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CLOSED-LOOP ONE-DIMENSIONAL CHARGED RELATIVE
MOTION EXPERIMENTS SIMULATING CONSTRAINED ORBITAL
MOTION

Carl R. Seubert* and Hanspeter Schaub’

Coulomb spacecraft actively control their potential through continuous charge
emission to generate inter-spacecraft electrostatic forces. Modeling the complex
induced charge effects and coupling with the plasma environment is very chal-
lenging. This paper presents charged relative motion experiments demonstrating
how active charge feedback control tests can be performed in a terrestrial envi-
ronment without resorting to expensive vacuum or plasma chambers. The non-
conducting test bed is able to levitate a conducting sphere with only milli-Newton
level disturbance forces. The relative motion is achieved by having one charged
sphere stationary and one charged sphere floating on the track. Charge control is
provided through an external potential source connected to the spheres through
a small conducting wire. The one-dimensional (1-D) test track can mimic the
constrained motion along the orbit radial, along-track, or out-of-plane direction.
These dynamical systems are replicated with the test track by either leveling it,
or adding a small tilt to bias the relative motion in one direction. Experimental
results illustrate the performance of a simple charge feedback control for these
orbital scenarios.

INTRODUCTION

There are many advantages to spacecraft flying in formation, such as being used for scientific and
exploratory missions, including the generation of large sensor baselines for high resolution inter-
ferometery. Other advantages include the use of smaller and lighter spacecraft, system redundancy,
and distributed network space systems. The technical and logistical challenges of formation flight
are being overcome with numerous successful missions and many concepts in planning.!

Close spacecraft formations on the order of dozens of meters present particular mission chal-
lenges, including accurate relative position sensing and frequent micro-Newton-level control to
perform relative motion maneuvers. Other close proximity aspects to be further investigated are
autonomous rendezvous and docking, as well as the deployment and the use of tethered spacecraft
systems. Further, if conventional inertial thrusters such as chemical or electric propulsion tech-
niques are used, then care must be taken at these separation distances to ensure exhaust plumes
do not impinge on the other craft and damage sensors and structural components. Coulomb (elec-
trostatic) thrust is a novel method to control the separation distances of spacecraft flying in close
formation and resolves plume impingement concerns. Another advantage of Coulomb thrust is that
it offers separation distance control for very low power consumption (Watt levels) and very low
propellant mass (ejects electrons or low-mass ions).>*
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Due to the natural shielding effects from the space plasma environment, Coulomb control is
best utilized for separation distances less than 100 meters and formation altitudes of geostationary
Earth orbit (GEO) and above.®> Experiments on the Coulomb testbed are performed in a standard
atmospheric environment and presently do not investigate space plasma interaction. Interestingly,
current testing indicates there is interaction with the testbed’s charged spheres and the atmosphere.
This is an area requiring further examination and is not covered in this paper.

Orbital missions such as SCATHA and ATS-6 have shown that spacecraft charging naturally
occurs as a result of interaction with the local plasma environment.>® A spacecraft in GEO can
naturally charge to kilovolt level potentials.”-® Natural spacecraft charging can be safely prevented
and overcome as shown with missions such as Equator-S, CLUSTER and SPEAR 1.%1011 ESA
CLUSTER spacecraft utilize very precise potential control by emitting indium ions at 5-9 keV
energies from a liquid metal source.!! The Coulomb thrust concept described in this paper utilizes
this proven space technology and does not require the high precision charge control demonstrated
by the CLUSTER mission.!? Furthermore, it is the absolute potential of the craft that produces the
Coulomb force; consequently, another advantage of the concept is that natural charge levels can be
utilized and then modified as necessary to perform a operational maneuver.

The proposed NASA Goddard Stellar Imager'® and the NASA JPL study on the proposed Ter-
restrial Planet Finder'* are two missions that could potentially utilize Coulomb thrust techniques
for formation control. Each of these proposed missions intends to use a formation of spacecraft to
create a sensor baseline in the kilometer range. Another application of the Coulomb thrust concept
that is being investigated is the deflection of near Earth objects.!’

