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a b s t r a c t

This paper presents a novel six degree of freedom, ground-based experimental testbed,
designed for testing new guidance, navigation, and control algorithms for the relative
motion of nano-satellites. The development of innovative guidance, navigation and
control methodologies is a necessary step in the advance of autonomous spacecraft. The
testbed allows for testing these algorithms in a one-g laboratory environment. The system
stands out among the existing experimental platforms because all degrees of freedom of
motion are controlled via real thrusters, as it would occur on orbit, with no use of
simulated dynamics and servo actuators. The hardware and software components of the
testbed are detailed in the paper, as is the motion tracking system used to perform its
navigation. A Lyapunov-based strategy for closed loop control is used in hardware-in-the
loop experiments to successfully demonstrate the full six-degree-of-freedom system's
capabilities. In particular, the test case shows a two-phase regulation experiment,
commanding both position and attitude to reach specified final state vectors.

& 2014 IAA. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The development of innovative guidance, navigation
and control (GNC) strategies for relative spacecraft man-
euvering will increase the efficiency and autonomy of
future space missions [1]. Air bearing-based spacecraft
simulators enable validation of GNC strategies prior to
launch with hardware in the loop. Air bearings can provide
near frictionless rotational and translational motion which
can be utilized to create one-g laboratory conditions that
are much closer to those encountered in a micro-gravity
ll rights reserved.

),

il.com (G. Tilton),
environment. Reference [2] provides a thorough review of
air bearing based testbeds until the year 2003. The same
paper also elaborates on how such testbeds have been
developed over the last 50 years with the intention of
validating GNC strategies for spacecraft, on the ground.
A hardware-in-the-loop facility, enabling rapid prototyp-
ing of GNC algorithms for experimental testing, dramati-
cally reduces the need for lengthy simulations every time
(re-)tuning of the algorithms is performed. Ground test-
beds can also support the advancement of the Technology
Readiness Level (TRL) of spacecraft subsystems (see [3]).

Systems classified as only planar or only rotational are
still widely used in on-the-ground testing. Examples of
these include a rotational testbed at Georgia Tech, which is
used for attitude matching experiments, and a planar
testbed at Cornell University called FloatCube, which was
created specifically for testing maneuvers of small scale
cooperative satellites [4,5]. More complex systems combine
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Nomenclature

A error system matrix
BðθÞ error input matrix
ðb̂x; b̂y; b̂zÞ body principal axis reference frame

components
CðθÞ mapping from relative angular velocity to

Euler angles
e combined rotation and translation error
F force vector
GðθÞ rotational input matrix
H thruster mapping matrix
J moment of inertia matrix
K reference model gain matrix
M moment vector
O orbiting reference point
P Lyapunov matrix
Q positive definite matrix in Lyapunov equation
RðθÞ direction cosine matrix
u vector of thruster forces (N)
V Lyapunov function
ðx̂ ; ŷ ; ẑÞ LVLH frame components (mm)

ϵ error vector between ξ and linear reference
model

η collection of nonlinear terms
θ 2-1-3 Euler angle vector (rad)
ν reference model input
ξ combined roto-translational displacement vector
ρ position vector relative to O (mm)
ω angular velocity (rad/s)

Superscripts and subscripts

c control input
F associated with force
L local vertical local horizontal frame
M associated with moment
m associated with reference model
S spacecraft body fixed frame
x; y; z x,y,z-component respectively
ρ associated with translation
ω associated with rotation

1 http://dssl.technion.ac.il/
2 http://ssco.gsfc.nasa.gov/index.html
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a planar translation stage and a rotational attitude stage to
achieve five or six degrees of freedom. A five degree of
freedom (5DOF) testbed has been developed by the Lawr-
ence Livermore National Laboratory [6]. It combines a
rotational platform with full freedom yaw, 7151 pitch
and 7301 roll on a dynamic air bearing platform but does
not have a vertical degree of freedom. More recent research
related to 5DOF simulators has been done by Georgia
Institute of Technology and Harbin Institute of Technology.
Both projects combine a lower platform guaranteeing two
translational degrees of freedom with an upper platform
which uses a spherical air bearing, to provide an additional
three rotational DOF [7,8]. An interesting example of a 6DOF
testbed is the MIT “SPHERES” project [9,10]. This testbed
can reach full 6DOF when used in the International Space
Station (ISS)'s micro-gravity environment. However it can
only achieve 3DOF on the ground with the assistance of a
planar air bearing platform. 6DOF platforms have been
developed by NASA Jet Propulsion Laboratory and New
Mexico State University. In both cases the vertical motion
giving the 6th degree of freedom is provided by a powered
vertical system, which is actively controlled to provide a
simulated zero-g environment for the attitude stage (AS)
[11,12]. Reference [13] describes one of the most recent
facilities reproducing 3DOF spacecraft relative motion in
Italy, still under development. Reference [14] provides
interesting observations on the benefits and need to
develop and test algorithms on the ground with experi-
mental platforms before actual flight. Other examples of
3DOF simulation facility testbeds can be found at the Naval
Postgraduate School, looking at the different generations of
robots utilized in the Spacecraft Robotics Laboratory [15,16].
The Distributed Space Systems Laboratory at Technion pres-
ents an interesting 3DOF system powered by ducted fans
instead of compressed air thrusters, and floating thanks to a
very specialized “hockey table”.1 A recent use of air bearing
based testbeds focuses on validation of contact dynamics, to
calibrate the algorithms and tools used in spacecraft servi-
cing, refueling and assembly.2 A different ground testing
approach consists in employing robotic arms in conjunction
with numerically simulated dynamics. Software integrates
the equations of motion and those command the motion of
servo actuators. This is a limited testing capability, where
algorithms are validated with no use of real, space-like
actuators. On the other hand, this approach enables the full
6DOF simulation with hardware-in-the-loop, at least for
partial validation of subsystems like vision based navigation
systems (see, for example, reference [17]).

