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In order to ameliorate the ever increasing space situational awareness risks at Geosyn-
chronous (GEO) orbits, spacecraft rendezvous is desirable for servicing or repositioning
operations. When large GEO spacecraft loose station keeping control, they can acquire
sizable rotational momenta that imperil proximity operations and docking. Remote
electrostatic charge control has been identified as a technology that may be used to safely
de-spin non-spherical objects over a period of time. This paper investigates experimental
pointing control results, demonstrating how the touchless electrostatic actuation can be
used to arrest a tumble and control the heading in a one-dimensional setting. Further, the
sensitivity of a representative system's de-spin time, required thrust profiles, and system
displacement to variations in spacecraft sizes, shapes, and separation distance is con-
sidered. While the de-spin time can be reduced by allowing the servicer to vary positions,
this comes at a large increase in the relative station keeping fuel costs. Using a non-
spherical servicer configuration, rotating to maximize the electrostatic torque, is also
shown to reduce the de-spin time by about 25%, but without significantly increasing the
fuel requirements.

© 2015 IAA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The use of electrostatic actuation for spacecraft relative
motion control has received extensive attention in the
literature over the past decades [1-3]. In the Geosyn-
chronous Orbit (GEO) environment, the favorable space
plasma conditions allow for relatively low current emis-
sion to maintain non-equilibrium potentials on space
objects, yielding power requirements on the order of
Watts [4]. Due to the minimal mass emission of charge
control devices, Coulomb actuation is essentially
propellant-less and plume impingement issues associated
with the use of conventional thrusters in close proximity
spacecraft formations are avoided. If a spacecraft can
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impart relative potentials on itself and an inactive craft
using a focused charged beam, touchless electrostatic
maneuvers may be achieved within non-cooperative for-
mations [5,6]. This technology is applicable to various
mission scenarios intended to ameliorate the expanding
orbital debris situation at GEO [7-10]. For example, an
attractive electrostatic force can act as a virtual tether
between the two crafts, while a low thrust maneuver is
used to tow the non-cooperative object into a new orbit
[11,12].

While this approach can be used to increase the semi-
major axis of a GEO debris object by 300 km in two
months, a docked Hohmann transfer would accomplish
this in just over 12 h. Rendezvous with debris objects is
complicated by the fact that uncontrolled GEO satellites
may exhibit rotation rates up to 10 deg/s [13]. Meanwhile,
pose algorithms and attitude matching maneuvers for
rendezvous are generally restricted to rotation rates below
1deg/s, [14,15] thus limiting the viable targets for a
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Fig. 1. Electrostatic actuation technology enabling diverse service mis-
sion profiles.

physical docking strategy. Because non-cooperative
spacecraft at GEO often exhibit large moments of inertia
and angular momenta, a touchless method for reducing
the rotation rate prior to rendezvous is desired. Investi-
gation of the charged Coulomb interaction between non-
spherical bodies suggests that prolate bodies can experi-
ence torques and off-axis forces [16]. If these torques can
be harnessed to remotely decrease the rotation of the
target as depicted in Fig. 1, the trade space of candidate
spacecraft for rendezvous and docking operations is
greatly increased. An alternative to repositioning derelict
satellites into a graveyard orbit is to service them by
replenishing fuel reserves or repairing failed components.
Such missions, as investigated by NASA's Satellite Servicing
Capability Office and DARPA's Phoenix program, preclude
the unnecessary insertion of replacement satellites.

The touchless electrostatic de-spin concept requires the
servicing craft to actively control its own electrostatic
potential through the use of an electron and/or ion gun. If
the charged emission is aimed at the target object, the
potentials of both craft can be controlled [17]. The goal is
to attract the tumbling target's closest receding feature
and repel its closest approaching feature, thereby de-
spinning the spacecraft over time. Other work, such as
Ref. [18], considers analytical dynamics and control aspects
of the 3D control problem where the servicer is held at a
fixed relative distance and is spherical in shape. In this
earlier work, the goal of the touchless actuation is to arrest
any tumbling motion. The scope of this paper considers
one-dimensional rotational motion to investigate funda-
mental de-spin performance characteristics such as being
able to control the heading in addition to the rates, as well
as how to improve the de-spin time by varying a range of
spacecraft servicer parameters. The one-dimensional
rotation is a good assumption for many GEO debris
objects, which rotate in a near-minimum energy state flat
spin due to decades of internal energy dissipation. As in

earlier work, the non-spherical, tumbling space body is
assumed to be cylindrical, which is representative of many
upper stage rocket bodies such as the Centaur as well as
the once popular dual spinner satellites.

