
f

MITLibraries
Document Services

Room 14-0551
77 Massachusetts Avenue
Cambridge, MA 02139
Ph: 617.253.5668 Fax: 617.253.1690
Email: docs@mit.edu
http://libraries. mit.edu/docs

DISCLAIMER OF QUALITY

Due to the condition of the original material, there are unavoidable
flaws in this reproduction. We have made every effort possible to
provide you with the best copy available. If you are dissatisfied with
this product and find it unusable, please contact Document Services as
soon as possible.

Thank you.

Some pages in the original document contain color
pictures or graphics that will not scan or reproduce well.



Design and Construction of a
Five Degree of Freedom Air Carriage for the SPIERES Testbed

by

Jesus Bolivar

Submitted to the
in Partial

Department of Mechanical Engineering
FulfillIment ofthe Requirements

for the Degree of

Bachelor of Science

at the

Massachusetts Institute of Technology

January 2004

© 2004 Massachusetts Institute of Technology
All rights reserved

Signature of Author ......................................................... r
Department- of Mechaningi neering

,,---7 2 5 th 20 0 4

C ertified by ............ ........................................................
Edmund uf (I~ _~-

Research Scieist
Department of Aeronautics and Astronautics

Thesis Supervisor

Accepted by . ......
Professor Ernest Cravalho

Department of MechanicaI Engineering
Chairman, Undergraduate Thesis Committee

ARCHIVES

I

MASSACHUSET INSTT^7__. -
ur I Ln!YkLgk.iY

OCT 2 8 2004

LIBRARIES

I
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Abstract

The Synchronized Position Hold Engage and Reorient Experimental Satellites
(SPHERES) formation flight testbed is being developed at the MIT Space Systems Lab. Through
this program, the SSL is developing and testing algorithms for formation flight of spacecraft.
Three of the five mini-satellites that have been built will be launched to the ISS for development,
testing and primarily, validation of the formation flight algorithms in a zero-gravity environment.
The remaining two are designated ground units. Their function is to provide an infrastructure
where the bulk of the development and testing aspect of the algorithms are being carried out
since resources are more readily accessible. To accomplish this, the MIT SSL has developed air
carriages for operation of these mini-satellites (spheres) on a two dimensional table. These air
carriages' designs only provide three out the six degrees of freedom that is experienced by a
spacecraft in a zero-gravity environment. Therefore, an air carriage that allows for five degrees
of freedom to be tested on ground would allow for further testing.

Thesis Supervisor: Edmund Kong

Title: Research Scientist
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Introduction

The objective of the Synchronized Position Hold Engage and Reorient Experimental
Satellites (SPHERES) formation flight testbed, being developed at the MIT Space Systems Lab,
is to provide the Air Force and NASA with a long term, replenishable, and upgradeable testbed
for validation of high risk metrology, control, and autonomy technologies. To accomplish this
objective, the SPHERES satellites will be launched and deployed for testing and further
development into the International Space Station. This will allow the system to be tested in a 0-g
environment. At the same time, the satellites need to be operational on earth, since (majority of
the development and testing will be performed in a 1-g laboratory environment where resources
are more readily available) the different control algorithms that are being developed for
formation flying satellites will be tested on earth on SPHERES. The testing of code is essential
to the development of the controls algorithms to ensure success implementation on the ISS. The
current implementation is to test the various formation flight algorithms on a flat glass surface, as
shown in Figure 1. The assembly consists of a satellite mounted on top of an air carriage that
floats on an air cushion.

Figure 1: Current SPHERES 2-D testbed air carriage has 3 DOF, one rotational (red) and two translational (blue).

For the testing of the system in a 1-g environment, the current air carriage allows
simulation of a three degree of freedom environment, two in-plane translational DOFs and one
rotational DOF, about the z-axis of the satellite, as shown in Figure 1. Since the SPHERES were
designed to operate with six degrees of freedom on the ISS, this imposes some limitations on
being able to fully exercise the capabilities of the SPHERES units. Therefore, it would be of
advantage to have an air carriage system that allows for more degrees of freedom to further
expand on the testing capability in the 1-g laboratory environment.