This paper presents the 6DOF spacecraft simulator
developed at the ADvanced Autonomous MUltiple Space-
craft laboratory. To the authors’ knowledge, the presented
system is the first reproducing all degrees of motion using
real thrusters, without simulated dynamics and servo
actuators used, for example, in the testbeds in References
[11,12]. The goal of this work is to present the key
characteristics of the ADAMUS testbed, and show its cap-
abilities through an experimental test. Shown in Fig. 1, the
ADAMUS testbed is similar to other 5 and 6DOF testbeds,
which integrate the capabilities of planar systems and
rotational systems. It differs from the existing 6DOF systems
because it guarantees a realistically actuated motion along/
about the full 6DOF. The motion in the vertical direction is
accomplished using a unique method that employs a
matched variable-mass counterbalance to the attitude stage
(AS) and near-frictionless air bearing pulleys to allow close
to gravity-free motion. The counterbalance system replaces
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Fig. 1. ADAMUS testbed.
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the powered vertical stages of other 6DOF testbeds and
allows for control of all 6DOF using only the onboard
thrusters. The resulting behavior of the system is much
closer to the actual dynamics of satellites in space, as
compared to systems that use linear motors or other
solutions based on numerically modeling the vertical
motion.

The design of the ADAMUS platform potentially allows
for testing different spacecraft below 10 kg by switching
out the AS. Fig. 1 shows the interchangeable AS, connected
to the testbed base through the spherical air bearing. An
additional restriction is given by the presence of the
vertical pedestal, limiting the motion on two rotation axes,
depending on the outer shape of the spacecraft.

The foremost contributions reported in this paper are:
1.
 Presentation of the ADAMUS 6DOF testbed hardware,
reproducing a spacecraft motion controlled via thrus-
ters only.
2.
 Implementation of a Lyapunov-based thruster activa-
tion control system on the 6DOF testbed for transla-
tional and rotational motions.
3.
 Demonstration of the capabilities of the 6DOF testbed
for validating GNC algorithms for spacecraft performing
autonomous maneuvers via hardware in the loop
experiments.
This work is organized as follows: Section 2 gives an
overview of the 6DOF testbed hardware, Section 3 illus-
trates the navigation method and supporting hardware
used for the experiments, Section 4 describes the imple-
mented Lyapunov-based thrusters’ controls system,
Section 5 explains the automatic generation of code from
Simulink models used to program the onboard computer,
and the results of GNC experiments that were performed
on the 6DOF testbed. Section 6 presents the conclusions.

2. Testbed hardware

2.1. General overview

The testbed, shown in Fig. 1, is composed of a transla-
tional stage (TS), which was designed by the ADAMUS lab
and built by Guidance Dynamics Corporations (GDC) and
an attitude stage, designed and built at the ADAMUS lab.
The overall system operates on a flat epoxy surface.
The position and attitude of the testbed is provided in
real time by the PhaseSpace Impulse Systems (PhaseSpace
System), illustrated in the lower right picture in Fig. 1.
The PhaseSpace System is a third party motion capture
system, which streams tracking navigation data to the
testbed's onboard computer.
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The AS represents the satellite and contains the sub-
systems required for the GNC to be tested. These sub-
systems include an onboard PC104 computer, thrusters,
navigation components, and fuel. The AS is connected to
the TS via a spherical air bearing, which allows for low
friction rotational motion of the AS. The TS facilitates
translation of the AS. For vertical motion, a system of air
pulleys on the TS connects the central column and AS to a
counterbalancing deck (CD) with a matching mass. The
mass of the CD compensates for the mass of the AS to
allow for gravity-free motion. For translation in the other
two degrees of freedom, three linear air bearings create an
air cushion between the TS and a 13 ft�15 ft epoxy floor,
allowing the TS to translate with very little friction. The
epoxy floor was built by Precision Epoxy Products, a
division of Rock Art, Ltd. The TS also carries the com-
pressed air required to run all of the air bearings in the
testbed. Further details on the TS and AS are provided in
the following sections.

2.2. Translational stage

The function of the TS is to provide the 3 translational
degrees of freedom. The two horizontal degrees of freedom
are provided by linear air bearings, which create an air
cushion to separate the structure from the epoxy floor,
Fig. 2. Translational stage. (a)

Table 1
Components of translational stage.

Component Model numb

Platform Custom
4500 psi, 70cu Paintball Air Tanks, 3x Pure Energy
Regulators, 3x 969
Hand Valve, 3x 104104-N01
Stabilizer PPSP01190*
Flat Round Air Bearings, 3x S105001
allowing for nearly friction free motion. Hanging on the
structure of the TS is the counterbalancing system that
provides the third translational degree of freedom. This
system will be further detailed in Section 2.3.

The main structure of the TS was custom built by
Guidance Dynamics Corporations, according to the ADA-
MUS laboratory design. Fig. 2 shows a rendering alongside
the actual TS. Table 1 provides a list of the main compo-
nents of the TS and their sources.

The TS also carries the compressed air tanks and pneu-
matics that store and distribute the air used by all the air
bearings and air bushings of the platform. The pneumatic
system of the translational stage is shown in Fig. 3.

In this diagram, each “Tank” is a 4500 psi paintball tank
as listed in Table 1. The tanks are connected in parallel to
three separate regulators that step down the tank pres-
sures to 100 psi, 90 psi, and 30 psi. At the output of each
regulator there is a valve that is controlled manually to
turn the air flow on or off to each of the air bearing
subsystems. One valve controls the connection of a 100 psi
line that connects to the linear air bearing feet. A separate
valve is used to connect a 90 psi line to a set of bushings
that are involved in guiding the counterbalance system.
Lastly, a third valve connects a 100 psi line to the spherical
cup air bearing that supports the spherical segment ball
attached to the AS.
Rendered and (b) actual.

er Company

Guidance Dynamics Corporation
P11G-001 Luxfer

Aqua Environment
Ingersoll Rand
Palmers
Newway



Fig. 3. Translational stage pneumatics.

Fig. 4. Counterbalancing concept.
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2.3. Counterbalancing system

The vertical degree of freedom is provided by a coun-
terbalancing system consisting of a counterbalancing deck
of the same mass as the AS and supporting column. Fig. 4
contains a diagram of the counterbalancing concept with
the minimum and maximum heights reached by the AS.
The deck and central column are connected via an air
bearing pulley system. The counterbalance motion is
guided by two sets of vertical bars attached to the TS.
One set of bars guides and stabilizes the CD, which is
connected to the bars using air bushings. The other set of
bars guides and supports the central column, and
by extension the AS, via another set of air bushings.
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The guides also serve to prevent collisions between the
closely moving parts. The air bushings used in the pulley
system and for the guides are supplied with air from the
TS tanks as illustrated in Fig. 3. Flexible tubing is used to
bring the air to the counterbalancing system without
interfering with its motion. Table 2 contains all the major
components used in the counterbalancing system and the
CD is shown in Fig. 5a.

