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REACTION WHEEL MOMENTUM CONTROL WHILE
ELECTROSTATICALLY TUGGING SPACE OBJECT

James D. Walker III*, Kaylee Champion†, and Hanspeter Schaub‡

Charged spacecraft generate electrostatic forces and torques on one another. This
can be a threat to long-term servicing missions as a constant external torque causes
reaction wheels to continually increase in speed in order to store the additional an-
gular momentum. The electrostatic tractor is one such mission concept. It requires
both the servicer and target to have 10’s of kilovolt potentials and maintain a 10-
15 m separation distance. By utilizing the electrostatic force between the two
spacecraft, the servicer tugs the debris to a graveyard orbit. However, due to the
large potentials and small separation distance, the servicer experiences significant
electrostatic torques that may eventually cause the reaction wheels to saturate.
A method for managing the angular momentum of the servicer using the same
electrostatic torques is presented here. By rotating the servicer to attitudes where
electrostatic torques act opposite each other, the angular momentum of a servicer
can be decreased without additional fuel or instruments. Using this technique, it
is shown that the angular momentum of a servicer can be driven from 350 Nms
to approximately zero in about 15 hours. It is also shown that a servicer can re-
peatedly rotate between two attitudes with opposing electrostatic torques to keep
its angular momentum from continually increasing and extend the lifetime of the
mission. For the simple scenario described here, maintaining the servicing attitude
causes the servicer’s reaction wheels to saturate in 39,000 s. Employing electro-
static momentum management is shown to increase this saturation time to over
250,000 s, extending the lifetime of the servicing spacecraft.

INTRODUCTION

The space environment is not truly empty. Populations of electrons, protons, ions, and photons are
expelled from the Sun as solar wind and travel throughout the solar system. When conducting space-
craft are exposed to these energetic particles, the interactions lead to spacecraft charging, where
the electric potential of the satellite deviates from that of the surrounding plasma.1 For isolated
spacecraft, differential charging is a concern: if a satellite’s outer surface is not fully conducting,
different components can have different electric potentials which leads to electrostatic discharges
between the components. For neighboring spacecraft however, the effects of spacecraft charging
are more complicated. Two charged bodies exert Coulomb forces and torques on one-another that
increase exponentially as their separation distance decreases. As two charged spacecraft approach
one-another, these forces and torques influence the relative motion of the two spacecraft, decreasing
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Figure 1. Conceptual representation of a servicer tugging geostationary debris using
the Electrostatic Tractor method.6

the efficiency of the motion controller and, if the perturbations are large enough, causing a colli-
sion.2–4 Docking operations are especially vulnerable to the effects of spacecraft charging due to
small separation distances and physical contact between the two charged objects.4 When the po-
tentials of docking spacecraft are different, arching can occur and cause damage to both objects.4

Spacecraft charging and its effects are a significant concern in geostationary and cislunar regions
where the hot, dense plasma and eclipsed orbits lead to spacecraft potentials ranging from a few
volts positive to tens of thousands of volts negative.1 These regions also have relatively large Debye
lengths (greater than one hundred meters), meaning spacecraft can electrostatically interact across
large distances.1

Because electrostatic forces and torques are non-contact forces, they offer unique capabilities for
debris removal. The electrostatic tractor (ET) is a novel method that utilizes the Coulomb force and
torque generated between two charged spacecraft for contactless debris removal.5–8 The concept
is as follows: a servicer equipped with a high energy electron beam directs the stream of electrons
at the debris.6 As the additional negative current charges the target negatively, the expulsion of
electrons causes the servicer to charge positively.6 These opposing charges generate an attractive
force that ”connects” the two spacecraft.6 Using low impulse thrusters, the servicer can then tug
the debris to a new orbit, while maintaining a constant separation distance.7, 8 Figure 1 shows
concept art of this process. In Ref. 9, it is shown that a multi-ton debris object can be re-orbited
over the course of months.9 The electrostatic tractor is designed to be employed in regions with
Debye lengths greater than 10-30 meters and significant spacecraft potentials like geostationary and
cislunar orbits.6

The translational and attitude dynamics generated by these electrostatic forces have been ex-
plored in previous research. Wilson and Schaub explore the impact of electrostatic perturbations on
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servicing operations, determining the station keeping requirements for charged spacecraft and the
electrostatically perturbed trajectory for a nominal rendezvous mission.2 The dynamics and control
requirements for the proximity operations of the ET have also been extensively explored. In Ref. 10,
a relative motion control algorithm is developed and shown to allow a chief spacecraft to increase
the semi-major axis of a deputy by 300 km using electrostatic forces. Electrostatic torques are also
found to have a significant impact on the attitude of charged spacecraft for separation distances up to
of 3-4 spacecraft radii.11 The generation of significant electrostatic torques between nearby space-
craft led to development of attitude control algorithms for detumbling uncontrolled debris.11–14 It
has been shown using both experiments and numeric simulations that, by controlling the attitude and
electrostatic potential of an axis-symmetric servicer, it is possible to detumble a rotating target.11–15

Because electrostatic torques are internal torques, by detumbling the space debris, the servicer is
absorbing the target’s angular momentum and storing it in its reaction wheels (RWs). This use of
electrostatic torques for angular momentum management of a target also inspired the idea of using
them for angular momentum management of the servicer itself.

