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Periodic Solutions in Electrodynamic Tethers on Inclined Orbits
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A new kind of dynamic instability affecting electrodynamic tethers flying in inclined orbits has been recently
investigated. After assuming a rigid tether model, a nontilted dipole model for the Earth magnetic field, and a
constant tether current, the system governing equations are forced by electromagnetic terms with orbital period.
The orbital inclination i and the nondimensional ratio €; between the magnitude of the electrodynamic forces
acting on the tether and the vertical gravity gradient are the leading parameters in the model. When £ =0, the
system has a sole stable equilibrium position with the tether aligned with the local vertical. When &; # 0, the
governing equations have periodic solutions with orbital period because of the frequency entrainment with the
forcing terms. There is a special periodic solution that plays an important role in the analysis and that reduces
to the stable equilibrium position when £; — 0. Previous analysis of the nonlinear equations have been made by
using asymptotic techniques in the limit e; — 0. In this paper we introduce an algorithm based on the Poincaré
method of continuation of periodic orbits, which allows the extension of the analysis to values of ¢ of order unity.
This algorithm also leads to other periodic solutions that cannot be uncovered by using asymptotic techniques.
Unfortunately, these other periodic solutions exhibit a stronger unstable behavior than the first family of solutions,
and they are not suitable for the operation of an electrodynamic tether.
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amplitude of the 8 oscillation, nondimensional
amplitude of the ¢ oscillation, nondimensional
radius of the center of mass circular orbit, km
Jacobian elliptic function

voltage drop between the two tether ends, V
vector field of a dynamical system
electrodynamic torque factor, defined in Eq. (19)
n x n identity matrix

tether current averaged over the total length, A
current distribution along the tether, A

orbital inclination, deg

imaginary number

complete elliptic integral of the first kind
stability index of a periodic orbit

tether length, km

tether mass, kg

mass of the endmass, kg
ionospheric plasma density, m~
center of mass; origin on the orbital frame
distance from the orbiter end O, m

Jacobian elliptic function

period of an orbit, s

time, s

vector state of a dynamical system

7 4/3, appearsin Eq. (27)

electrodynamic parameter, defined in Eq. (18)
electrodynamic parameter, defined in Eq. (1)
tether in-plane angle, rad

= eigenvalues of the monodromy matrix
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" = Earth’s gravitational constant, km?*/s?
W, = magnetic moment of the Earth’s dipole, T - km?
v = true anomaly of the orbit of O, rad
Vg = phase of the # oscillation, nondimensional
Vo = phase of the ¢ oscillation, nondimensional
Vo = initial true anomaly, rad
I3 = initial conditions of a orbit
o = free parameter of a dynamical system
and true anomaly in the unperturbed problem
7 = tether out-of-plane angle, rad
1) = angular frequency of the orbit, s~
() = d()/dvord()/dr
Introduction
LECTRODYNAMIC tethers'™* are among the leading

applications of tethers in space transportation. Nowadays, we
witness a renewed interest in their capabilities, which is based on
their potential utilization in present or near future missions. For ex-
ample, the main goal of the Propulsive SEDS (ProSEDS) mission,>-®
scheduled to fly in the spring of 2003, is to check the validity of the
bare tether concept. An electrodynamic bare tether will be used in
the generator mode to produce electrodynamic drag with the pri-
mary goal of reentering a Delta-II second stage quickly from orbit.
The use of an electrodynamic tether as thruster’”® has also been
proposed in several scenarios.

Dynamics simulations of electrodynamic tethers on circular and
inclined orbits show a very complex motion driven by the electrody-
namic forces acting on the conductivetether. These forcesdependon
the current flowing in the wire, the tether characteristics—material,
diameter, and so on—the Earth magnetic field, the ionospheric
plasma density, the orbital velocity, and the tether orientation. They
drive the in-plane and out-of-plane motions of the tethered system.
For flexible tethers the system equilibrium positions can be unsta-
ble, as Levin® Beletskii and Levin'® have shown (see Ref. 9 and also
Ref. 10, pp. 268-322).

However, anew kind of dynamicinstability''~'* has beenrecently
pointed out for electrodynamic tethers, which is independent of the
tether flexibility.In Refs. 11 and 12 a simple model has been used to
describethe dynamiceffectsofthe electrodynamicforces. The tether
is modeled as a rigid rod with point masses at the ends. The orbiter
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mass is assumed very large with respect to the rest of the system, and
the orbital decay is neglected. A nontilteddipole model for the Earth
magneticfield and a constanttether currentare assumed. The system
dynamicsequationsare forced by the electromagneticterms, which,
in a first approximation,change periodically with the orbital period.
The strength of the forcing terms is given by the nondimensional
parameter &, defined!""!? as

3 (’Im m . .
f_.ﬂ_.sml (1)
m+3mg |

& =
When the current is null (¢; =0), the system has one stable equilib-
rium position with the tether aligned along the local vertical. When
the current is different from zero, the governing equations have no
stationarysolutions. However, they have periodicsolutions. Because
of the well-known frequency entrainment phenomenon, typical of
this kind of forced systems (see Ref. 14, pp. 186-203), any periodic
solution has the same period, or an integer multiple, as the forcing
terms of the governing equations, that is, in this model, the orbital
period. There is a special periodic solution that reduces to the stable
equilibriumposition when &; — 0, which plays an importantrole in
the analysis.

The nonlinear analysis performed in Refs. 11 and 12 shows that,
within the limitations of the model, this periodic solutionis unstable
for all values of the free parameters ¢; and i. The physical reason
for the instability is that, in the long term, the electrodynamicforces
pump energy continually into the system. The net energy increase
per orbit for the periodic solution (or state space trajectory)is zero.
However, any nonperiodictrajectoryin its neighborhoodhas a com-
plex behavior with two stages of evolution. The total energy of the
system undergoes quasi-periodic changes until it reaches a thresh-
old beyond which the energy starts to grow without bound, with a
positive net energy flux per orbit. Eventually, after several orbits the
in-plane libration becomes a rotation. The mechanism responsible
for this instability depends on ¢, and i. Unlike other destabilizing
mechanisms found in electrodynamic tethers, this one is presentin
any kind of tether system with either a flexible or a rigid tether, op-
erating in the generator or thruster mode and utilizing a bare tether
or a large spherical termination to collect the ionosphericelectrons.
Moreover, the mechanism (but not the growth rate of the instability)
is independentof the presence of additional resonant force compo-
nents that can be generated by the magnetic and plasma fields.

InRefs. 11and 12 asymptotictechniqueshave beenusedto obtain,
in the limit ¢, — 0, 1) the family of periodic solutions and 2) the
monodromy matrix of their variational equations with the moduli
of its eigenvalues, which give the stability properties of the system.
That analysis holds for small values of ¢, the parameter of the
family, but it is no longer valid when ¢ is of order unity. In such a
case a different mathematical approachis required. In this paper we
describe briefly a numeric algorithm based on the Poincaré method
of continuation of periodic orbits,'> and we use it to extend the
analysis of Refs. 11 and 12 to cases in which the parameter ¢, is of
order unity.