This paper details the demonstration of 1-D feedback control of a craft using Coulomb forces.
An example of a simple two spacecraft formation using Coulomb forces for separation distance
control is shown in Figure 1. This testbed allows experiments that mimic simplified two-craft orbit
scenarios and expands the future capabilities of spacecraft Coulomb control.
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Figure 1 Two sensor nodes using Coulomb forces to provide the necessary formation
separation distance

Terrestrial testbeds have been developed to explore the techniques and control of spacecraft for-
mations. These include JPL’s Formation Control Testbed'® and NASA Marshall Space Flight Center
flat floor testbed.!” These testbeds provide a flat, near frictionless operating surface that allows ter-
restrial relative motion experiments using linear air-bearing pads or similar. The intent of these
testbeds is to test and verify hardware and operational subsystems.

The motion experiments conducted on traditional testbeds such as these are performed with



well-known dynamics and typically with conventional thrusters with force capabilities magnitudes
greater than the Coulomb thrust technique. Consequently, there are numerous challenges to per-
forming terrestrial motion experiments with the Coulomb thrust concept. The control forces are
tens of milli-newtons or less,'® requiring disturbances to be even smaller in magnitude. Coulomb
force modeling is currently simplified by excluding interactions with the atmosphere. The model
can be improved through further development and testbed verification.

The Coulomb testbed in the Autonomous Vehicle Systems (AVS) laboratory at the University
of Colorado at Boulder is developed specifically to demonstrate the actuation of vehicles under
the control of Coulomb forces. This low-cost 1-D version allows motion studies in which con-
trol forces dominate disturbances. It also allows the investigation of electrostatic interactions and
induced effects, application of control algorithms, and advances the knowledge and implementa-
tion of hardware technologies. Future testbed generations will evolve to a two dimensional (2-D)
platform and ultimately incorporate environmental modeling such as vacuum operation.

The Coulomb testbed does not simulate or demonstrate motion in a space environment. It does
allow tests to be performed that mimic orbit-similar scenarios through the implementation of feed-
back control. This paper presents the results of tests that are similar to the control of two spacecraft
operating in three linearly constrained configurations: orbit radial, along-track and out-of-plane.
The testbed, displayed in figure 2, shows the stationary charged sphere and the cart with charged
sphere on the track. The vehicle’s position is manipulated by controlling the charge level of the
spheres. The orbit configurations are mimicked by tilting the track to induce a bias gravitational
force similar to a gravity gradient force in orbit.
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Figure 2. Testbed configuration used for feedback control on cart position with Coulomb forces.

The previously published achievements of the Coulomb testbed are simple attractive and repul-
sive tests on the track.'® The disturbances in these results are large, however Coulomb actuation
is successfully demonstrated. This early work has since led to a reduction in disturbances and the
implementation of feedback control and autonomous cart motion. This paper documents the im-
provements made to the testbed to yield lower disturbance forces. Further, experimental scenarios
are discussed which mimic constrained charged orbital motion. Experimental results illustrating the
closed-loop regulator performance are presented.



COULOMB FORCE

A Coulomb force is generated by the interaction of two charged bodies. In space, this force is
reduced by shielding from free-flying charged particles of the local plasma. The strength of this
shielding is defined by the Debye length \4.'° The Coulomb force F. that is generated between two
craft of charges ¢; and ¢ is defined by

Bl = kL2 emr (1 + T) ()
r Ad

where r is the spacecraft separation distance and k. = 8.99 x 10 C~?Nm? is the vacuum Coulomb
constant. The Debye length is based on the temperature and density of the local plasma. At GEO
the plasma is sufficiently hot and sparse to generate Debye lengths ranging from 80 -1000 m with
an average of approximately 200 m,'? allowing the use of Coulomb thrust when operating with
spacecraft separations of dozens of meters at GEO. Low Earth orbit Debye lengths are typically cm
level, making the use of Coulomb thrust challenging for feasible charge levels.