Servicing missions using the ET can be uniquely affected by spacecraft charging. When a ser-
vicer is maintaining a desired attitude relative to a target, each spacecraft experiences a constant
torque. Reaction wheels are used to store the increasing angular momentum; however, because
these torques are constant, the reaction wheels continually speed up to maintain the desired atti-
tude. Eventually, the wheels will reach a maximum speed, saturate, and the desired attitude will no
longer be maintained. To reduce the electrostatic torque experienced during proximity operations,
Ref. 3 develops a method for determining the approach trajectory that reduces the torque that the
target (and therefore also the servicer) experiences. This technique assumes the target object is not
tumbling during the approach.3 The total change in angular velocity of the target was decreased
by 95% using this method compared to directly approaching the target.3 However, even though the
perturbations to the spacecraft attitudes can be reduced, electrostatic torques will still be present
between charged spacecraft. To extend the lifetime of long term servicing mission in high altitude
orbits, methods for reducing the speed of reaction wheels must be employed. Redundant reaction
wheels can be used to increase the amount of angular momentum stored about a particular axis and
additional reaction wheels mounted on different axes can allow for angular momentum to be redis-
tributed.16, 17 Eventually, however, the wheels will saturate. Thrusters and magnetorquers have been
used to allow reaction wheels to dump momentum and decrease their wheel speeds. Thrusters burn
fuel to apply a torque opposite to the angular momentum of the spacecraft18 while magnetorquers
generate a magnetic dipole and interact with Earth’s magnetic field to apply an external torque to
spin down the reaction wheels.16, 19–21 However, thrusters require additional fuel, magnetorquers
are most effective near Earth, and both require additional mass and space.

Rather than adding instruments or using additional fuel, this paper proposes the use of Coulomb
torques to maintain reaction wheel speeds. When preforming the ET and similar maneuvers, space-
craft will have electric potentials greater than ten kilovolts and be 2-3 spacecraft radii away from
one another (≈15 m);6 therefore they experience significant electrostatic torques. Because elec-
trostatic torques are internal torques, the overall angular momentum of the system will remain the
same throughout the entire operation, but the angular momentum on each spacecraft will not. In-
stead, it will increase equally in magnitude (but opposite direction) on each spacecraft. Rather than
letting the wheels spin up until they saturate, the orientation of the servicer can be adjusted such
that angular momentum on each spacecraft will decrease in magnitude. This momentum dumping
process of the servicer will naturally transfer the momentum to the debris object, causing the debris
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to tumble. Interestingly, References 22 and 23 found that relative position station keeping control
for the ET is sensitive to the attitude of stationary debris and certain debris orientations cause the
servicer’s station keeping control to become unstable. When the debris is rotating, the impact of the
three-dimensional shape averages out and these instabilities do not occur.22 However, rotating tar-
gets does introduce other complications such as time varying potentials and attitude dependent solar
radiation pressure. The comparison of stationary vs tumbling debris is part of ongoing research.

The electrostatic torques are dependent on the orientation of the servicer relative to the target.
For non-symmetric spacecraft, there are orientations where the target applies a positive torque and
others where the torque is negative. Starting at a desired reference attitude relative to the target, the
reaction wheels of the servicer will spin up. Once they reach a wheel speed threshold (less than
the maximum wheel speed), the servicer can compute, and rotate to, the relative orientation that
will yields the opposite torque. Holding this attitude, the reaction wheels will spin down and then
the servicer will rotate back to the reference attitude. This allows the spacecraft to spin down its
reaction wheels using only electrical energy and extend the lifetime of these missions.

The goal of this paper is to introduce the concept of electrostatic momentum transfer and present
it for simple and idealized charging scenarios. Specifically, a servicer is equipped with a three-axis
control while the target remains at a fixed attitude. This scenario is representative of a servicing
spacecraft operating near a target with a large capacity to store angular momentum, such as the
International Space Station (ISS) or Lunar Gateway.