In order to develop robust charge control algorithms
and create 6-DOF simulations of the Coulomb de-spin
system, faster than real time determination of the elec-
trostatic interaction between the spacecraft is necessary.
Finite element approaches are too computationally
expensive to achieve this, while simplified point and
sphere models fail to capture torques and off-axis forces.
The Multi-Sphere Method (MSM) [19,20] can model a
charged spacecraft geometry using a collection of con-
ducting spheres. Computation is limited to inverting an
n x n matrix (where n is the number of spheres in the
system) to obtain the charge on each sphere, followed by a
summation of Coulomb's law for each sphere to determine
the resulting forces and torques. The spheres can be
populated throughout a given volume, or more densely
spaced along the surface of a geometry, which results in a
trade off between accuracy and computational costs. Pre-
vious studies utilize this electrostatic model to identify the
cylinder-sphere system's equilibrium orientations and
focus on Lyapunov stable nonlinear control strategies to
arrest the rotation of the uncontrolled body [21,22]. These
strategies have been verified with numerical simulations,
while simple rate control algorithms have been tested on a
rotational Coulomb charge control testbed [23].

In this paper, the touchless electrostatic performance is
improved in two manners relative to earlier work. First,
the new electrostatic testbed is described and its dis-
turbance torques are characterized. New Lyapunov stable
control laws are developed to arrest the one-dimensional
tumble rate and control the final heading of the cylinder.
The addition of heading control raises new challenges on
how to prove analytical stability of this system. These
control laws are experimentally demonstrated on a new
electrostatic rotation testbed. Second, to optimize the
design of future mission scenarios, knowledge of the
impact of various system parameters on de-spin perfor-
mance is necessary. Variations in separation distance as
well as size and shape-scaling of the servicing spacecraft
are studied to determine what effect they have on the
system's de-spin time, displacement, and required sta-
tionkeeping maneuvers. Numerical simulations are used to
demonstrate the expected performance change in
each case.

Electrostatic detumble presents a very promising
solution to the issue of rendezvous with uncontrolled
space objects, but several alternatives do exist. First, the
momentum transfer of the ion-sheppard method may be
used to reduce rotation rates by focusing the ion beam on
the appropriate half of the spinning object [24]. Lower
actuation levels are achievable by this approach than the
electrostatic method. Another method for touchless
detumble is to use magnetic fields emitted from a chaser
vehicle to impose braking eddy current torques on a for-
eign object. This approach would require very close
proximity operations and is reliant on a fully conducting
foreign object [25,26]. Lastly, laser ablation is being
investigated to despin orbital debris prior to docking
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operations [27]. Due to the commonality in challenges,
many of these alternate technologies benefit from the
theories developed in this research effort and vice versa.

2. Experimental testbed to study touchless electro-
static attitude control

2.1. Earlier experiments on electrostatic spin control

A prototype testbed allowing rotational Coulomb
charge control experiments was first introduced in Ref.
[23]. While this testbed demonstrated that touchless de-
spin control experiments are feasible in a 1-G atmospheric
environment, several hardware limitations were identified
in this setup that restricted the performance to rotation
rate control only. First, knowledge of the rotating object's
angular positions was collected using a range-finding laser,
which yielded noisy attitude data with insufficient accu-
racy. Second, active charge control was not implemented
on the rotating cylinder. Rather, an initial voltage was
applied to the cylinder whose gradual charge drain was
characterized and modeled in the simulations. This resul-
ted in a lack of repeatability and an inability to modulate
the voltage on the cylinder during the experiment for
precise control of the Coulomb torques. Lastly, the high
voltage power supplies exhibited a time delay of up to one
second when switching voltage polarity, thus considerably
reducing the control authority in the case of large rotation
rates. This earlier testbed was sufficient to demonstrate
rate control. However, these limitations were an obstacle
to testing and implementing a touchless heading control
solution. This motivated the development of a new rota-
tional testbed that has a faster voltage switching period
and better control of the tumbling cylinder's potential, as
well as improved attitude sensing capabilities.

-,‘

1. Charging
_ interface
2. Ceramic
bearings
3. Magnetic
encoder

2.2. New electrostatic testbed description

Fig. 2 depicts the improved rotational testbed for Cou-
lomb attitude control experiments, wherein all the above
limitations are addressed. The conducting cylinder is
attached with a threaded interface to a rotating shaft,
which is secured by the two low friction ceramic bearings.
A magnetic hub is mounted to the bottom of the shaft,
whose orientation is measured to within 0.35° accuracy by
an absolute 10-bit analog encoder. Analysis and testing
show that the magnetic fields produced by the charged
rotating cylinder are sufficiently small and do not interfere
with the operation of the encoder. Charge is transferred to
the rotating cylinder from a Spellman CZE 2000 high
voltage power supply (HVPS) via a <1 mm gap between
the charging cable and a copper bushing situated on the
rotating shaft. This results in ionization of the surrounding
air, effectively reducing its dielectric breakdown voltage.
To prevent electrical damage to the magnetic encoder in
the case of an electrostatic discharge, a grounding cable is
mounted underneath the encoder. The cylinder has a
15 cm diameter and a 45 cm length. The mass of the
rotating components is 156.8 g, with a transverse moment
of inertia of 2.867 g m?.

