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arth’s orbit as well as thousands of “dead” satellites and
llision has never been higher. Furthermore, today’s maneuvers—
endezvous—require ever-increasing accuracy in measuring flight
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has on the syst Is method not only wastes valuable fuel, but it does not provide the level of
accuracy required to optimize today’ s sensitive maneuvers.

Our team proposes a newly-developed algorithm to identify a spacecraft’s inertial properties by
means of extending a robotic arm measuring the resulting changes in velocity. This robotics-
based method is preferable to other methods that require the use of thrusters, which consume fuel
and generate error considered significant to today’ s advanced maneuvers. The goal of this project
isto verify our agorithm in a microgravity environment.



This semester, the IPAV team set out to do this and continue our efforts to experimentally verify
the proposed agorithm by means of a motorized, robotic arm attached to a mock “satellite”
system (Free Floating System or FFS) released in a microgravity environment. A previous test
aboard a Microgravity Aircraft yielded promising results, but a significant portion of the
resulting data was lost due to impacts sustained by the FFS upon release in microgravity. In
addition, the Hand Held Release Unit, used to accelerate the FFS to itsinitial state, released the
FFS in an uncontrolled state, resulting in many trails being inaccurate or incomplete.

To address these problems, the IPAV team has focused on redesign of criti€al aspects of the FFS
to ensure retrieval of data during the next microgravity test flight i 2009 based upon
past testing. This work includes the addition of two accel relocation of a
microcontroller, and the integration of gearhead into the roboti ism to ensure
sufficient critical power during testing.

flights. We have performed stress tests of all test i itted the results of
those tests to NASA as required by the Test i Data Package (TEDP) and made
preparations for the next flight, including i dgetiag, submission of budget,

We have aso continued our effortsg i the project and to help ensure
public interest, from engineering'@ ers from the scientific community to school
children, as well as potenti ic and private sectors.
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Intral uc ion

The necessity to accurately and efficiently calculate the changing inertial properties of a flying
spacecraft is becoming more evident as on-orbit tasks and operations (such as rendezvous
maneuvers, on-orbit refueling, hardware deployment, etc.) become progressively complex and
aggressive. This is due to the fact that the control system of a spacecraft usually relies on the
knowledge of these parameters to accurately control the spacecraft. A newly developed
algorithm is proposed to identify a spacecraft’s altered inertial properties by only requiring the
excitation of the spacecraft by a robotic arm and measuring the resulting cRanges of the system’'s
velocity. This robotics-based method is preferable to other metho€ equire the use of
thrusters to excite the spacecraft and the measurement of multip
fuel and generates more error due to the noise inherently generaig
The goa of this project is to experimentally verify thisgalgori
environment.

Last year the Inertial Property Algorithm Verific
the Microgravity aircraft in an attempt to exp
experiment was successful in many ways
during the flight resulted in the lo
experiment, team members have learn t and the related engineering

ter results from a second test

p system. The ratio of the robotic arm mass to
the arm relative to the main body will be varied in
ers have on the accuracy of the algorithm. In order
the system, an orthogonal set of gyroscopes, a tri-axial



The Goals of the IPAV team are to experimentally verify this new method. The flow chart in
Figure 1 provides an outline of the goals for the overall project.

Inertial Property
Identification Algorithm
Verification

|

Determine Perform experiments
Actual Inertial To obtain dynamic
Properties measurements
A A A A
Actual Actual 3 DOF 6 DOF
Actual Mass Center of Inertia Airbearing Microgravity
Mass Tensor Tests Tests

Apply data to algorithm
=Calculated Inertial
Properties

Compare values
to determine
accuracy

A

Figure 1. Overall Project Objectives.

The i f two ches, one of which is the experiment branch, where two types of
Wi type of testing will be 3 degrees of freedom (DOF) testing, which
will be pe an air-bearing test-bed that utilizes air-bearings to allow the test system’s
dynamic respohse be unimpeded by friction. Due to the effects of gravity, this testing will
limit the system’ S@ynamic response to the plane defined by the precision ground granite table on

which the testing will be performed.

The microgravity environment generated by NASA’s Microgravity Aircraft (Vomit Comet)
allows for system dynamics that are unrestrained and unimpeded by the effects of gravity,
creating a more accurate simulation of a spacecraft’s dynamics while in orbit. The testing
consists of releasing a spacecraft-robotic arm mock up, which we referred to as the free floating
system (FFS), into a free floating state. Once released, the robotic arm will begin maneuvers
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while the onboard sensors measures the systems dynamic response to the robotic arm's
maneuvers. There were many lessons learned from the first 6 DOF test that will be applied to the
next 6 DOF test.