As part of its output, the numeric algorithm gives the stability
properties of any periodic solution thatit finds. It also permits to use
eithere; ori as the family parameterof the periodic solutionsas well.
This way we can describe the evolution of the stability properties
with the orbitalinclinationi for any given value of ¢;. Apartfromthe
special periodic solution studied in Refs. 11 and 12, the governing
equations have additional periodic solutions that cannot be detected
withasymptotictechniques.The algorithmprovidesthese additional
periodic solutions and their stability properties.

The analysis would be extended to study other interesting situa-
tions. For example, the day—night cycle on the plasma density can
be modeled with an harmonic function with the same period of the
orbit. In the same way the intensity of the current mainly depends on
the ionospheric plasmadensity n., and the voltage drop between the
two ends of the conductivetether generated by the Earth’s magnetic
field(emf). Assuming, in approximation,a constantemf, the current
exhibits a dependence (latitudinal dependence) with n, that can be
modeled with an harmonic componentat twice the orbital frequency.

Both cases could be analyzed introducinga time dependence on the
parameter €. In the first case & = gy[1 4 8 cos(wt + )] and in the
seconde; = go[1 + 8 cos(Qwt + ) ]. Its effects on the stability prop-
erties of the system can be obtained with the same procedure we use
here; the study is in progress, and results will be soon presented.

Numeric Algorithm

In this section we presentthe fundamentals of the numerical algo-
rithm. Differential correction algorithms are frequently used for the
numerical computation of periodic orbits of conservative dynami-
cal systems. References 16-19 or the more recent®?! can be cited
among many others.

The algorithm used in this paper is based on the Poincaré’s con-
tinuation method of periodic solutions. A full description of the
Poincaré’s method can be found in Ref. 15. More details on the
algorithm are given in Refs. 22 and 23.

Let

x=F(x;0) 2)

be an autonomous system of n differential equations depending on
a parameter o. Any solution

x=x(t;&0) 3)

of Eq. (2) is a function of the parameter o and the initial conditions
& =x(0; & o). Let us suppose that, for a given value o = o, of the
parameter and for the initial conditions £ = &, a periodic solution
of system (2)

x(t; &5 00) = x(t + To; €p; 00) “4)

with period T > 0 is known. The Poincaré’s continuation method
deals with the problem of computing the analytic continuation of
Eq. (4) for values of the parameter close to the starting value oq. That
is, for 0 =0y + Ao new initial conditions £ = &, + A and period
T =Ty + AT are required to produce a new periodic solution of
Eq. (2).

As aconsequenceof the uniquenesstheorem for differentialequa-
tions, Eq. (4) will hold for all ¢ as it does for a value #, say, fp =0.
Therefore, the new solution shall verify the periodicity condition

x(T;&0)—€=0 3)

where the existence of the implicit functions & is directly related to
the nonvanishingof the Jacobian determinat of the left-hand side of
Eq. (5). Withregardsto this Jacobian, there are different possibilities
that depend on the existence of integrals of Eq. (2). The interested
reader is referred to Ref. 15.

Rewriting Eq. (5) as

x(Ty + AT; &+ A& 00+ Ao) — (&, + A =0 (6)

and expanding it around (Ty; &,; 0p) to the first order, it yields the
linear system

(Vex =D - AE+F(x;00) AT + %A" =—x-&)

that must be computed at (7y; &,; 0p) and where I is the n x n iden-
tity matrix.

Equation (7) provides the basic scheme for implementing the
Poincaré’s continuation method. For a periodic solution of Eq. (2),
the right-hand side of Eq. (7) vanishes because of Eq. (4), and the
linear system

+F( )AT ox )
X; —_—
o Ao do

v D as
x—D —
5 Ao
at (Ty; &y; 00) can be used to compute the initial conditions
&, =&, + AfandperiodT) =T, + A T of thenew periodicsolution
of Eq. (2) correspondingto the value oy = oy + Ao of the parameter.
Equations (8) are a tangent prediction,and, usually, they yield a new
solution that is not exactly periodic, that is, x(7}; &;; 07) — &, #0.
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In such a case new corrections A€, and A 7 should be computed
in order to satisfy the periodicity condition

x(Ty + AT &+ Agys00) — (&, +AE) =0 )

Equations (9) are formally equal to Eq. (6)—now with A =0—so
we can use again Eq. (7) to obtain the corrections. Then, iterative
corrections could be in order from

(Vex —I) - A& +Fxio) AT, = —(x — &) (10)

evaluatedat (T;; §;; o1). However, now the right-handside no longer
vanishes.

The partial derivatives of x with respect to the initial conditions
& are computed from the homogeneous variational system

Vex = (V,.F) - (Vex) (11)
starting from the initial conditions
(Vex)—o =1 (12)

that follows fromx(0; £; o) = €. Analogously, the partial derivative
dx /0o is a particular solution of the variational equations

d ( ox — (V.F) 8x+8F 13)
A AR o (

starting from the initial conditions:

ox
(g)_o =0 (14)

Equations (8) and (10) provide a predictor—corrector scheme for
computing the analytic continuationof Eq. (4). They turnoutto be a
linearsystemsof n equationsinz + 1 unknownsboth. To solvethem,
one possibility is to look for new periodic orbits of the family with
the same period (AT = 0). However, these new periodic solutionsdo
not existin general. The normal procedureis to fix one of the initial
conditions and vary the period.>* In fact, a tangent displacement is
a translation along the initial solution, which does not provide new
periodic solutions. This situation can be avoided by constraining
the variationof the initial conditionsto lie on a (n — 1)-dimensional
manifold,usually an hyperplane, which is not tangentto the solution
at &,.

The precedingalgorithmhas been successfullyappliedin Ref. 25.
The algorithm is completely analytic, and it does not rely upon
possible symmetries of the dynamical system.

Finally, note thatthe procedureis directly applicableto any nonau-
tonomous system

x=F(t;x;0) (15)

when F depends on the independent variable ¢ through periodic
functions. The Poincaré method of continuation of periodic orbits
was used by Poincaré himself in this kind of cases (see Ref. 15,
p. 145).

When F depends on time, Eq. (15) could be transformed into an
autonomoussystem at the cost of increasing the order by one unit. In
the general case, this does not yield any advantage in the search for
periodic solutions. However, when the right-hand side F(¢; x; o) is
periodic in ¢, it is possible to define a surface X, which is a global
cross section for the flow of the augmented system, and to establish
a Poincaré map in ¥ with the same period as F(¢; x; o). The fixed
points of such a map correspond to the periodic solutions of the
governing equations. The Poincaré method rests on this map, and
this is, in essence, the reason for why the algorithm also works in
those cases (more details can be found in Ref. 26, pp. 25 and 26).