In the laboratory the spheres are operated in very close proximity where it is assumed there is
no atmospheric interference or shielding and the generated Coulomb force can be modeled by the
simple relationship

|F| = k22 @)
T

where k. here is the atmospheric Coulomb constant that is obtained by adjusting the vacuum con-
stant with the relative permittivity of air. Testing indicates that there is some interaction of the
charged spheres with the local laboratory atmosphere, in a similar nature to a spacecraft in its local
plasma environment. Further investigation is required to understand and model this interaction and
improve the accuracy of the atmospheric Coulomb force by modifying equation 2. For this study
the simple Coulomb force relationship of equation 2 is used only as a reference for experimental
results.

TESTBED HARDWARE APPARATUS

The preliminary developments of the testbed are described in detail in reference 18. This testbed
setup has had some modifications and improvements to reach its present state used for the feedback
control experiments detailed in this paper. Some of the most vital improvements are the reduction
of disturbances as detailed in the following section.

As shown in figure 2 the testbed comprises a 1-D air bearing, all plastic track. It incorporates an
autonomous air flow system using infrared (IR) sensors and valves to control the air to flow only
underneath the cart. Polarity switching electrostatic power supplies, capable of 430 kV, are used to
charge the aluminum spheres and control the motion of the cart. Each sphere has a diameter of 25
cm and the total cart mass is 0.5 kg. A laser is used for accurate external position sensing and is
implemented in the feedback controller.

The whole apparatus sits on a glass table to limit external charge interference. The table is
positioned inside a plastic cage for operational safety and is always operated with two personnel.
The testbed now also features two LED systems. One is a warning light to indicate to operators that
there is an active electrostatic charge from the power supplies and an array indicating the potential
level. The second is an array of LEDs along the track length that align with each IR, valve, and air
flow and signal the presence of the cart at that track location.



Custom hardware interface and GUI

The feedback control algorithm is implemented with the testbed hardware through a custom C-
code application. The laser is interfaced through a serial port and distance measurements sampled
at 50 Hz. The cart position is controlled by the spheres’ charge which is driven by their respective
voltage levels. The electrostatic power supplies are interfaced through a PCI express bus for analog
output control and analog input status updates. A flowchart of the testbeds primary hardware sys-
tems and feedback implementation is shown in figure 3. The graphical user interface (GUI), shown
in figure 4, allows the user to run the autonomous control scheme as well as any of the hardware
systems manually and independently.
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Figure 3. Flowchart of testbeds primary hardware systems and feedback implementation
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Figure 4. Custom graphical user interface for running the Coulomb testbed




DISTURBANCES

One of the greatest challenges to overcome with the Coulomb testbed is the mitigation of dis-
turbances. It is necessary to reduce external disturbances to levels that give authority to the small
Coulomb control forces. The previous Coulomb actuation experiments presented in reference 18
were performed on small sections of a track that had local variations causing gravity disturbances
equivalent to 8.5 mN. Modifications to the current testbed track such as more regular airflow and a
flatter track have greatly reduced gravitational and flow disturbances to around 1 mN over a 35 cm
long section of track.

To further reduce disturbances, a new cart is developed for Coulomb controlled experiments. It
is manufactured from polycarbonate for its smooth surface, dimensional stability and resistance
to conduct and hold charge. Secondary effects of Coulomb applications, such as induced charge
and sphere capacitance holding, are additional disturbances as initially highlighted in Reference 18.
These effects are still present and are further discussed in the results section of this paper.

Another important consideration with the Coulomb testbed is maneuver durations. In space it is
anticipated that Coulomb based maneuvers will be conducted on time scales of hours. Given that
in the laboratory the disturbance force magnitudes are significantly greater relative to the control
forces than expected in space, it is necessary to reduce the maneuver duration. All Coulomb motion
experiments are conducted in durations of seconds to minutes. These testbed maneuvers are still a
viable verification as they can be scaled to true orbit conditions.

Gravitational disturbances

Corrections to the track surface and leveling reduces the effects of gravitational disturbances.
The testbed’s plastic track encountered warping and cart velocity results indicate the introduction of
disturbance gravity forces. The extent of the warping was on the order of 0.1° which resulted in a
disturbance force as great as 8.5 mN for a 0.5 kg cart. It is desirable to reduce all disturbance forces
below 2 mN, which for gravity disturbances corresponds to a track deviation angle less than 0.024°.

