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The use of an electrostatic force to perform general orbit corrections on a passive geosynchronous space object is
investigated. Using inertial thrusters, a space tug approaches and settles into a piecewise fixed relative location with
respect to a deputy object that needs to be towed to a new orbital location. Once in place, an electrostatic force is
created between the two bodies using noncontact charge transfer, enabling the tugging craft to perform an inertial
thrusting maneuver to modify the deputy orbit without physical contact. An open-loop analytical performance study
is performed where variational equations are used to predict how much general orbital elements may be changed
using this electrostatic force over one orbital period for a satellite at geosynchronous altitude. In contrast to earlier
work, eccentric orbits and plane changes are also considered. The thrust direction issues associated with repositioning
the tug craft during orbit modifications to achieve desired tugging force are also investigated. Numerical studies
illustrate that even taking hours to maneuver the tug into a new pulling configuration only results in a few percent
performance loss. Ranges of craft voltages are considered, as well as varying masses, illustrating promising deputy

maneuverability.
Nomenclature
a, e i,Q w,f orbital elements of deputy
a, = component of deputy acceleration

due to electrostatic force
F. = electrostatic force between tug and deputy

k. = coulomb constant (8.99 x 10° Nm?/C?)

L = separation distance between tug and deputy
my = mass of deputy object

n = mean motion of deputy

9 9a = charges on tug and deputy, respectively

Tis Tq = radii of tug and deputy, respectively

V., Vy = voltages on tug and deputy, respectively

I. Introduction

HE use of electrostatic forces for spacecraft formation
maintenance, called coulomb formation flying, is a relatively
new and intriguing area of research with a wealth of developments
occurring in the last decade [ 1-5]. The use of electrostatic actuation in
space is discussed as early as 1966 by Cover et al. [6]. The coulomb
formation flying (CFF) concept revolves around active charge
control of spacecraft to several kilovolts; at separation distances of
tens of meters, these charge levels result in millinewtons of force.
Through careful application of charging histories, the relative motion
of spacecraft is affected for formation maintenance and re-
configuration [7-9]. A major benefit of CFF lies in its fuel and power
efficiency. In the geosynchronous orbit regime, only watt levels of
power are required to achieve the required charge levels, with specific
impulses of 10'°-103 s[2,6,10]. Furthermore, active charge control
to the levels required for CFF has been demonstrated in flight. For
example, on the spacecraft charging at high altitudes (SCATHA)
mission, a spacecraft potential of 4 kV was achieved through
emission of an electron beam at a current of 13 mA [11,12].
The vast majority of prior work with coulomb formation flying
considers formations under the influence of electrostatic forces and

Received 14 June 2013; revision received 21 November 2014; accepted for
publication 25 November 2014; published online 17 February 2015.
Copyright © 2014 by the American Institute of Aeronautics and Astronautics,
Inc. All rights reserved. Copies of this paper may be made for personal or
internal use, on condition that the copier pay the $10.00 per-copy fee to the
Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923;
include the code 1533-3884/15 and $10.00 in correspondence with the CCC.

*Graduate Student.

fAssociate Professor, H. Joseph Smead Fellow, Aerospace Engineering
Sciences; Chief Technologist, Wacari Group.

699

gravity that evolve according to the resulting natural dynamics.
However, it is not difficult to envision a scenario where a formation of
spacecraft needs to perform an orbital maneuver, either for station
keeping or due to a change in mission requirements. In a coulomb
formation flying application, there are two ways to accomplish such a
maneuver. One way would be for all spacecraft in the formation to
possess individual thrusting capabilities, with each performing their
maneuver separately. A more intriguing scenario is one where only a
single craft in the formation possesses thrusting capability. A com-
bination of electrostatic forces and thrusting (referred to as elec-
trostatic tugging) could be used to tow the passive spacecraft and
perform the necessary orbital maneuvers, as illustrated in Fig. 1.
Here, an attractive electrostatic force is generated between the
tugging vehicle and a deputy object. This virtual tether is then
used to pull the deputy object while the tug performs a thrusting
maneuver. Because of the small magnitude of electrostatic forces
(millinewtons), low-thrust, long-duration tugging periods are
required. This concept could also be applied to extend mission life
for an otherwise functional spacecraft that has lost its ability to
perform station keeping on its own.