The development of a new air carriage for the testing of the SPHERES testbed is the
main focus of this thesis. The proposed design's key feature will be the addition of a gimbal-type
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structure to the air carriage. The new design will simulate five of the six degrees of freedom,
which are the two in-plane translational DOFs and three rotational DOFs (about the x, y and z
axes of the satellite). The five degrees of freedom are shown in figure 2.

Z-axis

X-axis
Y-axis

Figure 2: Proposed design for SPHERES 2-D testbed air carriage has 5 DOF, three rotational (red) and two translational (blue).

The development of this new air carriage design will be divided into two parts, the
gimbals' assembly and the base-puck assembly. The gimbals will be required to provide two
rotational DOFs, one each about the x-axis and y-axis. The requirements for the base-puck
assembly will be to provide the structural base for the gimbals, provide the necessary airflow
through the pucks for the whole assembly to float, and thus giving the two translational DOF and
the rotational DOF around the z-axis. Figure 2 shows the frame of reference with respect to the
whole carriage, while figure 3 shows the reference frame with respect to the satellites, and the
different parts of the air carriage assembly.

.4

7 -VI A----L CIA <S.
· , -X axis

. .1R . . SH
AB 3 1 i ¸

I - 1.q

Gimbals' assembly

Base and Pucks

Figure 3: Final design. The different parts of the air carriage system shown are: The red part is the SPHERES satellite, the blue ring

and the yellow part attached to the satellite are part of the gimbals' assembly, the bottom part in yellow are different parts for the

base and pucks.
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Background

The SPHERES testbed provides a cost-effective, long duration, replenishable, and a
reconfigurable platform with representative dynamics for the development and validation of
spacecraft metrology, formation flight, and autonomy algorithms. These high risk and high
payoff control algorithms are applicable to systems requiring coordinated motion of multiple
satellites in a micro-gravity environment, including sparse aperture, interferometry, and docking
missions. The Air Force's TechSat 21, DARPA's Orbital Express, and NASA's Starlight and
Terrestrial Planet Finder, will utilize these algorithms to accomplish the capabilities of a single
large spacecraft with multiple small separated spacecraft.

The SPHERES testbed allows the testing of relative attitude control and station-keeping
between satellites, re-targeting and image plane filling maneuvers, collision avoidance and
propellant balancing algorithms, array geometry estimators, and docking control architectures.
Operation in a micro-gravity environment allows the SPHERES testbed to develop algorithms in
a full 6-DOF dynamic environment resembling those of upcoming missions. Furthermore, the
functionality of the sensors and actuators are traceable to those of real spacecraft. Therefore, the
testbed enables the designers of control algorithms to validate the design, initialization, de-
bugging, and refinement process prior to deployment in high cost and high risk missions. The
experimental validation of control algorithms and their development processes is an essential
step in reducing the considerable risk associated with future formation flight missions.

Three autonomous micro-satellites, a laptop computer, and five small transmitters are the
components of the SPHERES testbed. It was designed for operation in the SSL laboratory,
KC-135 reduced gravity airplane, and the International Space Station (ISS). The KC-135 and
ISS environments provide the ability to test algorithms in an environment similar to one that
would be experienced by satellites. The simplicity and hands-on nature of the testbed allow for
easy reconfiguration and replenishment of consumables, resulting in low experiment risk and
cost. The additional laboratory environment in the SSL enables limited 2-D experiments to be
performed before testing on the KC-135 or ISS, reducing even further the cost and risk to
develop and verify algorithms.

9



Five DOF Air Carriage Design

In this section, the air carriage system will be explained in more depth. Because the
critical piece to be developed is the gimbals' assembly most of this section is dedicated to its
development.

Following the functional requirements a concept design was developed, and from this
concept a prototype was built. Different ideas on how to implement the design were tested on the
first prototype. For example, it was not known if the ball bearings could be press-fitted into the
pieces, or if a different attachment mechanism had to be developed for it. This and other issues
were tested on the prototype. Along with each module, these issues will be explained in more
depth in this section.

Functional Requirements

The new air carriage must provide the micro-satellites five DOF, three rotational and two
translational DOFs. Furthermore, the carriage must float frictionless on a flat surface (the optics
table in the SSL).

