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Abstract With recent interest in the use of electrostatic forces for contactless tug-
ging and attitude control of noncooperative objects for orbital servicing and active
debris mitigation, the need for a method of remote charge control arises. In this paper,
the use of a directed electron beam for remote charge control is considered in con-
junction with the relative motion control. A tug vehicle emits an electron beam onto
a deputy object, charging it negatively. At the same time, the tug is charged posi-
tively due to beam emission, resulting in an attractive electrostatic force. The relative
position feedback control between the tug and the passive debris object is studied sub-
ject to the charging being created through an electron beam. Employing the nominal
variations of the GEO space weather conditions across longitude slots, two electro-
static tugging strategies are considered. First, the electron beam current is adjusted
throughout the orbit in order to maximize this resulting electrostatic force. This open-
loop control strategy compensates for changes in the nominally expected local space
weather environment in the GEO region to adjust for fluctuations in the local plasma
return currents. Second, the performance impact of using a fixed electron beam cur-
rent on the electrostatic tractor is studied if the same natural space weather variations
are assumed. The fixed electron beam current shows a minor performance penalty
(< 5 %) while providing a much simpler implementation that does not require any
knowledge of local space weather conditions.
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Introduction

Recently, interest in the use of electrostatic forces for contactless tugging and remote
attitude control of noncooperative objects has grown [15, 28, 30, 34]. Originally
proposed for space debris mitigation at geosynchronous (GEO) altitudes, the elec-
trostatic tugging concept relies on a combination of an attractive electrostatic force
between two craft and low thrusting capability on one of the craft [28]. The attrac-
tive force acts as a virtual tether between the two objects, and a low thrust maneuver
is used to tow the noncooperative object into a new orbit [15]. Considering non-
symmetrical spacecraft geometries, the charging also gives rise to torques on the craft
[19, 33]. Through careful manipulation of the charging histories, these torques can
be applied in a manner sufficient to despin a noncooperative object remotely [30].
This latter ability greatly simplifies any orbital servicing mission where great efforts
are required to first despin objects spinning at 1 degree per second or greater [8, 9].

Generally, a noncooperative object such as space debris or a defunct satellite
requiring servicing will not possess the capability for self charge control. This dic-
tates the need for a touchless method of remote charge transfer. To this end, a focused
electron beam has been suggested as a means for achieving remote charge control
for the electrostatic tugging application [29]. The tugging vehicle, equipped with an
electron beam, approaches the target deputy object. By focusing the electron beam
onto the deputy, a negative potential results from the bombardment of electrons. At
the same time, the tug is charged positively by the emission of the electron beam,
as illustrated in Fig. 1. This process generates the required attractive electrostatic
force necessary for towing applications, or torques for despinning operations. It is
worth noting that electron beams have been used as a method for self-charge control
of spacecraft for decades [20, 23]. However, they have not been used to do active
charging of a neighboring space object.

In this study, we restrict our attention to focus on the case of using an electron
beam to achieve remote charge control. A similar process could be implemented
using an ion beam. However, depending on the separation distance, a focused ion
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Fig. 1 Illustration of the electrostatic tugging concept
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beam could impart more momentum on the deputy object than an electron beam
due to the larger mass of ions relative to electrons [29]. As a result, the electrostatic
force is less effective during tugging because it is partially countered by the result-
ing impulsive force generated by the ion bombardment. In fact, this resulting force
is large enough that a directed ion beam has been proposed as a method for touch-
less deorbiting of space debris [3, 4]. With the electrostatic tractor application, the
separation distances are considered to be less than 50 meters. The closer the object,
the stronger the tractor will be. With this close separation range, the electron gun
provides the preferred charging method. Further, the electron gun is a significantly
simpler charge emission mechanism than an ion beam, which thus simplifies the
electrostatic tractor design.

In [29], a simplified first-order analytical model is derived to compute the result-
ing charge levels on a tug and deputy spacecraft using an electron beam for charge
transfer. The model incorporates the electron beam current, the electron and ion cur-
rents from the space plasma environment, the secondary electrons emitted by the
deputy as a result of the electron beam impact, and the photoelectron currents. A
single space weather condition is considered, and charging results as a function of
beam current are computed assuming two spherical craft of equal radii. In the current
study, this charging model is incorporated into a relative position feedback control
strategy developed to maintain a sufficient electrostatic force for tugging in the face
of changing space weather conditions. Treating electron beam current as the elec-
trostatic tractor control variable, a current control strategy is applied that seeks to
maximize the magnitude of the electrostatic force throughout a typical day in the life
at GEO [11]. Because the plasma return currents impact the potentials on tug and
deputy, changes in the local space weather conditions can increase or reduce the elec-
trostatic forces experienced by the craft. This is compensated for by modifying the
electron beam current.

The ultimate goal is choosing a beam current that generates the largest electrostatic
tractor force for a debris tugging application. The GEO debris reorbiting scenario is
used as the benchmark to see how this current control will impact the tractor per-
formance. Modifying the current to generate the best possible tugging performance
requires knowledge of the space weather environment, which may be difficult to
obtain in real time. An alternative strategy would be to simply maintain a fixed beam
current in the face of space weather variations. Perhaps the performance losses when
compared to an ideal beam current are not significant enough to warrant the added
complexity of a space weather dependent current formulation. The mean GEO space
weather variations as discussed by [11] serve as a guide for identifying expected
plasma conditions within an orbit. The mean GEO Debye lengths have been shown
to range from less than 10 meters to several hundreds of meters, and increase and
decrease with fluctuations in solar storm activity. Of particular interest to the electro-
static tractor performance are actually the prevailing quiet space weather conditions
where the local GEO plasma is cold and dense. These conditions lead to small Debye
lengths, and will have a stronger impact on the charging and electrostatic forces.

The paper is structured as follows. First, a brief review of the spacecraft charging
model developed for the charge transfer process is presented. Next, an overview of the
GEO space weather environment is presented, along with the plasma models used in
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this study. Following that, a review of the sigma-set relative motion description is pro-
vided; the sigma-set is used later in the paper to develop the relative motion control
strategy. Consideration of the space weather fluctuations is then used to develop an
open-loop current control strategy. The variable current control scheme is then com-
pared with a scenario where the current is held constant during the tugging maneuver.
Lastly, numerical simulation is used to illustrate the impacts of these space weather
fluctuations on the relative motion control and reorbiting performance.