The seminal work regarding the electrostatic tugging concept
considers an application to geosynchronous Earth orbit (GEO) debris
mitigation [5]. Here, variational equations are used to predict possible
semimajor axis changes for debris objects under the influence of
electrostatic tugging. No consideration is given to relative motion
dynamics or charge control. Rather, an open-loop study is performed
to assess the feasibility of raising a debris object on a circular
geosynchronous orbit to a higher graveyard orbit. The results show
that an object weighing several tons could be reorbited in a period
of a few months. A follow-up study considers the relative motion and
derives a control law to stabilize the relative positions of tug and
debris during the towing period [13].

The requirements for active charge control are quite interesting
when considering the electrostatic tugging concept, because
noncooperative objects are not purpose designed for charge control.
A method is needed to achieve the charges required for electrostatic
tugging. This can be accomplished through the use of a directed
electron beam, as illustrated in Fig. 1 [14]. In emitting a stream of
negatively charged particles onto a remote object, the object becomes
negatively charged due to the resulting electron current. At the
same time, the tug is charged positive by the continuous emission of
electrons. The opposite polarities of deputy and tug result in an
attractive electrostatic force that, combined with low thrusting, allow
for orbit modifications.

In the current study, a formation of two spacecraft is considered.
One of the craft, denoted as the tug, possesses both thrusting and
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Fig. 1 Illustration of electrostatic tugging concept, showing active
charge transfer with an electron beam.

charging capability. The second craft, denoted as the deputy, only
possesses charging capabilities. The previous work with this elec-
trostatic tugging concept considers only a nominal circular orbit, with
the goal of increasing the semimajor axis of the deputy object. In the
current paper, other orbit corrections are considered to reposition a
passive space object in a more general way using an electrostatic tug.
The first parameter considered is that of raising the radius of perigee
with orbits that can have nonzero eccentricities. Although space
debris mitigation is not the sole focus of this paper, this applies to a
debris object that has been raised into a disposal orbit, but due to the
addition of eccentricity has dropped back into the GEO belt. Other
orbital elements under consideration, more applicable to a station-
keeping or general reorbiting maneuver, are eccentricity, inclination,
and right ascension of the ascending node.

For this study, Gauss’s variational equations are used [15].
Assuming the tug and deputy object positions are fixed relative to one
another in the rotating Hill frame, the variational equations are
integrated to obtain the average change in the orbital elements over
one orbital period. The closed-loop control of the desired relative
motion, a challenge which is studied in [13], is not considered in this
study. Rather, of interest are the orbit element changing performance
predictions and the associated voltage and vehicle size requirements.
Candidate strategies for achieving the required tug direction are
discussed because the tug direction changes during one orbit for some
of the cases considered. The magnitude of the deputy acceleration is
dependent on the debris mass and the voltage levels on both of the
objects (tug and deputy).

II. Background

The electrostatic tug concept is illustrated in Fig. 1. A tug vehicle,
equipped with inertial thrusters, approaches a deputy object. Once in
place, both tug and deputy are charged to opposite polarity. If the
deputy does not possess the capability of charge control, electron
beam emission from the chief may be used for remote charging. This
results in an attractive electrostatic force, which serves as a virtual
tether connection between tug and deputy. The thrusters are then used
to slowly tow the deputy object to perform orbital corrections. The
magnitude of the electrostatic forces considered for the electrostatic
tug concept are on the order of millinewtons, meaning that low-thrust
engines are required to prevent the tug from breaking the electrostatic
tether and pulling away from the deputy [3,13,16].

