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1. Project Objectives and Requirements

In wake of the Columbia shuttle disaster; all subsequently launched shuttles are
required to dock at the International Space Station (I1SS) (www.spaceflight.nasa.gov).
Thisisrequired such that the condition of the heat tiles on the shuttle can be thoroughly
inspected to ensure a safe reentry into the Earth’ s atmosphere. This requirement does not
allow the shuttle to perform previously conducted missions in orbits other that the orbit
track necessary to rendezvous with the ISS.

In order to avoid degradation in the quality of the missions preformed by the
shuttle, we have proposed a small surveillance satellite with a camera as the primary
payload to effectively and efficiently observe the heat tiles on the space shuttle. This
would eliminate the need for the shuttle to dock at the ISS and allow for additional
scientific experiments and maintenance tasks to be performed.

1.1. Multi-year Objective

The basis of this project stems from the California Polytechnic State University,
San Luis Obispo (CalPoly) CubeSat program, details of which will be discussed below.
In order for the overall goals of this project to be achieved, CamCube must first adhere to
the guidelines specified by the CubeSat program. The overal project requires a camera
to take pictures of the shuttles heat tiles and relay them back to the shuttle for analysis.
Because of this, the camerawill need a stable platform to conduct its operation.
However, in order to position the camera so it is able to photograph the shuttle, a
propulsion system must be implemented to compensate for the velocity produced by the
launching device provided by the CubeSat program. Future groups will need to conceive,
design, fabricate, integrate, test, and verify all the separate components needed to
complete the project.

1.2. Current Year Goals
Thisyear’steam will conceive, design, fabricate, integrate, test, and verify an
attitude control system (ACS) for a pico-satellite, which adheres to the overall objective.
In order to preserve the scope of the project within manageable means, the team will
maintain the ACSinside asingle axis.

1.3. Requirements
The high level requirements of this project involve the CubeSat program, optical

anaysis and orbital analysis, al of which will be discussed in later sections. The pico-
satellite will maintain a distance of less than 110m from the shuttle. At this distance the
shuttle will take up 15° of the field of view (FOV) of the camera. To maintain the shuttle
inside the FOV the ACS must maintain a pointing requirement of 15°in asingle axisfor
15 minutes. Thefinal product of CamCube will allow operator intervention if the drift
causes the pointing to fall outside of 15°in excess of 15 minutes. The optics of the
camerarequires that the drift rate not exceed 0.0167deg/s.

1.3.1. The CubeSat Program

Additional requirements are imposed on the project due to utilizing the CubeSat
program. Asajoint project between CalPoly and Stanford University’s Space Systems
Development Laboratory, the CubeSat program provides a norm for pico-satellite
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developersto follow. Their goa isto make space more easily accessible for exploration.
The Poly Pico-satellite Orbital Deployer, better known as the P-POD, is the launcher
provided by the program. It requires the system to be integrated within a 10cm cube.
The program also specifies that the center of mass must not be greater that 2cm from the
geometric center of the cube and is required to have amasslessthat 1kg. There are
other, more detailed specifications regarding flight preparation that the group this year
will not address.

1.3.2. Orbital Analysis

The mission duration was determined through orbital analysisinvolving the
Clohessy-Wiltshire (C-W) equations and GEODY N 11, aprogram used at the Goddard
Space Flight Center. A trajectory was first selected based on alaunch speed of 0.27 m/s
from the shuttle. CamCube will not be able to correct for this launch velocity, therefore a

V must occur when CamCube reaches a desired distance from the Shuttle. Dueto the

fact that CamCube’ s orbit would be elliptical, and thus cross the circular orbit of the
shuttle, the angle at which CamCube was to be launched from the shuttle was found by
iterating the C-W equations until a desired range of 100 m was reached at the crossing of
the two orbits. The safest and quickest path to take was to go above and behind the
shuttle at an angle of -114° (figure 1). Thistrgectory gives CamCube ~7 minutes to
prepare for the V at thetimeit crosses the Shuttle' sradial track.

Cubpsal Relathe Pogilion in Orbi Flane

......................................................

Radial {m]

AL .
sosafesianabenaiand
Cubeeal Relalie Fosilion in Orbe Flane

Radial (m]

Alng-irack (m]

Figure 1. Ideal orbit trajectory from Shuttle

These numbers were then input into GEODY N 11, which accounted for the
atmospheric and gravitational perturbations with the JGM 3 (70x70) gravitational model
and the Harris Priester atmospheric density model. A new launch angle had to be found
due to these perturbations, this angle was found to be -115°.
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The V was calculated using the ephemeris of the Shuttle and CamCube
generated by GEODYN Il. In order to be in the same orbit, the velocities of the two
objects need to be the same. CamCube reaches the Shuttle’ s range after 6.52 minutes (or
~6:31). The Shuttle’' s velocity cannot be taken at 6:31 after launch because the desired
velocity occurs at the point at which CamCube intersects the Shuttle’ s orbit (figure 2).