Background

In this paper, a scenario is considered where a spacecraft (the tug) is equipped with
an electron gun that is used for remote charging of a second satellite (the deputy).
Due to the near proximity of tug and deputy, an electrostatic force is generated which
is used in combination with low thrust to tow the deputy into a new orbit. In general,
the deputy may be a cooperative spacecraft or a non-functioning debris object. Here,
a baseline scenario of reorbiting a GEO debris object into a disposal orbit is consid-
ered. Only a semimajor axis change is required and the tug and deputy maintain a
constant leader-follower position throughout the duration of the maneuver [15, 25].
The study utilizes a charging model that accounts for the numerous current sources
experienced by a satellite in the space environment, incorporates space weather con-
ditions adapted from observed values at GEO, and combines the charging model into
a relative motion control scheme utilizing a recently developed relative orbital motion
description.

Spacecraft Charging Model

The electrostatic tugging force used for towing is dependent on the charging that
occurs on both the tug and deputy. Several factors influence this charging process.
Naturally occurring ion and electron plasma currents are collected by the space-
craft, and photoelectrons may be emitted depending on the spacecraft potential and
presence of sunlight. Focused electron beam emission by the tug is used for charge
control. When the electron beam is absorbed by the deputy, secondary electron emis-
sion occurs as the incoming beam electrons excite and release electrons from the
deputy surface material. The potential levels achieved by the tug and deputy result
from a balance of these various current sources. To compute these potentials, the
charging model developed in [29] is applied. Note that the numerical values used
below for the various parameters in the charging model are taken directly from their
work.

A photoelectron current occurs whenever the spacecraft are in sunlight. This
current is modeled by

Iph(φ) = jph,0A⊥e−φ/Tph φ > 0 (1a)

= jph,0A⊥ φ ≤ 0 (1b)
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where φ is the spacecraft potential, Tph = 2 eV is the temperature of the emitted
photoelectrons, jph,0 = 20 μA/m2 is the photoelectron flux, and A⊥ is the cross-
sectional area exposed to sunlight.

The plasma electron current is modeled by

Ie(φ) = −Aqnewe

4
eφ/Te φ < 0 (2a)

= −Aqnewe

4

(
1 + φ

Te

)
φ ≥ 0, (2b)

where A is the surface area exposed to the plasma environment, Te is the plasma
electron temperature, ne is the plasma electron density, q is the elementary charge,
and we = √

8Te/πme is the thermal velocity of the electrons. The electron mass is
represented by me. Similarly, the plasma ion current is computed using

Ii(φ) = Aqniwi

4
e−φ/Ti φ > 0 (3a)

= Aqniwi

4

(
1 − φ

Ti

)
φ ≤ 0, (3b)

where wi = √
8Ti/πmi . Note that the variable quantities represent the same param-

eters as before, except the subscript i is used to denote they represent ions. In the
space weather model for the GEO environment utilized here, the ion species consists
solely of protons.

Charge control is achieved using an electron emitted from the tug onto the deputy.
A portion of the beam current will be absorbed by the debris, depending on tug point-
ing accuracy and the charge levels of both tug and debris. This current is modeled
as

ID(φD) = −αIt qφT − qφD < EEB (4a)

= 0 qφT − qφD ≥ EEB, (4b)

where It is the beam current emitted by the tug, EEB is the electron beam energy, and
the subscripts T and D represent the tug and deputy, respectively. The parameter α

represents the efficiency of the charge transfer process; it is the fraction of the beam
current emitted by the tug that reaches the deputy. In general, this is a function of
beam pointing accuracy and the width of the beam at the deputy location. It can also
be impacted by the tug and debris potentials, in addition to the beam energy. In the
current paper a value of α = 1 is used, which maintains the value established in [29].
This assumes a well focused and accurately pointed beam. Better quantification of
the α parameter is beyond the scope of this paper, and is left for future work.

When the electron beam impacts the deputy object, the incoming electrons result
in the emission of secondary electrons. Because of the large negative potential of
the debris object (kV level), these electrons will escape. This represents a significant
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current source that must be accounted for. Secondary electron emission is modeled
by [12]

ISEE(φD) = −4YMID(φD)κ φD < 0 (5a)

= 0 φD ≥ 0, (5b)

where

κ = Eeff/Emax

(1 + Eeff/Emax)2

and Eeff = EEB − qφT + qφD . YM is the maximum yield of secondary electron
production, and Emax is the impact energy at which this maximum occurs. In this
paper, the values of YM = 2 and Emax = 300 eV are used.

For the tug, the charging is dominated by the plasma electron current and elec-
tron beam emission. The tug settles to a potential that satisfies the current balance
Ie(φT ) + It = 0. This is solved analytically as

φT =
(

4It

Aqnewe

− 1

)
Te, (6)

which assumes a positive tug potential. This will be the case provided the beam
current is sufficient. The current balance on the deputy object contains a few more
contributions, and an analytical solution does not exist. The deputy will achieve a
potential that satisfies

ITot = Ie(φD) + Ii(φD) + ISEE(φD) + Iph(φD) + ID(φD) = 0. (7)

The presence of the photoelectron current implies the deputy is in the sunlight.
When in the Earth’s shadow, the current balance contains all of the same terms except
for Iph. A numerical root finder is used to solve for φD in Eq. 7.