A. Electrostatic Force Model

The performance of the electrostatic tug is dependent on the
electrostatic force in place between the tug and deputy. To allow
for analytic modeling, the tug and deputy object are treated
geometrically as spheres. The potential on the tug object is a result of
its own charge and the potential due to the charged deputy object as
[16]

Vo= k2 (1)
t

where k, = 8.99 x 10° Nm?/C? is the coulomb constant, L is the
distance between tug and deputy, g, is the charge on the tug, g, is the
charge on the deputy, and r, is the radius of the tug craft. Unless
otherwise noted, the tug radius is assumed to be 3 m throughout this
paper. Similarly, the potential on the deputy object is computed as

4

7 @

Vi=k2+k,
Tq

where r, is the radius of the deputy object.
If the potentials on the tug and deputy are controlled, then the
preceding relationships may be rearranged to solve for charge [16]:

q: | _ L r.L  —rarg ||V, 3)
qa _kc(Lz—r,rd) —rirg  rgl Va

After computing the charges, the electrostatic force between tug and
deputy is computed using

4:94
F.o=k. 12 4

Note that this force may be either attractive or repulsive depending on
the potentials of the tug and deputy. For the electrostatic tug ap-
plication, the tug may be employed either in a pushing or pulling
configuration. In the pushing configuration, a repulsive force is ap-
plied with the tug behind the deputy object. In the pulling
configuration, an attractive force is used with the tug ahead of the
deputy object. As detailed in [16], it is advantageous to use the pulling
configuration in terms of electrostatic force magnitudes and stability
of the tug—deputy alignment. In this study, only the pulling con-
figuration will be considered, with tug and deputy charged to
opposite polarity. Once the electrostatic force is computed, the
deputy acceleration is simply

F.
a,=— ()
my

Itis worth noting that the preceding electrostatic force model does not
account for induced effects [17]. As two charged spheres are brought
in close proximity, the charge distribution becomes nonuniform
on the surfaces. In the case of opposite polarity, more charge will
accumulate on the near sides of the spheres. When the spheres are the
same polarity, the charges will accumulate more on the far sides of the
spheres. This has the effect of increasing the electrostatic force for the
attractive case and decreasing it in the case of repulsion. The induced
charge effect, however, is most apparent at shorter separation
distances of less than a few sphere radii. For some of the larger sizes
of debris objects considered here, induced effects will contribute to an
increase in the electrostatic force beyond what is predicted by the
position-dependent capacitance model. Thus, the results for the
larger debris objects considered in this study (>3500 kg) may be
considered as a conservative lower bound on achievable reorbiting
performance.

Because of the space weather environment, some shielding of this
electrostatic force will occur. The distance over which this shielding
is prevalent is described by the debye length of the local plasma [18].
The space weather conditions considered in this study yield debye
lengths that are on the order of tens of meters. However, because of
the high potential levels obtained by tug and deputy, the debye
shielding effect will be several times smaller than predicted by the
standard debye length calculation. As discussed in [19,20], objects
charged to tens of kilovolts in the space environment experience
effective debye lengths several times larger. Looking specifically at
this phenomenon as it pertains to charging in quiet GEO space
weather conditions, the effective debye lengths are predicted to be
roughly five times larger than the classic debye shielding model
predicts [20]. The shortest debye lengths considered here range from
15 to 35 m, leading to effective debye lengths over 75 m. This means
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that the space weather environment will not contribute significant
shielding of the electrostatic force below distances of 75 m. Because
the separation distances considered here are less than 20 m, the
impacts of debye shielding are insignificant and will not be included
in the force model.

For the electrostatic tugging concept to be feasible, both chief and
deputy must possess the capability for charge control. If the deputy is
not purpose designed for charge control, an extra requirement is
placed on the tug. Without an inherent ability for self-charging, the
deputy must be remotely charged by the chief [5]. This may be ac-
complished through the use of a charged-particle beam [14].
Consider, for example, an electron beam emitted by the tug. The
outflow of negatively charged particles will result in a positive charge
on the tug. Directing the beam onto the deputy object results in an
influx of electrons that will charge the deputy to a negative polarity.
Ultimately, an attractive force is achieved between the deputy and
tug. In the current study, the mechanics of this charge transfer process
are not considered. Rather, it is assumed that active charging of tug
and deputy has been achieved.