The paper is structured as follows: an outline of the reaction wheel control implemented through-
out this paper is given first and then followed by the modeling technique for computing the electro-
static torques experienced by each spacecraft. The details of the momentum management technique
are presented in the following section. Finally, the results of the reaction wheel momentum con-
trol are shown for two scenarios. The first scenario is a single momentum transfer maneuver: a
spacecraft with high reaction wheel speeds uses the target to drive its wheel speeds to zero once.
The second scenario involves repeated maneuvers. A servicing craft maintaining a desired attitude
builds up angular momentum and rotates between the servicing attitude and anti-torque attitude to
continually transfer momentum to the target.

NUMERICAL METHODS

Attitude Control

A description of the attitude control used in this paper is given here, but an in depth derivation
of the dynamics and control can be found in Chs. 4 and 8 of Ref. 17. Attitude control is only
applied to the servicing spacecraft as the target is assumed to be fully controlled and held at a fixed
attitude. The attitude control acts independent of translational control; therefore, while translational
dynamics are not considered in this paper, they can be added in future work without affecting the
attitude control. A reference frame tracking problem is used in the project, where the attitude of the
servicer must follow a desired reference. The desired reference varies between two attitudes: the
servicing attitude and anti-torque attitude. Reaction wheels are used to apply the control, however
adjustments can be made such that other momentum exchange devices are used, such as control
moment gyroscopes.17 The servicer is assumed to be a rigid spacecraft with three reaction wheels
mounted with the spin axes aligned with the principle axes of the spacecraft. The numeric values
used to define the spacecraft properties used throughout this project are not taken to be those of
actual spacecraft, but rather an estimate for large geostationary satellites.
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The reaction wheel control law for the RW motor torque set us utilizes modified Rodriquez
parameters (MRPs) and is given in Ref. 17 as

[Gs]us = Kσerr + Pδω − [ω̃] ([IRW]ω + [Gs]hs)− [IRW] (ω̇r − ω × ωr) +Lext. (1)

where ω is the angular velocity of the spacecraft relative to the inertial frame, ωr is the angular
velocity of the reference frame relative to the inertial frame, σerr is the MRP error between the
spacecraft body attitude and reference attitude, and δω is the angular velocity error between the two
attitudes. Both values K and P are adjustable gains and Lext is the external torque applied to the
spacecraft. In this case, only electrostatic torques are considered. Throughout the paper, gains of
K = 5 Nm and P = 500 Nms are used.

In Eq. (1), [Gs] is a 3×3 projection matrix that contains the unit direction vectors of the spin axes
of the reaction wheels:

[Gs] = [ĝs1 , ĝs2 , ĝs3 ]. (2)

For this paper, the spin axes are aligned with the principle axes of the spacecraft such that their
body-fixed B-frame vector components are given by:

Bĝs1 = [1, 0, 0]T (3a)
Bĝs2 = [0, 1, 0]T (3b)
Bĝs3 = [0, 0, 1]T . (3c)

where the sub-subscript corresponds to associated reaction wheel. The vectors shown in Eq. (3) are
cast in the body frame of the spacecraft.

The matrix [IRW] is the inertia matrix of the spacecraft as seen by the body frame and is found by
building a CAD model of the servicer and computing the inertial matrix assuming the mass is evenly
distributed.3 Using publicly available documentation, the CAD model is designed for a GOES-R
spacecraft, and the momentum of inertia taken to be

B[IRW] =

11410 −70 1186
160 22440 −7260
−468 6115 26610

 kg · m2. (4)

While this inertia matrix is not equal to that of the GOES-R spacecraft, it is assumed to be a reason-
able estimate for that of a geostationary satellite.

The components of the vector hs are given by

hsi = IWs (ωsi +Ωi) (5)

where i = 1,2,3 corresponding to each reaction wheel. Here, IWs is the principle inertia of the
reaction wheel about its spin axis, ωsi is the angular velocity of the spacecraft relative to the inertial
frame, ω, projected onto the ĝsi axis, and Ωi is the wheel speed of reaction wheel i.

Finally, us is the motor torque applied to each of the reaction wheels. By solving for us, the
required control is computed and applied to the respective reaction wheels.
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Electrostatic Force and Torque Modeling

The external torque considered is the Coulomb torque generated by two charged spacecraft in
close proximity to one-another. For simple geometries, such as spheres, computing these torques
is relatively simple process. However, for more complex geometries, like those of spacecraft, the
problem is much more computationally intensive. Finite element solvers can be used to compute
these torques, but they are computationally expensive and are impractical to use for dynamics mod-
eling.24 Instead, the Multi-Sphere Method (MSM) is employed here.