During an experiment, the mass of the CD is changed to
compensate for the AS mass lost as air is released through
the thrusters. In order to maintain the zero gravity effect
on the AS motion it is important to maintain the balance in
the counterbalance system. Although the CD and AS can be
balanced using static weights before each experiment, the
AS can change mass by up to 300 g as the experiment is
run and the air in its tanks is depleted. To reduce this
Table 2
Components of counterbalance system.

Component Model nu

Platform Custom m
Pulley Bushing, 3x S301901
Pulley Bushing Mounting Block, 3x S8019P02
CD Guide Bushing, 3x S301201
CD Guide Bushing Mounting Block, 3x Custom
Column Air Bushings, 6x S301201
Column Bushing Mounting Block, 6x Custom
Pulleys D 1796
4500 psi, 50cu Paintball Air Tanks, 2x Carbon Fi
Regulator 969
Pressure Sensor A-10
Solenoid Valve 23KK7DE
Computer Uno
Wireless Connector WiFly
Solenoid Battery, 2x UBBL20-F
Arduino Battery RLI-9600

Fig. 5. Counterbalancing system. (a) Deck, pulleys
disturbance to manageable levels, the CD also releases air
from its two tanks during each experiment. The associated
pneumatic system is shown in Fig. 5b. The release of air is
controlled by an Arduino Uno, which receives pressure
readings from the AS tanks from the PC104 over WiFi via
the WiFly expansion board. A reading is then taken from
the CD tanks using a pressure transmitter and the two
values are compared. If the value received from the AS is
lower, the Arduino opens a magnetic latching valve, which
vents air from the tanks that have been reduced in
pressure to 80 psi using a regulator. The valve remains
open to release air from the CD until the pressures are
equalized. If the value received from the AS is higher or
equal, no air is released. Through this method, the pres-
sure in the AS and CD tanks remains equal within a margin
of 750 psi, as dictated by the precision of the pressure
mber Company

ade Guidance Dynamics Corporation
Newway
Newway
Newway
D & K
Newway
D & K
Prime-Line

ber N2 Ninja
Aqua environment
WIKA

LM Peter Paul Electronics
Arduino
Roving Networks

L ULTRALiFE
HiTECH

, and bushings and (b) pneumatics scheme.
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transmitters used. Air from the CD is released from a T
joint to prevent the released air from affecting the move-
ment of the counterbalancing system or TS in general.
The limitations of this method are covered further in
Section 5.4

The electrical system on the CD consists of a pressure
transducer, Arduino Uno, WiFly expansion board, magnetic
latching valve, and a diode and relay circuit that shields the
Arduino and allows it to control the current supplied to
the valve. The system is powered by a 9 V battery with the
exception of the valve, which has a separate 6 V source. The
Arduino reads the pressure of the CD tanks from the pressure
transducer through an A/D port and compares it to the
pressure of the AS tanks, which is received wirelessly from
the PC104 using the WiFly board. The Arduino controls the
release of air using digital I/O ports and a relay circuit. The two
states of the relay circuit which are used, control the direction
of current received by the magnetic latching valve. This circuit
can be seen in Fig. 6. In one state, the current received is such
that the valve opens, releasing air. In the other the current is
reversed, so the valve closes and the release of air is stopped.
2.4. Attitude stage

The AS represents the satellite and provides the three
rotational degrees of freedom of the testbed. The rota-
tional degrees of freedom are provided by a spherical air
bearing, shown in Fig. 7, which serves to connect the AS to
the TS central column.

Fig. 8 shows the AS detached from the TS in a front and
top view respectively.
Fig. 6. Counterbalancin
In addition, the major pneumatic and electrical com-
ponents of the AS are listed in Table 3.

The AS is composed of a disc made of composite
material (fiber glass and high density foam) connected to
the spherical air bearing. Attached to the AS are four arms
made of ABS and PVC. Two arms extend upwards and the
other two arms extend downwards. The arms are attached
symmetrically to the disc to facilitate mass balancing and to
provide a symmetric thruster layout. There are three
thrusters mounted orthogonally on the end of each arm.
Using a unique combination of active thrusters it is possible
to obtain independent translational and/or rotational
motions. The AS provides full 3601 freedom in yaw but
the structure limits it to 7301 about the pitch and roll axes.

The pneumatic system of the AS, illustrated in Fig. 9, is
used to supply air to the thrusters, which control the
motion of the testbed. Thruster fuel in the form of
compressed air is stored in two carbon fiber paintball
tanks attached to the AS. The tanks are connected in
parallel to a regulator, which steps the pressure down to
165 psi before it is distributed to the thrusters. The
thrusters, shown in Fig. 8b, consist of solenoid valves
attached to custom made nozzles. Over the course of an
experiment, mass is lost from the tanks as air is released
from the thrusters. By connecting the tanks in parallel and
by aligning the center of mass of the tanks with the center
of mass of the AS, the change in mass does not affect
the overall balance of the AS. A pressure transmitter is
connected before the regulator to allow the PC104 to
receive measurements of the pressure left in the tanks.
The pressure readings are used in the counterbalancing
system as described in Section 2.3.
g deck electrical.



Fig. 7. Spherical bearing. (a) Bearing and (b) cup.

Fig. 8. Attitude stage. (a) Front and (b) top.

Table 3
Components of attitude stage.