The other branch of the process consists of identifying the actual parameters of the FFS using
precision lab equipment and proven methods. These actual values will be used as a reference for
comparison the experimental results. The resulting error will indicate the ability of the method to
identify the inertial parameters of a spacecraft, as shown in the last block of the flow chart.

M e thod

Management

In order to ensure that the teams efforts were effig
management approach was implemented. This approa
Manager to break down the various tasks, assig
milestones and deadlines. Figure 2 contains a hi
major tasks. Each of the mgjor tasks can be expé
assignments and corresponding deadlin

aw ructured
ing Microsoft Project
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the project was broken down. These major tasks are as follows:

? System (MRS) Design

? otor/Gearhead Integration

? Encoder Relocation

? New Accelerometer Integration

? Additional Microcontroller Integration

? Air-bearing Testbed Development

? Microgravity Test Equipment Data Package



The bars on the right indicate the time at which the tasks were expected to be performed and the
time that each of the tasks was anticipated to require.

A meeting each week to served as a time where team members could openly ask questions or
express any concerns. This time was also used to check on the status of the individual tasks and
to reassign new tasks if necessary.

Throughout the semester, we utilized resources that helped us to refine our designs and our
processes. In particular, Dr. Ma, our mentor, served as a great resource. e provided feedback
during preliminary design reviews as well as guidance on technical i ing to the ground
based testing. We also had Electrical Engineering students at our di in the electrical
aspect of our design process.

HSDesgn
The Free Floating System (FFS) design is made up of tw
and the robotic arm subsystem.

ts: the main housing

The interior of the main housing contains a majo » mponents. Within the
main housing are three single-axis gyr i-axi celerometers, a robotic arm
driver, an electronic data logger, sen k that will provide power to
the free floating system. The exteni dy is made from high impact
resistant polycarbonate panels. C panels there will be drilled vent holes. The
purpose of these drilled holes i

to the end of the robotic arm simply to increase the
hosting body. One of the components in the robotic arm

It isintended t tre that any impacts to the system do not result in lost data. The encoder will
be used measure the orientation of the robotic arm relative to the main housing, while the stepper
motor/gearhead will drive the robotic arm to the desired position.

The three single axis gyroscopes will measure the angular velocity of the system to determine the
dynamic reaction about all three orthogonal axes. The accelerometers will serve to record and
enhance dynamic data recorded by the gyroscopes. The robotic arm’s purpose is to change the
dynamic response of the system via orientation and a prescribed mass.



Located on the exterior of the hosting body is an electromagnet within the seat bracket, providing
a constraint to the robotic arm. This electromagnet will activate when the FFS is on the release
unit platform and deactivate once the release system platform is pulled away from the FFS. This
is accomplished by implementing a magnetic field sensor that will be mounted to the lower
surface of the FFS and a permanent magnet that will be mounted to the top surface of the MRS
platform. When the magnetic field sensor detects the permanent magnet mounted to the top
surface of the MRS platform the electromagnet will be activated.

In the reduced gravity setting, the
hosting body’s mass parameter is
manually changed by accessing the
interior of the FFS and inserting a
secondary mass into the secondary
mass brackets as shown in Figure 3.
There will be a switch mounted to the
top surface of the top panel that will _ _ -
alow team members to alter the Figure3. Secondary massinserted intothe main housing.

obotic arMations While the free

. batery pack
on which the Free Kill switch

Floating Syste S) will sit. The motion
induced by the will be the initial angular
velocity applied to the FFS during times of
reduced gravity. A battery pack will be mounted ,
on the outside of the collapsible stand that will . ]
provide power for the motor and electromagnet ~ “===a. o
constraints (Figure 4). The rotating platform ’
will be used to keep the FFS constrained while

the system is rotating. The two-part collapsing Figure4. MRSin the upright, extended
configuration.




stand is designed to collapse by pulling a pull-pin mounted to the lower section of the stand.
Once the pin is pulled, the platform attached to the end of the top section of the stand will be

pulled away from the FFS.

The platform is attached to the end of a motor
shaft of a motor mounted inside the upper section 0
of the stand as shown in Figure 5. The rotating
platform provides the FFS with a controlled initial ?
free floating state. A bungee cord will act as the
downward force when the system is in a reduced-
gravity state. This will result in the collapsing of 0
the top portion of the stand into the larger lower

section of the stand.

The bungee cord will be mounted on the bottom
of the lower section and attached to the bottom of
the top section (Figure 6). There will be pin holes i

located on the upper section of the stand i
that the stand can be locked in eith
configuration or the expanded config

ry mass is inserted into
y shifting the pivotal
center of the pla to coincide with the
FFS center of mass, we will effectively
mitigate undesirable forces generated from
the centrifugal acceleration caused by the
rotational motion of the system.