The charge expressions in Eq. (3) require the radius of the deputy
object. Considering that arbitrary deputy objects may be targeted for
removal, a range of craft sizes must be considered to evaluate the
performance of the electrostatic tug for general reorbiting maneuvers.
In [16], publicly available data on geostationary satellites are used to
obtain a relationship that relates mass m, to an effective radius
of the nearest spherical shape approximation. Because the objects
considered are not truly spheres, the radii obtained are only approx-
imations that allow for analytic charge predictions. The data con-
sidered result in the mean mass to radius relationship [16]

ra(my) = (1.152 m + 0.00066350 kmg)md (6)

B. Variational Equations

To study the reorbiting capabilities of the electrostatic tug concept,
Gauss’s variational equations are used. In prior work, semimajor axis
changes are considered for debris objects located at geosynchronous
altitudes with the tug leading the deputy in the along-track direction
[5,13,16]. Here, the electrostatic tugging research is extended in two
ways: 1) by considering more general orbital element changes, as
well as 2) considering the required relative tug/debris positions to
achieve these maneuvers. The orbital position of the deputy object
is assumed to be described by a set of osculating classical orbital
elements: the semimajor axis a, eccentricity e, inclination i, right
ascension of the ascending node Q, argument of perigee w, and true
anomaly f [15].

The acceleration of the deputy due to the electrostatic force a, is
decomposed into components in the rotating Hill frame of the deputy,
also referred to as the local-vertical local-horizontal frame: a,, ay,
and ay,. The a, component is aligned with the orbit radius vector, the
a;, component is aligned normal to the orbit plane, and the ay com-
ponent acts orthogonal to a, and ay, in the along-track direction.

Gauss’s variational equations provide the rates of change for the set
of osculating orbit elements as [15]

d 2a?
d—(z = % (e sin fa, + %ag) (7a)

& L (psin fa, + (p +Dcos [+ rehag) (7o)

di _r cos(w + f)

dr h ap (7C)

dQ  rsin(w + f)

di2 _rsmlw+ f) 7d
dr h sini n 7o
do 1 ) r sin(w + f) cos i
5 = 7l7P €08 far + (p+ 1)sin fag) Wsini
(7e)
d h 1 ;
by L pcos fa,~(p4rysinfa] D
dt  r*  he

where r is the orbit radius, p = a(l — €?) is the semilatus rectum,
and h = rf is the orbit-specific angular momentum magnitude.
Generally, these equations must be numerically integrated to
determine how the osculating elements evolve with time. For the case
of the electrostatic tug, however, a few assumptions are made that
allow for analytic predictions of orbit element changes. First, the
electrostatic force magnitudes are small (approximately millinewton
or less) and do not create large changes in the orbital elements over
one orbital period. Second, during the tugging maneuver, the relative
position of the tug and deputy is held piecewise constant, meaning
that the direction of a,. is also piecewise constant. Lastly, the
assumption is made that the magnitude of the electrostatic force, and
the corresponding acceleration, is constant throughout the maneuver.

With these assumptions, it is possible to predict how the orbital
elements of the deputy object will evolve over one orbit without
requiring numerical integration of the variational equations. By
extending this prediction to multiple orbits, a reasonable approx-
imation may be obtained for the performance of the electrostatic tug
for general reorbiting maneuvers. To arrive at the analytic pre-
dictions, the procedure detailed in [21] is used. The independent
variable in the variational equations is changed from time to eccentric
anomaly, resulting in the modified rate equations [21]:

da 2a5/2(
— = ae4/(1 —e?)sin Ea, + pa ) (8a)
dE — uyp ’

:—2 = ';lp (a,/(l — ¢?)sin Ea,

+ a(2 cos E — e — e cos? E)ag) (8b)

di 5/2
é:%ﬁ(cos w(cos E—e) — v 1—e¢*sin w sin E)(l
u

—e cos E)ay, (8¢)

dQ 5/2
&_a (sin w(cos E—e) + v1 —e?cos o sin E)(l
dE pu/p

—e cos E)a,, (8d)

Note that the argument of perigee and true anomaly equations
have been omitted because they will not be used here.

Using the assumptions outlined previously, the only term in Eq. (8)
that changes significantly over one orbital period is the eccentric
anomaly E. An analytic expression for the orbit element changes over
one orbital period is obtained by integrating Eq. (8) on the interval
E = [0, 2z]. In this study, four different scenarios are considered. The
firstis a change in radius of perigee, with a focus on debris reorbiting
applications. International guidelines call for debris in the GEO belt
to be raised to a higher disposal orbit [22,23]. Over time, solar
radiation pressure will introduce eccentricity into the disposal orbit of
a debris object. If this eccentricity is large enough, the radius of
perigee of the orbit may dip back into the GEO belt. Here, we
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consider how much effort is required to raise the radius of perigee
back to a safe altitude. Beyond the radius of perigee corrections,
changes in eccentricity, inclination, and right ascension of the as-
cending node are considered. Such orbital element corrections are
more suitable for a nondebris-related scenario where a change in the
deputy orbit is called for.