Component Model Number Company

Platform Custom ADAMUS lab.
Spherical Bearing Custom D & K
4500 psi, 50cu Paintball Air Tanks, 2x Pure Energy P07B-001 Luxfer
Regulator 1247-2 Aqua Environment
Solenoid Valve, 12x EH2012 Gems Sensors
Thrusters 12-056 Gordon Engineering
Pressure Sensor A-10 WIKA
PC/104 Computer ADLS15PC ADL Embedded Solutions
PC/104 Relay Board IR-104 Diamond Systems
PC/104 I/O Module DMM-32DX-AT Diamond Systems
Motion Control Card DMC-2133 Galil Motion Control
Motor Driver Board SDM-20242 Galil Motion Control
DC-ATX Converter DC123SR OceanServer
DC-DC Step-Up Converter DC1U-1VR OceanServer
Battery Management Module BB-04SR OceanServer
Battery Pack, 2x BA95HC-FL OceanServer
Wireless Receiver WNCE2001 Netgear
AS Balancing Motors 35F4N-2.33-024 Haydon Kerk
AS Balancing Platform Motor 35H4N-2.33-049 Haydon Kerk
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The flat disk of the AS also supports some components of
the PhaseSpace System, the on-board computer, wireless
receiver, and a balancing system. A diagram detailing the AS
electrical system and its connections to the other systems in
the testbed is provided in Fig. 10. The on-board portion of the
PhaseSpace system consists of a string of six LEDs and a device
called the “puck.” The puck controls the power to the LEDs,
which are necessary for the PhaseSpace System to determine
the state of the AS. The PhaseSpace LEDs are positioned on the
edges of the arms and on the middle of the upper platform.

Central to the electrical system on the AS is an Advanced
Digital Logic ADLS15PC Rev. 1.3 computer (PC104), which
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runs Real-Time Application Interface (RTAI) Linux. The
PC104 in turn is connected to an I/O board and a relay
board, which allow it to obtain pressure readings from the
tanks and to control the thruster valves according to the
current GNC algorithm. The PC104 is also able to control a
motor driver and motor controller card, which are used in
the balancing system of the AS. The PC104 is controlled
wirelessly from an off-board desktop computer by means
of a Netgear wireless receiver. The same receiver is then
Fig. 9. Attitude stage pneumatics.

Fig. 10. Attitude stage electronic
used during experiments to communicate with both the
off-board components of the PhaseSpace System and the
Arduino Uno on the CD.

All of the AS electrical subsystems, except the Phase-
Space puck and LEDs, rely on 2 lithium-ion batteries for
power. The batteries are situated on the lower arms to help
compensate for the mass of the systems above the disk.
These batteries are connected to a Power Management
System from Ocean Server Technology (IBPS: Intelligent
Battery and Power System). The IBPS recharges the batteries
when connected to the 120 V grid using a safety charging
circuit, and provides power to the AS subsystems at several
voltages. The IBPS provides 5 V power to the PC104 and
12 V power to a separate 12 V to 24 V DC–DC converter. The
IBPS also provides power to the motor driver and motor
controller card. The 12 V to 24 V DC–DC converter outputs
24 V to the thrusters through the relay board controlled by
the PC104.

An important consideration when dealing with rota-
tional testbeds is that the center of mass and center of
rotation must be co-located to eliminate gravity torques.
The center of rotation of the AS is located in the center of
the spherical air bearing that connects it to the TS. Rough
balancing is performed with static weights placed in four
locations around the AS platform, as shown in Fig. 8a.
Although the AS can be completely balanced using the
static weights, the movement of small masses, such as
wires and the small changes of position of parts, which are
s connections and signals.



Fig. 11. Positions of LEDs on AS indicated with white circles.
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removed for charging and repairs can shift the center of
mass between experiments. To deal with small misalign-
ment in the center of mass and center of rotation, a fine
active mass balancing system called the balancing plat-
form (BP) is also present on the AS. The BP consists of
three linear motors, which translate along the three body
axes, shown in Fig. 8b. The motor's translation causes a
shift in the center of mass of the AS. Current balancing
techniques are human-in-the-loop with the motors con-
trolled via a motor driver board with a serial connection to
the onboard computer. Before each experiment, the
masses are moved incrementally until the AS does not
move when placed in several angled configurations. Since
the balancing is done human-in-the-loop, this does not
remove all disturbances from gravity torques; it serves to
reduce the effects to a disturbance easily overcome by the
thrusters. Controlling the alignment electronically also
opens the door to alignment using adaptive methods
[18,19]. When implemented, automatic methods will pro-
vide a more finely and consistently balanced AS.

3. Testbed navigation and attitude determination

The navigation of the testbed is accomplished using a
PhaseSpace Impulse Systems. The PhaseSpace System
(which is further explained below) outputs a state vector
that contains the position of the AS in millimeters, relative
to a coordinate frame positioned at one of the corners of
the epoxy floor, and quaternions representing the attitude
of the AS. The error has been calculated in [20] to be
1–5 mm with a mean latency of 8 ms. This data is sent
wirelessly to the PC104 where an executable real time
program uses it to generate the linear and angular velo-
cities of the AS using a Kalman filter and extended Kalman
filter, respectively.

The PhaseSpace System is a third party system that
consists of a set of cameras mounted on the walls around
the test area, a set of red LEDs mounted on the object to be
tracked, and a server which runs the proprietary software
from PhaseSpace Inc. The system is easily configurable and
can be set up to track new objects without excessive
calibration or data post-processing. The PhaseSpace server
comes equipped with a software suit which includes Cþþ
libraries to which can be used to make the data available
to other applications. The ADAMUS lab used those libraries
to create S-functions which allow the position and attitude
data collected by the PhaseSpace software to be accessed
by MATLAB in Simulink and by real time executables
created using the Simulink Coder [21].

3.1. Hardware

The PhaseSpace hardware consists of an on-board LED
system and an off-board data collection system. The on-
board system consists of a small rechargeable battery pack
and a string of LED circuits. On the testbed the LED string
consists of 6 LED circuits positioned around the AS, but the
PhaseSpace System can be configured to track as many as
72 LEDs which could be used to define a nonrigid AS
structure. Fig. 11 shows the distribution of LEDs on the AS.
Each LED circuit contains a red LED which blinks rapidly
in a unique pattern. To conserve power, the battery pack is
wirelessly controlled to go to a low power state when the
system is not in use. The off-board system consists of a
dedicated server computer provided by PhaseSpace, Inc.,
which communicates over Ethernet with each of a set of 8
PhaseSpace cameras posted around the epoxy floor, as
illustrated in Fig. 1. The cameras pick up the blinking LEDs
and that data is used by the server to determine position
and attitude of the AS, which can be transmitted to the
PC104 with a latency of 8 ms and precision of 1–5 mm.