The MSM is a technique for rapidly computing the electrostatic torques, enabling numerical
dynamics modeling with Coulomb forces.24–27 This computational speed is achieved by discretizing
the spacecraft into collections of spheres.24 The location and radius of each sphere are optimally
chosen to match the object shape, and, more importantly, the electric field it generates.26 Then, by
computing the force and torque between each of the spheres and taking the sum, the net force and
torque experienced by the spacecraft can be computed.24 The force/torque calculation between two
spheres is much faster than that for more complex shapes; therefore, approximating the spacecraft
as a collection of spheres significantly reduces the required computation time.24 Reference 24 gives
a detailed description of the development of the MSM and Ref. 25 outlines the method for selecting
the sphere location and size when matching the electrostatic force and torque. The location and
radii of the spheres can also be optimized for matching the electric field of the spacecraft for a more
robust optimization.26 It should be noted that this process of discretizing the spacecraft as a set of
spheres does require a finite element or method of moments solver; however, this only needs to be
computed once for a specific geometry.24

The MSM can be implemented to estimate both the electrostatic force and torque applied to the
spacecraft, but only the electrostatic torques are of interest for this paper. As such, the method for
computing these forces is outlined here, but is presented in Ref. 24.

In order to compute electrostatic torques, the charge on each sphere must be known. This can be
computed by exploiting the relationship between charge and voltage. The voltage on an object is
dependent on its own charge and the charge of any nearby objects: when two charged bodies are
close to one another, there is a coupling effect where the charge of one impacts the charging behavior
of the other. Analytic expressions can be used to determine the charge of multibody systems.24

Equation (6) shows the expression used in the MSM for determining the voltage of a single sphere,
Vi:24

Vi =
1

4ϵ0π

Qi

Ri
+

n∑
k=1
k ̸=i

[
1

4ϵ0π

Qi

ri,k

]
. (6)

Here, Ri is the radius of sphere i, Qi is the charge of sphere i, and ri,k is the separation distance
between spheres i and k. Additionally, ϵ0 is the permeability of free space. Equation (6) can be then
be expanded into matrix form for n spheres:

V1

V2
...
Vn

 =
1

4ϵ0π


1
R1

1
r1,2

. . . 1
r1,n

1
r2,1

1
R2

. . . 1
r2,n

...
...

. . .
...

1
rn,1

1
rn,2

. . . 1
Rn


︸ ︷︷ ︸

S


Q1

Q2
...

Qn

 (7)

6



where S is the elastance matrix. With this relationship, if the location, size, and voltage of each of
there spheres is known, the charge on each sphere can be computed.24 The spacecraft are assumed
to be fully conducting, therefore the voltage of each of the spheres is equal to the voltage of the
spacecraft. The size and location of each of the spheres is determined during the discretization
process.

Now that the charge on each sphere is found, the electrostatic torques between the two bodies can
be computed. The total torque about the center of mass experience by a spacecraft is the sum of the
torques experience by each sphere as shown by Eq. (8):

LO =
1

4ϵ0π

nT∑
j=1

qj

nS∑
i=1

[
qi
r3i,j

ri × ri,j

]
. (8)

Each of these spacecraft consists of a collection of a different number of spheres. Therefore, nT

denotes the number of spheres representing the target spacecraft while nS denotes the number of
spheres representing the servicer. The variable ri, denotes the distance vector from the center of
sphere i to the center of mass of the spacecraft body and ri,j is the distance vector between i-th
sphere of the target and the j-th sphere of servicer. The rest of the variables here are the same
as define previously. Because qj does not depend on i, it can be separated from the rest of the
summation. The cross product is taken between ri and ri,j such that the computed torque is about
the center of mass of the spacecraft, denoted by the subscript O.

To calculate the electrostatic torques, the center of mass location in the spacecraft’s body frame
is needed. The servicing spacecraft is chosen to be the GOES-R spacecraft. Because the spacecraft
is non-symmetric with a single solar panel and a thin boom, significant electrostatic torques will be
generated between it and the target object. Given below is the dry mass of this spacecraft and the
inertial Cartesian location of the center of mass estimated using the CAD model:

ms = 2857 kg (9)

CMs =
[
−2.7993,−0.0552, 0.6477

]
m. (10)

The target spacecraft is chosen to be the SSL-1300 satellite bus. This spacecraft was chosen as
the target due to its large solar panels and symmetric shape. Because the target shape is symmetric,
the charge distribution will also be relatively symmetric as shown in Fig. 2. The mass and Cartesian
center of mass location in the inertial frame of the SSL-1300 spacecraft bus are

mt = 2000 kg (11)

CMt =
[
0, 0, 0

]
m. (12)

Figure 2 shows the MSM representation of these two spacecraft. The GOES-R spacecraft is
made up of 80 spheres while the the SSL-1300 spacecraft is made of 108 spheres. A center of
mass separation of 15 m is used throughout this project. The largest charge densities occur at the
tips of the solar panels and the end up the magnetometer (the thin rod on the GOES-R spacecraft).
These regions are thin compared to the rest of spacecraft, but have the same potential, leading to the
increased charged density. Interactions between these charge dense regions contribute the most to
the electrostatic torque.
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Figure 2. The MSM representation of the GOES-R and SSL-1300 spacecraft for
spacecraft potentials of +10 kV and separation distance of 15 m.