The 15 cm diameter stationary sphere is located at d=
45 cm from the cylinder, which results in a 15 cm surface
to surface separation at a parallel orientation where the
rotation angle @ =0°. Since the stationary sphere experi-
ences frequent polarity changes, it is charged using the
Masusada CZ9-30R power supply, which is capable of an
order of magnitude quicker polarity switching than the
Spellman, with verified delays lower than 0.1s. Both
power supplies are capable of supplying + 30 KkV at up to
300 pA, which results in power levels well within typical
safety limits when proper precaution measures are prac-
ticed. To prevent any interaction between the operator and
the charged objects, a large plastic cage surrounds the
experimental setup.

4. High voltage ﬁ

power supply (2X) 5. DAQ system

Fig. 2. Depiction of the experimental setup for charged attitude control.
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Fig. 3. Screenshot of the LabVIEW graphical user interface.

Table 1
Testbed component details.

Contactless charge HVPS cable and copper bushing
transfer
Magnetic encoder

Ceramic bearing

US Digital MAE3 Absolute Encoder
VXB.com ZrO2 8 x 14 x4 & 688 8 x 16 x 5
full ceramic sealed bearing

High voltage power Matsusada Precision CZ9-30R

supply

Spellman Voltage Electronics CZE 2000
National Instruments PXI-6259 data
acquisition card

(2X) NI SCB-68 shielded breakout boxes

DAQ system

Input and output controls for the power supplies and
angular encoder are achieved by a PCI express based 16-Bit
multi-channel NI DAQ card. National Instruments LabVIEW
software is utilized to monitor and interact with the
hardware. Data sampling at 66.66 Hz is achieved, which
far exceeds the time constants evident in the dynamics of
the system. Differentiation of the cylinder's angular posi-
tion is performed within LabVIEW using a discrete deri-
vative with switching logic to handle the multiple revo-
lution discontinuity, which is passed through a third order
lowpass Chebyshev filter. The custom graphical user
interface shown in Fig. 3 allows for various operation
modes, including manual voltage control, angular position
control, and rotation rate control. Table 1 identifies the
manufacturer and model numbers for all the hardware
mentioned above.

2.3. Testbed disturbance torque characterization

As with the previous experimental setup, the two dis-
turbance torques that act on the rotating cylinder are a
constant friction torque from the ceramic bearings M, and
a rotation rate dependent atmospheric drag torque M. As
derived in Ref. [23], these torques are given by the
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Fig. 4. Characterization of disturbance torques.

following expressions, where F, is the axial force acting on
the bearings from the weight of the cylinder,
p =1.194 kg/m?> is a typical atmospheric air density, D and
L are the diameter and length of the cylinder, and @ is its
rotation rate in rad/s. The remaining parameters, the
bearing friction coefficient C, and the cylinder drag coef-
ficient C,; are to be determined empirically:

My = CyFq 1)
o°c,pr*
My = p76 . )

Five sets of data are collected by giving the cylinder an
initial rotation and allowing it to de-spin naturally while
the electric potential on both the cylinder and the adjacent
sphere are held at zero. Fig. 4(a) shows the angular rates of
the cylinder for each experimental run and a simulated de-
spin using the modeled disturbance torques from Egs.
(1) and (2). The corresponding coefficients were tuned
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Fig. 5. Coulomb torques for various orientations and potentials of the
charged rotational testbed.

until the resultant angular velocity curve optimally fit the
experimental data, resulting in (,=0.000024 and
Cq=0.92. Fig. 4(b) shows the resulting disturbance torques
in the simulation, suggesting that the drag force is domi-
nant at angular rates higher than 33 deg/s.

3. Attitude control development and experimental
verification

3.1. Analytical system dynamics

While the Multi-Sphere Method is proficient for pre-
dicting cylinder torques given the necessary orientation
and voltage parameters, the nonlinear algorithms involved
are not readily invertible. For control purposes, it is
advantageous to determine what voltage is required to
provide a desired torque at a specific cylinder orientation.
Without loss of generality, it is assumed that the voltage
applied to the control sphere is ¢; =¢ and the voltage
applied to the cylinder is ¢b, = |, ]. As a result, negative ¢
implies opposite polarity, attractive control while positive
¢ implies equal polarity, repulsive control. Fig. 5 shows the
Coulomb torque M. exerted on the cylinder for various
cylinder orientations and applied potentials. This data
could be used as a lookup table to determine the necessary
potentials for a desired torque, but for nonlinear stability
analysis, a more analytic formulation is desired.