In those cases the right-hand side F and the periodic solution
have the same period. This is exactly the case we deal with in this

paper [see Egs. (16) and (17)]. Therefore, AT =0, and the predictor
simplifies to

A€ ox
Vex -1 — = ——
(Vex ) Ao do

and the corrector is
(Vex =) - A& =~ — &)

Tether Governing Equations

We use the dynamics model described in Refs. 11 and 12. The
orbital frame Oxyz has the origin placed at the orbiter, the Ox
axis is along the local vertical pointing to the zenith, the Oz axis
is directed along the velocity vector, and the Oy axis normal to the
orbital plane. The position of the rigid tether in the frame Oxyz
is determined by the angles ¢, between the tether and the orbital
plane, and 6, between the tether projection onto the orbital plane
and the Ox axis. The time evolution of both angles is governed by
the equations

6 —2(1+6)¢gtang + 2sin20 = —esini
X [tan @p(2sinv cosf — cosv siné) + coti] (16)
¢+ singcosp[(1 4+ 6)* + 3 cos’ 0] = esini

X (2sinvsinf + cosv cosf) (17

where a dot means derivative with respect to the true anomaly v,
measured from the line of nodes (v = vy + wt). The tether current is
on at the initial time (¢ = 0). Instead of the parameter &, of Refs. 11
and 12, which is appropriate for the asymptotic analysis, we use
a new parameter &, which decouples the effects of the inclination
and the electrodynamic forces. Both parameters are related by the
equation

3feln b

g =¢-sini e =
m+3mg [

(18)
As a consequence, the dependence of the system dynamics on the
orbital inclinationbecomes clearer. The numeric factor f, permits a
convenientformulation of the electrodynamictorques acting on the
system that is valid for a generic distribution of the current along
the tether. The currentand f, are given by the formulas

1 L
I, 22/0 1(s)ds,

Note that f, = % for a uniform currentin the wire. For the generator
mode /,, > 0, and for the thruster mode /,, <O0.
When the tether current is null, Egs. (16) and (17) become

L
ﬁ,ImL2=/ sI(s)ds (19)
0

6 —2(14+0)¢tang + 2sin260 =0 (20)
2

@+ sing cosp[(1 +6)> 4+ 3cos’ 8] =0 1)

These equations describe the dynamics of the unperturbed system.
To obtain the time evolution of the system, Eqs. (16) and (17) [or
Egs. (20) and (21)] must be integrated from given initial conditions
at
v=1y: 60 =6, 6 =6, =9 (22)
The interested reader will find more details about this approach in
Refs. 11 and 12.

¢ = %o,

Periodic Solutions

When ¢ =0, thatis, when there is no currentin the tether, the sys-
tem is Hamiltonian, and Eqgs. (20) and (21) show several equilibrium
positions:

1) =0, ¢ =0: The tether is aligned along the local vertical
pointing to the zenith.

2) 6 =m, ¢ =0: The tether is aligned along the local vertical
pointing to the nadir.
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3) 0 =%m/2, ¢ = 0: The tether lies on the tangent to the orbit.

4) ¢ =£m/2 and 6 arbitrary: The tether is normal to the orbital
plane.

The equilibrium positions 3) and 4) are unstable, whereas 1) and
2) are stable. From the point of view of the operation of an elec-
trodynamic tether, the positions 3) and 4) have an additional, and
important, drawback: the current collected in the wire is very small
because the voltage drop across the tether, emf, generated by the
Earth magnetic field is very small. For this reason we begin our
study consideringthe stable equilibriumpositions 1) and 2). In fact,
we only study the equilibrium position 1) because the analysis of
the position 2) can be obtained from the analysis of 1) by replacing
0 for 0 + m and ¢ for —¢.

The 2 -periodic solutions of the unperturbed system [Eqgs. (20)
and (21)] are important. Notice that any periodic solution of the
perturbed system (16) and (17) should have the same period (or
an integer multiple) as the forcing terms appearing in these equa-
tions. Let us assume that we know a periodic solution 6(v), ¢(v)
of Eqgs. (16) and (17) with period T'; for such a solution the left-
hand side of those equations are periodic functions of period 7.
However, in the right-hand side you will find periodic terms with
period T mixed with periodic terms of period 2. In general, the
resulting functionis not periodic, and the equations do not fulfill un-
less T would be an integer multiple of 2. This is the well-known
frequency entrainment phenomenon typical of this kind of forced
systems.'4

We did not find periodic solutions with period 4, 67, thus, the
perturbed system—Eqs. (16) and (17)—only has periodic solutions
with the orbital period, which is 27 in terms of the nondimensional
variables. So, when ¢ — 0, any 2z -periodic solution of Eqgs. (16)
and (17) approaches a 27 -periodic solution of the unperturbedsys-
tem, that is, of Egs. (20) and (21). In summary, all of the periodic
solutions of the unperturbed system with period different from 27
will disappear in the perturbed system. On the contrary, each 2 -
periodic solution of the unperturbed system (e = 0) will give place
to a family of 2m-periodic solutions of the perturbed system for
increasing values of €.

The equilibrium position 1) is a good example. It is a steady solu-
tion of the unperturbed system, and as such, it could be considered
periodic with an arbitrary period. If we considerit as a 27 -periodic
solution, then, for increasing values of ¢, it gives place to a spe-
cial family of 27 -periodic solutions of the perturbed system, which
has been studied in Refs. 11 and 12 using asymptotic techniques
[Egs. (16) of Ref. (12)]. However, apart from this special family
there are additional 2 -periodic solutions of the perturbed system
as we will show later on in the paper.

Basic Periodic Solution

By using asymptotic techniques, in the limit ¢, — O the nonlin-
ear Egs. (16) and (17) have been analyzed in Refs. 11 and 12 to
obtain 1) a special family of 2w -periodic solutions, which reduces
to the equilibrium position 1) when ¢ =0, and 2) their monodromy
matrix and the moduli of its eigenvalues A, which give the stability
properties of the 2 -periodic solutions. The procedureused in those
papers consists of four stages:

1) First of all, Eqs. (16) and (17) are rewritten in the form

x=Fx,v,¢e,i) (23)

2) A 2w -periodic solution x,, of these equationsis obtained as an
asymptotic expansion in powers of the parameter ¢,

x,(v,81,i) Rxg+ex +eix,+ - (24)

3) Perturbing the periodic solution x =x, + 1, the variational
equations of the system (23) are set out:

n =AW, ¢&,in (25)

Here, A is a square matrix of size 4 with periodic coefficients. (It
depends on v through the periodic solution x,,.) The long-term be-
havior of this linear system is given by the monodromy matrix M

associated to the principal matrix of the system (a fundamental ma-
trix ®(v), which reduces to the unit matrix / when v =0, that is,
®(0) =1). In fact, M = ®(2x). For the sake of brevity, we refer
to this matrix M as the monodromy matrix of the periodic solution
x,, involved in the analysis because their eigenvalues determine the
stability properties of x ,.

4) Using the periodic solution (24), an asymptotic solution of
the variational equations (25) is obtained. From such a solution the
monodromy matrix M, and its eigenvalues, can be calculated as
asymptotic expansions in powers of &,

M=M0+81M1+8%M2+"'
A=Xot+er tefr

This procedureleads to the followingexpressionsof the eigenvalues
of the monodromy matrix:

Ao =1+ (/9)cotie] £ j(/6) cot’ iel + O(e}) (26)

has = 29[ 15 (7v/3/18)(1 + 4coti)j &2

—(/9) coti & + 0(8?)], a=nV3 (27)
ol =1+ (x/9) coti e} + O(e}) (28)
| A4l = 1= (/9) coti &3 + O(s?) (29)

taken from Refs. 11 and 12, where j representsthe imaginary num-
ber.