Fig. 2 Currents acting on the deputy for a range of deputy potentials. Deputy achieves a potential that
results in ITot=0
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An example charging scenario is presented in Fig. 2. Shown are the various cur-
rents impacting deputy charging for space weather conditions of ne = 0.9 cm−3,
ni = 9.5 cm−3, Ti = 50 eV, and Te = 1250 eV. These plasma parameters are rep-
resentative of quiet conditions in GEO (i.e. no solar storm activity) and correspond
roughly to a 12 PM local solar time [11]. More details about the space weather envi-
ronment may be found in the next section. The results assume a beam energy of
EEB =40 keV and a beam current of It=520 μA. The tug and deputy are treated
as spheres, with radii of rT = 2 m and rD = 0.935 m. With these conditions, the
tug achieves a potential of φT = 21.5 kV and the deputy reaches a potential of
φD = −15.3 kV. As seen in Fig. 2, the deputy potential results in a net zero current
balance, i.e. ITot = 0. While the plasma electron current is included in the current
balance, for the deputy it provides an insignificant contribution to charging at the
high potential levels achieved. The tug and deputy potentials as a function of beam
current are shown in Fig. 3. The tug potential increases linearly with beam current,
while the deputy potential has its largest value around It = 350 μA

There are two electron beam parameters that may be used to influence charging:
the beam energy and potential. Generally, a higher beam energy will result in higher
deputy charging. This is due to the reduced secondary electron emission that stems
from the higher energy of the incoming beam electrons. As the energy of an absorbed
electron increases, fewer secondary electrons are emitted. Because the secondary
electrons essentially result in the loss of some fraction of the incoming beam current,
reducing the number of secondary electrons emitted will improve deputy charging.
Thus, the beam energy is treated as constant, while the beam current is considered
to be a control variable. Depending on the space weather conditions, increasing or
decreasing the beam current can improve or worsen deputy charging, as shown in
Fig. 3. However, the tug will always charge to higher potentials as the beam current is
increased, up to the level of the beam energy (qφT ≤ EEB ). Choosing a beam current

Fig. 3 Tug and deputy potentials as a function of beam current
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to maximize the resulting electrostatic force requires a careful balance between tug
and deputy charging, as well as consideration of changes in space weather. Increas-
ing the current will increase the tug potential, but beyond a certain point higher
current starts to reduce the deputy potential (magnitude). The resulting electrostatic
force is a function of both the tug and deputy potentials. Thus, improvements to the
electrostatic force resulting from increases in the tug potential can be offset by the
corresponding decrease in deputy potential that comes from increasing beam current
levels.

There is an inherent assumption in the electrostatic tractor concept that debris
objects will be able to accept and distribute charge. Due to the potential impacts of
spacecraft charging on operations and spacecraft lifetime, much work has been per-
formed in this area [1, 6, 10, 13, 18, 21]. Typically, these studies focus on a single
satellite in orbit and investigate natural charging events that occur as a result of the
space weather environment. A serious concern for spacecraft that experience dif-
ferential charging across their outer surface is electrostatic discharge (ESD) events,
where arcing occurs between different substructures possessing a significant surface
potential difference [18]. These ESD events can be destructive to electronic hardware.
Recent studies indicate that large satellites in GEO may experience many thousands
of discharges over their lifetimes [6]. With the electrostatic tug concept, the electron
beam is used to raise the absolute potential of the vehicle, and thus avoids the differ-
ential charging issues. Current GEO spacecraft construction practice ensures that all
outer surfaces are interconnected to a common ground, thus minimizing differential
charging issues [24]. This also has the benefit of helping to distribute charge over a
deputy structure, which improves electrostatic tractor performance. For electrostatic
tugging, potential levels on the order of tens of kiloVolts are required [26]. While cer-
tainly the near proximity of highly charged spacecraft raises a concern of potential
arcing between tug and debris, in GEO arcing occurs over distances of a few centime-
ters for kiloVolt levels of potential difference [5]. This is many times smaller than the
separation distances considered, so arcing between tug and debris is not a concern.

Space Weather Environment at GEO

The charging results are dependent on the local space weather environment at GEO.
The plasma density and temperature varies considerably, both with solar activity
and local time. To provide a realistic model for the GEO environment, the ten year
averaged measurements presented in [11] are used. The data were collected over
an eleven year period from 1990-2001 and cover roughly one complete solar cycle.
In this paper, we seek to characterize the impacts of changes in space weather that
occur over an average day during quiet solar conditions. While extreme geomagnetic
storms do create periods of highly perturbed space weather conditions, these do not
make up a significant portion of the time required for an electrostatic tugging maneu-
ver (several months). Thus, a model for the variations in space weather throughout a
single GEO orbit is sought for a Kp index of 1.5. The Kp index is a measure of solar
activity, and a value of 1.5 represents a condition of low solar activity.

In the GEO environment, there are two populations of ions: hot and cold. The hot
ions generally have temperatures in the 10 keV range, with densities on the order
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Fig. 4 GEO space weather parameters as a function of local time for Kp = 1.5. Markers represent data
values taken from [11] and lines show polynomial data fits

of 1 cm−3. The cold ions, which have their origins in the ionosphere, have temper-
atures between 3 and 100 eV and densities that range from less than 1 to over 10
cm−3. These cold ions are most prevalent in the periods of low solar activity consid-
ered here. The ratio of hot to cold ion current collected by the spacecraft is roughly
proportional to Ti,C/Ti,H , where the subscripts C and H denote cold and hot ions,
respectively. Considering the temperature ranges for the hot and cold ion popula-
tions, the current due to the hot ions is around 1-5 % of that from the cold ions. Thus,
in the charging computations throughout this study only the cold ion population will
be used to compute the plasma ion currents as it predominates over the contributions
from hot ions.

The data taken from [11] are presented in Fig. 4. To provide continuous func-
tions for the various parameters, polynomial fits are used, and are chosen to provide
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18:00

Sun
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Fig. 5 Illustration of local time at GEO, looking down at the north pole. Shaded region represents Earth
shadow period
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continuity across midnight (f (0) = f (24)). The function used to fit each set of data
values is

f (x) =
5∑

i=0

aix
i,

where x represents local time in hours, as illustrated in Fig. 5. The coefficients ai

for the electron density, electron temperature, and ion density are summarized in
Table 1. Unfortunately, no data are available for the cold ion temperature variations
as a function of local time, so a constant value of Ti =50 eV is used. The fit functions
are plotted with their corresponding data sets in Fig. 4.