In Ref. [21], it is assumed that the separation distance is
sufficiently large for the induced charging effects to be
negligible. The Coulomb torque on the cylinder is then
modeled using the analytic expression

Mc = yf(¢)g(0) 3)
where

f@)=i| (€
and

g(0) = sin 20 (5)

From the asymmetry in Fig. 5, it is clear that the for-
mulation above does not hold for the configuration in the
experimental testbed. Due to the proximity of the shapes
and the resulting induced charging effect, the torques
produced by the attractive configuration are considerably
larger than those imparted by electrostatic repulsion. To
capture this asymmetry, a polarity dependent coefficient

y(sign(¢)) is proposed, where y remains always positive:

. vq for ¢ <0
YEIgN@) =10 for >0 ©)

Reference [18] explores alternative formulations of g(0) to
capture the non-symmetric orientation dependency at
shorter separation distances. A summation of higher order
terms of the form sin (2m@) is used, which are normalized
with respect to the maximum torque angle. It was since
recognized that this function is also polarity dependent,
and the coefficients must change with attraction or
repulsion much like y does. Importantly, inclusion of the
higher order terms does not affect the sign of g(8), which
remains positive in the first and third quadrants and
negative in the second and fourth quadrants of 6. Using
the polarity dependent coefficient y and function g as
described above, we obtain

rf()g.(6)  for p <0
Me= { rf(#)g )  for p>0 @

where the f function remains f(¢) = ¢|¢p| and is readily
invertible to obtain the required electrostatic potentials for
a desired f.

3.2. Control development

In Ref. [28], a control algorithm to drive the cylinder
rate to a desired value is developed and verified on the
experimental testbed. Ultimately, the novelty of this test-
bed is its ability to control the exact attitude of the rotating
cylinder. The goal here is to track a fixed reference orien-
tation 6, or minimize the error in angular position
660 = 0 —0,. The reference angle is assumed to be constant,
ie. 0,=0.

The involved nature of the system dynamics that result
from the g(@) function complicates the stability control
arguments. To develop a heading and rate control law, the

following Lyapunov function is considered:
Do 122 K, 2
V(0.50) = 516" +582(0)50 8)

This function is positive definite only within a given
quadrant, as g%(@) vanishes at @=gx/2. If the electric
potentials are chosen such that

flp) = f%(g(e)m +8(O)KS0+8 O)K56") ©

where g’'(0) denotes differentiation with respect to 6, the
resulting Lyapunov rate is

V(©,50)= 9(1@ +Kg(0)g (0)56° +1<g2(0)59) (10)

V(0,50) = —g2(O)Pd° a1
where several terms cancel when the system dynamics

10 = Mc = 7 (¢h)g(6) 12

are included using the control in Eq. (9). This Lyapunov
rate is negative semi-definite within any quadrant,
implying local stability within that quadrant. The same
approach can be taken as in Ref. [21] however, where the
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Fig. 6. Cylinder attitude control: experimental and simulation. (For
interpretation of the references to color in this figure caption, the reader
is referred to the web version of this paper.)

cylinder is allowed to coast without charge control until it
reaches the appropriate quadrant, at which point the
attitude control described above is implemented.

The control described above has been shown in simu-
lations to converge to the desired reference attitude, but it
is impractical for physical implementation because it
requires exact knowledge of the higher order g function as
well as its angle derivative. It is preferable to use a control
based only on the sign of g, which is readily known for a
given quadrant even when the polarity dependency in Eq.
(7) is considered. Moreover, better time performance is
provided using a control law of the following form, where
K and P are chosen to be positive gains:

fiy = nasign(g(6)) tan ! P30+ Ko0] (13)
The arctangent function is chosen so that control voltages
are smoothly limited to their maximum levels without
abrupt saturation. While it is difficult to make Lyapunov
stability arguments regarding this nonlinear control, we
can analyze the closed loop dynamics, which take the form

0 _ 7yfmax
10=-"77 18

If we make the assumption that the reference trajectory is
to maintain a constant orientation, i.e. 8, =0, the closed
loop dynamics can be linearized about the reference angle
0. as follows:

0)‘ tan ~ ! [P59+I<59] (14)

50 + P80 + PKSO =0 (15)
where

¥ max 18601
p= /2 (16)

Note that both y and |g(6;)| take different forms depending
on whether the system is in an electrostatically attractive
or repulsive state. Their signs remain unchanged however,
and f is always a positive coefficient. Therefore, the roots
of this second order differential equation always have
negative real components, and the system is assumed to
be locally stable in the linearized neighborhood of the
reference angle. The natural frequency w, and damping
coefficient ¢ in this vicinity are

wn = /K A7)
P /p
C=j\§ (18)

Because /3 changes depending on the voltage polarities, the
system will have different closed-loop response char-
acteristics (stiffness, damping, etc.) depending on from
which direction the cylinder approaches the reference
orientation. Linear stability is guaranteed in either case.