The track underwent resurfacing to remove the natural plastic warping and improve the surface
flatness along its length. For rigidity and accuracy the track was machined in its constructed I-
beam design in a unstressed state. Accurate measurements of the track surface indicate that the total
variation along the track length is now less than 0.1 mm and a maximum angle deflection (measured
at one end of the track) is 0.02°, resulting in a maximum gravity disturbance of 1.6 mN.

The current disturbances forces acting on the cart during glide tests are evident in figures 5 and
6. The cart’s speed profile for a number of tests gliding toward the stationary sphere are shown in
figure 5. These tests are conducted over the flat and level 35 cm track section with varying initial
impulse speeds. Figure 6 shows a similar data set however the cart is traveling in the opposite
direction away from the stationary sphere.

The slopes shown in figures 5 and 6 indicate a disturbance acceleration acting on the cart. With
the 0.5 kg cart the average force is calculated to be 1.02 mN traveling toward the stationary sphere
in figure 5 and 0.87 mN traveling away in figure 6. The acceleration is uniform across all initial
speeds for both data sets. The cause for the cart accelerating in both directions is believed to be a
combined consequence of the air flow and cart tilt (due to the high center of mass) while it is in
motion. Research is currently underway to alleviate this problem, with methods such as lowering
the carts center of gravity to below the center of pressure being investigated. Another contributing
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Figure 6. Cart glide data away from stationary sphere

factor to the cart experiencing a small acceleration in the direction of motion is due to the fact that
the air flow to levitate the cart is only activated when the cart has triggered an infrared beam. Thus,
while moving, the front section of the cart will always experience a reduced pressure compared to
the rear section of the cart. This can cause a slight tilt and the measured forward acceleration.

This 35 cm flat and level section of track permits Coulomb controlled experiments to be con-
ducted with disturbance forces around 1 mN. With a nominal stationary sphere location, the range
of Coulomb control force achievable over this length of track is 3-18 mN with both repulsion and
attraction. With these low disturbance forces in this separation range the cart motion is controllable
with Coulomb forces. The Coulomb force is calculated using the simple relationship defined in
equation 2 which does not model any atmospheric interactions or induced charges.

Air flow disturbances

Another disturbing force stems from the air flow supply along the track length. This force is due
to uneven air flow between each row of air holes, which are controlled individually. There is also



potential disturbance contribution from inaccurate cart position sensing and the air valve switching
on and off. To mitigate these errors the air supply at the track is carefully monitored with a highly
accurate hot-wire air flow meter. This allows quantification of airflow inequalities along the track
length, allowing them to be normalized with simple air flow regulation at each holes air supply.

To study and mitigate the effects of inaccurate cart positioning and the triggering of airflow,
numerous glide tests are conducted with the cart, similar to that seen in figures 5 and 6. The tests
vary the size and location of the IR reflective sheet. Prior to all Coulomb control experiments, glide
tests with the cart and track configuration are conducted to ensure a minimum disturbance state is
reached. An optimum configuration of minimum disturbance is selected and used for all Coulomb
experiments conducted and presented in this paper.

CONSTRAINED RELATIVE MOTION DYNAMICS AND CONTROL

Significant knowledge is continuing to be developed regarding the theoretical aspects of the
Coulomb thrust concept. Berryman and Schaub studied the use of Coulomb control to maintain
static equilibrium configurations in orbit.?%2! This includes the analytic calculation of the Coulomb
charges required to maintain static formations of two and three craft relative to a rotating Hill
frame.2? For the two craft system, the linear orientation can be paralleled to the charge control
being achieved on the 1-D testbed. This work is also expanded to three dimensions with four craft
equilibrium studies.??