III. Orbit Modification Predictions

In this section, analytic predictions are made for the various
orbit modifications considered in this study. The electrostatic force
expression in Eq. (4) is computed for a range of vehicle sizes and
potential levels. Different separation distances are also considered.
Sweeping these parameters allows for the computation of per-
formance predictions for a wide range of cases. For each of the orbit
element corrections, maneuvers are designed such that changes occur
only to the orbital parameter considered out of the four (7, e, i, 2).
For example, when considering inclination changes, the tug craft is
placed such that only inclination is changed over one orbit. Designing
the maneuvers in this way requires a repositioning of the tug craft
during the orbit in certain cases. This issue will be discussed shortly.

A. Radius of Perigee Corrections

Here, the work is motivated by a debris mitigation scenario in the
GEO regime. As discussed earlier, a situation is conceivable in which
a once-circular disposal orbit has dipped back into the GEO belt due
to an injection of eccentricity. Rather than recircularizing and in-
creasing the orbit radius, a simpler solution would be to increase the
radius of perigee. This would only raise the lowest debris orbit point
to be outside the GEO zone, without wasting fuel raising the already
acceptable apogee location. The radius of perigee is defined as

r,=a(l—e) )

Taking the derivative of this expression with respect to the eccentric
anomaly yields

dr, da de
d—E—d—E(l—e)—(ld—E (10)
Using the relationships in Eq. (8), the rate of change of the radius of
perigee with respect to the eccentric anomaly is found to be

d 2a3 E E
% = % (—(e -1)? cos(z) sin(z)a,

#VI=de-eecos mnt(S)a) an

To assess performance of the electrostatic tug for raising the radius of
perigee, Eq. (L1) is integrated from E = [0, 2x] to determine the
change in r,, over one orbit. The result of this integration is

3
Ar, =" (4= e)V1-clay (12)
u

This equation illustrates that higher eccentricity values will hinder the
performance of the radius-of-perigee-raising maneuver. If the tug is
held at a constant position throughout an orbit, as is assumed here,
only the electrostatic force component in the along-track direction
will affect the radius of perigee. To maximize the force in this
direction, the best configuration is one where the tug is ahead of the
debris object in the along-track direction (the leader—follower
alignment). If this configuration is adopted, then ay = a..
Performance of the radius-of-perigee-raising maneuver is con-
sidered for two separation distances: L = 10 and 15 m. For each
separation distance, deputy masses ranging from 300 to 5000 kg are
included. The voltage on the tug and debris is assumed to be of equal
magnitude, but opposite polarity. The debris object is assumed to
have been initially reorbited to a disposal orbit 300 km above GEO,
but due to the injection of eccentricity had dropped its radius of

20 H
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a) Separation distance L=10 m b) Separation distance L=15 m

Fig. 2 Kilometer radius of perigee increase per day.

perigee back into the GEO belt. This results in an eccentricity of
0.00359 and a semimajor axis of 42,391 km for the debris orbit. The
amount of increase in the radius of perigee per orbit for these various
conditions is shown in Fig. 2. Here, the nomenclature of resident
space object (RSO) is used, where RSO may refer to a towed debris or
cooperative deputy object.

In general, closer separation distances and higher voltage levels
lead to larger increases in r,, over one orbital period. These trends are
due to the increased magnitude of electrostatic forces that result from
higher potentials and smaller L values. Furthermore, note that the
contour lines do not continuously increase as the RSO mass grows
larger. This is indicative of the higher capacitance available on larger
objects, which have higher surface areas. This increased capacitance
results in larger charge magnitudes for the same potential, in turn
increasing the magnitude of the electrostatic force between tug and
debris. The results here indicate that, if separation distances on the
order of 10-15 m are maintained, along with potential levels between
20 and 30 kV, the radius of perigee of the debris object may be
increased by 300 km over a period of a few months.