3.3. Experimental results

The results in Fig. 6 demonstrate the ability to prescribe
a specific angular orientation on the rotating cylinder
using Coulomb actuation. The cylinder is given an initial
rotation rate of 100 deg/s, at which point the charge con-
trol algorithm in (13) is implemented via the high voltage
power supplies. A reference angle of 8, = 45° is prescribed
while the gains are set to K=0.08 and P=0.2. Within 10 s
the cylinder is brought to rest, and after a slight overshoot,
the desired reference angle is achieved to within 1.5°. From
Fig. 4(a) it can be seen that it takes 60 s for the cylinder to
come to rest from this rotation rate by disturbance torques
alone. As is evident from Fig. 6(a), the simulation con-
ducted using MATLAB matches the experimental results
with formidable accuracy. This simulation implements the
full system dynamics using the three sphere MSM,
including disturbance torques from bearing and atmo-
spheric drag. Fig. 6(b) depicts the prescribed electric
potentials, where blue denotes the sphere voltage ¢, and
green denotes the cylinder voltage ¢,. Here a slight
deviation is evident between the simulation and experi-
ment when the cylinder comes to rest, which is likely the
result of sensor noise at low velocities.

At 20s into the simulation, the reference angle is
changed to 225°, representing a 180° switch in the desired
angle. Within 12 s the target orientation is achieved, this
time with a 5.5° attitude error. This is because the refer-
ence angle is approached from the direction where
repulsive control is required to remove the remaining
error, which produces lower torques than the attractive
configuration (as seen in Fig. 5) that are unable to over-
come the bearing friction. The simulation demonstrates a
lower error of 2°, suggesting there is some unmodeled
stiction present in the ceramic bearings. Fig. 6(c) displays
the friction and Coulomb torques calculated in the simu-
lation, which suggests a maximum Coulomb torque of
roughly 1 mNm, which matches well with the results in
Fig. 5.
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Fig. 7. Free body diagram for cylinder-sphere system.
4. Baseline de-spin and fuel usage performance

While the earlier section demonstrates how to control
both rate and heading using a spherical craft with a fixed
system size and location, the following work focuses on
how the electrostatic torque can be increased by allowing
the servicer location to move, scaling its size, or using a
non-spherical rotating spacecraft. To judge the perfor-
mance in each of these scenarios, a baseline performance
is required as a benchmark. This is accomplished using the
simplified cylinder-sphere system shown in Fig. 7, which
has been used to study the remote spacecraft attitude
control problem in earlier publications [21]. The angular
motion of the cylinder, which might represent an upper
stage rocket body such as the Centaur, is limited to 1-D
rotation about its axis of maximum inertia, while the
nearby spherical control craft enforces the desired elec-
trostatic potential on the two bodies. It is assumed here
that negative voltage levels up to ¢,=—-30kV are
achievable on the debris cylinder, while both polarity
voltage levels up to ¢; = +£30XKkV are achievable on the
circular control craft. Other bodies of work study the
requirements of the charge transfer devices necessary to
achieve this remote control [5,17]. The electrostatic inter-
action between the objects results in equal and opposite
Coulomb forces F; = —F, on the two bodies and a control
torque L, on the rotating cylinder.

The recently developed Multi Sphere Model (MSM)
[19,20] is employed to capture the 3D electrostatic effects
with a set of conductive spheres distributed throughout
the geometry of the spacecraft. The MSM relies on the
mutual capacitance relationship between charged spheres.
Assuming a known potential is prescribed on each of the n
spheres in the system, a linear system of equations can be
constructed to relate the charges on the spheres to their
potentials. Once this system is solved, Coulomb's law is
used to determine the force on each sphere, which sum to
yield the total force and torque acting on each spacecraft.

A baseline debris cylinder with a length of 3 m and
diameter of 1 m is selected, with a control craft of 1 m
diameter. Assuming an average density of 100 kg/m>, this
results in a 235.6 kg debris object with a 1038.43 kg m?
transverse moment of inertia and a 52.4 kg control craft. A
d="7 m separation is considered, which represents a surface
to surface separation of 10 craft radii when the cylinder
is oriented parallel and at closest approach. It is assumed
that the debris object has an initial counter-clockwise
rotation rate of w =60 =2 rpm =12 deg/s. The charge con-
trol algorithm is simplified so that ¢;=30kV and
¢, =—30 kV when 0° <6 <90°, while ¢; =, = —30kV
when 90° < @ < 180°, ensuring constantly arresting torques.

