obtained by means of an
EDT in the Io torus. These power levels could be of great interest for
Jovian missions, which are always handcuffed by the scarcity of
power.

The Jupiter magnetic field rotates at the same angular velocity of
the planet, with velocity vy = Q,r, where Q| a2 1.76 x 107 rad/s



is the Jupiter angular rotation rate and r is the distance in the
equatorial plane. Because of the high rotation rate of the planet, the
stationary quote is relatively low at 2.238 R, and the velocity of the
mangetic field at Io’s orbit (5.9 R;) is about 74 km/s. As a
consequence, a spacecraft co-orbiting on the same orbital path of Io
(v ~ 17.3 km/s) has a velocity relative to the Jupiter’s magnetic
field v, = 57 km/s, that results in a motional electric field E =
0.1 V/m for a local magnetic field B = 2 x 107% T. The resulting
electrodynamic force for a spacecraft placed in that location is a
thrust force directed along the orbital velocity of the spacecraft.

An aligned dipolar model has been used for the Jupiter magnetic
field:
m
3

B (r) = = [3(m - F)F — m] 54

I=

where m = me-}rfz is the magnetic dipole moment vector of the
planet, sz is its unit vector, j1,, is the intensity of the dipole [Tesla], R;
is the planet equatorial radius, and 7 is the position vector of the
spacecraft.

The electron density N, in the torus is derived from the Divine and
Garrett model [28], shown in Fig. 6 as a function of the radial distance
from Jupiter. The locations of Io and of the four inner moonlets are
marked by vertical lines in the figure. The presence of the plasma
torus can be inferred from the electron density increase around the o
orbitat 5.9 R;.

The expressions of equilibrium locations given by the system of
Egs (35-37) plus Eqgs. (50) and (51) have been used to size tethers
capable of maintaining the spacecraft in equilibrium in the corotating
frame of the Jupiter-Io system. The angle e, identifys the equilibrium
position of the tether on the circle centered in Jupiter and joining Io
with the triangular points. It has been numerically determined for a
set of cases as a function of the parameters L, w, m, that are the tether
length, tether width, and spacecraft mass, respectively. As expected,
we found that the EDT parameters influence the magnitude of the
force and, consequently, the location of the equilibrium point.
Figure 7 shows for a 5 cm width tape tether the equilibrium angle «,,
vs the spacecraft mass ranging from 200 to 1200 kg, for five tether
lengths L = 8, 10, 20, 30, 40 km. As can be seen from Fig. 7, a short
tether is sufficient to stay in equilibrium near a triangular point. The
more the position moves away from a triangular point toward the
second primary (Io), the longer is the tether required or the smaller
the satellite mass. This in turn implies that a greater electrodynamic
force must be exerted to stay near the second primary body. For
example, a tether with a constant length of 10 km, and a suitable
spacecraft mass can have equilibrium positions within the range
o =34 to 52°. Using a controlled variable-length tether and a
constant-mass spacecraft, the equilibrium positions can be moved in
region very close to the Io’s orbital path and inside the plasma torus.
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Fig. 6 Electron density at Jupiter according to Divine and Garrett
model (adapted from [28]).
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Fig. 7 Equilibrium locations of an EDT as a function of the angle & in
the Jupiter-Io system, on the orbital path of the second primary (lo).

The equilibrium positions coincide with the classical triangular
points at « = 60 deg only when the electrodynamic force is equal
to zero.

The useful power extracted by the EDT at equilibrium is shown in
Fig. 8, for the librating tether case. The ideal power given by Eq. (12)
can be converted into about 30% for a librating tether, and 20% for a
rotating tether (see [1] for details). The power is proportional to the
tether length, with a law P oc L%/?, as mentioned earlier and also
shown in this figure. Kilowatt level of useful power can be delivered
by the EDT to the spacecraft, by extracting the energy from the
Jupiter plasmasphere.

VII. Numerical Simulations

A set of numerical simulations with an upgraded 3D model was
carried out. This model integrates the 3D orbital dynamics of a rigid
dumbbell satellite in the three-body system [as described by
Eq. (25)], plus the two angular degrees of freedom of its attitude
dynamics. The two attitude angles evolve under the effect of the
external gravitational torques of the two primaries. The numerical
integration of the governing equations is carried out with a standard
Adam-Bashforth—-Moulton 1 1th-order predice-evaluate derivatives
correct-evaluate derivatives routine [29]. A detailed description of
the code implementing this model, together to its validation for a set
of relevant cases of both orbital and attitude motion, can be found in
[22]. A tilted dipolar magnetic field of Jupiter is considered to model
the perturbing effects due to the oscillating field. The Divine and
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Fig. 8 Useful power at equilibrium for a librating tether vs spacecraft
mass.
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Fig. 9 Graphs of a) EDT at equilibrium in the Jupiter-Io system, and
b) small oscillations around the equilibrium position.