Propagation in the Parameter

We use the numericalgorithmjust presentedto obtain numerically
the exact initial conditions leading to this special family of 27-
periodic solutionsand to study their stability. Because the governing
Egs. (16) and (17) have two free parameters ¢ and i, one of them
should be fixed; in this section we fix the inclination i and take
¢ as the parameter that will be changed. (Here ¢ plays the role of
the parameter o in the preceding section, where we described the
algorithm.)

To start the procedure, we have to know a particular periodic
solution, thatis, the periodic solution correspondingto a given value
&, of the parameter that defines the sought-for family. Because we
know the asymptotic solution (24) (given in Refs. 11 and 12 up to
order &%), we selecta small value of ¢ as starting point, for example,
&, =0.01, and we use the asymptotic solution (24) to initialize the
algorithm.

Then, we increase slightly the value of the parameter up to
&, =&, + Ae. The numeric algorithm provides the initial conditions
of the 27 -periodic solution corresponding to this new value &, and
the stability properties of the 2 -periodic solution correspondingto
the old value ¢, (in fact, the eigenvalues of the monodromy matrix
associated with that periodic solution). Taking this new value ¢, as
new starting point and repeating the procedure, we close the loop.
Thus, the algorithm provides the family of periodic solutions for in-
creasing (Ae > 0), or decreasing (Ae < 0), values of the parameter.

The algorithm exhibits an interesting property: it improves dra-
matically the quality of the solution, that s, if the periodicity of the
starting solution g, is not good, it produces a new solution ¢, whose
periodicity is much better.

The results of the propagation carried out in this section are sum-
marized in Figs. 1 and 2. Figure 1b shows the periodic solutions
found numerically for i =25 deg and several values of ¢, which cor-
respond to ¢y =0.2, 0.3, 0.5,0.7, 0.8, and 0.825. Figure 1a shows
the periodic solutions given by the asymptotic analysisin the same
cases. For the lowest values of ¢, the asymptotic and numeric solu-
tions show a close agreement, but when ¢ increases the differences
become significant, as should be expected. Note that the asymptotic
solution overestimates the 6 oscillation and underestimates the ¢
oscillation. The selected value i =25 deg has not a special mean-
ing, that is, the same qualitative behavior is obtained for any other
value of 7.
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e=047324 —
£=0.70986 -
e=1.18310 -~
e=1.65634

e=1.89296 -
e=1.95212 —

b)

Fig. 1 Periodic solutions given by the a) asymptotic and the b) nu-
meric analysis for i =25 deg and different values of ¢: 0.47324,0.70986,
1.18310,1.65634,1.89296, and 1.95212.

In principle, the monodromy matrix of any of these 27 -periodic
solutions has four eigenvalues grouped in two pairs of complex
conjugatenumbers. Figure 2 shows the eigenvaluesand their moduli
as functions of ¢, for two inclinations i =25 and 45 deg. In our
calculationsmany otherinclinationshave been explored,butin these
othercases we obtainedthe same qualitativebehavior;for thisreason
we selected these values, i =25 and 45 deg, as characteristicsof the
process that we analyze here. The asymptotic expressions for the
eigenvalues [Eqgs. (26) and (27)] and the moduli [Egs. (28) and
(29)] rewritten in terms of & are depicted, as well. Figure 2 shows
the excellentbehavior of the asymptotic expansionseven for values
of ¢ close to unity.

From this analysis some important features should be stressed.
First of all, small variations of the modulus of any eigenvalue
could give rise to a faster growth of the instability. Thus, if A
changes to A(14§), after n orbits any small initial deviation
from the exact periodic solution becomes roughly multiplied by
A'(1+8)" =~ A"(1+né), which might be much larger than A".
Moreover, if A =2, for example, after n =16 orbits [~1 day in
low Earth orbit], A" 22 65,536, which is indeed a large number. The
eigenvalues A3 4 hardly change with the variation of ¢ and i. How-
ever, the eigenvalues A, , show significant growth for increasing
values of the inclination i. Note also, in Fig. 2 the differences be-
tween the scales of these eigenvaluesin both casesi = 25 and 45 deg.
As a consequence, when ¢ is of order unity the instability becomes
significant for values of the inclinationi, which are not very high.

Figure 2 shows, for i =25 deg, a special value of &, close to
1.5, for which the moduli of all eigenvalues become equal to one.
All of them are imaginary, and so there is no bifurcation to a new
periodic orbit. This qualitative behavior appears in our calculation,
approximately, when 12 deg < i <30 deg, and disappears outside

that interval (for example, such a special value does not appears
for i =45 deg). The system exhibits a neutral stability then, but
the analysis is not conclusive in this case. In effect, it would be
necessary to retain nonlinear terms in the variational equations to
elucidate the stable or unstable character of the periodic solution.
However, the correct analysis is not worth, of the effort because the
situation we are speaking about is somewhat similar to “the calm
before the storm.” Shortly after, the complex conjugate eigenvalues
A1 splitinto two real numbers when ¢ reaches a critical value *,
whichis a functionof i (whichisclosetoe* 22 1.54 wheni =25 deg
in Fig. 2), and the modulus of one of the eigenvalues A; , increases
steeply. Thus, for ¢ > &* the instability is strong. The critical value
&* is a function of the inclination i, which should be numerically
calculated.

Figure 3 depictsthe functione® = f (i) obtained from the analysis
of about 90 different cases. In general, the transition value ¢* is rel-
atively large (>1.4), except for high inclinations. When i > 54 deg,
the critical value decreases quickly. For values of i smaller than
~34 deg, the curve can be fitted by Eq. (30), which was obtained
by means of the least-square method and where the inclination i is
in degrees. For i > 54 deg the fitting expressionis Eq. (31).

£* =~ 1.40852+ 1077 -i - (1.76703 +i - 0.138841)  (30)
&* ~26.1 —0.968-i+0.0124-i* —537-107-i* (31)

Roughly speaking,in the lowerregion of the plane (¢, i) the insta-
bility is weak, and there is a chance to control the tether oscillations
by using some damping device. But, when the transition value £* is
crossed the control becomes much more difficult.

When ¢ < ¢*, the modulus of one pair of complex conjugate
eigenvaluesis always lower than unity. Therefore, the periodic so-
lution has a three-dimensional stable manifold in the state space
@, ¢,0,¢9,v). The other eigenvalues have moduli greater than
unity, that is, there is also a three-dimensional unstable manifold
that crosses the stable manifold at the periodic solution. Therefore,
the destabilization mechanism is the same as the one proposed in
Ref. 12.

However, when ¢ > ¢* a qualitative—and quantitative—change
takes place in the destabilization mechanism. One of the eigenval-
ues shows a very significant growth, and, dependingon € and i, one
or two additional eigenvalues have moduli greater than unity. As a
consequence, the stable manifold shrinks, and for some combina-
tions of i and ¢ it does disappear (then, the unstable manifold fills
the whole state space).