x1077
-35
-4 B
=~
o
45
20
-5 %
—5.5 ?%
£
—6 (;._i"
—6.5
Scale [m]
Fig. 8. SMSM for cylinder-sphere system.
Table 2
Baseline de-spin results.
Case F2.ave L24ave At (h) AX (km)
(mN) (mNm)
Single rotation average 0.219 0.150 7443 3337
Time dependent 0.225 0.150 7432 3435
simulation
A thrusting force
— — my
Fans= = F1 (1470 (19)
my

is applied to the control craft in order to maintain a con-

stant separation distance between the objects in space,

resulting in a system acceleration
—

T t2

sys —

= (20)

When comparing the effect of various system para-
meters on de-spin performance, a simplified simulation is
used where actuation averages are considered throughout
one rotation of the debris cylinder. Since only a single
rotation is considered, a higher fidelity surface Multi-
Sphere Model (SMSM) as shown in Fig. 8 can be imple-
mented [20], where 50 conducting spheres are evenly
distributed along the surface of the debris cylinder and 13
spheres are used to model the control craft. As the cylinder
completes one rotation, the electrostatic forces and tor-
ques are tracked. The average torque Lj,., wWhich is
independent of rotation rate, is used to calculate the de-
spin time:

_ IzACl)

At =
LZ,ave

@1

Given the de-spin time, the total system displacement in
deep space is calculated as

—
- 1 1(F
AX = jﬁsyweAtz =5 (ﬁ) At? (22)

The results for the single rotation simulation are seen in
the top line of Table 2. Coulomb forces and torques are
quite low, but the control craft is still able to remove the
12 deg/s of rotation in just over 3 days, which is very
promising for this type of operation. During that time, the
entire system is displaced several dozens of kilometers,
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which could be used to raise the orbit of a GEO debris
satellite and benefit the eventual goal of placing the object
into a disposal orbit. If the system displacement is not
desired, the control craft could reposition itself to opposite
sides of the rotating debris in order to achieve a net zero
system displacement. Because of the induced electrostatic
effects and complex capacitance relationship between
charge and voltage, there is a noticeable difference in
performance between the pulling and pushing configura-
tions in different quadrants. Namely, 62.4% of the arresting
torque comes from the quadrants in which the debris
object and control craft have opposite polarity (pulling
configuration), while only 37.6% of the effort comes from
the equal polarity (pushing) configuration. The resulting
difference in forces accounts for the net system
displacement.

For the relative position and motion control schemes
analyzed later on in the paper, a more detailed simulation
is required. The de-spin operation is modeled from start to
finish using an RK-45 integration, rather than extrapolat-
ing performance from a single cylinder rotation. The deb-
ris' attitude is restricted to rotation about its central axis as
before, but both objects have full translational freedom.
The thrust control in Eq. (19) is implemented along with a
proportional derivative feedback on the desired relative
position. The same baseline parameters as above are used
for the initial conditions of this simulation as well as the
simple quadrant dependent voltage control. In order to
limit the computation time for this simulation, the three
sphere MSM outlined in Ref. [19] is used to model the
electrostatic interaction in the system. As is evident from
Table 2, the resulting Coulomb torques and the total de-
spin time agree to within a fraction of a percent with the
single rotation simulation. The Coulomb force results agree
to within 2.7% while system displacements deviate by
about a kilometer, which results from extra errors in the
discrete position feedback control algorithm. An average
thrust magnitude of 1.30 mN is required to maintain the
relative position in the system. If an ion thruster with
Isp =3000 s is utilized, this results in 11.9 g of propellant
expelled over the duration of the de-spin operation.

5. System parameter considerations to increase the
electrostatic torque

5.1. Separation distance

It is important to understand the effect of separation
distance on de-spin performance to determine what col-
lision risks are warranted when conducting a remote
electrostatic de-spin mission. Logically, the average force
and torque experienced by the debris object decrease
when the servicing craft is situated farther away. When
varying the separation distance in the single rotation
simulation discussed above, it is possible to fit the fol-
lowing functions with high correlation to the averaged
Coulomb force and torque acting on the debris cylinder:

Foae~02136d 733, R?=0.9974 (23)

Lyave ~0.1076 d 347 R? =0.9985 (24)

Since the time to remove a given rotation rate varies
inversely with the average Coulomb torque, and combin-
ing Egs. (21) and (22) yields

2 2
M:;(Izﬁj) > (iﬁ,ave) 25)

2,ave

both the de-spin time and system displacement increase
by a high power with the separation distance. As such, as
close as possible a formation is desirable for the de-spin
operations, while successfully mitigating collision risks.