Space Weather Impacts on Tugging

Electrostatic Force Modeling

The electrostatic tugging is accomplished using the attractive electrostatic force gen-
erated between the tug and deputy. In this section, the procedure for computation
of this electrostatic force is explained. Throughout the following developments, it
is assumed that the tug and deputy are both spherical, with radii of rT and rD . In
the space weather environment with the electron beam properly focused, the tug and
deputy will achieve voltages of φT and φD , respectively. In order to compute the
resulting electrostatic force, the charges on tug and deputy are required. Here, a posi-
tion dependent capacitance model is used [25, 31, 32]. The voltage and charges on
the tug and deputy are related through

[
φT

φD

]
= kc

[
1
rT

1
ρ

1
ρ

1
rD

][
qT

qD

]
, (8)

where ρ is the separation distance between tug and deputy, kc = 8.99× 109 Nm2/C2

is Coulomb’s constant, and qT and qD are the charges on tug and deputy, respectively.
Once φD and φT are computed using the current balances detailed above, Eq. 8 is

inverted to solve for the charges. These charges are then inserted into the electrostatic
force equation

Fe = kc

qT qD

ρ2
. (9)

Table 1 Coefficients used to fit space weather data

Parameter a5 a4 a3 a2 a1 a0

ne 9.447e-7 −5.601e-5 1.425e-3 0.0170 0.04804 0.9

ni 4.144e-5 −2.270e-3 .03558 −.09276 −0.6345 5.0

Te 1.112e-5 −6.948e-4 0.01599 −.1564 .4568 2.30
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This force acts equally and opposite on the tug and deputy, and its direction
is dependent on the relative orientation between the two objects. A positive value
signifies a repulsive force, while a negative value represents an attractive force.

Due to 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 [2]. 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 [22] and [35], objects charged to tens of kiloVolts in the space environ-
ment experience effective Debye lengths several times larger. Looking specifically
at this phenomenon as it pertains to charging in quiet GEO space weather condi-
tions, the effective Debye lengths are predicted to be roughly five times larger than
the classic Debye shielding model predicts [35]. For the space weather conditions in
Fig. 4, the classic Debye lengths range from 15-35 meters, leading to effective Debye
lengths over 75 meters. This means that the space weather environment will not con-
tribute significant shielding of the electrostatic force below distances of 75 meters.
Because the separation distances considered here are less than 20 meters, the impacts
of Debye shielding are insignificant and will not be included in the force model.

Beam Current Selection

The electron beam is what drives the charging of both the tug and deputy. The beam
current and energy are each factors that contribute the resulting potentials achieved
by the tug and deputy. Here we will treat the beam energy as a constant, with a value
of EEB =40 keV. With a constant beam energy, beam current control is considered
as the primary method for electrostatic force manipulation. Two different scenarios
are considered: constant beam current and varied beam current. The constant beam
current scenario is straightforward; a particular current value is chosen and main-
tained throughout the duration of the tugging. A variable current, on the other hand,
requires an analysis of the space weather environment fluctuations over a typical day
to help choose an appropriate current profile.

The magnitude of the electrostatic force between deputy and tug is directly respon-
sible for the rate at which reorbiting occurs. A larger force will yield a faster
reorbiting time, and so a method for maximizing this force using beam current control
is desired. In this study, an open-loop current control strategy as a function of local
time is used, which assumes known nominal GEO space weather variations. The fol-
lowing results assume a beam energy of 40 keV, a tug-deputy separation distance of
12.5 m, a tug radius of two meters, and a deputy radius of 0.935 meters. The deputy
radius is chosen to provide an equivalent surface area to the cylindrical deputy model
used in the numerical simulation later in the paper. To determine the optimal current,
the FindMinimum numerical minimization tool in Mathematica is used. Using the
electrostatic tractor force expression in Eq. 9 as the function to be minimized, the
optimal current which will yield the largest electrostatic force for a given local time
is computed. Note that Eq. 9 will always be negative due to the opposite polarities of
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the charges qT and qD . The optimal current history is shown in Fig. 6a, and the result-
ing electrostatic force in Fig. 6b. The discontinuities on either side of midnight are
due to the lack of photoelectron emission by the deputy while in the earth’s shadow.

The maximum beam current occurs at midnight, while the minimum occurs
around 17:00. To explain this trend requires an examination of the tug and deputy
potentials as a function of beam current and local time. Figure 7 shows these poten-
tials for a range of currents between 300 and 700 μA. If a fixed current is held
throughout the day, the tug will experience its maximum potential around dusk. This
is due to the trend in electron density. As the electron density decreases after noon,
there is less electron current returning to the tug for a given potential. In order to bal-
ance electron beam emission with the plasma electron current, the tug must settle to
a higher potential.
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The deputy, on the other hand, experiences its minimum potential at the same
time that the tug experiences its maximum. A casual study of the space weather
trends would suggest that this is due to increasing ion density after noon. While
this trend does contribute partially to the decrease in deputy potential, the primary
factor in this reduction is the secondary electron emission generated by the incom-
ing electron beam current. The amount of secondary electrons emitted due to an
incoming electron is a function of the incoming electron’s energy. The maximum
secondary electron yield occurs when the energy of an incoming electron is equal to
Emax = 300 eV in the model implemented here. As the energy of an incoming elec-
tron increases, the corresponding secondary electron yield is reduced. The energy of
the incoming electrons from the electron beam is equal to the beam energy minus the
potential difference between tug and deputy, i.e. Eeff = EEB − qφT + qφD . As the
tug potential φT increases after noon due to lower electron density, the energy of the
incoming beam electrons is reduced considerably. These lower energy electrons, in
turn, result in a higher secondary electron current that reduces the deputy potential.