B. Eccentricity Corrections

Let us now turn our attention to eccentricity changes, which may
be part of general orbit corrections for a deputy object. Here, a
modification of eccentricity is desired where the other orbit elements
remain unchanged after one orbital period. This can be accomplished
by switching the sign of ag, which is assumed to equal a., when
E = +x/2 [21]. This corresponds to moving the tug from ahead to
behind the deputy object and back during each orbit. During this
repositioning time, it is assumed that the tug will discharge, meaning
no electrostatic force is present. If the tug can be repositioned quickly
enough, the impact on the overall eccentricity change will be
minimal. If this procedure is carried out, assuming minimal effects
due to the repositioning maneuver, the eccentricity change over one
orbital period is approximately [21]

8 2
Ae =2 /1 -2, (13)

Again, a debris object at GEO altitudes with a slight eccentricity is
considered. Here, the semimajor axis of the debris orbit is assumed to
be 42,391 km with an eccentricity of 0.00359. Performance for
various separation distances, RSO masses, and potential levels are
considered, again using the mass to radius ratio in Eq. (6). The results
are shown in Fig. 3. Similar trends as before are noted, where
performance is improved by closer separation distances and higher
potential levels. Considering the predictions shown here, the orbit of
the modeled deputy object could be recircularized over a period of
one to three months, depending on the separation distance, potential,
and mass. Note that this corresponds to a change in position of a few
hundred kilometers, which is a similar performance result as the
radius of perigee corrections over a similar time frame.
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C. Inclination Corrections

For the inclination corrections, a maneuver is sought in which only
the inclination is changed after one orbital period. This may be ac-
complished by repositioning the tug during the orbit at w 4 f =
=+ /2 [21]. For pure inclination changes, the tug needs to be moved
from above to below (or vice versa) the deputy orbital plane at these
locations in the orbit. Again, it is assumed that this repositioning will
occur quickly enough that minimal impact occurs on the inclination
change performance, so that an instantaneous repositioning is a valid
assumption. Maintaining the tradition of assuming small deputy
object eccentricity, the approximate change over one orbital period
using this repositioning maneuver is [21]

4 2
Ai="Lg, (14)
u

Eccentricity does not appear in this expression because of the near-
circular orbit assumption.

To assess performance of tug for inclination changes, two
separation distances are considered: L = 10 and 15 m. The same
ranges of voltages and masses are considered as before, and the
deputy is assumed to be in an orbit with a semimajor axis of
42,241 km. The results are shown in Fig. 4. In general, modifications
to the inclination of no more than a few thousandths of a degree are
possible over one orbit. Even over a time period of a few months, it is
not possible to achieve inclination changes of 1 deg. The low
performance of the electrostatic tug for inclination changes can be
attributed to the large AV typically required to perform such cor-
rections. The electrostatic forces acting on the deputy are very small
(on the order of millinewtons) and are not available at a magnitude
significant enough to greatly affect the inclination.

D. Right Ascension of the Ascending Node Corrections

For modifications to the right ascension of the ascending node
(RAAN), a maneuver is considered that results in only RAAN
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changes after one orbit. This may be accomplished by reversing
the direction of the electrostatic force at each equatorial crossing
(w + f = 0) [21]. Again, this requires a repositioning of the tug
twice per orbit. It is assumed that this repositioning occurs quickly
enough so that it will have negligible impact on the amount of RAAN
change. Integrating the rate of change of RAAN in Eq. (8) across one
orbit, assuming both a small eccentricity and the aforementioned
changes in electrostatic force direction, yields a change per orbit
of [21]

2
rQ= 2, (15)

Mosin i
Here, the inclination of the deputy orbit has a direct impact on the
performance of the tug. Smaller inclinations will result in larger
changes in Q for the same a..

The performance of the tug for RAAN changes is computed
assuming an inclination of 5 deg. Two separation distances are
considered, L = 10 and 15 m, and the semimajor axis of the orbit is
assumed tobe a = 42,241 km. The changes in RAAN for arange of
RSO masses and craft voltages are shown in Fig. 5. The potential
RAAN changes over a period of a few months are on the order of
several degrees for the cases considered here. This is much more
significant than the possible inclination changes. However, the
deputy object inclination is assumed to be relatively small here.
Larger inclinations would significantly hinder the potential of the
electrostatic tug to perform RAAN corrections.