Equilibrium solutions for Coulomb controlled spacecraft are feasible, however stability is typ-
ically not guaranteed. To realistically implement the Coulomb thrust concept it is necessary to
introduce feedback control. Reference 23 develops a control algorithm that stabilizes the motion of
two craft about a orbit radial alignment while maintaining a fixed separation distance. Reference 24
details a restricted 1-D Lyapunov-based Coulomb control regime developed for three craft operating
in a linear configuration. The intent of the testbed is to directly apply control algorithms such as
these to Coulomb hardware. Reference 25 further develops the 1-D constrained control techniques
to analyze the feasible regions of operation that can be implemented ensuring that the charge levels
are realistic and do not saturate.

The studies of restricted 1-D linear relative motion control such as these could be implemented on
the testbed apparatus. The algorithms use realistic Coulomb charges that are applied to the vehicle
on the testbed. A vital step in the development of the Coulomb testbed is the implementation of
position feedback control. A laser accurately senses the cart position to within a millimeter, which
is input in real time to the controller of the electrostatic voltage supplies. This allows the relative
cart position to be controlled to a desired location. The implementation and preliminary results of
this position feedback control for relative motion are presented. These control experiments mimic
1-D constrained orbital motion in orbit radial, along-track and out-of-plane directions.

Testbed dynamical setup

The feedback control setup of the testbed with distance measurements from the laser is defined
in figure 7. The laser measures the distance to the cart L, which corresponds to a distance x, from
the stationary charged sphere. The desired position of the cart is defined by the distance x,, which
also defines the tracking control parameter .
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Figure 7. The testbed experimental variable setup

Using the Coulomb force from equation 2, the equation of motion for the cart on the track is
defined by:

. 1 [k
Tr = f(l'a u, t) = E ;:7? + fsystem + funknown 3)

where () is the combined charge product defined by Q = q1g2, fsystem Tepresents known forces
acting on the system (such as intentional gravity biases) and funknown are unmodeled disturbance
forces. The cart motion is controlled through the combined charge product Q.

Orbit dynamical setup

The purpose of the testbed and this control methodology is not to simulate full orbital dynamic
motions. Alternatively, restricted 1-D motions are feasible. It is possible to mimic 1-D constrained
motion like the natural repulsive motion two spacecraft experience when separated in the orbit radial
direction. Equations 4 show the linearized Clohessy-Wiltshire-Hill’s equations>? that can be used
to develop a reference orbit. The equations define the motion of a satellite relative to a circularly
orbiting reference point. The rotating Hill frame {0,, 09, 05,} has axis aligned in the orbit radial,
along-track and out-of-plane directions respectively. The spacecraft position p; is defined by the
Cartesian z, y and 2z coordinates in this frame. Figure 8 shows the rotating Hill frame and example
cases of two craft flying in the three potential operating configurations; orbit radial, along-track and
out-of-plane.

Figure 8 Two spacecraft example of the orbit radial, along-track and out-of-plane
operating configurations in the rotating Hill frame.



With a formation of N Coulomb controlled spacecraft the CW-Hill equations of the i spacecraft
relative to the orbit reference is defined by?
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where the orbital rate of the reference point (r.) is defined as Q = /GM./r3, where G is the
gravitational constant, M, is the Earth’s mass and m; is each spacecraft’s mass. These equations
can be constrained to 1-D motion along the orbit radial, along-track and out-of-plane directions.
With only two craft in the formation and ignoring any plasma Debye shielding the 1-D relative
equations of motion become:

i — 3Q%x; = k—% (5a)
. ke Q
= (5b)
YT (yi — yj)?
5+ Q%2 = ke Q@ (5¢)

Analyzing the orbit radial direction, there is an equilibrium condition where x; is held constant
with charges @ < 0.2 The natural repulsion force (gravity gradient) experienced by the spacecraft
indicates a mixed charged (attractive) Coulomb force is necessary to maintain relative separation
equilibria. This restricted operating scenario is mimicked with the craft on the testbed. Using an
inclined track a natural gravitation bias force is introduced to the system. The constant repulsive
gravity force is similar to the linearly dependent gravity gradient of equation 5a and can be overcome
with Coulomb forces to drive and hold the cart to a desired separation distance.