Electrostatic Momentum Transfer

The driving idea behind this momentum management method is using torques to decrease the
angular momentum of a spacecraft. The derivative of angular momentum H is given by Eq. (13):17

ḢP = LP +MR̈P × (Rc −RP ) . (13)

Angular momentum and torque must be defined about some point. In Eq. (13), they are defined
about an arbitrary point P denoted by the subscript. In the second term, M is mass of the spacecraft,
while Rc and RP are the vectors defining the location of the center of mass and point P, respectively,
relative to the origin. In this paper, the origin is taken to be the center of mass of the target and the
torques are computed about the same point. This means Rc = RP = 03×1. With this, Eq. (13)
becomes Ḣ = L. The subscripts from Eq. (13) are dropped for the rest of the paper as angular
momentum and torque are computed about the origin. The full derivation of Eq. (13) is given in
Ch. 2 of Ref. 17.

Equation (13) shows that applying an external torque causes the angular momentum of the space-
craft to change. It should be noted that electrostatic torques are internal relative to the two spacecraft
system, but external to the individual spacecraft. Applying these torques can increase/decrease the
angular momentum of each spacecraft, but not the overall system angular momentum. While the
servicing attitude is maintained, the associated Lext increases the magnitude of the angular mo-
mentum. However, if the servicer rotates to another attitude, the applied Lext is different and the
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angular momentum will change accordingly. By rotating to an attitude where the torque is such
that L = −Lext, the angular momentum will decrease at the same rate it increased. In fact, each
component H will decrease at the same rate they increased at, meaning maintaining this attitude
will result in the angular momentum being driven to zero. Even if the torques are not exactly equal
in magnitude, as long as they are perfectly anti-parallel, the angular momentum can be driven to
zero. If the torques are not perfectly opposite, the components of the angular momentum vector
will reach zero at different times and a zero angular momentum can not be achieved. Therefore, a
numerical approach for reliably determine this opposite torque location is developed.

By taking the MSM representations of each spacecraft and computing the torque at a variety of
servicer attitudes, a database of the possible electrostatic torques experienced by the spacecraft is
built. To develop this database, 3-2-1 Euler Angles are used to represent the attitude. These 3-2-1
Euler Angles can be used to describe any possible attitude with the first and third angles ranging
from 0◦ to 180◦ and the second angle ranges from ±90◦. Each of these ranges are discretized into
100 equally spaced points and the electrostatic torque at every combination of yaw, pitch, and roll
angles is computed, giving one million different orientations and torques. This database only needs
to be computed once for a given separation distance, electric potential, and set of spacecraft models.
Next, the torque experienced at the servicing attitude is compared to each torque in the database:
the magnitude of the sum of two torques is computed. The sum of two torques that are directly
opposite each other will have a zero magnitude; therefore, finding the minimum magnitude of this
pairwise sum will yield the orientation that generates the most anti-parallel electrostatic torque.

(a) The MSM representation for a servicer attitude
of σ = (0,0,0).

(b) The MSM representation for a servicer attitude
of σ = (0.36,0.62,-0.47).

Figure 3. The MSM of the GOES-R and SSL-1300 spacecraft at two altitudes with
opposite electrostatic torques. There is a 15 m separation distance between the two
spacecraft and they both have an electric potential of 10 kV.

One important note when finding the anti-torque attitude is that, because angular momentum and
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electrostatic torque are vectors, they must be expressed in a specific reference frame. In this paper,
there are two frames considered, the servicer body frame and the target body frame. Because the
target is fixed, its body frame also corresponds to the inertial frame, but the servicer body frame
rotates with the spacecraft. To take the sum of these torques torques, they must both be expressed in
the same frame. Additionally, when the electrostatic toque is applied to the attitude control, in has
to be expressed in the body frame of the spacecraft, in this case the servicer.