3.2. Software

The testbed uses a Cþþ communications library pro-
vided by PhaseSpace, Inc. to allow the PC104 to request
data from the PhaseSpace. The PhaseSpace Server comes
preloaded with software which is used to configure the
tracking program. In order to determine the attitude and
position of an object equipped with PhaseSpace LEDs, the
system must be configured using the PhaseSpace software.
This configuration process assigns the location of the
origin in the cameras’ field of view as well as the orienta-
tion of the AS which corresponds to zero attitude. After the
one time configuration is performed, an S-function devel-
oped in the lab can be used to acquire real time position
and attitude measurements. The S-function outputs a
single 7-element vector of the position and quaternion
for the tracked object, as calculated by the PhaseSpace
server. Fig. 12 shows the steps taken to acquire position
and attitude data.

The position data is processed through a Kalman filter in
order to estimate the position and velocity. An extended
Kalman filter processes the measured attitude data to
estimate the attitude of the AS. The angular velocity data
is computed using a discrete derivative of the filtered
attitude data, which is passed through a low pass filter to
decrease noise. The filter is chosen to balance the speed
of the filter and the noise rejection. It is important to
mention that a different AS, with a different actuation
system, and different GNC software could be used, provided
that this software can interact with the PhaseSpace system.

4. Lyapunov controller for thrusters

The control strategy, chosen to demonstrate the test-
bed's capabilities, is adapted from the Lyapunov thruster



Fig. 12. Flowchart showing the basic steps to acquire position and attitude data.
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selection approach described in [22]. The active thrusters
are chosen at each time step to maintain a negative
derivative to a Lyapunov function created with a linear
reference model, thus ensuring stability of the tracking
error. The Lyapunov method of selecting thrusters elim-
inates the need for thruster mapping and provides
a computationally simple, and non-iterative, method for
6DOF control of a spacecraft.

4.1. Dynamics

The equations of relative motion for a spacecraft are
developed from the local-vertical-local-horizontal (LVLH)
frame (x̂ ; ŷ; ẑ) attached to an orbiting reference point O,
where the x̂ axis points in the radial direction from the
center of the attracting body to the spacecraft, the ŷ points
along the local horizon in the direction of motion of O, and
ẑ points in the direction x̂ � ŷ . Another reference frame
that will be used is the spacecraft body principal axis
reference frame (body frame) (b̂x; b̂y; b̂z), which can be
seen in Figs. 1 and 8.

If the reference point O is assumed to be in a circular
orbit, and the relative distance of the spacecraft from O is
significantly smaller than the orbital radius, then the Hill–
Clohessy–Wiltshire linear equations describe the transla-
tional motion [23]. They are

€x ¼ 3n2xþ2n _yþ 1
m

LFcx

€y ¼ �2nxþ 1
m

LFcy

€z ¼ �n2zþ 1
m

LFcz ð1Þ

where n is the mean motion, x, y, and z are the compo-
nents of the relative position in the LVLH frame, and LFcx,
LFcy, and

LFcz are the components of the control forces in
the LVLH frame. For the case where a spacecraft is
maneuvering very close to O and the maneuvers duration
is much shorter than the orbital period, the coupling terms
can be ignored, then the relative translational motion can
be approximated by

€ρ ¼ 1
m

LFc ð2Þ

where ρ¼ ½x y z�> and LFc ¼ ½LFcx LFcy
LFcz�> . For the max-

imum relative positions (4 m and 4.5 m in the plane,
0.56 m in the vertical direction) and velocities (starting
approximately from rest) achievable with the platform, the
coupling terms are at least one order of magnitude smaller
than the remaining terms in the right-hand side of Eq. (1)
for orbits with a radius of at least 6041.4 km. This value is
below the mean radius of the Earth (6378.1 km); hence,
this assumption is reasonable for any physically realizable
orbit about the Earth.

In this case, the translational dynamics closely matches
that of the ADAMUS 6DOF testbed. Eq. (2) is what is used
to develop and test controllers on the testbed.

The controller presented in this paper uses rotational
equations of motion developed from 2-1-3 Euler angle
representation of the attitude of a spacecraft body frame
relative to the LVLH frame. In the case of the testbed, the
LVLH frame is the frame fixed to the epoxy floor and
corresponds with the PhaseSpace object coordinate frame.
The rotational kinematics of the body frame relative to the
LVLH in terms of 2-1-3 Euler angles

_θ ¼ CðθÞ½ωS�SRLðθÞωL� ð3Þ

where θ¼ ½θx θy θz�> has the Euler angles reordered into
a vector, ωS is the inertial angular velocity expressed in
terms of the body fixed principal axes of inertia of the
spacecraft, which define the S frame, ωL is the inertial
angular velocity of the LVLH frame. SRLðθÞ is the direction
cosine matrix from the LVLH frame to the S frame which is

SRLðθÞ ¼
czcyþszsxsy szcx �czsyþszsxcy
�szcyþczsxsy czcx szsyþczsxcy

cxsy �sx cxcy

2
64

3
75 ð4Þ

where cx≔ cos ðθxÞ, sx≔ sin ðθxÞ, cy≔ cos ðθyÞ, sy≔ sin ðθyÞ,
cz≔ cos ðθzÞ, and sz≔ sin ðθzÞ. CðθÞ is the mapping from the
relative angular velocity to the rates of change of the Euler
angles, and in this case it is

CðθÞ ¼
cz �sz 0

sz=cx cz=cx 0
sztx cztx 1

2
64

3
75 ð5Þ

where tx≔ tan ðθxÞ.
For a rigid body, the rotational dynamics is

_ωS ¼ J�1ð�½ ~ωS�JωSþSMcÞ ð6Þ

where J is principal moments of inertia matrix, SMc is
the vector of control torques in the S frame, and ½ ~ωS� is
a skew symmetric matrix representing the cross product
operation in matrix form. That is,

½ ~ωS� ¼
0 �ωz ωy

ωz 0 �ωx

�ωy ωx 0

2
64

3
75 ð7Þ

where ωx, ωy, and ωz are the components of ωS. Rearran-
ging Eq. (3) an expression for the angular velocity of the



Fig. 13. Testbed thruster configuration.
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spacecraft can be obtained as

ωS ¼ C�1ðθÞ _θþSRLðθÞωL ð8Þ
A second-order set of differential equations governing

the evolution of the 2-1-3 Euler angles can be obtained by
taking the derivative of (3) and using (6) and (8):

€θ ¼ fðθ; _θ;ωL; _ωLÞþGðθÞSMc ð9Þ
where GðθÞ≔CðθÞJ�1 and fðθ; _θ;ω; _ωÞ is a nonlinear vector
function. WithωL ¼ 0 and _ωL ¼ 0 as in the laboratory fixed
reference frame, these become the equations of motion
used for the attitude control of the testbed.