The platform, made of wood, will contain
four wedges as shown in Figure 7. The

Maotor Assembly

Inner Sleeve

/|

upper section of the stand.

/|nn9r Sleeve

Quter Sleeve

Bungee Cord

|-

s to Figure 6. Bungee cord attachment method.

center of gravity of the

Figure 7. Platform design with wedge constraints.

Figure5. MRS Platform Motor mounted inside
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wedges are used to constrain the FFS laterally
to avoid any dipping before microgravity
commences. The position of the wedges is
simply to minimize the effects of friction
between the system and the wedges as the
platform is pulled away from the FFS. This
alows the system to maintain a controlled
initial state by minimizing forces during the @l TR
release sequence. The wedges are designed '

and made with a steep enough face to ensure Figure 8. Interface between the Platform and the
proper restraint to the system before Motor shaft.

improve the design previously flown. The €
platform while two plates of ferrous metal will be

to the rotating
rface of the FFS.

Upon Microgravity commencement, e the electromagnets with a
switch mounted on the power supply. team m ill wait for approximately 2
seconds before pulling back on i ing loaded pull pin. This pause will allow the
residual magnetic force to die 0 rm is pulled away from the FFS. The
retractable lanyard will then ' ction downward, away from the FFS. At this point
the platform motor wil : r spring-loaded pull-pin that is mounted on the

hinge bracket of the M : g the collapsed stand to fold to the fuselage
floor. A team me e collapsed stand to the fuselage floor with a Velcro
strap. This cg [ e MRS does not interfere with the FFS as the test is
being perfor : folding stand enables the teammates to focus more on the
FFS, < a safer environment. Closed-cell foam padding will be applied to
al ts to mitigate injuries.

ReasonstorRey
The purpose for the redesign of the previously used robotic arm drive mechanism is because the
former configuration did not have enough power. The drive system needs to be able to produce
the required torque and power to actuate the robotic arm in the way it was programmed while
enduring the forces of afull, dynamic response of the FFS. This will allow for more accurate and
consistent data.
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DesynCrit ri
In the redesign of the FFS robotic arm drive mechanism, there were a few different criterion
required to keep the data accurate and the FFS safe in a microgravity environment. First, the
robotic arm mass needs to be at least 5% of the primary body mass in order for the algorithm to
be accurate. For safety and structura reasons, it was decided that no component of the robotic
arm drive mechanism should protrude past the envelope defined by the vertical planes of the side
walls of the primary body. This should eliminate large stress loads due to any impact. Next, the
lead/fabrication time needed to be considered. The controllability of the rgbotic arm is important
so that the FFS has the ability to gradually accelerate and decelerate the arf It is also important
to minimize the cost of the redesign so that funds are not wasted. Fin ecessary that the
robotic arm drive mechanism be highly accurate.

Bnhcod e rRe loca tion

ReasonstorRede spn

The IPAV project was fortunate enough to be ASA’s Reduced
Gravity Student Flight Opportunities Program i unately, the FFS lost
control during one of the trials and the enc ined that the encoder

sensor extended beyond the
ary body. Thisresulted in the

ly fitted with a single tri-axial accelerometer to help measure the dynamic
m. While the original sensor worked perfectly, the analysis of the data

incorporate two more accelerometers into the FFS hardware. This greater wealth of information
will help to more accurately and easily determine the dynamic response of the FFS.

DesynCrit ri
When the mounting locations of the tri-axial accelerometers are determined there are three

criteriathat will help to maximize the effectiveness of the sensors. First, the three accelerometers
must not be placed collinearly, which will help to reduce redundant data. Next, the measurement
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coordinate axes of the accelerometer must be parallel. This will greatly ease the analysis of the
data. Finally, the accelerometers should be placed as far away from the center of mass of the FFS
as possible to allow the sensors to gather more accurate data.

MRS R b rration

ReasonstorRede spn

The Hand Held Release Unit was the original design to launch the FFS in microgravity.
Unfortunately, it consistently released the FFS in an uncontrolled state.
System (MRS) will be able to mitigate this problem. The assem
fuselage of the airplane to eliminate any unwanted movementSqi hand held unit.