It is also at this dusk period where the difference in the magnitudes of tug and
deputy potentials is at its greatest point. There is an ideal potential difference between
tug and deputy that will yield the maximum electrostatic force. In [29], expressions
for these ideal potentials in a vacuum are derived as

φT = EEB

2

ρ2 − 2ρrD + rT rD

(ρ − rT )(ρ − rD)
(10a)

φD = EEB

2

ρ2 − 2ρrT + rT rD

(ρ − rT )(ρ − rD)
. (10b)

These relationships assume that the potential difference between tug and deputy
is equal to the electron beam energy (EEB = qφT − qφD). In reality, this will never
be the case because the various currents that contribute to the charging process cause
some losses in efficiency. Still, this ideal potential split provides a baseline for ana-
lyzing the reasons why the minimum forces occur when they do. Using Eq. 10 yields
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Fig. 8 Potential magnitudes of tug and deputy that result from applying ideal current history. Dashed
lines represent ideal potentials computed assuming EEB = qφT − qφD
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ideal potentials of φT =22.2 kV and φD =-17.8 kV. The magnitudes of the actual
potentials achieved using the ideal current history are shown in Fig. 8, along with
the values computed from Eq. 10. The deputy potential is always smaller than its
ideal value, which reflects the losses due to the charging process. Note that the max-
imum electrostatic force occurs when the potential split best approximates the ideal
value. Reducing the beam current during the post-noon timeframe is necessary for
limiting the increase in the difference between tug and deputy potentials. Without
reducing the current, the tug potential would climb higher and the deputy potential
would descend lower, further deviating from the ideal split. This explains why the
ideal current history follows the trend in Fig. 6a.

We now turn our attention to the case of maintaing a constant electron beam
current throughout the duration of the orbit. Choosing an ideal current history is
dependent on knowledge of the space weather environment, and such information
may not be available in real time. A much simpler approach would be to simply hold
a fixed beam current. Of course, there will be some reduction in the magnitude of the
electrostatic forces, which may or may not be significant enough to severely impact
performance of the tugging process. Instead of varying the current with local time,
a fixed current of 540 μA is used. The resulting electrostatic forces are shown in
Fig. 6b. Comparing with the results from the ideal current history, the largest reduc-
tion in electrostatic force occurs during the dusk period discussed previously. Again,
maintaining a constant current results in an increase in tug potential and decrease in
deputy potential during this period that leads to a weaker electrostatic force. Even at
the worst point, the reduction in electrostatic force is no more than about 5 %.
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To illustrate why the losses are small, a plot of the electrostatic force as a function
of local time and current is presented in Fig. 9. Also plotted is the ideal current his-
tory. The regions around the ideal current values are relatively flat, featuring shallow
force dropoffs. While the ideal current varies by 140 μA throughout the course of a
day, losses of no more than 5 % can be achieved by maintaining a constant current
of anywhere between 400 and 550 μA. Again, this raises the question of whether
or not the added complexity required to predict an ideal current as a function of
space weather is worth it when very similar performance can be obtained by simply
maintaining a fixed current with a large margin of error.

Relative Motion Control

To model the relative motion of the tug with respect to the deputy, the sigma-set
relative motion description is used [16]. The sigma-set description is developed
from the Clohessy-Wiltshire (CW) equations [7, 27], and uses three coordinates to
describe relative orbital motion. While the CW equations could be used to model
the relative motion, for the electrostatic tugging application it is attractive to use
coordinates which contain the separation distance due to its direct influence on
the electrostatic forces that heavily impact the relative motion. In prior work, a
spherical coordinate description is used for this reason [15]. However, for certain
relative orientations of tug and deputy, this spherical coordinate description is sin-
gular. The sigma-set relative motion description was developed as an alternative that
allows for the use of separation distance directly as a coordinate while avoiding such
singularities.

Assuming the deputy craft is at the origin of the Hill-frame and denoting the
CW coordinates of the tug as x, y, and z, the sigma-set consists of three parameters
defined by

L = ±
√

x2 + y2 + z2 (11a)

σ1 = y

x + L
(11b)

σ2 = z

x + L
. (11c)

The presence of the ± in L results in two different values for the sigma-set that
describe the same relative position. It is this non-uniqueness that allows for singular-
ity avoidance. When x = −L, both σ1 and σ2 will be infinite. However, a switch to
the shadow set may be performed (Ls = −L, σ1,s = −σ1/σ

2, σ2,s = −σ2/σ
2) at

any time to prevent approaching this singularity. While the original set is ill-defined
when x = −L, its shadow set is well defined. In this paper, the standard of switching
between original and shadow set when σ 2 > 1 is used. Further details regarding the
shadow set switching may be found in [16].
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The dynamics of the sigma-set are described by

⎡
⎣ L̈

σ̈1
σ̈2

⎤
⎦ =

⎡
⎣ hL

hσ1

hσ2

⎤
⎦ + [Gσ ]Hu, (12)

where

hL = L(
1 + σ 2

)2 [3n2(σ 4
1 + σ 4

2 + 1) + 4σ̇1n − 2nσ 2
2 (5n + 2σ̇1)

+2nσ 2
1 (3n(−1 + σ 2

2 ) + 2σ̇1) + 8nσ1σ2σ̇2 + 4σ̇ T σ̇ ]
hσ1 = − 1

2L
(
1 + σ 2

) [−6n2Lσ 3
1 + 2nσ 4

1 L̇ + 4σ 2
1 L̇ (n + σ̇1)

−
(
1 + σ 2

2

)
L̇

(
2nσ 2

2 − 2 (n + 2σ̇1)
)

− 8Lσ2 (n + σ̇1) σ̇2

+2Lσ1

(
3n2 − 5n2σ 2

2 − 2σ̇ 2
1 + 2σ̇ 2

2

)
]

hσ2 = 1

2L
(
1 + σ 2

) [−4nσ 3
1 σ2L̇ − 4nσ1

(
σ2 + σ 3

2

)
L̇ − 4L̇σ̇2 + 8Lσ1σ̇1σ̇2

+2σ 2
1

(
2n2Lσ2 − 2L̇σ̇2

)
− σ2

(
4σ2L̇σ̇2 + 4L

(
2n2

(
1 − σ 2

2

)

+ 2nσ̇1 + σ̇ 2
1 − σ̇ 2

2

))
] (13)

and

[Gσ ] =

⎡
⎢⎢⎣

1−σ 2

1+σ 2
2σ1
1+σ 2

2σ2
1+σ 2

−σ1
L

1−σ 2
1 +σ 2

2
2L −σ1σ2

L

−σ2
L

−σ1σ2
L

1+σ 2
1 −σ 2

2
2L

⎤
⎥⎥⎦

Hu =
⎡
⎣ ux

uy

uz

⎤
⎦ . (14)

Note that σ 2 = σ 2
1 + σ 2

2 , σ = [σ1 σ2]T , and ux , uy , and uz are the control
accelerations of the tug in the Hill-frame. These control accelerations consist of both
the thrusters employed by the tug and the electrostatic forces acting between tug and
deputy.