5.2. Servicing craft size

A likely mission scenario is one where the goal is to de-
spin a given satellite with specific dimensions. In this case,
when designing the mission, the servicing spacecraft must
be sized to optimize de-spin performance. The averaged
single rotation simulation is run for various servicing craft
diameters (where the baseline is a 1 m diameter), while
the surface to surface separation distance is held constant
at 5 m. Because the MSM spheres used to model the ser-
vicing craft spread further and further apart as the craft
grows, a higher fidelity model is used with 138 spheres on
the debris cylinder and 100 spheres on the control craft. As
can be seen in Fig. 9, the averaged Coulomb force and
torque initially grow with increasing servicing craft dia-
meter, because the capacitance and the charge increase for
a given control voltage. At larger diameters, however, the
Coulomb torque drops back off because the charge that is
distributed along the nonadjacent surface of the control
craft becomes further and further removed from the debris
cylinder. As a result, the optimal de-spin performance
considering this particular cylinder occurs with a control
craft diameter of 7.9 m, with diminishing returns evident
at larger sizes. The system displacement is minimized at a
control craft diameter of 2.6 m. Besides this tradeoff, one
must consider the added structural complexity, launch
cost, and charging power requirements of flying a large
servicing craft.

6. Relative servicer position and orientation
considerations

Besides designing the remote electrostatic de-spin
mission with optimal sizing parameters as deduced from
the previous section, the servicing spacecraft has the
freedom to control its position and orientation in space
with respect to the rotating debris object. The effects of
several novel control schemes are herein analyzed. Gen-
erally, these approaches result in improvements in de-spin
performance, which come at the cost of increased control
forces and torques and therefore greater expenditures of
fuel or power. The results, as discussed in the following
sections, are compared to the baseline simulation and
outlined in Table 3.



System displacement [km]

2 rpm) [hrs]

De-spin Time (wq

D. Stevenson, H. Schaub / Acta Astronautica 119 (2016) 22-33

150

100

10 1

(e}
[
wt

400

300

200

100

0 5 10
Servicing Craft Diameter [m]

Fig. 9. Performance dependency on servicing craft size.

30

z

E

3

S

=

Na)

g

]

3

o

@]

e

Z

E 04
303
~

2 02
g .
C o1
g

=]

= 0
S 0 5 10 15

Servicing Craft Diameter [m]
Table 3

De-spin control schemes results.

Case At (h) AX (km) Fthrust.ave (N) Latt‘ave (Nl‘l‘l)

Baseline 7432 3435 0.001296 N.A.

Variable sep. 65.27 31.29 2.073 N.A.
distance

Circumnavigation 3756 N.A. 5.402 N.A.

Non-spherical 56.88 29.62 0.001185 0.09974

servicer

6.1. Variable separation distance

In the baseline control scheme, the center to center
separation distance between the two craft is held constant.
In order to mitigate the collision risk that poses a threat to
mission success, it is actually the surface to surface
separation distance that should be maintained at a mini-
mum distance. Therefore, a position control scheme is
envisioned where the control craft moves back and forth
along the straight line of separation as the cylindrical
debris rotates, maintaining a constant separation from the
closest surface. Fig. 10 shows the resulting desired center
to center separation distance of the objects over one full
rotation of the cylinder. As is evident, the control craft
moves slightly further away than the baseline 7 m
separation when the edge of the spinning cylinder is at
closest approach.

A proportional-derivative position feedback control is
implemented, utilizing the analytic derivative of the
desired separation. This control maintains the relative
position of the craft to within 0.021 m of the desired
separation. Table 3 shows that the time to de-spin 12 deg/s
of rotation decreases to 65.27 h, which represents a 12.1%
increase in performance. However, the average required
thrusting force increases dramatically to 2.073 N, which
falls outside the range of most existing fuel-efficient pro-
pulsion technology, and would require several hundred
kilograms of expended fuel using conventional bi-

Separation distance d [m]

250

150 200 300 350

Cylinder angle 6 [deg]

100

0 50

Fig. 10. Object separation for constant surface to surface distance.

propellant thrusters. One can conclude that the marginal
gains in performance are not worth such a large cost in
fuel requirements.

6.2. Circumnavigation scheme

As the nonspherical debris object rotates, there are
certain configurations for which the Coulomb control
torque diminishes. Namely, when the cylinder is oriented
parallel or perpendicular to the spherical servicer, no
electrostatic moment is achievable. This presents the
motivation for the following position control scheme,
where the servicing craft circumnavigates the debris
object as it rotates in order to maintain the optimal
relative angle to the cylinder for maximum control tor-
que. The same position control algorithm as before is
used with larger gains to maintain a relative angle of
0 =42.38°, at which the cylinder experiences the max-
imum torque. As can be seen in Fig. 11, this scheme
results in a very minute system displacement because the
net Coulomb forces cancel out as the servicing craft
rotates around the debris object. Because the system
constantly experiences the maximum achievable torque,
de-spin time is reduced by 49.5% to a mere 37.56 h.
As in the previous simulation, the thrusting force neces-
sary to maintain this relative orbit increases several
orders of magnitude to 5.402 N. In this scenario, the
fuel requirement might be reduced if certain natural
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Fig. 11. Position of craft in circumnavigation scheme.

circumnavigation formation flying orbits are employed,
as will be addressed during future investigations.