Garrett model [28] is adopted for the plasma electron density. The
higher fidelity model confirmed the results obtained with the
simplified model, finding that the EDT can remain in equilibrium at
off-Lagrangian locations. Several values of mass, length, and width
were considered, in order to identify the equilibrium position for each
configuration.

Figure 9a shows a 20 km tether of 5 cm tape width and a 600 kg
mass spacecraft in equilibrium in the corotating frame of Jupiter and
To, for a simulation time ¢ = 407, ~ 70.76 days (Io’s T, = 1.77
days). The position of the spacecraft is at t; = 29.63°, marked with
the arrow-tail sign in the figure. The simplified model predicts an
equilibrium position at ¢, = 29.75°, in accordance with the higher
fidelity model. Jupiter and Io are to scale, and their triangular points
are also marked in the figure. Figure 9b depicts small oscillations
around the equilibrium point that exhibits a motion characterized by
two eigenfrequencies, analogous to the unperturbed motion around
the natural Lagrangian points. The two eigenfrequencies of the
classical circular restricted three-body problem [26] are expressed by
Eq. (34).

A Lorentz force of about 0.06 N is exerted on the system,
producing a useful power of about 1130 W for onboard use (see
Fig. 10). The perturbation due to the other Galilean satellites is
always smaller than this electrodynamic force. The main pertur-
bation is given by the attraction of Europa and Ganymede, being in
the worst case 1 order of magnitude less than the electrodynamic
force. However, the effect of the other moons could not be com-
pletely neglected because of the Laplace resonance 1:2:4 between the
orbital periods of Io, Europa, and Ganymede, that can lead to a
pumping effect to a satellite placed on the Io orbit. These kind of
effects are not addressed in the present study. Numerical simulations
with a four-body simulator have revealed that equilibrium can be

0.0644

0.0644
0.0644
0.0644

[N]

el

Magnitude of F

0.0643
0 10 20 30
i
rev
a)
1134
1133.9
g 1133.8
ﬂ_j
5 11337
=
o
0 11336
2
§ 1133.5
1133.4
1133.3
0 10 20 30
T
rev
b)

Fig. 10 Graphs of a) electrodynamic force, and b) generated power vs
orbital revolutions (Io’s T,., =1.77 days) by a 20-km EDT at
equilibrium at Jupiter obtained with the higher fidelity model
EDT3BODY. These results are in accordance with the simplified model,
which gives F,, = 0.064 N and P, = 1082 W.

reached also in the perturbed case and the equilibrium is disrupted
after a long period of time.

VIII. Conclusions

The Lorentz force produced by an electrodynamic tether placed
inside the plasmasphere of a three-body planetary system has been
considered, with a focus on system dynamics and power generation
at equilibrium points. The Lorentz force produced by the tether
through the interaction with the superrotating plasma sphere perturbs
the natural Lagrangian equilibrium points, and new equilibrium
positions appears with respect to the synodic frame corotating with
the primary bodies. The equilibrium is among the two gravitational
forces of the two primaries, the inertial forces and the local Lorentz
force.

The results of simplified model developed to derive the equilibria
locations in the synodic plane shows that for technologically feasible
tethers those points are located along the circle centered in the first
primary and joining the triangular points with the second primary.
Differently from the two-body case, in the three-body scenario an
EDT can be placed at equilibrium position and at the same time
generate electrical power, without deorbiting. The electrical power is
generated at the expense of the corotating plasma energy.

A higher fidelity numerical model confirmed the presence of
equilibrium positions and the possibility to place an electrodynamic



tether in their neighborhood while extracting power from the
environmental plasma.

The present analysis has been applied to the Jupiter-Io system,
where the presence of the plasma torus make this region an attractive
place for an EDT to operate. An EDT in the plasma torus can generate
in a continuous way kilowatts of useful power (with a tether length of
order 20 km and more), that can be used on board the spacecraft.
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