€θ ¼ fðθ; _θÞþGðθÞSMc ð10Þ
Due to the fact that thrusters are being used to control

the testbed, the attitude and translational control are
coupled, and thus SMc and

LFc must be designed together
[22]. It is also necessary to determine the contribution
of each thruster to SMc and LFc. With this in mind, first
define a vector of thruster forces for each thruster as
u¼ u½û1 û2⋯ûn�> where

ûi ¼
0 ith thruster off
1 ith thruster on

i¼ 1;2;…;n
�

ð11Þ

and u is the magnitude of the thrust a single thruster
produces.

The forces and moments in the body frame can be
calculated by

SFc
SMc

" #
¼

HF

HM

" #
u¼Hu ð12Þ

where H is a matrix that maps the vector of thrusts u to
the forces and moments in the body frame, which are
written as SMc and SFc. The submatrices HF and HM

individually map u to SFc and SMc, respectively.
SFc are

the input forces in the S frame and can be found using
SFc ¼ SRLðθÞLFc. H is determined based on how the thrus-
ters are physically laid out on the AS. In this case the
thrusters are configured as shown in Fig. 13, which results
in the following matrices:

HF ¼
c �c 0 c c 0 �c �c 0 �c c 0
0 0 1 0 0 �1 0 0 �1 0 0 1
c c 0 c �c 0 �c c 0 �c �c 0

2
64

3
75

ð13Þ

HM ¼
�c �c 0 c �c 0 �c c 0 c c 0
�0:5 0:5 0 0:5 �0:5 0 0:5 �0:5 0 �0:5 0:5 0
c �c 0 �c �c 0 c c 0 �c c 0

2
64

3
75d

ð14Þ
where d is the moment arm and c¼0.7071.

Let ξ ≔½ρ θ�> be the combined roto-translational dis-
placement vector, then Eqs. (2), (10), and (12) can all
be combined to produce the following coupled thruster
commanded dynamics:

€ξ ¼ pðξ; _ξÞþNðθÞHu ð15Þ
where

pðξ; _ξÞ ¼
0

fðθ; _θÞ

" #
ð16Þ
and

N θ
� �¼ 1

m
LRS θ

� �
0

0 GðθÞ

" #
ð17Þ

where LRSðθÞ ¼ SRL
>
L ðθÞ.

4.2. Reference model tracking

The goal of the controller will be to follow ρm and σm,
which are defined as the solutions to the following linear
reference models [22]:

€ρmþK1 _ρmþK2ρm ¼ νρc €θmþK3
_θmþK4θm ¼ νθc ð18Þ

where K1, K2, K3, and K4 are 3�3 symmetric positive
definite matrices, and νρc and νθc can be thought of as
input variables to the linear reference models. The values
of νρc and νθc will determine the type of control problem.
If νρc ¼ 0 and νθc ¼ 0 then tracking the linear reference
model becomes a regulation problem; otherwise, ρm and
σm are the responses of the second order system described
in Eq. (18) to inputs νρc and νθc.

In order to track the linear reference model Eq. (18),
error variables between the linear reference model and
the nonlinear dynamics are defined as ϵρ ¼ ρ�ρm and
ϵθ ¼ θ�θm. The controller is designed to drive the error
system asymptotically to zero. Combining these error
variables with Eqs. (2), (10), (12), and (18) result in the
following equations governing the evolution of the error

€ϵρþK1 _ϵρþK2ϵρ ¼
1
m

LRS θ
� �

HFu� νρc�ηρl
� �

€ϵθþK3 _ϵθþK3ϵθ ¼GðθÞHMu�ðνθc�ηθlÞ ð19Þ
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where

ηρl ¼K1 _ρþK2ρ

ηθl ¼ fðθ; _θÞþK3
_θþK4θ

Defining state variables as eρ ¼ ½ϵ>
ρ _ϵ>

ρ �> , eθ ¼ ½ϵ>
θ

_ϵ>
θ �> ,

and e¼ ½eρ eθ�> , Eq. (19) can be written in first order state
space form as

_e ¼AmeþBðθÞðHu�wÞ ð20Þ

with

Am ¼
A1m 03�3

03�3 A2m

" #
; A1m ¼

03�3 I3�3

�K1 �K2

" #
;

A2m ¼
03�3 I3�3

�K3 �K4

" #
ð21Þ

and

B θ
� �¼

03�3 03�3
1
m
LRS θ

� �
03�3

03�3 03�3

03�3 GðθÞ

2
66664

3
77775

w¼
wF

wM

" #
¼

mSRLðθÞðνρc�ηρlÞ
G�1ðθÞðνθc�ηθlÞ

2
4

3
5 ð22Þ

K1, K2, K3, and K4 are designed to be positive definite, A1m

and A2m are Hurwitz and therefore, A is also Hurwitz. The
term w can be thought of as the ideal controls for tracking
the reference model Eq. (18) since if Hu¼w the system of
Eq. (15), the tracking error goes exponentially to zero.