Similarly, the out-of-plane direction (equation 5c) contains equilibria with constant z; when ) >
0,2 hence, a repulsive Coulomb force is needed. This configuration is comparable to experiments
on the testbed with a inclined track toward the stationary charged node. The constant attractive
gravity bias is similar to the linearly dependent gravity gradient of equation 5c.

The Hill frame along-track direction (equation 5b) is neutral and requires () = 0 to maintain a
fixed y; coordinate separation. This condition is simulated on the testbed with a level track and
no bias forces. Of these three simulations, the along-track direction is the most challenging to
implement because of the need to have a flat and level track and to minimize all disturbances. The
orbit radial and normal direction simulations are easier to implement since any track un-level biases
can be exploited to provide slight gravitation pull or repulsion to simulate this charged axial orbital
motion.

The testbed results of implementing feedback control with these three orbit-similar configurations
are presented in the paper. In order to achieve the described two spacecraft, orbit-similar scenarios,
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it is necessary to have the setup where one sphere is stationary as shown in figure 7. Further studies
will incorporate multiple craft on the track and ultimately expand to 2-D motion studies.

Control law

The control parameter of the testbed system is the combined charge product ). A PID controller
is implemented to control the system with position feedback, introduce damping to the system re-
sponse and account for any unmodeled disturbance forces. With the system of equation 3 linearized
about a equilibrium position a control law is defined as:

_ t keQ
uw=—kpdt — kpdx — kj dxdt — fsystem = 2 ©)
0 X

where kp, kp, and k; are controller gains. This non-linear charge feedback control law () features
feedforward compensation when known biases fsysem are acting on the hovering cart. The integral
feedback adds robustness to the system to account for discrepancies in modeling of fsysem and the
limited model of charge interaction with the atmosphere. Future models of electrostatic interac-
tion with the atmosphere could be added to this control law. Substituting the control law into the
linearized equation of motion results in the following closed loop dynamics:

t
6s'v'+kD5:[c+kp5x+k1/ dxdt =0 (7)
0

With positive control gain values the feedback linearized system response is stable.

Numerical simulations

The cart motion under the proposed position feedback algorithm is simulated using the Coulomb
force and control defined in equation 6. For sloped track experiments mimicking a 1-D relative
orbit bias, a constant force is added to the model through the fysem term. System performance and
stability analysis of the controller is simulated on this model prior to implementation on the testbed.

A simulation of a cart’s motion and required control parameters is shown in figure 9. This sim-
ulation begins with a cart initially at rest with a separation of 30 cm (center to center). The cart is
then accelerated and controlled on a downward slope with a constant gravity bias force of 2 mN and
controlled to a distance 30 cm away.

The first plot of the figure shows the distance of the cart away from the desired location in cen-
timeters. The response of the cart has little overshoot and has a 5% settling time of 23 seconds.
This is suitable for the control of the cart on the testbed and is controllable with feasible voltages as
shown in the second plot of the figure which shows saturation only for the initial second. This cart
control within seconds is much faster than anticipated for the control of spacecraft in orbit which is
expected to take hours to perform similar scaled maneuvers.

The second plot of the figure shows the voltage of both the cart (A) and the stationary sphere (B).
Initially the cart is repelled away but the voltage quickly changes to opposing polarity, producing
an attractive force that prevents the cart from sliding down the simulated sloped track. The steady
state voltage is ~ 20 kV which provides a 2 mN force at that separation distance as shown in the
lower plot of figure 9.

11
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Figure 9. Simulation of cart motion with a constant system force of 2 mN

POSITION CONTROL EXPERIMENTAL RESULTS

The cart motion is controlled using Coulomb forces on a flat and level track as well as an inclined
track. A inclined track simulates a operating environment with a fixed bias acceleration acting on
the craft, such as that experienced in a simplified orbit radial (relative repulsive acceleration) or orbit
normal (relative attractive acceleration). The results of the testing are presented here.

Control results on a flat and level track: along-track configuration

The Coulomb control algorithm is first implemented on a flat and level track. The track is leveled
using both precision level instruments and verified via glide experiments with the test cart. All glide
tests indicate a slight acceleration of 1-2 mN in the direction of motion as shown in figures 5 and 6.
Regardless, the Coulomb experiments are conducted here with a cart that stands motionless on the
sections of track tested.