In the propagation process of this family, the parameter ¢ is
bounded, and it increases from zero up to a final value, namely,
€. For i =25 deg the value of ¢/ is, in approximation, & y 2 1.96.
Beyond this value the family disappears. A transitionof the periodic
solution from libration to rotation takes place. Figure 1b shows that
close to €5 a small increment of ¢ causes a significant decrease of
the “minimum” value of 6.

Propagation in the Parameter i

For a given value of ¢, the numeric algorithm permits the descrip-
tion of the stability properties of the basic periodic solutions after
assuming the inclinationi as the parameter of the family. To do this,
we fix the value of ¢, and, starting from i =0 with the asymptotic
solution, we propagate the family for increasing values of i. The
main results of this analysis are summarized in Figs. 4-6.

Figure 4 shows the moduli of the eigenvalues of the monodromy
matrix of the basic periodic solution vs i for different values of
£:0.2, 0.5, 1.0, and 1.5. First of all, note that the asymptotic
expressions given by Egs. (28) and (29)—dark dashed lines in
figure—exhibit a very good behavior even for values of ¢ close
to 1, except for high values of the inclination i. In effect, for a
given value of ¢ and by starting from i = 0 deg, the numerical and
asymptotic results agree very well, until they reach a critical value
of i where both solutions begin to separate. Let i* be such a critical
value thatbelongs to the curve shown in Fig. 3. For this critical value
the complex eigenvalues A , split in two real roots, one of which
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Fig. 2 Eigenvalues of the monodromy matrix vs  for i =25 and 45 deg.

grows quickly with i (and the numerical results show a strong insta-
bility). Note that the differenceis very importantfor € of order unity.
As a consequence, the use of electrodynamictether on high inclina-
tion orbits requires bigger end masses, at first glance, so as to avoid
high values of €. However, this point should be analyzed in more
detail because the effectiveness of a vertical electrodynamic tether
is small at high inclination orbits, because of the fall of the voltage
drop emf produced by the Earth’s magnetic field (see Ref. 27).

A closer look shows some interesting features of the family F
of periodic solutions under analysis. After crossing i*, several bi-
furcations take place, which change the qualitative behavior of the
system. Figure 5 shows, for ¢ =0.2 and 0.5, a zoom of Fig. 4 after
crossing i*. For a value of i slightly greater than i*, one eigenvalue
becomes exactly equal to 1, and a new family F’ of periodic so-
lutions appears. The eigenvalues A3 4 of the bifurcated family F’
coincide with the eigenvalues A5 4 of the original family F, and
both agree with the asymptotic solution. However, the eigenvalues
A1, of the bifurcated family 7' are different from the eigenvalues
A1 of the original family F, although they are real as well. After

anotherslightincreaseof i, the two real eigenvalues, , of the bifur-
cated family F' become complex again, and, from this point on, the
asymptotic solution correctly describes all of the eigenvalues of the
bifurcated family . For the original family F the asymptotic solu-
tion correctly describes the eigenvalues A3 4, but not the eigenvalues
A1, which separate clearly from the asymptotic values.

When the value of ¢ increases, the asymptotic solution worsens,
and the situation becomes more involved. Figure 4 shows the sit-
uation for ¢ = 1.0. For this value the bifurcated family ', which
appearsforinclinations greater than 58 deg, separates clearly from
the asymptotic solution, which is only valid for small values of the
inclination i. For ¢ = 1.5 the asymptotic solution does not describe
correctly the behavior of the system even for small values of i. The
system response is much more involved, and there are additional
bifurcations that appear for small values of i (=14 and ~19 deg)
associated with an eigenvalue that also becomes exactly equal to 1.
These new bifurcations give rise to new families of periodic orbits
that will be studied in the next section. Figure 6 shows two peri-
odic orbits of the original family F (solid line) and the bifurcated
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family F’ (dashed line), which have been obtained for ¢ = 1.0 and
i =66 deg (Fig. 6a) and for e =1.5 and i =59 deg (Fig. 6b). The
orbits of F (solid lines) are much more unstable than the orbit of F'.

For larger values of ¢, the numeric algorithm experiences diffi-
culties in this attempt to localize periodic solutions.

Finally, we note that the analysis has been focused in a tether
workingin the generatorregime. However, we can take advantageof
some invariance properties of the governingequations (16) and (17)

Weak instability zone

20 40 1 60 80

Fig. 3 Critical value e* vsi (deg).
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to include also the case of a tether working in the thruster mode. In
effect, if we introduce the following transformation

i—m—i, 60— 0, 0 = —, &£ — —¢
the relevant equations do not change. Transforming appropriately
the initial conditions, we can describe the behavior of the system for
negatives values of ¢, that is, for the case of a tether working in the
thruster mode. Thus, the preceding analysis can be applied to both

cases.

Other Periodic Solutions

Apart from the special 2 -periodic solution just analyzed, there
are more periodic solutions of the governing equations that we will
obtain in this section.

For the unperturbed system the equations governing the small
motions around the stable equilibrium (1) can be obtained from
Egs. (20) and (21) through a linearization process. They are

6+30=0 (32)
$+49=0 (33)

and their general solution takes the form:

€=10.5
1.03
1.02
1.01
e
0.99 4
0.98
0.97
25 50 75 ilOO 125 150 175

25 50 75 - 100 125 150 175

Fig. 5 Original F and bifurcated ’ families of periodic orbits.
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-40 -20 0 20 40
6
b)
Fig. 6 Orbits of the original family 7, ——, and the bifurcated family
F',---,a)fore=1.0 and i =66 deg and b) for £ = 1.5 and i =59 deg.

0=A, cos(«/gv+v9), @ =A,cos2v +v,)
where the amplitudes Ay, A, and the phases vy, v, are arbitrary
integration constants. In general, and because of the irrational ratio
2/4/3 between the natural frequencies, the motion will be quasi-
periodic but not periodic. However, there are periodic motions as-
sociated with the particular solutions:

0=0, 6 = A, cos(v3 v+ vy) (34

¢ =A,cos2v +v,), 60=0 35)

Oscillation in 6

In the neighborhoodof the equilibrium (1), the eigenvaluesof the
Hamiltonian systemassociatedwith Eqs. (20) and (21) are conjugate
complex numbers that take the values

—j2, —j3,+jV3, +j2

Because the ratio 2/4/3 is irrational, the theory of Hamiltonian sys-
tem (see Ref. 15, Section 16: An Existence Theorem) states that a
family of periodicsolutionsof the unperturbed system (20) and (21)
exists with the following properties: 1) the family depends on one
parameter that can be chosen as the amplitude of the oscillation Ag;

2) the period of the solution depends on the parameter 7 =T (Ay),
and when A, — 0 the period approaches T (0) =2 /i/3; 3) for in-
creasing values of Ay, the period T (Ay) increases;and 4) for small
values of Ay, the family can be approximated by Eqgs. (34).