The controller was designed for the error system using
the Lyapunov approach to control design. A Lyapunov
function is used to design the controls such that the error
equation (20) is asymptotically stable. To begin, the fol-
lowing candidate function is selected:

VðeÞ ¼ e>Pe ð23Þ

where P¼ P> 40. Differentiating Eq. (23) with respect to
time and using Eq. (20) results in the following Lyapunov
derivative

dV
dt

¼ e> A>
m PþPAm

� �
eþ2e>PB θ

� �
Hu�wð Þ ð24Þ

Since Am is Hurwitz, for every specified positive definite
symmetric matrix Q there exists a unique positive definite
symmetric matrix P that is a solution to the Lyapunov
equation:

A>
m PþPAm ¼ �Q ð25Þ

and if 2e>PBððθÞÞðHu�wÞr0, then Eq. (20) is asymptoti-
cally stable [24]. The only term that can be modified in
Eq. (24) by the thruster values is the term

2e>PBHu ð26Þ

Thus at each time step u is chosen such that expression
(26) is negative. To accomplish this, let a¼ e>PBH, then
the components of u are computed as follows:

ui ¼
u

ai�jaij
2ai

� �
for aia0

0 for ai ¼ 0
for i¼ 1;…;12

8><
>: ð27Þ

This results in ui¼0 or ui ¼ u, which designates the
thruster being OFF or ON, respectively. An estimation of
the Lyapunov derivative, Eq. (24), is calculated at each time
step using previous values of the Lyapunov equation. Fuel
can be saved by having the testbed not thrust when the
Lyapunov derivative is already negative below a chosen
threshold. This has the added effect of slowing down the
movement towards the final position but does not cause
instability since it still requires a negative Lyapunov
derivative.

5. Testbed GNC experiments

5.1. Experiments

The 6DOF testbed hardware and GNC systems were
tested by performing hardware-in-the-loop experiments.
These experiments validate the ability of the testbed to
accurately simulate complex spacecraft autonomous
proximity maneuvers, which allows for the validation of
novel GNC algorithms.

The experiments presented here consist of having the
AS move to a target state from an initial state using the
control generated from the Lyapunov-based thruster selec-
tion described in the previous section. In the experiments
run so far on the testbed, the control has been used for
regulation alone. In other words, starting from a given
initial position and attitude, the AS is forced to reach a
desired position and/or attitude without the path being
specified (no guidance). These experiments corroborate
the control strategy stability and assess the performance of
the testbed.

5.2. Simulink model

MATLAB's Simulink is used to implement the control
strategy as well as handle the navigation systems and control
the thruster relays. The Simulink model, shown in Fig. 14, is
used to generate C code, which can be compiled and run on
the onboard Linux computer. The PC104 and a desktop
computer, which runs MATLAB and Simulink, both use Real
Time Application Interface (RTAI) Linux. The RTAI operating
systemwas chosen because it allows the applications to run in
real time without being interrupted by operating system
tasks. Having the same operating system on the two compu-
ters allows executables generated on the desktop through the
Simulink Coder to be transferred to, and run on, the PC104.
The main blocks in the model are the Sensor Package, the
State Estimator, Lyapunov Controller, and the Diamond Relay
Board. The Sensor Package block contains the PhaseSpace
System block created in the ADAMUS lab to communicate
with the PhaseSpace server and to output the current position
and attitude of the AS. This block also can be used in
simulation via a global variable switch, which changes the
block to use the Simulink Aerospace Blockset 6DOF dynamics



Fig. 14. Simulink model.
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block to propagate the position and attitude. The State
Estimator block contains a Kalman filter and extended Kalman
filter which are used to estimate the position, velocity,
attitude, and angular velocity information from the position
and attitude information from the Phasespace data. The
Lyapunov Controller block contains the implementation of
the Lyapunov-based thruster selection, which is described in
Section 4.2. The output of the Lyapunov Controller block is the
12�1 vector, which contains 1's for the thrusters which
should be turned ON and 0's for the thrusters which should
be kept or turned OFF. The Diamond Relay Board block
operates the onboard relays using the output of the control
block. The block Save Data collects the data held to be held in
RAM until then end of an experiment when it is saved to an
onboard flash hard drive. The data is taken from the hard
drive back to a desktop computer running Linux and MATLAB
so the data can be plotted and analyzed. The blocks associated
with CD balancing can also be seen. The first block, called
Read Pin Voltage, reads the pressure value from the A/D pin
connected to the pressure transmitter. The next block, UDP
Send to Arduino, continuously sends the pressure data to the
Arduino over UDP.

5.3. Results

Experiments were run starting at an arbitrary initial
condition with the testbed floating freely but not moving on
the epoxy floor. The testbed software, represented in Fig. 14,
was executed causing the testbed to regulate to a set of
predetermined points. The results presented here show the
testbed as it is regulated to a point near the center of the
epoxy floor. Once all DOF were below the thresholds at once,
the testbed then returned to its initial state, except for the
vertical one, going only in one direction. A flowchart of the
experiment can be seen in Fig. 15, while Table 4 summarizes
the requirements for a successful test.

The change in target state can be seen in the experimental
data shown in Fig. 16 at around 80 s. An exception was made
for the vertical translation, which first regulated like the other
DOF but then simply maintained its position for the return
trip. The results for regulation in 6DOF are shown in Fig. 16
and can be seen in video online at url:http://www.riccardobe
vilacqua.com/multimedia.html, opening the video entitled “6
DOF (8 degrees attitude tolerance – “there and back”)”. The 8
degrees error tolerance on attitude was chosen via numerical
simulations, as a satisfactory balance between thrusting effort
and a final trajectory showing a successful maneuver. This
procedure is an example of one of the most important
benefits of ground based testbeds: being able to tune GNC
via computer simulations, and then perform experimental
validation to confirm their validity. The experiment demon-
strates that along the three axes in position, the control was
able to move from the initial state to the desired state then
return to the initial state. The same can be seen in the Euler
angles. The overshooting shown in some of the states could be
reduced/increased in numerical simulations first, then new
experiments could be run, once again showing the main goal
of rapid prototyping of GNC algorithms and ground tests.
The multimedia web page provided above shows additional
tests performed with the ADAMUS simulator. Particularly, an
additional experiment with 5 degrees attitude tolerance can
be seen.

http://www.riccardobevilacqua.com/multimedia.html
http://www.riccardobevilacqua.com/multimedia.html


Table 4
Requirements for the experiment.