The air carriage design development is divided into two parts, the gimbals' assembly and
the base and pucks. The gimbals' assembly is considered to be more critical and time consuming
of the two, since a similar base-puck assembly has been implemented on the three DOF air
carriage. It is assumed that this part of the system will not require as much effort as the gimbals,
since the same basic componenents with some reposition and resizing could meet the
requirements imposed on the base-puck assembly. This is discussed with more details on the
base-puck section.

The strongest argument for making the gimbals' assembly a priority is the fact that, this
one had to be design and constructed with no past experience. Note that the way the system is
divided is also consistent with the requirements imposed on the new air carriage design. In other
words the gimbals had to provide the new degrees of freedom, while the base and pucks had to
allow the system to float frictionless on a flat surface.

Gimbals development

For the gimbals development a first prototype was built to test the concepts that had been
developed in the design phase. The idea is to learn about the system by building a concept
prototype, which will help in the development of different solutions to the issues that have not
been worked out up to this point.

The first concept developed was composed of a square piece which attached to the micro-
satellite and a ring that held the square piece by two pins on two opposite vertices of the square.
The ring was held by two pins that are ninety degrees apart from the pins that hold the square, as
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shown in Figure 4. At this point, the supports of the gimbals were simply two beans holding the
outside ring.

The mechanism that would hold the square and the outer ring pieces (see figure 4), was
composed of a ball bearing and a pin. The correct dimension that should be used and their
attachment to the square and outer ring pieces had to be determined. To this end, a press-fitting
mechanism was chosen to be tested. It was determined that press-fitting method was the best
choice since it worked and this was the simplest form of attachment.

It was determined that the square piece's inner dimension should be 5mm bigger than the
satellite, given that the manufacturing error on the square piece was ± l mm. This way, the piece
would not need to be pressed fitted on to the outer shell of the satellite. Dimensions for both the
satellite and the square piece are shown in figure 5.

Besides testing the proper dimensions for the square and outer ring, an attachment
mechanism between the satellite and the square piece had to be developed. On this first concept
it was not included, but as the construction moved forward a small piece, which can be seen in
figure 6 was tested successfully on the prototype.

Z-axis Sauare

Ring

X-axis 

-axis

Figure 4: First concept for the gimbals" assembly

The reason for the inner support's square shape was the geometry of the satellite. This
configuration allowed a good grip on the structure of the satellite. Usually gimbals'-assembly
have three rings (one inside the other), which allows for three rotational degrees of freedom, in
this case the third ring is not needed since the third DOF is achieved by rotating the whole
carriage. This rotation about the z axis (as in Figure 1, this is the frame of reference with respect
to the whole carriage and not the satellite) is possible due to the fact that the whole structure is
floating on an air cushion.
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Figure 5: SPHERES satellite dimensions (cm) and square piece dimension (cm).

Using this concept as a starting point for the design, sample pieces were manufactured in
the shop, but with some additions. As it will be explained on the next section, these additions
include, a piece that attaches to the square piece and the satellite in order to hold it in place, and
the right sizing for the outer ring so that it clears the carbon dioxide tank on the sphere. The first
design is shown in Figure 6.

Figure 6: In the left side the first design is shown, next to a shell where it shows the spot where it was blocking the satellite. In the

right side a SolidWorks© representation of the design.

Apart from the different tests performed on the prototype, it was learned that the inner
structure that held the satellite blocked four of the twelve satellites' thrusters. Also, as shown in
figure 6, on the right side the single bar supports were replaced by the supports on the left which
were just temporary. They were changed since the new support distributed the weight better.

Finally, from this design it was concluded that some form of balancing the square and the
ring pieces had to be included in the next design. Balancing is required to ensure that the center
of gravity of the assembly is co-located with the geometrical center of the ring and the square.

12
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Overview of the Final Design

The final design is the result of different changes and additions made to the original
concept shown in the last section. The method used to arrive at this last design was
straightforward, different implementations to solve a certain problem were tested, and given their
performance they were modified further or a different one was tried. Furthermore, once all the
system's parts were put together, there were many tests to determine that the different modules
successfully met their requirements.

The system, as mentioned in the past section, was divided into two modules, the gimbals'
assembly and the base-puck. The final design wit all the different its different components in
detail are shown in Figures 7 and 8. These are explained in more depth in the following section.

--. Gimbals' assembly

Base and Pucks -

Gimbals

Figure 7 Final design.