DesynCrit ri
The MRS is designed following criteria from bot
assessment based on the equipment itself
Based off the purpose for redesign of t

as our feasibility
of the team members.
RS must have the ability
while integrating the motor,
RS. To co with a weight constraint given
0 pound limit. Also, all components of the
This helps eliminate any weld analysis
J enough to survive the forces equivalent to the
the acceleration due to gravity on earth)
it, 2G acceleration laterally and upward, and 6G
pnents must have a minimum factor of safety (FOS) of

hold the free floating system. The bearings are made of a very porous carbon material that allows
air compressed from 60 to 100 ps to flow through it, allowing the bearings to float about five
microns above the table (acting like areverse air hockey table). This provides a near frictionless
surface as well as three degrees of freedom for testing. With three degrees of freedom we can
measure three parameters and verify part of the algorithm. Another reason for using an air-
bearing table is that its environment is considerably easier to control over the six degree of
freedom environment. However, by reducing the degrees of freedom to only planer motion
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across the table top and one axis of rotation normal to the plane of the table, this only allows for
partial verification of the proposed algorithm.

The bearings need a constant supply of compressed air to work properly, and the current supply
source is with a hose connected to a compressed air supply, seen in Figure 9. Although this is
effective for supplying enough air, it creates a drag on the system when it is rotating and can get
wrapped around the experiment itself. This interference is affecting the data collected and has
made testing difficult.

0 be successful and accurate, there must be as
as possible. The easiest way to eliminate the drag

imary body, which in this case is the main housing of the FFS as
his means that the air supply tank must be as light as possible.

ar tank must@iold ¢
allow testing to €

ough air to operate the bearings for a minimum of 5 minutes. This will
ue for multiple trials without the need to refill the tank.

Techna IEQuipmentDat Package

The IPAV experiment was accepted to NASA’s Reduced Gravity Student Flight Opportunities
Program and is scheduled to perform the six degree of freedom experimentation in June. Our
team will travel to Houston, TX and fly the experiment aboard a C-9 aircraft and experimentally
collect data to verify the inertial property algorithm. This program is ideal for our purpose
because the only cost to the IPAV team comes from travel and accommodation expenses.
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NASA requires that al participants in the program submit a Technical Equipment Data Package
(TEDP). This document helps to describe to the engineers at NASA every aspect of our
experiment. It must include a flight manifest, background, description, and goals of the
experiment, detailed descriptions and analysis of experiment components, requests for crew
assistance, and hazard analysis and mitigation plans. The most recent draft of the TEDP can be
found in the IPAV team’s Senior Design Laboratory project binder.

Re sulsand D I ussion

MRS Desy nAna sis

In order to be certain that the design of the MRS would be suffia
standards, finite element analysis was performed on all major com
be seen in Figures #,#, and #, the minimum factor of saf
well above the requirement of 2.0, set by NASA.

N
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Rob ot Arm Motor/Gearhead Impkment tion

A modified Pugh’s method was used to determine the best design to be the combination of a new
stepper motor with an inline gearhead. Unfortunately, due to limitations in funding, the old
stepper motor was reused to be combined with a new gearhead. In order to mate the motor and
gearhead, two adapters were made. The output shaft of the motor is bigger than the input of the
drive gear. The drive adapter was manufactured to alleviate this problem, seen in Figure #. It is
made of aluminum, and attaches using a set screw. The bolt patterns of the motor and gearhead
are incompatible, so the attachment adapter was created. The adapter, showl in Figure #, is made
of aluminum, and was designed to be adjustable.

Foure#.l otor/geaihead ettedm ent

adapter -
Once the new drive ete, jtineeded to be attached to the pivot housing.
Because the pivot housin e the motor directly attached, there was a lip
machined aro i i help reinforce
the motor (F . bly to mount

he lip needed to be
ed using a manual mill at

#); thisis attachedto an 80:1 planetary gearhead and a 90-
degree drive converter. This assembly is attached to the
pivot housing as shown in Figure #.

Fiure #. Fom erpivothousng
w ith Ip
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Pivot Housing

Stepper motor
Gearhead

e
3

\90° Drive Converter Adapter

Foure#.l ev drivemechanien confiou ratbn \

Bnhcod e rRe loca tion

There were three proposed design concepts to
encoder. Thefirst design was to leave the e motor, but fabricate
a shield to cover it. The second concep to the other side of the pivot
housing so that it would no longer pro ined by the vertical planes of
mbine both the first and second

experienced by the

idea. Ultimately, the second
determined to be the most i
configuration is shown in Fi

Encoder IModified Delrin
PivotBearing

pr - for proper
ng was then

Pivot Housing

place. Finaly, the
recalibrated.

ncoder was attached and  Fioure#.1 ev encoderbcatbn
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MRS R b rration

The MRS is made up of four main components: rotating
platform and motor, collapsible square box tubing, battery
pack, and square base plate with pivot housing. All metal
components of the MRS were manufactured using T6061
aluminum unless otherwise noted.