Figure 3 shows the servicer/target MSM configurations for the servicing attitude, Fig. 3(a), and
anti-torque attitude, Fig. 3(b). At the serving attitude, the servicer experiences an electrostatic torque
of BLe = [0.0003, -0.0026, 0.0018]T Nm. Once the servicer’s reaction wheels spin up, it rotates to
the anti-torque attitude, where the electrostatic torque is BLe = [-3.9e-5, 0.0027, -0.0021]T Nm.
Both these torques are expressed in body frame components. Normalizing these two vectors and
taking the dot product gives a value of -0.995. For perfectly opposite vectors, this value is -1,
therefore a value of -0.995 indicates that, while it is not perfect, these two vectors are very close to
anti-parallel.

RESULTS

Single Momentum Management Maneuver with a Fixed Target

Before exploring continuous momentum management for a servicing mission, a single momen-
tum management maneuver is conducted. The spacecraft scenario is as follows: an independent
spacecraft has absorbed significant angular momentum with its reaction wheels. This may have
been caused by proximity operations between charged spacecraft, solar radiation pressure, or an-
other mechanism. With significant angular momentum stored in the reaction wheels, the spacecraft
must reduce the associated large wheel speeds. In this case, it uses electrostatic torques to transfer
the momentum to a controlled target spacecraft. Knowing the geometry and electric potential of
both spacecraft, the servicer computes the relative attitude that results in a torque opposite to its
angular momentum. The servicer maintains this attitude until its angular momentum reaches zero
(or until it stops decreasing in magnitude).

The servicer is a GOES-R spacecraft with an electrostatic potential of +10 kV and an initial
angular momentum (expressed in the servicer’s body frame components) of BH0 = [280, -210,
3.5]T Nms, shown by the red arrow in Fig. 4. In this case, the target has a zero angular velocity
relative to the inertial frame, therefore the angular momentum is entirely stored in the servicer’s
reaction wheels. A +10 kV potential is also prescribed to the stationary target, the SSL-1300
spacecraft bus. This results in a constant repulsive electrostatic torque applied to both spacecraft.
Using the process described previously, the electrostatic torque that drives the servicer’s angular
momentum to zero is BLe = [0.0052, 0.0039, 6.5e-5]T Nm, shown by the blue arrow. The dot
product between the normalized angular momentum and normalized electrostatic torque is equal to
-1.0, indicating the two vectors are nearly anti-parallel. A maximum torque output is taken to be
0.1 Nm, which can be achieved by large reaction such as the Honeywell HR14.28 Additionally, IWs

is taken to be 1 and all the wheels are assumed to be identical.

Figure 5 shows the magnitude of the angular momentum of the servicer as well as the speeds of its
reaction wheels. It can be seen that, as the servicer maintains this attitude, the reaction wheel speeds
steadily decrease until they all reach approximately zero at the same time. The same behavior can
be seen for the angular momentum of the servicer. This is expected as the angular momentum is
determined by the reaction wheels. It takes 54,140 seconds or just over 15 hours of maintaining this
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Figure 4. The MSM representation of the GOES-R with a non-zero initial angular
momentum and SSL-1300 spacecraft. Here, the red vector indicates the initial angu-
lar momentum vector of the servicer while the blue indicates the electrostatic torque
generated by the spacecraft. Magnitudes of these vector are not to scale.

attitude for the angular momentum to reach a minimum magnitude of 0.031 Nms. This value does
not reach exactly zero as the torque and angular momentum vector are not perfectly anti-parallel.

The results shown in Fig. 5 show the momentum transfer when the computed electrostatic torque
is nearly anti-parallel to the servicer’s initial angular momentum vector. However, there is not a
guarantee that this perfect torque can be found. In fact, most of the computed anti-torque vectors
have a significant non-anti-parallel component because the database has a resolution of approxi-
mately 1.8◦.

A similar scenario to that presented by Fig. 4 is shown in Fig. 6 only now the electrostatic
torque has a more significant non-anti-parallel component. The applied electrostatic torque here
is BLe = [0.0098, 0.0035, 3.2e-5]T Nm. Taking the normalized dot product between the angular
momentum vector and this new torque vector gives a value of -0.95, meaning the electrostatic torque
still acts relatively opposite to the initial angular momentum vector. This represents an extreme case
and could be resolved in future simulations by generating a more finely resolved database. However,
this scenario clearly illustrates the effect of the resolution of the database.

It can be seen in Fig. 6(a) that the reaction wheels reach a zero velocity at different times. The
X axis reaction wheel achieves this at 28,480 s while the Y axis reaction wheel takes the full 60,000 s
seconds to reach a near zero velocity. This difference causes the two major features of Fig. 6(b):
the parabolic shape and non-zero minimum. Because the velocity of the Z axis reaction wheel is
2 orders of magnitude smaller than the others, it does not have a significant effect on the overall
behavior of the spacecraft.
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(a) Servicer reaction wheel velocities.
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(b) Servicer angular momentum magnitude.