* Square pieces: it provides the rotation about the y axis, and it holds the satellite
* Outer Ring: it provides the rotation about the x axis, and it holds the square piece.

* Bearings: they reduce the friction between the rotating parts (square piece, outer ring and
side supports).

* Pins: they keeps rotating pieces joined
* Balancing mechanism (3-axis): it balances the gimbals with their position relative to the

rest of the components.

13
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Base-pucks
* Base design: it allows for all the components to have a support, and for two carriages to

"dock" (possible mission maneuver).
* Side Supports: hold the gimbals' in place and cleared from the base design,
* Pucks: the three pucks allow the whole carriage to float in a cushion of air
* Carbon dioxide's tank: holds the liquid carbon dioxide which the pucks use.
* Regulator. It decreases the pressure from the tank from a range of 0 psi to 100 psi.
* Tubing: it is used to transport the carbon dioxide from the tank up to the three pucks.
* Manifold-Pressure gage.: the manifold distributes the pressure between the three pucks

while the gage allows the user to set the pressure on the pucks.

Balancing nuts

Gimbals' stands

Square

Outer Ring

CO2-Regulator
Interface

Satellite's
attachment piece
to square.

C02 tank

Base

Manifold-Pressure
indicator

Pressure gage

Pucks

Figure 8: Different components of the final design.

Gimbals design

Functional Requirements

The gimbals' assembly must add two rotational degrees of freedom, about the X and Y
axes.
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Overview of final gimbals design

Material Selection

The gimbals' material must be lightest possible, since the weight impacts the design of
the pucks directly as it is shown later on. Aluminum was selected for a number of reasons, but
mainly because of it is easy to machine on, and it provides the stiffness required for the structure
of the gimbals.

Most of the pieces were manufactured using a water jet cutting machine and a milling
machine. Aluminum proved to be the best choice in terms of both its machinability with both
equipments and also the overall weight of the carriage.

Finally, the aluminum sheets available for order come in standard thicknesses, eight of an
inch, quarter of an inch, half inch, one inch, etc. It was determined that to preserve the structural
integrity of the gimbals, the pieces should be manufactured with the half inch aluminum sheets.
This set the thickness for the different pieces.

Square

The square's main function was to allow the
satellite to rotate about its y axis (shown in figure 2)
and to hold and keep the satellite attached to the
carriage. It evolved from being a single piece to two
pieces. Its dimensions were chosen based on the
dimensions of the satellite. The upper and lower
corners of the old square piece were cut off in order to
unblock the thrusters of the satellite. As shown in
figure 9, this piece also has two small cut off sections.
This was done in order to allow the satellite's
attachment piece to be joined at this point with the
square piece. These two pieces then formed the inner
"ring" of the gimbals.

V'/
Figure 9: From left to nright, the first piece is the inner

"ring" of the gimbals, the second one is the stand-alone

square piece, and the third is the piece that joins the

satellite with the square piece. (Dimensions are the

same as shown in fig. 5). Thickness=1.3cm

Outer Ring

The main function of the outer ring was to provide the satellite with the rotational degree
of freedom about its x axis. There were two changes from its original concept. The first was the
adaptation of its dimensions so that the satellite's carbon dioxide tank would clear it. The second
is the addition of material at the points were the ring attaches to the square piece, this was done
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so that the pins could be the shortest possible. Thus, allowing the least amount of moment
applied to the pins.

Figure 10:. Gimbals'outer ring (dimensions in cm). Thickness=1.3cm

Bearings and pins

The air carriage needs to be representative of a O-g environment. In order to accomplish
this, the gimbals' rotating mechanism must have the least amount of friction possible. The ball
bearings provide a way to reduce friction between components. As shown in Figure 11, the pins
connect the ring, square piece and the side support together with their respective ball bearings.

The pin's diameter selection is directly related to the selection of the bearings. The
bearings size was constrained by the thickness of the square piece and the outer ring, therefore
the maximum size of the bearings was what drove the bearings' bore size. This bore size then
drove the diameter of the pins.