6.3. Non-spherical control craft

Finally, a scenario is considered wherein the control
craft is no longer modeled as a conducting sphere. If de-
spin gains can be achieved by adjusting the attitude of the
servicer, it may be possible to improve mission perfor-
mance by use of rechargeable attitude control devices
rather than expending thruster fuel reserves. While a
cylindrical control craft was first considered, the desired
attitude profile is much more efficient using the windmill
configuration depicted in Fig. 12. While the dimensions of
the three sphere MSM are used, it is assumed that each of
the external spheres can be charged independently. A
constant relative position d=8 m is maintained between
the spacecraft, which represents the same surface to sur-
face separation as before. Now, however, the control craft
can adjust its relative orientation to the rotating debris
cylinder and specify a voltage ¢, ; = + 30 kV on any of the
four external craft while the rest of the body is held at
0 kV. This will require a complex configuration of charge
control devices and charge isolation surfaces.

In order to determine an appropriate control strategy,
Fig. 13 shows the Coulomb torque experienced by the
debris cylinder, dependent on the orientation of both
objects. The control craft angle @; varies between —90°
and +90°, which corresponds to one of the two closest
spheres in Fig. 12 being charged. With the potential of the
debris cylinder held at ¢, = —30KkV, the left plot shows
the attractive torques resulting from ¢, ; = +30 kV while
the right plot shows the lesser torques that result from
¢1;=—30KkV. The superimposed lines show the max-
imum achievable counter-clockwise (red) and clockwise
(blue) torque that is possible for a given debris object
orientation @,. From this, one can deduce the desired
servicing craft attitude @; and which sphere should be

61,b=+30 kV

¢1,a=0kV

b1,c=0kV b1, d=0kV

Fig. 12. Configuration for windmill control craft. (For interpretation of
the references to color in this figure caption, the reader is referred to the
web version of this paper.)

charged. If the cylinder in Fig. 12 with orientation 6, ~ 80°
is spinning counter-clockwise, we wish to arrest it with a
clockwise torque. Accordingly, an attractive torque should
be applied with 6; ~ —45°; thus an electric potential
¢1 = +30kV must be applied to sphere b.

The results for the first minute of the scenario where
the control craft can determine its relative orientation and
which component is charged up are displayed in Fig. 14.
The top plot shows what desired angle is determined from
the data in Fig. 13, what angle this corresponds to for the
craft once the appropriate sphere to charge is chosen, and
what angle is achieved by the attitude control algorithm
during the simulation. A proportional-derivative control
algorithm is implemented, where the desired rotation rate
is assumed to be equivalent to the debris rotation (a lin-
earization of the curves in Fig. 13). The middle plot in
Fig. 14 shows which sphere is given what voltage, and the
bottom plot shows the required control moments on the
servicing craft. In Table 3, it is clear that the time to
remove a 12 deg/s rotation on the debris object takes only
56.88 h, a 23.5% improvement in performance. System
displacement and required thrusting are reduced, while
only an average of less than one tenth of a Nm control
moments are required, easily achievable using conven-
tional reaction wheels. Moreover, since the required tor-
ques are symmetric, the control moment devices will not
require frequent momentum dumping. Therefore, this
scenario represents a considerable performance benefit
without a significant fuel cost.

7. Conclusion

This paper highlights the recent theoretical and
experimental advances in remote spacecraft attitude con-
trol via Coulomb charging. Various aspects of the simpli-
fied system are analyzed, wherein a spherical control craft
attempts to remove the one dimensional rotation of a
cylindrical debris object. Improvements have been made
on a rotational testbed, which is used to verify rate and
heading control terrestrially. Such pointing control is
important if a spacecraft docking maneuver is to be
attempted. Besides slight deviations due to angular sensor
noise, the experimental results match the numerical
simulations extremely well. In order to perform a proper
mission design, sensitivity of the de-spin performance to
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spacecraft size, shape, and relative position is crucial. The
critical result is that the closer a servicing spacecraft can
get to the rotating debris, the quicker the rotation rate can
be reduced. However, this objective must be carefully
weighed with the collision risks associated with close
proximity formation flight. Moreover, for a given debris
target, increasing the size of the servicing craft will
increase performance but only up to a given point, which
must be balanced with the structural complexities of
building large craft. Lastly, relative position profiles can
improve performance and reduce de-spin times, but come
at a cost of much greater control requirements.
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