Figure 5. The behavior of the servicer’s angular momentum when exposed to
BLe = [0.0052, 0.0039, 6.5e-5]T Nm over 60,000s. The dashed line indicates the time
where minimum angular momentum is achieved.

When the the reaction wheel speeds reach 0 rad/s at the same time, the rate of change of the
angular momentum is constant and it decreases/increases linearly, as shown in Fig. 5(b). When this
is not the case, the net decreases in angular momentum magnitude is constantly varying, resulting
in the parabolic shape shown by Fig. 6(b). The second major difference is the non-zero minimum
value. It takes 32,010 s for the angular momentum of the servicer to reach a minimum value of
103.7 Nms. Even with dot product of -0.95, the angular momentum of the servicer can only be
decreased by 246 Nms rather than the full 350 Nms. This occurs because when the X axis reaction
wheel reaches a zero speed, the Y axis reaction wheel still has non-zero wheel speeds. At this point,
the y-axis reaction wheel is still driving the change in angular momentum, but, once the X axis
reaction reaches a critical point at 32,010 s, it becomes the dominate contribute and the angular
momentum begins to increase. Even though the angular momentum of the servicer only partially
decreases, the angular momentum of the spacecraft is still reduced using only electrostatic torques.
While a perfectly anti-parallel torque is more effective, it is not required to perform significant
momentum transfer with electrostatic torques.

Continuous Momentum Management with Target Having Fixed Relative Attitude

As opposed to the single momentum management maneuver, continuous momentum manage-
ment has a spacecraft reduce its angular momentum repeatedly. This technique allows for charged
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(a) Servicer reaction wheel velocities.
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(b) Servicer angular momentum magnitude.

Figure 6. The behavior of the servicer’s angular momentum when exposed to
BLe = [0.0098, 0.0035, 0.000032]T Nm over 60,000s. The dashed line indicates the
time where minimum angular momentum is achieved.

spacecraft to maintain small separation distances without the concern of the constant electrostatic
torque causing the reaction wheels to saturate. The spacecraft scenario for continuous momentum
management is as follows: a servicing spacecraft with zero initial angular momentum is maintaining
a desired attitude relative to a target. Because both spacecraft have large electric potentials, a signif-
icant electrostatic torque is generated between them, causing the servicer’s reaction wheels to spin
up. To avoid wheel speed saturation, once one of the reaction wheels reaches a designated speed
threshold, the servicer computes the attitude that generates the opposite electrostatic torque and ro-
tates to this new reference attitude. It maintains this attitude until the reaction wheel speed reaches
zero, at which point the servicer rotates back to the original orientation. For these preliminary re-
sults, before the servicer preforms the attitude adjustment, the separation distance is increased to
100 m such that the electrostatic torques experienced during the rotations are negligible.

Figure 7 shows the two attitudes the servicer is switching between. It can be seen that, while the
servicing attitude is the same as that in Fig. 3, the anti-torque attitude is not. This second anti-torque
attitude corresponds to σ = (-1,0,0) and is chosen because it showcases the momentum manage-
ment behavior best. At the servicing attitude, the generated electrostatic torque is BLe = [0.0003, -
0.0026, 0.0018] Nm. The electrostatic torque at the anti-torque attitude is BLe = [1.3e-05, -0.0042,
0.0024] Nm.

While the servicer maintains the servicing attitude shown in Fig. 7(a), its reaction wheels spin
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(a) The relative servicing attitude. (b) The relative anti-torque attitude.

Figure 7. The MSM of the GOES-R and SSL-1300 spacecraft at the servicing and
anti-torque attitudes used in the continuous momentum management maneuver sim-
ulations. There is a 15 m separation distance between the two spacecraft and they
both have an electric potential of 10 kV.

up until they reach a designated threshold. The actual saturation point of reaction wheels can vary
significantly: for OCE reaction wheels, this speed can range from 126 rad/s to 681 rad/s.29 For
these simulations, a threshold of 50 rad/s and saturation speed of 100 rad/s are chosen. While most
reaction wheels can safely operate at these wheel speeds, using this threshold reduces the simulation
time and, other than the magnitude of the values, the behavior of the reaction wheels and angular
momentum will be relatively unaffected. The goal of the threshold is to ensures that wheel speeds
experienced during the maneuver do not jump above the breaking speed. Once one of the reaction
wheel reaches 50 rad/s, the spacecraft rotates to the orientation shown in Fig. 7(b) and maintains
this attitude until the same reaction wheel decreases by 50 ad/s, at which point it rotates back to
the servicing attitude. Figure 8 shows the reaction wheel speeds and angular momentum magnitude
over 200,000 seconds of these maneuvers.