Figure 11: Ball bearing with pin and ring attached. d=1/8in"D=0.375in B=0. 1875in

16



Balancing mechanism (3-axis)

A big effort was made so that the different pieces of the gimbals were as symmetric as
possible. Due to the fact that the satellite's center of gravity is not the same as its geometrical
center, which is the same for the gimbals, a balancing mechanism was needed to position the
center of gravity of the assembly with the geometrical center of the ring and the square.

The mechanism
consisted of a threaded rod and Z-axis
different nuts, which were
screwed into the rod. This
allowed for small sets of mass to
be placed and moved along a
certain axis.

X-axis
Three mechanisms were

needed, one for each axis, in
rcrfLr t hlknn~ tqhqq rc kmhv e

shown in Figure 12. The z axis
needed the most center of
gravitv disnlacement. and thus it
needed the most weight.

Figure 12: Balancing mechanism with their respective

Base and puck design

Functional Requirements
The base-puck part of the system must provide a support for the gimbals' assembly,

allow the system to float on a cushion of air, and allow the carriage to rotate about the z axis.

Base and pucks

Base design

The base shown in Figure 13, has to provide the structural support on which all the other
components of the system will rest. Its dimensions were constrained by the size of the gimbals'
outer ring and the distance between pucks (stability).

The shape in form of a 'v' was allows the SPHERES testbed to perform a docking
maneuver. In other words, two satellites on identical air carriages would be able to "dock". This
shape allowed for a good stability while providing just enough space for the air carriages not to
collide, while the satellites were docking. A possible scenario of this maneuver is shown in
Figure 13.

17
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The attachments points for the different pieces consisted of threaded holes, in which each
component was secured with a set of screws.

A

Figure 13: Docking configuration between two satellites

Side supports

The two side supports held the gimbals' assembly at a certain height. Its height was
determined by the outer ring radius, and the diameter of the carbon dioxide tank used for the
carriage pucks. This was due to the requirement that the outer ring must not collide with any of
the other pieces.

The 'A' shaped support's dimensions were the result of taking into consideration the
different constraints from the gimbals and from the base geometry. The restriction on the
distance between legs is shown in Figure 14, along with the dimensions of this piece.

4~~~~~~~~~~~~~~~~~~~~
* , 6-

I 1'I I.

;

F-igure 74: Siae support for mthe gimDals assemDly. Dlmensions in cm.

Pucks (graphs)

The pucks or the flat air bearings functional requirement is to allow the air carriage to
float on a cushion of air. This is achieved by the porous pucks shown in Figure 15. The gimbled
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mount allows for great flexibility in tolerance and the threaded ball studs make alignment easy.
These bearings are appropriate for highly loaded applications and are the easiest type of air
bearings to integrate into prototype designs as they can be readily replaced or changed.

Figure 15: One of the three flat air bearings on the air carnriage

There are different sizes and configurations available. This size in particular was chosen
due to its mass range (shown in figure 16) gives the air carriage flexibility for future mass
changes. The current design weight is about 10 kg. Also this size provides a more stable cushion
of air, which is needed for a relatively big carriage.

Regulator, C0 2 tank, Tubing, Manifold-pressure gage.

The designs for these components were based on the previous design. The regulator
allowed the system to reduce the high pressure output from the carbon dioxide tank and reduce it
to a pressure between zero and one hundred psi. The ideal range of pressure for the pucks is
between 60-80 psi.

Copper tubing was needed between the tank and the regulator due to the high pressure,
but from the regulator to the manifold and to the pucks, plastic tubing was used. Plastic tubing is
easier to bend, which made it easier to handle. These tubes can be seen in figure 17.

The pressure gage was mounted on the manifold and all the three tubes for the three
pucks as well. The pressure gage allowed the user to set the appropriate pressure for the pucks.

19
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Figure 16: Top, load vs. lift. Bottom, diagram of flat air bearings.

Figure 17: Regulator, tubing, manifold and pressure gage.
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Tests results

There were two sets of tests. The first was done on the first design built, the one shown in
figure 6. The second sets of tests, shown in figure were carried out on the final design, although
there were some tests during the development of this one.