However, for increasing values of A, the accuracy of the approx-
imate solution (34) decreases. In this case we have to solve the
nonlinear equations (20) and (21). Because ¢ (v) =0, they reduce
to the following equation:

6 + 3sinfcosh =0 (36)
which has the energy first integral:
6% + 3sin’ 0 = 3sin’ 4,
where the amplitude A, is determined by the initial conditions.
Because we are looking for periodic solutions, we shift the origin of
v by taking 0 = v — v; as the new independent variable. The phase

lag v, is given by the condition: 8 (o =0) =0. Thus, the nonlinear
equation (36) will be integrated from the initial conditions at

6 = /3sin Ay
A new integration provides the classical solution

sinf = sin Ay sn(+/30, sin Ay) (37)
where sn(4/30, sin Ay) is the Jacobian elliptic function with mod-
ulus sin? A,. The function sn(u, sin A,) is periodic in u. Its period

is4K (Ay), where K (Ay) is the complete elliptic integral of the first
kind:

/2
dz
K(Ag) = / ——
0o /1 —sin® Aysin®z

K(Ay) is a monotonously increasing function. It starts at
K (0)=m/2, and it goes to oo for Ay — /2. Thus, for a certain
value of Ay, namely, A;, the oscillation in 6 is 27 periodic in o
(and also in the true anomaly). The condition determining Aj is

273 = 4K (A7) = sin A7 ~ 0.9623 = A} =~ 74.217 deg

Therefore, the 27 -periodic solution found, which corresponds to a
libration in the coordinate 6, is

0= arcsin[sin A sn(«/ga, sin A;)] (38)
6 = /3sin A cn(«/g(r, sin A;) (39)

where cn(y/30, sin A}) is the corresponding Jacobian elliptic func-
tion. Figure 7 shows this periodic solutionin the phase plane (6, 6).

The unperturbedproblemis autonomous, but the perturbedone is
nonautonomous.The periodicsolution (38) and (40) can be obtained
with many different initial conditions in the variable v, all of them
belonging to the solution (38) and (40). To study the perturbed
problem, we must add one more equation in order to obtain an
autonomous system, that is, to increase by one the order of the
system. In this case the solution (38) and (40) embraces no one
but a family of different 27 -periodic solutions in the extended state
space. The parameter of such a family is o. Each one of these 27 -
periodic solutions will give rise, after perturbing the parameters ¢
and/or i, to a new family of 2r-periodic solutions. Thus, arising
from the solution (38) and (40) in the perturbed problem there is
a family of 2w -periodic solutions with three free parameters: o, ¢,
and i.
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Fig. 8 Oscillation in ¢.

Oscillation in ¢

We will refer again to the existence theorem of Ref. 15 to show
that there is another family of periodic solutions of the unperturbed
problem associated with the out-of-plane oscillation (35). Now, the
parameter of the family is the amplitude A, and the period of the
solutions T'(A,) reaches its minimum value 7'(0) = at the equi-
librium position. For small values of A, the solutions of the family
can be approximated by Eq. (35). For increasing values of A, the
accuracy of that approximate solution decreases, and we need to
take into account nonlinear terms. Introducing the incipient effects
of the nonlinear terms, Eqs. (20) and (21) become

6430 — 209 =0, G +4p+200=0

However, if the effects of the nonlinearterms are small the amplitude
of the 6 oscillation is very small compared with the amplitude of
the ¢ oscillation. Thus, we can simplify the preceding equations by
using the approximation6 < ¢, 6 < ¢ to obtain the equations

6+30—20p9p=0 (41)
¢+49=0 (42)

which can be easily integrated to get the following periodic solution:

6 = (242 /13) sin4o, ¢ =A,cos20 43)
where the independent variable has been appropriately shifted.

Figure 8 shows the periodicsolutionsof Eqs. (43) for some (small)
values of A,,. These solutions have also been numerically computed
starting from small values of A,, and using the numeric algorithm
we obtain the initial conditions (6 = 0), which lead to the solutions
(43). Figure 2 also shows the periodic solutions obtained numer-
ically, which, however, they cannot be distinguished from the ap-
proximated solutions (43).

Fig. 9 Numeric limit.

Il Il Il 1 1 1
22 -15 -1 05 0 05 1 15 2
0

This periodicsolutionhas a constantperiod for small valuesof A,
[see Egs. (43)]. The period increases with A, and it becomes equal
to 27 for a critical value of A,. However, before reaching the 27
period the oscillation, which up to this pointis a libration,undergoes
an important change: turns into a rotation. In effect, the numerical
propagationof the family gives Tj,.x 22 4.966 as the maximum value
reached for the period. Figure 9 shows the periodic orbit for this
limiting value. For this orbit the maximum value of ¢ is very close
to /2, and any further increase of A, causes the angle ¢ to reach
/2 somewhere along the orbit (that is, solution). The orbit, then,
degenerates into a singular point of equations (20) and (21). The
numerical continuation of the orbit beyond the singular point it is
not possible through the angles 6 and ¢. In this case it would be
necessary to use other generalized coordinates (for example the
Euler parameters).

However, for the operation of an electrodynamic tether the 27 -
periodic orbit, obtained by propagating the family up to 7 =2,
is of little interest. In fact, during a significant fraction of the or-
bital period the tether would be normal to the orbital plane, and
its performances as electron collector would be very poor. This is
the reason why we do not study the 27 -periodic orbits of the per-
turbed problem, which arise from this particular 27 -periodic orbit
for increasing values of ¢.

Richness of the Unperturbed Problem

Because Eqgs. (20) and (21) are strongly nonlinear, the unper-
turbed problem cannot be integrated analytically. Apart from the
2 -periodic solutions already considered, there are many more so-
lutions with many different periods depending on the initial con-
ditions. Most of them arise at classical bifurcations appearing in
the families of periodic orbits. Some of them have periods that are
multiple of 7, thatis, nz, n € Z.

Consider, for example, the oscillationin 6 given by Eq. (37). The
four order monodromy matrix of this periodic orbit is symplectic.
If A is one of its eigenvalues, then 1/A is also an eigenvalue. Be-
cause the unperturbed problem is autonomous, the periodic orbit
has the eigenvalue A =1 with multiplicity equal to two. The other
two eigenvalues give the stability properties of the orbit, and they
are usually summarized in the stability index kK =X, 4 A,. The so-
lution (37) embraces a family of periodic solutions. The family can
be obtained with the help of the numeric algorithm we use in the
paper, starting from the solution (34) and propagatingover the total
energy of the system (or the period). Figure 10 shows the stability
index k vs the period P for the orbits of this family described by
Eq. (37). Notice that k =2 and —2 correspond to bifurcation points
of the periodic orbit. In the boundary k = 2 the periodic orbit be-
comes unstable. When k = —2 is reached, there is a new periodic
orbit with two-fold period, that is, we have a flip bifurcation. Fig-
ure 10 shows that this new 2 P-periodic solution appears before the
period of the family (37) reaches the value 2w [solution (38 and
40)].
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Fig. 10 Stability index k vs period P.

Note, moreover, that when the period P reaches the value 27
the stability index k takes the value k >~ —2.327518, that is, it is
lower than —2. In fact, its nontrivial eigenvalues are A; >~ —1.7590
and X, >~ —0.56849. Therefore, the periodic orbit (38) and (40) is
unstable. As a consequence, the family of 2z -periodic solutions
arising from Eqs. (38) and (40) after perturbing with the parameters
¢ and/or i will be, most likely, unstable.