In the equations of motion, n represents the mean motion of the deputy object.
Because the sigma-set dynamics are derived from the CW equations, it is inher-
ently assumed that n is constant. However, as the deputy object is towed this will
no longer be the case. This issue is analyzed in [15]; because the electrostatic forces
are small (on the order of mN), neglecting the mean motion rate of change does not
introduce significant errors into the linearized CW equations. To account for the fact
that the mean motion does change with time, n is simply replaced with the time-
dependent n(t). Thus, in the sigma-set equations of motion presented above, n is used
to represent the time-varying mean motion of the deputy.
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To develop a relative motion control law, the sigma-set error measure

δζ = ζ − ζ r =
[

L

σ

]
−

[
Lr

σ r

]
. (15)

is used. The subscript r denotes reference values that represent the desired relative
position of tug with respect to deputy. By choosing the control acceleration as

Hu = [Gσ ]−1

⎛
⎝−[K]δζ − [P ]δζ̇ −

⎡
⎣ hL

hσ1

hσ2

⎤
⎦ + ζ̈ r

⎞
⎠ , (16)

asymptotic tracking of a possibly time-varying reference relative motion trajectory
(Lr , σ r ) is guaranteed, where [K] and [P ] are positive definite gain matrices.[16]
The control acceleration contains contributions from the electrostatic force and tug
thrusters, expressed as

Hu = HF e

(
1

mT

+ 1

mD

)
+

HT t

mT

, (17)

where HF e is the electrostatic force acting on the tug in Hill-frame components,
HT t is the tug thrust force in Hill-frame components, mT is the tug mass, and mD

is the deputy mass.
The electron beam is used to affect the tug and deputy charging, which will gener-

ate the electrostatic force HF e. The thrusting must compensate for this electrostatic
force to generate the required control acceleration Hu. The commanded thrust, then,
is computed as

HT t = mT

[
Hu − HF e

(
1

mT

+ 1

mD

)]
. (18)

In order to estimate the electrostatic force for the feedforward compensation of
HF e, some estimate of the charging on tug and deputy is required. Practically this
can be challenging, as uncertainties in space weather conditions, craft geometries,
and charging properties will result in differences between estimated values and the
truth.

The impacts of improperly modeled electrostatic forces on relative motion are
examined in [15]. Because the electrostatic force is directed along the line of sight
from tug to deputy, it primarily affects the separation distance. If the electrostatic
force is over-predicted, the tug will settle at a larger separation distance than desired
(|L| > |Lr |). If the electrostatic force is under-predicted, two different responses are
possible. If the magnitude of under-prediction is small enough, the tug will settle to a
closer separation distance than desired (|L| < |Lr |). If the under-prediction is severe
enough, the controller will not provide enough thrust to prevent a collision between
tug and deputy. Clearly, such a collision is undesirable and should be avoided at all
costs. Different factors influence the allowable level of under-prediction before colli-
sion occurs, including the desired separation distance Lr , the tug and deputy masses,
and the control gains [15]. If the gain matrices [P ] and [K] are chosen to be diagonal,
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Fig. 10 Charge product qT qD for a) ideal beam current history and b) constant beam current of 540 μA.
Solid lines represent true charge product, while dashed lines represent estimated values

the equations of motion decouple. With an improperly modeled electrostatic force,
the dynamics of L are described by

L̈ + PLL̇ + KL(L − Lr) = kc

L2
(qT qD − qT,eqD,e)

(
1

mT

+ 1

mD

)
, (19)

where qT,e and qD,e are the estimated charges on tug and deputy. Charge over-
prediction corresponds to |qT qD| < |qT,eqD,e|, while charge under-prediction is
defined as |qT qD| > |qT,eqD,e|. Note that while [15] parameterizes the relative
motion using spherical coordinates, the closed loop dynamics for L are equivalent
to Eq. 19. If an estimate of the maximum level of under-prediction is available, a
collision may be avoided by ensuring that [15]

KL ≥ 27μ	Qmax

4L3
r

, (20)

where μ = kc

(
1

mT
+ 1

mD

)
and 	Qmax = max(|qT qD − qT,eqD,e|).

To determine the lower limit for KL, we consider the impacts of changing space
weather conditions on charge prediction. Because space weather conditions are
dynamic and may be difficult to incorporate into a realtime estimate, constant aver-
age values are used for charge prediction. Considering the expected parameter ranges
shown in Fig. 4, values of ni = 7 cm−3, Ti = 50 eV, ne = 0.7 cm−3, and Te = 1.7
keV are used in the charging model to estimate the charges on tug and deputy. The
resulting true and estimated charge products as a function of local time are shown in
Fig. 10, assuming rT = 2 m and rD = 0.935 m. Results are computed using both
the ideal beam current history and a constant beam current of 540 μA. There is a
roughly even split in the amount of time that is spent in under-prediction versus time
spent in over-prediction. During periods of over-prediction, some performance loss
occurs because of the smaller electrostatic force that results from a larger separation
distance. This is somewhat balanced by the increased performance obtained during
under-prediction when the tug and deputy are closer than desired.

The difference between true and estimated charge products is used to bound KL.
For the ideal current history, the max under-prediction occurs just before 4:00 with
a 	Qmax = 0.35 μC2. For constant current of 540 μA, the worst under-prediction
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occurs just after 5:00 with a 	Qmax = 0.21 μC2. The tug and deputy masses are
required for evaluation of Eq. 20; values of mT = 500 kg and mD = 1000 kg
are used here and in the following numerical simulation. Using the higher value of
	Qmax = 0.35 μC2, the lower limit of KL is found to be KL = 3.26 × 10−8 s−2.