The first set of tests was quite useful for the development of the design. It consisted of
putting the satellite together with the gimbals. From this test it was learned the appropriate
procedure to assemble the gimbals with the satellite attached to it. After this was determined,
there were two very important realizations. The first was the fact that the inner square was
blocking a set of thrusters on the satellite. The second was the fact that there needed to be some
sort of post balancing on the gimbals, since the satellites center of gravity was offset from its
geometrical center. It was assumed during
designing that matching the satellite's .... A ...
geometrical center with the gimbals' -
geometrical center would be enough to .,
balance it. Because it was assumed that its
center of gravity was the same as its
geometrical center.

Finally, it was learned that the
bearings and pins worked quite well in
reducing the friction between pieces. The
friction observed was quite low, given that
the square and ring's angular velocity
change was not noticeable for a
rnnc'i A1 a.~hl smn ' ant r nu f tim
t..,~kllultl.J Jg au O illUl-Ill,6 U.[ 1111~..

Figure 18: X-axis rotation tests on the final design

The second set of tests was carried out on the final design. The gimbals and the satellite
were balanced together, thus the problem was solved. The carriage floated quite well, no friction
between the flat floor and the pucks was observed, the ball bearings and pins kept working well.
The carbon dioxide tank's duration ranged from 15-25 minutes depending on the pressure set on
the carriage.

The most important issue observed in this last set of tests was the fact that the satellite's
center of gravity was dependent on its angular position. In other words, its center of gravity
moved as it rotated. This was due to the fact that the carbon dioxide tank inside the satellite
contains liquid CO2 which moves when the gimbals rotate. This movement of the center of
gravity creates a pendulum motion which is not representative of the environment that it is being
pursued.
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Conclusions

For the SPHERES testbed the pre-testing of code is essential to the development of the
controls algorithms and because the ISS is a limited resource, not all of the controls algorithms
can be implemented in space.

The need for an air carriage which is able to provide the SPHERES testbed with an
environment similar to that of the ISS' microgravity drove the development of a new air carriage.
This air carriage would be able to provide five degrees of freedom, two degrees of freedom more
than the current air carriage. Therefore, it would be closer to the six DOF environment on the
ISS, allowing the test of more complex control algorithms

The new air carriage's key feature is the addition of a gimbals-type structure. This
structure would hold the satellite allowing it to rotate about its x and y axes. The free rotation
about these two axes represents the extra degrees of freedom. The rotation about the z axis is
provided by the frictionless floating on flat air bearings, which allows the whole structure to
rotate, and move in the x-y plane.

The air carriage was developed and manufactured the following functional requirements:
provide the micro-satellites with five DOF, three rotational and two translational DOF.
Furthermore, the carriage must float frictionless on a flat surface (the optics table in the SSL). In
order to meet these requirements, the system was divided into gimbals' assembly and base-puck
structure.

During the development process there were different tests, and the carriage was rebuilt a
couple of times. The first tests proved to be critical to the final design which was dramatically
changed from the original concept design. There were many changes and additions, the most
significant were: The inner piece of the two piece assembly for the gimbals was changed, a
balancing mechanism was added, and the mounting points changed position,

The final design manufactured was successfully tested. It provided three rotational DOF,
about the x, y and z axes, and the two translational DOF, along the x and y axes. It floated
frictionless on the flat surface on the SSL.

The current issue with the last design was the fact that the satellite's center of gravity
shifts position as this one rotates. Although, this would not be a problem in space it is a problem
for the testing on earth. This shifting does not impact the ability of the carriage to provide its five
DOF, but it does impact its ability to simulate the environment on space. Because the satellite
becomes unbalanced and enters a pendulum mode, which is not the way it would behave in
space.

Different solutions have been proposed to solve this problem or at least to reduce as
much as possible. A satellite with an empty tank or with out a tank at all would not have this
center of gravity shifting problem since it had no liquid carbon dioxide, but without propellant
the satellites will not be able to do any maneuvers, since it has no actuation mechanism available.
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Another solution could be using an active mass balancing system along with gimbals.
The idea is to have motors attached to the gimbals' rings (square piece and outer ring) and
control them in such a way that they would simulate the environment on the ISS by
counteracting the center of gravity shift. This approach seems feasible, and could be
implemented with some hardware changes and additions.

Finally, another possible approach could be to test the system with as less carbon dioxide
as possible. This would allow for the system to have the least amount of liquid and thus the least
amount of shifing of the center of gravity. This solution would be feasible if the shifting could
be reduced to a manageable level. Further tests are required to determine this.
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