E. Tug Repositioning Considerations

In the evaluation of orbit element modification performance, tug
repositioning maneuvers are assumed for changes in e, i, and Q.
During the repositioning phase of the orbit, the tug is discharged so
that no electrostatic force is in place between tug and deputy object.
The primary reason for doing this is to prevent accelerations from
acting on the deputy object in unwanted directions as the tug
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Fig. 4 Inclination change per day (in degrees).

Fig. 5 RAAN change per day (in degrees).
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maneuvers around it. These unintended accelerations would lead to
changes in orbital elements that are not desired.

F. Performance Losses

In the following analysis, a deputy object with a semimajor axis of
42,241 km and an eccentricity of 0.001 is considered. The inclination
issetat 5 deg, the right ascension of the ascending node at 20 deg, and
the argument of perigee at 90 deg. For these conditions, the orbital
period will be approximately 24 h. The deputy object is assumed to
have a mass of 2000 kg and a potential of -25 kV. The tug is assumed
to be at a potential of 25 kV with a radius of 3 m. The nominal
separation distance is set at 15 m. To determine the impact of tug
repositioning on performance, numerical simulation of the inertial
equations of motion is used. Here, only the motion of the deputy is
propagated with

Fr=-tr+a, (16)

Ta

where a, is computed using Eq. (5). The direction of a. is set
depending on which orbital element is being corrected. To simulate
the tug repositioning, a.. is set to zero for various time spans during an
orbit where the repositioning occurs. The tug reorientation is divided
equally on either side of the switching condition. For example, if an
eccentricity change maneuver is considered, then half of the tug
repositioning occurs on one side of E = x/2 and the remainder on
the other side. Effectively, the switching condition is encountered
when the tug is halfway through repositioning.

The finite-time tug realignment maneuvers are compared with an
instant realignment, as assumed in the performance predictions in the
preceding section. The percent loss in performance for various
repositioning times is computed for eccentricity and RAAN cor-
rections. The results are shown in Fig. 6. Note that the repositioning
times shown here are for a single repositioning maneuver, which
occurs twice per orbit. So, for a 2.5 h maneuver time, there are a total
of 5 h during the orbit during which no electrostatic force acts on the
deputy. This is slightly more than 20% of the orbit. Even for such a
large fraction of the orbital period, the performance losses are
relatively minimal at slightly more than 5%. The reason for this is that
the switching conditions occur at times in the orbit when the rates of
change for their respective orbital elements are nearly zero. The
penalty for removing the electrostatic force at these locations is
minimal because there is already little change of the orbital element.
As the repositioning time is increased, however, the penalties
increase because regions of the orbit with higher rates of orbital
element changes are encountered. The results of this analysis indicate
that, practically, the repositioning will have minimal impact on the
overall performance of the electrostatic tug.

IV. Conclusions

This paper assesses the capabilities of the electrostatic tug concept
for performing various orbital corrections on a deputy object.
Variational equations are used to analytically predict the amount of
orbital element changes possible for various masses, charge levels,
and separation distances. The time required to perform a slot change

in a GEO orbit is also computed. The orbits considered for the deputy
object are all of low eccentricity (~0.001 or less). The spacecraft are
treated as idealized conducting spheres, and it is assumed that they
possess the capability for charge control to the levels considered.
Large-scale corrections are not possible in a short time span due to the
small magnitudes of the electrostatic forces considered. Still, radius
of perigee changes of several hundred kilometers are possible over
several months, and low eccentricity orbits may be recircularized
in similar timeframes. The worst performance is observed for
inclination changes, owing to the large AV required to perform such
corrections. The force magnitudes considered here are not sufficient
enough to increase or decrease inclination by even 1 deg in a few
months’ time. For several of the orbit element corrections, maneuvers
are considered where tug repositioning is required during each orbit.
Numerical simulation is used to determine the effects of repositioning
on performance. For repositioning times of up to 2.5 h, no more than
5.5% of performance loss occurs.
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