Starting from any one of those bifurcated orbits, and by propa-
gating over the total energy, we will find new bifurcations that give
place to more periodic orbits with two-fold period. This is a classic
way toward the Hamiltonian chaos. A summary of the situation is
given in Fig. 11, which in its center shows a Poincaré section -0
(¢ =0, ¢ > 0) obtained for the value ¢ = 1.38906 of the total energy
of the system in the orbital frame, defined (see Refs. 11 and 12) as

e=1(¢* +6%cos? ) + L[4 — cos? ¢ (1 + 3 cos?6)]
2 2

40 20 40

20 10 20

O o ®o ¢ o

-20 -1e _20

-40 20 -40
-10 -5 0 5 10 -60 40 -20 20 40 60 40 20 0 20 40

Fig. 11 Poincaré section 0-6 (¢ =0, > 0) for a total energy of £ =1.38906 in the orbital frame.
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Fig. 13 Moduli of the eigenvalues of the monodromy matrix vs ¢ for the two families shown in Fig. 12.

Several elliptic points associated with periodic orbits are marked as
follows: 1, 3, 5, 6a, 6b, 7. On the top, and from left to right, the
figure shows the periodic solution 1 with the fundamental period
(P, =3.647373662059788), 3 with three-fold period, and 5 with
five-fold period. On the bottom, and from left to right, the figure
shows two symmetric periodic solutions 6a and 6b with six-fold
period and the 7 with seven-fold period.

Aside from the periodic orbits, the picture shows very clearly the
stochastic behavior of the system. A more detailed analysis about
the nonlinear dynamics of two satellites connected by a rigid tether
can be found in Ref. 28.

Propagation for the Other Periodic Solutions

Unlike the basic 2m-periodic solution considered in preceding
sections, thereis anotherfamily of 27 -periodicsolutionarising from
the periodic orbit (38) and (40) of the unperturbed problem. As
we already stated, this family of 2w -periodic solutions has three
free parameters: o, ¢, and i. In principle, the stability properties of
this family can be analyzed with the help of the numeric algorithm
propagating anyone of the free parameters. However, the numerical
analysis carried out shows that for given values of ¢ and i there
are only four basic cases when o spans the interval [0, 27]. These
four families appear in pairs, and, within each pair, one family of
periodic orbits is approximately the symmetric of the other family,
with respect to the orbital plane. Thus, despite the fact that all of
the four families have been studied, we will only present results for
two of them. The propagation in the parameter ¢ has been carried
out by fixing the value of the inclination i. We show here the results
obtained fori =25 deg. The qualitative behavioris quite similar for
other values of i.

Figure 12 shows, when i =25 deg, the periodic orbits of these
two families for different values of ¢ (¢ =0.24, 0.73, 1.08, 1.43,
1.54, 1.65, and 1.73). Note that for small values of & the orbit is
close to a 6 oscillationin the orbital plane, but for larger values it is
quite different because the out-of-planemotion becomes important.

Figure 13 shows the moduli of the eigenvaluesof the monodromy
matrix of the periodic solutionsfor the two families shownin Fig. 12
as functions of ¢.

There is always an eigenvalue with modulus greater than one.
Therefore, all of the 27 -periodicorbits of both families are unstable.
In fact, they are very unstable because the modulus of the critical
eigenvalue is larger than two except in a short region where ¢ is
small. This result has been previously guessed at when considering
the unstable character of the periodic orbit [Egs. (38) and (40)]
from which they arise. Now, it has been confirmed by the numerical
analysis. Both families cannotbe propagatedbeyond a certain value
of ¢, namely, & ;. For the family shownin the right-hand-sidepictures
of the Figs. 12 and 13, e, >~ 1.54. For this value &, the family
merges with the basic periodic solution just analyzed. However, for
the family shown in the left-hand-side pictures e ; > 1.73. Despite
that, there is no transition from libration to rotation for this value of
&; the propagation beyond this point experiences great difficulties
associated with the sharp growth of one of the real eigenvalues.

Conclusions

Anelectrodynamictetherused to generatethrustis mostattractive
when operated over long periods of time. However, the long-term
operation of this kind of thruster poses some dynamical problems
that must be solved. Because the electrodynamic forces prevent
the existence of equilibrium position relative to the orbital frame,
any periodic solution of the dynamic governing equationsis a good
starting point for the operationof the tethered system. Such periodic
orbits play an important role in the operation of electrodynamic
tethers. A detailed analysis of their stability properties, in cases that
are relevant to the operation of electrodynamic tethers working in
circular inclined orbits, has been carried out.

We use the model described in Refs. 11 and 12. By assuming
the tether current constant, only two free parameters appear in the
governing equations: the orbital inclinationi and ¢. The latter gives
the order of magnitude of the electrodynamic forces.
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The asymptotic analysisof Refs. 11 and 12 has been extended, by
tuning a numeric algorithmbased on the Poincaré method of contin-
uation of periodic orbits. The algorithm allows the propagationof a
family of periodic orbits for different values of any free parameter,
starting from a known, particular periodic solution. Using the nu-
meric algorithm, we carried outan analysisas in Refs. 11 and 12, but
now for values of ¢ of order unity, that is, the asymptotic condition
& < 1 has been released. We determine the initial conditions lead-
ing to the basic periodic solution studied there, and we compare the
numeric and the asymptotic solutions. The analysis shows that the
asymptotic expressions work very well even for values of ¢ of order
unity, exceptin two cases: 1) in the neighborhoodof i =90 deg and
2) for high values of €. High inclination orbits are not appropriate, at
first sight, for the operation of a vertical electrodynamic tether. For
a tether working in the generator mode, for example, the collection
of electrons from the ionospherebecomes more difficult because of
the fall of the voltage drop emf generated by the Earth magnetic
field. However, to elucidate this point it would be necessary to give
a more detailed analysis that considers the variation of the tether
current /,, with the voltage drop emf, that is, with the angles 6 and
¢ (see Ref. 27).

The analysis shows that for a given inclination there is a critical
value ¢* of the electrodynamicforces beyond which the destabiliz-
ing mechanism becomes very powerful because one of the eigen-
values of the monodromy matrix grows very quickly when & > ¢*.
We estimated, numerically, the boundary e* = f (i). Approximated
expressionsfor this critical value [see Egs. (30) and (31)] have been
obtained for small and large values of i, as well. From the point of
view of the operation of an electrodynamic tether, it appears con-
venient to operate the tether away from that threshold during most
of the time. For ¢ < ¢* the instability could be controllable with
the help of dumping or tether current modulation. However, when
& > ¢* the control of the system will be more difficult because the
instability is stronger.

Finally, we show that there are more periodic solutions of the
governing equations. At first sight they could be used as a starting
point for the operationof the electrodynamictether. The numeric al-
gorithmyields these additional periodic solutions and their stability
properties. Unfortunately, all of them are unstable; in fact, they are
more unstable than the basic periodic solution studied in Refs. 11
and 12 and in this paper. As a consequence, they are not appropriate
for the long-term operation of the electrodynamictether.