For the debris reorbiting scenario considered in this study, slight errors between
the true and desired separation distance are not a serious concern. The ultimate goal
is raising a debris object into a graveyard orbit [17], and taking slightly more or less
time to get there is not a major obstacle to achieving this goal. If more precision
is required during a deputy reorbiting maneuver, these slight errors could have a
significant impact and would need to be considered.

Numerical Simulation

The spacecraft charging model is implemented into a full numerical simulation and
used to model relative motion while performing charge transfer and electrostatic tug-
ging. A total simulation period of two days is used, and both the ideal current history
and a constant beam current of 540 μA are applied. The initial orbital elements for
both tug and deputy are summarized in Table 2. In the debris reorbiting scenario
modeled here, the tug maintains a constant position 12.5 meters ahead of the deputy
in the along track direction, which corresponds to reference sigma-set values of Lr =
12.5, σ1r = 1, σ2r = 0 (shadow set values of Lrs = −12.5, σ1rs = −1, σ2rs = 0).
The control gains used are [K] = 3.75×10−7[I3×3] s−2 and [P ] = 1.13×10−3[I3×3]
s−1. Note that the values Ki are an order of magnitude larger than the lower limit
required to avoid collision, and the gains will result in a settling time of 2.4 hours.

Multi-Sphere Model of the Deputy

The tug is modeled using a sphere with a radius of two meters. Rather than treat-
ing the deputy object as spherical, a cylindrical model is used instead. This results
in off-axis forces that are no longer necessarily aligned with the line of sight from
tug to deputy. Furthermore, electrostatic torques affect the attitude motion of the
deputy. As the deputy tumbles, even with a fixed separation distance between tug and
deputy, the electrostatic force magnitude will no longer be constant. Incorporating
a non-spherical model allows for inclusion of these effects, which in turn provides
for a more realistic simulation of charged relative motion. In general, a debris object
will be non-spherical and the electrostatic tugging process would experience these
phenomena.

Table 2 Initial orbital elements
of tug and deputy a (km) e i (◦) 
 (◦) ω (◦) ν (◦)

Deputy 42164 0 0 0 0 0

Tug 42164.075 1e-6 -0.001 0 0 1e-5
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Fig. 11 Multi-sphere model used to represent the 3x1 meter cylindrical deputy object

The multi-sphere method (MSM) is used to compute the electrostatic forces and
torques between tug and deputy [33]. The deputy is modeled as a cylinder with a
diameter of one meter and a height of three meters. To compute the charge on the
deputy an approximation of three spheres is used, as depicted in Fig. 11. In the deputy
body frame B : {b̂1, b̂2, b̂3} each sphere is located at a position of r i and has an
associated radius of Ri . The sphere locations and radii are presented in Table 3.

The procedure for computing the electrostatic forces and torques between tug
and deputy follows. First, the potentials on tug and deputy are computed using the
charge model detailed above. Each sphere on the deputy is assumed to have the same
potential of φD . Denoting the charge on each individual sphere as qi , the matrices
� = [φD φD φD φT ]T and q = [q1 q2 q3 qT ]T are constructed. Using the position
dependent capacitance model, the potentials and charges are related through

� = kc[CM ]−1q. (21)

The inverse of the position dependent capacitance matrix, [CM ]−1, is then expanded
as

[CM ]−1 =

⎡
⎢⎢⎣
1/R1 1/r1,2 1/r1,3 1/r1,T
1/r2,1 1/R2 1/r2,3 1/r2,T
1/r3,1 1/r3,2 1/R3 1/r3,T
1/rT ,1 1/rT ,2 1/rT ,3 1/rT ,

⎤
⎥⎥⎦ . (22)

where ri,j is the distance between spheres i and j . The subscript T refers to the tug,
so that r1,T is the separation distance between deputy MSM sphere 1 and the tug. To
solve for the charges, q, Eq. 21 is inverted. The total electrostatic force acting on the
deputy is obtained by summing up the forces on the individual MSM spheres, i.e.

F e,D = −kcqT

3∑
i=1

qi

r3i,T

r i,T , (23)

Table 3 Radii and body-frame
sphere locations used to
represent cylinder in MSM
model

Sphere Body Frame Location r i (m) Sphere Radius Ri (m)

1 −1.454b̂2 .5959

2 0 .6543

3 1.454b̂2 .5959
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where r i,T is the vector from MSM sphere i to the tug. This force acts equal and
opposite on the tug, so that F e,T = −F e,D . The total torque acting on the deputy
resulting from the electrostatic interaction with the tug is computed as

T e = −kcqT

3∑
i=1

qi

r3i,T

r i × r i,T . (24)

The spherical geometry of the tug prevents any electrostatic torques from acting
on it.

Tug and Deputy Dynamics

To propagate the orbits of both tug and deputy, inertial two-body dynamics are used.
In the case of the tug, the motion is governed by gravity, electrostatic forces, and
thrusting. The tug trajectory is determined through integration of

p̈T = − μ

p3
T

pT + F e,T

mT

+ T T

mt

, (25)

where pT is the position of the tug in the earth centered inertial (ECI) frame.
Similarly, the deputy orbit is propagated using

p̈D = − μ

p3
D

pD + F e,D

mD

. (26)

Local time is computed by assuming the sun direction is r̂� = [1 0 0]T in the ECI
frame. Equations 25 and 26 serve as the truth model for the tug and deputy orbital
dynamics. They describe how the orbits of both objects evolve under the influence
of gravity, thrusting, and electrostatic forces. For the tug thrust control (T T ), Eqs. 16
and 18 are used, and the exact tug and deputy orbital positions (from Eqs. 25 and 26)
are assumed to be known to the controller. The electrostatic force compensation in the
controller is obtained using the averaged space weather values ni = 7 cm−3, Ti = 50
eV, ne = 0.7 cm−3, and Te = 1.7 keV, and assumes the deputy is spherical with a
radius of rD = 0.935 m. The true electrostatic force used to propagate the orbits uses
the MSM cylindrical model and the time-varying space weather conditions in Fig. 4.