State Desired intermediate state Desired final state Desired accuracy

x 1500 mm Random state at initial time 50 mm
y (vertical state) 1600 mm 1600 mm 50 mm
z 1500 mm Random state at initial time 50 mm
θx 0 deg Random state at initial time 8 deg
θy �100 deg Random state at initial time 8 deg
θz 0 deg Random state at initial time 8 deg

Fig. 15. Flowchart showing the steps performed when running an experiment.
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The experiment also included a threshold for position
and attitude, which allowed small errors to be ignored to
reduce chatter at steady state. For position, this threshold
was 5 cm and the effects cannot be seen in the plots in
Fig. 16. For attitude, the threshold used was 81. Euler angles
θx and θz are close to or under this threshold for nearly the
entire experiment, which can be seen in the movement to
and from the goal line when under 81. The movement
under the threshold was not caused by the thrusters but
instead caused by small imbalances in the AS.

The commanded signals to the thrusters are shown in
Fig. 17.

The thrusters on the testbed are ON-OFF thrusters with
a constant thrust force of .3 N per thruster. The density of
the thrust profiles is largely affected by a threshold on the
Lyapunov derivative, which determines whether thrust is
currently necessary to decrease the error. Choosing a
different threshold or the controller itself would greatly
change the density and magnitudes of the thrust profiles.
This experiment clearly shows the 6DOF capabilities of the
testbed as it is able to move from an initial to a final
condition in a controlled way in 6DOF.

5.4. Limitations and future work

There are a few aspects of the testbed vertical motion
which either require improvement or represent limitations
in design. Motion in the vertical direction appears to
currently encounter more friction than the motion in
the other two translational directions. This friction is
mostly due to imperfections in the air bushing alignment,
tube connections, and pulley cables; however, not all



Fig. 16. 6 DOF Regulation Results. See also Table 4. (a) Position and (b) orientation.
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vertical disturbances can be eliminated with the current
design.

The largest disturbance is caused by the difference in
mass between the vertical DOF and the two other transla-
tional DOF. The entire testbed must be moved when
translating in either of the DOF along the epoxy floor. In
contrast, AS motion in the vertical DOF involves the
movement of only around 70% of the mass of the testbed
- the counterbalance deck, AS, and supporting column.
This difference in mass is an aspect of design, which
cannot be eliminated with the counterbalance approach.
The current control method was designed ignoring the
difference in mass in the two DOF with no ill effects,
thanks to its feedback nature. Future software may con-
sider this difference in mass, and filter the thrust com-
mands sent to the thrusters appropriately.

The second largest source of disturbance is found in the
balancing of the AS and the balancing of the counter-
balancing system. The AS balancing is currently done
human-in-the-loop. However, the disturbances caused by



Fig. 18. Weight test: the difference in mass between the counterbalance
platforms remains below 6 g as the thrusters are fired. Each firing
sequence lasts 4 s, and the onboard software runs the code used for the
experiment presented earlier in the paper.

Fig. 17. Thrusters commands history. 1 indicates firing, 0 indicates thruster off.
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the lack of alignment of the center of mass and the center of
rotation are definitely within the ability of the controller to
accommodate, as can be seen in the results of the testbed
experiments. In the future, the balancing of the AS can be
improved through adaptive balancing, which can remove
human error and provide far more accurate results.

The counterbalancing system dynamic mass adjust-
ment is currently done by measuring the pressures in
the two AS tanks and maintaining the same pressure in the
two CD tanks. It was desired that the balancing of
pressures would correspond to a rough balancing of mass.
With air being released in equal quantities, the two ends of
the counterbalance would remain equal as air is released
through the thrusters. The use of pressure difference to
approximate mass difference is justified by the assumption
that the two sets of tanks should be at roughly the same
temperature as long as they are filled over the same time
and release air at the same rate. This assumption was
tested through an experiment where the AS was pro-
grammed to run through a GNC experiment using simu-
lated dynamics. This caused the thrusters to release air in a
fashion resembling that of an actual experiment, though
over a much shorter time period. During this time
the counterbalance deck released air to compensate for
pressure differences in the same way it does for the
experiments. After each thruster firing sequence, the TS
and AS were weighed to measure the change in mass of
both portions of the testbed. Since the only cause of
change was the air released from both sets of tanks, this
allowed for a direct measurement of the mass of air lost.
As can be seen in Fig. 18, the mass released from the
counterbalancing deck follows closely the mass lost from
the AS with a maximum difference of 6 g. With each
thruster capable of providing .3N of force, the disturbance
caused by 6 g difference in the counterbalance should be
easily overcome by control forces. If a case is encountered
where more precise balancing is required, the mass
difference calculation would be improved by including
temperature measurements of the tanks, along with the
already measured pressure.

Lastly, the tubing running from the bottom deck of the
TS platform to the counterbalancing deck to provide air for
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the air bushings will cause some disturbance as the decks
move relative to each other. Experiments to quantify the
effect can be run, but the effect is expected to be minimal
since the tubing can move freely.

The long term goal of the ADAMUS laboratory is to
build multiple units and employ them for full 6DOF
relative motion experiments, as the facility can accommo-
date several simulators.

6. Conclusion

The six degrees of freedom small spacecraft simulator
testbed developed at the Advanced Autonomous Multiple
Spacecraft laboratory is a unique platform, which reproduces
all degrees of motion using air bearings. The experimental
facility described herein is currently able to operate spacecraft
weighing less than 10 kg and their algorithms in real time. In
this work, the hardware and software details of the testbed
have been presented, along with a Lyapunov-based thruster
activation strategy, which was chosen to demonstrate the
capability of the testbed to evaluate Guidance, Navigation, and
Control algorithms. The experiment for validating the func-
tions of the testbed and for assessing Guidance, Navigation,
and Control algorithms with hardware-in-the-loop is
described. The results of this experiment confirm the testbed's
ability to move and be controlled in six degrees of freedom.
Use of the testbed in validating the Lyapunov-based thruster
selection control method demonstrates the utility of the
testbed for the design and testing of Guidance, Navigation,
and Control methodologies. Future work on the testbed will
involve efforts to reduce the friction in the vertical translation
as well as further experiments to quantify the disturbances
caused by friction and balancing in the system. Future work
will also include the implementation of balancing software for
the Attitude Stage center of mass alignment with the center of
rotation. This will allow the testbed to exhibit the desired
dynamics more accurately.
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