Figure 10 displays the cart motion and control parameters required to drive the cart a total of 30
cm. The cart starts from rests and repels from a initial separation of 30 cm (center to center) from
the stationary sphere. The cart 4z is shown in the top plot for two identical tests. A magnification
showing the settlement of the cart at the desired location is also shown for each test. The center plot
shows the voltage levels that are used to control the cart during test 1 for both the cart sphere (A)
and the stationary sphere (B). When the voltage magnitudess are equivalent magnitude the Coulomb
force is repulsive, with mixed magnitudes the force is attractive. By design the spheres are sent to a
negative potentials when repulsive forces are required. The lower figure shows the Coulomb force
acting on the cart in test 1 using the relationship defined in equation 2.

The results shown in Figure 10 indicate that the cart can be controlled on a level track to a desired
position using Coulomb forces. The cart motion, §x, shows that the system has a 5% settling time
of 19 s and a 1% settling time of 34 s for test 2 and 39 s for test 1. These settling times are similar

12
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Figure 10 Cart control on flat and level track that mimics a two craft, along track
orbit configuration

to that anticipated for a cart on a level track. The cart is within 1 mm of the desired location within
45 seconds of the tests duration.

A deviation from the simulation results is the increased oscillations or under-damped nature that
appears with the hardware results. This is magnified with the voltage levels required to control the
cart, even with the damping gain being enhanced for this test. For a level track it is anticipated that
the control voltage is zero, however the steady state voltage is + 9 kV. It is found that when the
voltage is removed the cart will remain stationary at that spot indicating there is no gravity acting.
At this separation distance and steady state voltage the resulting attractive Coulomb force is (= 0.4
mN). This source of this disturbance force is unknown, however it is likely a result of electrostatic
interaction of the spheres with the atmospheric environment in the lab or secondary induced effects.

Inclined track results: orbit radial configuration

With position feedback control successfully implemented on the 1-D level track, the track is
intentionally inclined sloping down from the stationary sphere. Using this position feedback control
technique the craft is held at a fixed separation distance on the inclined track by holding a constant
attractive charge (mixed polarity voltage). Figure 11 displays the cart motion and control parameters
required to drive the cart a total of 28 cm. The cart starts from rests and repels from a initial
separation of 30 cm (center to center) from the stationary sphere.

The results in figure 11 show a similar response to the cart motion for a level track. The 5%
settling time of the cart is ~ 25 s with a 1% settling time of 43 s for test 1 and 47 s for test 2. Once
again, these settling times are very similar to the anticipated simulation results shown in figure 9.

13
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Figure 11. Cart control on inclined track that mimics a two craft, orbit radial configuration

The cart is within 1 mm of the desired location by 55 seconds into the tests. As before the testbed
demonstrated less damping than anticipated with the simulations.

The voltage levels required to drive the cart to steady state shows the elevated results for the level
track as anticipated. The steady state voltage level is £ 21.5 kV. Also shown in figure 11 is the
steady state voltage level which results in a attractive Coulomb force ~ 2.4 mN at this separation
distance. With the voltage removed the cart will accelerate away from the stationary sphere. Glide
tests performed immediately after the Coulomb tests indicate the acceleration from this location
to be = 4.5 mN. There reasons for this discrepancy could be electrostatic interferences that were
measured with the previous level track experiments, as well as the extra acceleration terms that are
measured once the cart is in motion.

These results are comparable in magnitude with what is required for a two craft system operating
in a radial configuration in GEO. The differential radial gravitational force magnitude linearizes to'?

SF, ~m° oL (8)

where m is the spacecraft mass, w is the gravitational constant, r. is the system center of mass orbit
radius and L is the spacecraft separation distance. Consider two spacecraft each with a mass of 50
kg and a separation of 20 m aligned in the radial direction. At GEO the gravity gradient force is
~16 uN. To overcome this force with Coulomb control requires a charge of 0.84 nC, in a plasma
with a Debye length of 200 m. This corresponds to required voltage magnitudes of 15.2 kV if each
craft were assumed spherical with a radius of 0.5 m. This testbed experiment shows an application
that mimics a potentially realistic orbital configuration. One thing to consider, is that the experiment
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is conducted on a much shorter time scale than what is anticipated in an orbit application that may
take hours to perform a similar maneuver.