The electrostatic forces and torques are a function of the deputy attitude, and so
deputy attitude motion must be accounted for. Modified Rodrigues parameters (η)

are used to describe the deputy attitude, with the corresponding attitude dynamics
[27]

η̇ = 1

4

[
(1 − η2)[I3×3] + 2[η̃] + 2ηηT

]
ω (27a)

[J ] ω̇ = −ω × [J ]ω + T e, (27b)

where

[J ] =
⎡
⎣ 893.75 0 0

0 125.0 0
0 0 731.25

⎤
⎦ kg m2

is the deputy inertia tensor. The initial conditions used to propagate the deputy
attitude are η0 = 0, ω0 = [1 2 − 0.6]T (deg/s).
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Fig. 12 a Separation distance between tug and deputy and b increase in deputy semimajor axis with
application of ideal beam current history

Simulation Results

First, the effects of the ideal beam current history on relative motion and reorbit-
ing are considered. After approximately 2.5 hours, the tug and deputy achieve the
desired leader-follower alignment. The separation distance between tug and deputy
throughout the duration of the simulation is presented in Fig. 12a. Though the desired
separation distance is 12.5 meters, the actual separation oscillates about this value
with a range of 0.8 meters. This results from the errors between the estimated and true
electrostatic forces, and is expected. For the debris reorbiting scenario, these slight
oscillations are of minor concern. The ultimate goal is merely increasing the semi-
major axis of the deputy object to a high enough level to prevent reentry into GEO.
Slight deviations from the desired performance do not hinder this goal.

The increase in deputy semimajor axis during the maneuver is shown in Fig. 12b.
After two days, the deputy semimajor axis is about 2.6 kilometers larger than at the
beginning of the maneuver. This agrees with earlier work predicting reorbiting perfor-
mance using the electrostatic tug for debris mitigation applications, where semimajor
axis corrections of 1-3 km per day are expected [14, 28]. There are slight variations
in the rate of change of the semimajor axis, and these correspond with the periods of
charge over- and under-prediction. Charge over-prediction occurs during the time of
day when the electrostatic forces are at their smallest, and separation distances are
at their largest. As a result, there is a weaker tug force pulling on the deputy, result-
ing in a slower increase in semimajor axis. The opposite occurs during the periods of
under-prediction.

Next, attention is paid to application of a constant beam current of 540 μA
throughout the maneuver. The separation distance history is very similar to what is
depicted in Fig. 12a, and is not shown here for the sake of brevity. The same oscil-
lations occur, with periods of smaller and larger separation distances than desired.
To assess the performance differences between the constant beam current and ideal
beam current histories, the resulting semimajor axis changes are compared. The dif-
ference between the deputy semimajor axis during the ideal and constant current
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cases is shown in Fig. 13a. Positive values indicate that the ideal beam current his-
tory has achieved a larger semimajor axis increase than the constant beam current.
A positive slope indicates that using the ideal current history is increasing the semi-
major more quickly, while a negative slope implies that the constant beam current is
increasing the semimajor axis more quickly. After 48 hours, charge control using the
ideal beam history results in an additional 25 meter increase in the semimajor axis as
compared to maintaining a constant beam current of 540 μA. This means that using
the constant beam current would result in a performance loss on the order of 1%.
This again raises the question of whether or not the performance benefits resulting
from the optimized electrostatic force are worth the added complexity as compared
to simply maintaining a constant beam current that works well for the expected range
of nominal space weather conditions.

The ideal beam current history should result in larger electrostatic forces through-
out the maneuver, which implies that the rate of semimajor axis change will always
be larger than for the fixed current case. However, as seen in Fig. 13a, this is not
the case. There are periods where the fixed beam current actually outperforms the
ideal beam current case. Figure 13b shows the electrostatic forces resulting from both
current histories. At certain times, the constant 540 μA current produces a larger
electrostatic force than the ideal beam current. A few factors contribute to this result.
First, the ideal beam current is computed assuming a spherical deputy geometry.
The true physical model implemented in the numerical simulation is cylindrical, and
this changes the current balance affecting the deputy potential. Specifically, the pho-
toelectron current will not be equivalent between cylinder and sphere, and for the
cylinder is dependent on the orientation of the deputy relative to the sun. Secondly,
the differences in force estimation between the two cases result in slightly different
separation distance histories. There are times when the constant current results in a
closer separation distance than the ideal beam current. Because the voltages achieved
in both cases are similar, the smaller separation distances yield larger forces for the
constant current. These periods are brief, and generally the ideal beam current his-
tory does result in better performance. The widths of the electrostatic force curves in
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Fig. 14 Deputy attitude and angular velocity during maneuver for ideal beam current case

Fig. 13b are due to the deputy tumbling. Small oscillations occur in the electrostatic
force magnitude due to this attitude motion. Plots of the deputy attitude history and
angular velocity for the ideal beam current case are shown in Fig. 14.

Conclusions

In this paper, application of the electrostatic tractor concept for reorbiting a GEO
debris object is considered. An electron beam is used to perform charge control of the
tug and deputy craft, and a full charging model incorporating various current sources
is used to compute the potentials on the two objects. Nominal GEO space weather
conditions typical of low solar activity are used in the charging model. Two scenar-
ios are considered for charge beam control: modifying the beam current to account
for space weather variations in an attempt to maximize the electrostatic force and
maintaining a constant beam current. Developing an ideal current model is depen-
dent on a-priori knowledge of the space weather environment, and may be difficult
or impractical in a real-time scenario. However, the analysis reveals that for typical
space weather variations, similar performance can be obtained by simply maintain-
ing a fixed current. This is promising for the electrostatic tractor concept, because
it implies that knowledge of current space weather conditions is not a requirement
for achieving acceptable performance. A numerical simulation is used to model
the relative motion of tug and deputy, and fully incorporates the charge model and
space weather variations. The relative control algorithm is used to maintain a leader-
follower alignment of tug and deputy for the purposes of increasing the deputy
semimajor axis. Differences between the estimated and true electrostatic forces lead
to small oscillations about the desired separation distance. However, these small
oscillations (< 1 m) do not significantly hinder performance, and the electrostatic
tractor achieves a semimajor axis increase of over one kilometer per day. With a tar-
get graveyard orbit of 300 km above GEO, this would require a total reorbiting time
of 8-9 months.
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