Acknowledgments

The work of J. Peldez was carried out in the framework
of the research project entitled “Dindmica de “Tethers” Elec-
trodindmicos” supported by the Direccién General de Ensefianza
Superior e Investigacién Cientifica of the Spanish Ministry of
Education (PB97-0574-C04-04). The authors thank Enrico C.
Lorenzini for the tedious task of revising the English of the
manuscript. His fruitful comments contributed greatly to the im-
provement of the final version of the paper.

References

'Banks, P. M., Willimason, P. R., and Oyama, K., “The Electrodynamic
Tether,” Rept. NAS5-23837, UAH/NASA Workshop on the Use of a Tethered
Satellite System, edited by S. T. Wu, NASA, Huntsville, AL, May 1978,
pp. 163-175.

2Colombo, G., Grossi, M. D., Dobrowolny, M., and Arnold, D. A., “Elec-
trodynamic Stabilization and Investigation of Electrodynamic Statilization
and Control of Long Orbiting Tethers,” NASA CR NAS8-33691, Aug. 1980.

3Martinez-Sanchez, M., and Hastings, D. V., “A System Study of a
100 KW Electro-Dynamic Tether,” The Journal of the Astronautical Sci-
ences, Vol. 35, No. 1, 1987, pp. 75-96.

4Sanmartin, J. R., Martinez-Sdnchez, M., and Ahedo, E., “Bare Wire

Anodesfor Electrodynamic Tether,” Journal of Propulsion and Power, Vol. 9,
No. 3, 1993, pp. 353-360.

5Johnson, L., and Ballance, J., “Propulsive Small Expendable Deployer
System (ProSEDS) Space Demonstration,” Space Technology and Applica-
tions International Forum 1998, Vol. 420, No. 1, Jan. 1998, pp. 354-358.

%Johnson, L., Estes, R. D., Lorenzini, E., Martinez-Sénchez, M., and
Sanmartin, J., “Propulsive Small Expandable Deployer System Experiment,”
Journal of Spacecraft and Rockets, Vol. 37, No. 2, 2000, pp. 173-177.

TEstes, R. D., Lorenzini, E. C., Sanmartin, J. R., Peldez, J., Martinez-
Sénchez, M., Johnson, L., and Vas, 1., “Bare Tethers for Electrodynamic
Spacecraft Propulsion,” Journal of Spacecraft and Rockets, Vol. 37, No. 2,
2000, pp. 205-211.

8Vass, 1. E., Kelley, T. J., and Scarl, E. A., “Space Station Reboost with
Electrodynamic Tethers,” Journal of Spacecraft and Rockets, Vol. 37, No. 2,
2000, pp. 154-164.

9Levin, E. M., “Stability of the Stationary Motions of an Electrodynamic
Tether System in Orbit,” Cosmic Research, Vol.25,July—Aug. 1987,pp.368—
376.

10Beletskii, V. V., and Levin, E. M., Dynamics of the Space Tether System,
Advances in the Astronautical Sciences, Vol. 83, Univelt, San Diego, CA,
1993, pp. 268-322.

Upelgez, J., Lorenzini, E. C., Lépez-Rebollal, O., and Ruiz, M.,
“A New Kind of Dynamic Instability in Electrodynamic Tethers,” Space-
flight Mechanics 2000, Advances in the Astronautical Sciences, Vol. 105,
Univelt, San Diego, CA, 2000, pp. 1367-1386.

12Peldez, J., Lorenzini, E. C., Lépez-Rebollal, O., and Ruiz, M., “A New
Kind of Dynamic Instability in Electrodynamic Tethers,” The Journal of the
Astronautical Sciences, Vol. 48, No. 4, 2000, pp. 449-476.

13Peldez, J., Ruiz, M., Lépez-Rebollal, O., Lorenzini, E. C., and Cosmo,
M. L., “A Two Bar Model for the Dynamics and Stability of Electrody-
namic Tethers,” Spaceflight Mechanics 2000, Advances in the Astronautical
Sciences, Vol. 105, Univelt, San Diego, CA, 2000, pp. 1327-1346.

"4Murdock, J. A., Perturbations: Theory and Methods, Classics in Ap-
plied Mathematics, Wiley, New York, 1991.

15Siegel, C. L., and Moser, J. K., Lectures on Celestial Mechanics, Clas-
sics in Mathematics, Springer-Verlag, Berlin, 1971.

16Baranger, M., Davies, K. T. R., and Mahoney, J. H., “The Calculation of
Periodic Trajectories,” Annals of Physics, Vol. 186,No. 1, 1988, pp. 95-110.

"Deprit, A., and Henrard, J., “Natural Families of Periodic Orbits,” As-
tronomical Journal, Vol. 72, No. 2, 1967, pp. 158-172.

I8Howell, K. C., “Three-Dimensional, Periodic ‘Halo’ Orbits,” Celestial
Mechanics, Vol. 32, No. 1, 1984, pp. 53-71.

9Karimov, S. R., and Sokolsky, A. G., “Periodic Motions Generated
by Lagrangian Solutions of the Circular Restricted Three-Body Problem,”
Celestial Mechanics, Vol. 46, No. 4, 1989, pp. 335-381.

20Belbruno, E., Llibre, J., and Olle, M., “On the Families of Periodic Orbits
Which Bifurcate from the Circular Sitnikov Motions,” Celestial Mechanics
and Dynamical Astronomy, Vol. 60, No. 1, 1994, pp. 99-129.

21Simonovic, N. S., “Calculation of Periodic Orbits: the Monodromy
Method and Application to Regularized Systems,” Chaos, Vol. 9, No. 4,
1999, pp. 854-864.

22Lara, M., “Un Algoritmo para la Continuacién Analitica de Orbitas
Periddicas,” Monografias del Seminario Matemdtico “Garcia de Galdeano,”
Vol. 21,2001, pp. 11-20.

23Lara, M., and Peldez, J., “On the Numerical Continuation of Periodic
Orbits: An Intrinsic, 3-Dimensional, Differential, Predictor-Corrector Algo-
rithm,” Astronomy and Astrophysics, Vol. 389, No. 2, 2002, pp. 692-701.

24Szebehely, V., Theory of Orbits—The Restrictec Problem of Three Bod-
ies, Academic Press, New York, 1967, Chap. 8.

25Lara, M., “Searching for Repeating Ground Track Orbits: A Systematic
Approach,” The Journal of the Astronautical Sciences, Vol. 47, No. 34,
1999, pp. 177-188.

26Guckenheimer, J., and Holmes, P., Nonlinear Oscillations, Dynamical
Systems, and Bifurcations of Vector Fields, 3rd ed., Applied Mathematical
Sciences, Vol. 142, Springer-Verlag, New York, 1983, pp. 25, 26.

2Tpeldez, J., Lopez-Rebollal, O., Lara, M., and Ahedo, E. “Dynamic
Stability of a Bare Tether as a Deorbiting Device,” Spaceflight Mechan-
ics 2002, Advances in the Astronautical Sciences, Vol. 112, Univelt, San
Diego, CA, 2002, pp. 1257-1274.

28Maisra, A. K., Nixon, M. S., and Modi, V. J., “Nonlinear Dynamics of
Two-Body Tethered Satellite Systems: Constant Length Case,” The Journal
of the Astronautical Sciences, Vol. 49, No. 2,2001, pp. 219-236.