Inclined track results: out-of-plane configuration

For the final series of experiments the track is intentionally inclined sloping upward away from
the stationary sphere. Using the position feedback control technique the craft is held at a fixed
separation distance on the inclined track by holding a constant repulsive charge (equivalent polarity
voltage). Two separate configurations are examined. The first starts with a cart at rest at a separation
of 30 cm (center to center) from the stationary sphere and ascends the track. Figure 12 displays the
cart motion and control parameters required to drive the cart up the slope a total of 11 cm.
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o
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Figure 12 Cart control on inclined track that mimics a two craft, out-of-plane con-
figuration : (starts down slope)

This test indicates that the cart is driven to the desired location with little or no overshoot as it
is maneuvered up the slope. The cart settles to == 1 mm of the target location with a 5% settling
time of ~ 23 seconds, which is comparable to simulations. The Coulomb force required to drive
the cart this distance remains repulsive. The resulting voltage to maintain the cart at this location is
~ —12kV which equates to a force of ~ 1.3 mN, calculated using equation 2 relationship.

The second orbit normal tests start with the cart at rest away from the sphere and descending
to the desired position. The cart is initially separated by 72 cm (center to center) and driven 30
cm down slope toward the sphere. As shown in figure 13, the down slope momentum of the cart
causes a larger overshoot in this case, but the controller drives the cart to within +2 mm of desired.
The 5 % settling time is 24 s for test 1 and 28 s for test 2. The steady state voltage is ~ —15 kV
which equates to a force of ~ 2.3 mN, calculated using equation 2 relationship. Using glide test
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data collected after this experiment it is found that the acceleration due to gravity at this location
is = 2 mN. This agrees well with the assumed Coulomb force (calculated with the relationship of
equation 2) required to overcome this bias force.
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Figure 13 Cart control on inclined track that mimics a two craft, out-of-plane con-
figuration : (starts up slope)

It is noted with these orbit normal similar operating scenarios that the steady state conditions
experience greater oscillations than the previous experiments. A cause of this may be electrostatic
interference with the atmosphere that has been witnessed when conducting equivalent polarity ex-
periments. This is the reason the experiments are conducted with the desired location being much
closer to the stationary sphere to allow the cart to come to a controllable rest.

The orbit normal similar results shown here resemble what could be used by a two craft system
operating in a orbit normal configuration in GEO. The differential orbit normal gravitational force

magnitude linearizes to'?

5P ~mLL ©)
T

C

Now consider the equivalent spacecraft of the previous example, separated by 20 m in the orbit nor-
mal direction. The attractive force experienced is ~5.3 uN. To overcome this force with Coulomb
control requires a charge of 0.49 uC, corresponding to a spacecraft voltage of 8.8 kV. Once again
this experiment is conducted on a much smaller timescale than what is anticipated in a orbit appli-
cation that may take hours to perform a similar, yet scaled maneuver.
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CONCLUSIONS

This paper documents the developments of the Coulomb testbed and presents feedback control
results. This includes the details of quantifying and significantly reducing disturbance forces that
consequently improves the Coulomb actuation capabilities of the testbed.

A new and exciting feature and major focus of this paper is the implementation of position feed-
back control. This is an important step in the development of the Coulomb control concept. The
results of controlling the position of a single cart relative to a fixed charged node is presented. The
control is implemented on a flat and level track as well as an inclined track that adds a gravitational
bias to the cart’s motion. These experiments are similar in nature to the restricted 1-D motion that
is experience by two craft flying in a close orbit formation.

These successful autonomous position feedback control results open countless opportunities for
the Coulomb testbed. The implementation of more advanced control algorithms and multiple craft
are in planning. The ultimate goal is to apply the techniques to multiple craft moving independently
on the track and control their relative separation distance and evolve to a two-dimensional testbed.
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