The motor of the rotating platform is mounted inside the
inner sleeve of the collapsible box tubing (Figure #) via 8
counter-sink screws, as shown. Counter-screws were used
to ensure that the inner sleeve would dlide properly,
obstruction free, from the outer deeve. To guarantee th
motor is centered, shims were used between the motor
the box tubing.

inner sleeve measuring 20.75" an

Figure#. Motor for rotating platform
measuring 21.6”, for an operatip R

eliminate obstruction ) .
Rubber stops were a n of the

Tamiuag Se1 v
e BEatlay Box

@ o

ih o

The 2'x2' squarejlgase plate, has a bolt pattern of 20”x20” Figure#. Battery Box

to mount the unit to the fuselage of the aircraft. The pivot housing, made of two 90-degree steel
L-brackets, is mounted to the base plate and aluminum sidewalls for reinforced support. There is
also an integrated stop to prevent the collapsible box tubing from pivoting 180 degrees and
thereby ensuring 90 pivoting only. The corners of the base plate were rounded to meet safety
guidelines.
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Faubher Stops

Fivot Fin

43 Despree Cut for
Pivedig

Figure 3a. Pivot Housing

All major fabrication on the MRS has
stand, a functional pivot housing mount
inside the collapsible stand. There are

nctional collapsible
motor has been mounted
hat need to be finished. The

experiment requires that a testbed be developed with an
IS, an emergency scuba tank was chosen as a lightweight

two C-channélytails.flhe surface of the platform was made out of the polycarbonate that the FFS
housing is made he air tank was secured to the new platform using hose clamps, attached
directly to the frame. This assembly allows the new platform to move freely without any drag on
the system. The redesigned testbed can be seen in Figure #.

Since we need to perform multiple trials with the airbearing, we need to be able to refill the tank
in the lab to diminish down time between trials. Therefore, a full size scuba tank and adapter
were acquired to refill the small tank (Figure #). This large tank can be filled to 3000 psi, and
came with 5 free refills upon purchase.

19



Figure #. Redesigned air-bearing testbed

Equipment Data Pack S and contains all necessary information then it
will be accepted and the requi ' ed. If thisis not the case, the document will be
requests, and the document will be changed and

The MountediRelease System will enable the Free Floating System to enter a free floating state
obstruction and aane@ls-free in a more controlled state. By designing the system to be mounted to
the floor of the aircraft, it will enable the team members to focus on the FFS during free floating
state in a safe and more accurate manner as well as eliminate any human error in releasing the
unit. The MRS's ahility to collapse and pivot perpendicular to the aircraft body will greatly help
to reduce any interference with the FFS as well as provide safety to the overall test.
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Rob ot Arm Motor/Gearhead Impkment tion

A modified Pugh's method was used to determine the best design to be the combination of a new
stepper motor with an inline gearhead. Unfortunately, due to limitations in funding, the old
stepper motor was reused to be combined with a new gearhead. To attach the motor to the ne
gearhead, an adapter was fabricated out of aluminum. In order to attach the new drive assembly
to the pivot housing, a lip was machined off. In this new configuration, the robotic arm has
enough power to perform the desired maneuvers while experiencing the effect of earth’s gravity.

DOF environment.

Bnhcod e rRe loca tion

The most feasible method of protecting the encoder fro
be relocating the unit to the other side of the pivot housi
and the pivot pin bearing was modified to alow t
be able to reach and measure the position of the
will allow the encoder to most accurately

accurately and efficiently d
and 3 DOF testing.

MRS R b rration

The rotating pl@
for optimal

ed into the collapsible stand and shimmed to allow
ner sleeve of the stand. The inner and outer Seeves were

reduce weight. ever, steel L-brackets were used to mount the pivot housing to the base plate
because of the immense stress on the part. All major fabrication of the MRS has been completed,
with absolute completion expected in June 2009.

Airseaning Tested Dewe lopment

The newly developed testbed will help to create far more accurate results from any trials
recorded in a3 DOF environment. The new configuration successfully eliminated al the
negative effects of the former design by integrating an air supply in to the testbed. This new
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testbed will also help to speed up the process of collecting data as well as ease the process of
performing the trials.

Outierach

During the semester the IPAV team also participated in 2009 AIAA Southwest Regional
Technology Symposium in Las Cruces, NM on April 16" The team gave a 30 minute
presentation on the progress and goals of our experiment to help support and raise awareness for
the project.

Futur Tasks

The future work for the project is divided into two sections; the
ground experiment. The future of the microgravity experi i
6 DOF testing. The future work is outlined as follows.

? Microgravity Experiment
0 Successful Experiment
& |If the experiment is
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