From Fig. 8(a) , it can be seen that the reaction wheels perform multiple maneuvers over the
course of the simulation. Every instance where the wheels speeds suddenly spike corresponds to a
rotation. It takes approximately 20,000 s for the Y axis reaction wheel to reach a speed 50 rad/s.
This makes sense as the largest torque is about the Y axis. After the first momentum transfer ma-
neuver shown by the dashed line, it can be seen that, while their speeds have decreased, both the
X and Z axis reaction wheels have not reached a zero velocity. This product of the control can also
be seen in Fig. 8(b), where the angular momentum only decreases to 6.1 Nms. This trend of the
Y axis reaction wheels reaching 50 rad/s first and the X and Z axis wheels not reaching zero con-
tinues, along with the ever increasing angular momentum, for the full 200,000 s. This momentum
management does eventually fail as the non-perfectly anti-torques cause angular momentum to con-
tinually build up. After 259,300 s, the velocity of the X axis reaction wheel exceeds the 100 rad/s
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(a) Servicer reaction wheel velocities during multiple momentum management maneuvers.
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(b) Servicer angular momentum magnitude during multiple momentum management maneuvers.

Figure 8. The behavior of the servicer’s angular momentum when using electrostatic
torques to manage momentum while maintaining a servicing attitude over 200,000 s.
The dashed line corresponds to the completion of the first maneuver.

breaking velocity while rotating back to the servicing attitude. If this happened during a mission,
the wheel would break and the spacecraft would no longer have 3 axis control. However, without
this control, the Y axis reaction wheel would have exceeded the 100 rad/s maximum after 39,180 s.
Instead, with the momentum management, the mission is extended to over 250,000 s and the amount
of time spent at the servicer attitude increases to over 160,000 s, 4× longer.

CONCLUSION

The objective of this paper is to introduce the concept of using electrostatic torques for momentum
management and present preliminary results demonstrating the feasibility of this technique. Using
two charged spacecraft with a separation distance of 15 m, two momentum management scenarios
are presented: a single maneuver with a fixed target and continuous management with a fixed target.
In both cases, the speed of the reaction wheels, and therefore the angular momentum of the servicer,
was significantly reduced using only electrostatic forces.

A single maneuver is explored fist. When the electrostatic torque is perfectly anti-parallel, the
servicer is able to achieve an angular momentum of zero. If the electrostatic torque is not anti-
parallel, the angular momentum of the servicer is still reduced, but cannot be driven to zero. The
quality of the computed electrostatic torque, how anti-parallel it is, depends heavily on the search
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space being employed in the anti-torque finding function. In this paper, the database of attitudes
and electrostatic torques consists of one million values, but increasing the size of the data (increas-
ing the discretization) can result in higher quality torques being found. This database only needs
to be computed once for a given scenario; however, changing the separation distance, spacecraft
geometries, or electric potential requires recomputing this database.

Repeatedly transferring momentum to the target is also explored. For this scenario, a target
is switching between two attitudes: the servicing attitude and a momentum transfer attitude. The
electrostatic torques experienced at these attitudes are in opposing directions. By switching between
attitudes as the reaction wheel speeds increase, it is shown that the servicer’s reaction wheels can
be kept from reaching their breaking speed. This both extends the mission lifetime and increases
the time spent at the servicing attitude. Additionally, because these torques are internal torques
in relation to the 2 spacecraft system, when angular momentum of the servicer increases, that of
the target decreases. This means, unlike the single maneuver where the target absorbs the angular
momentum of the servicer, it is instead being ”passed” back and forth between the two spacecraft.
Because of this, if the perfect anti-parallel torque can be found, the momentum transfer maneuvers
could continue indefinitely.

Throughout this paper, translational dynamics are not considered; therefore, a comparison be-
tween the fuel requirements to preform these maneuvers and the fuel required for using thrusters
to dump angular momentum is not considered. However, the momentum transfer technique shown
here functions outside of Earth’s orbit, far away from its magnetic field where magnetorquers are
ineffective, such as cislunar space. Additionally, the angular momentum storage capacity of the
target is assumed to be large and that the change in its angular momentum of the target is negligible.
However, this assumption only holds true for very large spacecraft like the ISS or Lunar Gateway.
For small spacecraft, the increase in angular momentum could cause the target’s reaction wheels to
saturate during the maneuvers. The effect on the target’s angular momentum and reaction wheels
will be considered during the advancement of this research.
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