Shuttle Orhit

Figure 2: Desired velocity

The Shuttle' s velocity at this intersection point was found with the following
series of equations.

= [m/ _ [398600.4415 -
ENAN 5 519 Ve =772037m/s

_ Range _100 C
Dt = v = 7799 37 time = 0.013455sec

This means the velocity CamCube must line up with is the Shuttle’ s velocity at
0.013 seconds before 6:31. Thiswas found through interpolating the Shuttle ephemeris.
CamCube' s velocity, found from the ephemeris, at 6:31 was then subtracted from the
Shuttle velocity. Thus, the V in the Shuttle's coordinate system was found to be:

V =-0.139078 0.205590 0.123323 m/s = 0.227 m/s

To simulate the actions of CamCube after this point, an ephemeris of abasic orbit
degradation was used (figure 3).
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Figure 3: CamCube orbit relative to Shuttle

This analysis shows CamCube stays within 110 meters of the shuttle for ~63

minutes (figure 4). Subtracting the launch time gives an approximate 57-minute
operation time.

Range Between Shuttle and Cubesat

1] 10 20 30 40 50 (=i 70 80 90
Time (minutes)

Figure 4: Range between CamCube and Shuttle

After CamCube’s orbit degrades exponentially from the Shuittle, it will eventually
burn up in the atmosphere. Figure 5 shows the geodetic height of over 16 days.
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Figure5: CamCube geodetic height
1.4. System Design

This flow diagram shows atop-level view of how all the different components will
be integrated together.

. Reaction Wheel

User Input . CamCube Structure

Figure 6: System Design Flow Diagram

An external force applied at a given distance from the CamCube’s center of
gravity (C.G.) will provide atorque. Thiswill induce a spin rate that can be sensed by
our rate gyro. Thesignal produced by the rate gyro will be internally filtered and
amplified before it goes through an analog to digital converter and onintothe ITL Lab
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Station. The software will govern the voltage that the ITL Lab Station sendsto the
motion controller. User input allows the ACS to be either passive or active (slew test vs.
impulse torque test). The motion controller then sends a current to the motor, which will
induce the motor to create adesired torque. Thistorque will be transferred through a
driveshaft to the fabricated wheel creating a change in angular momentum. During this
time an encoder will talk to the motor to monitor itsrpm’s. The rigid body dynamics of
this system will cause a counteracting torque to the initial external torque to create a final
spinrate. Thefinal spinrateisdesired to be zero. However any deviation from the
desired spin rate will be sensed by the rate gyro and the process will run again. The
process will be continuous as opposed to an impulse, or “Bang Bang,” type process.

Figure 7 shows how all of these components will be integrated with in the
CamCube structure.

o i
__—:_-_S__:g_i___ A

—t)

Figure 7: Solid Model of CamCube

One can see the 5 auminum plates that will be held together by 16 small
aluminum L-brackets. The four batteries (green) will be placed on the all four sides for
symmetry reasons, and they to will held in place by small aluminum brackets. The rate
gyro and electronics package (maroon) will be placed on the side on one of the batteries.
Six screws will be used to hold the motor in the center of the bottom panel. The reaction
wheel will be press fit on top of the motors drive shaft. The reaction wheel will have
aready been pressfit on to the drive shaft. Last the 3-axis gimbal will secure to the four
corners of the CamCube just below the center of gravity.

An alternate method that may be used isto place the electronics package in the
bottom center of CamCube. A surface platform will then be mounted to the bottom of
CamCube so that the motor can be secured over this electronics package. The motor will
already be attached to this mounting platform beforeit is placed in the CamCube
structure.

These components found within CamCube will make up this year’ s mass budget.
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Table 1: Mass Budget

MASS BUDGET M ass (g)
Structure 245
Rate Gyrow/ int L PF and OpAmp 1
A/D Converter 5
Power (4 Céells) 96
Reaction Wheel 87
M otor 46
M otion controller N/A
Fabricated Wheel 21
Wiring 10
M ountings 30
Total mass 454

Thetotal mass for this semester is 454 grams which iswell below the 1 kg
allotted mass. This allows for communications, motion controller and camera
implementation for future years.

Breaking the components down to individual subsystems we will ook at what
was chosen. More detail on the components will be found later in this paper.

14.1. Structures:

The CamCube will be fabricated out of Aluminum 5052. This material is almost
identical to Aluminum 6061 but 5052 is readily available, making it the ideal choice.
The structure will be five 10cm (3.97”) by 10cm (3.97”) 1/16” thick aluminum plates
held together by small L-brackets. The total mass of this structure will be 245g.

1.4.2. Attitude Determination:

We have selected the ADXRS150 rate gyro. It meets the sensitivity required with
aresolution of 0.015 deg/s as specified by the pointing requirements. It isextremely
small in size (< 1g/150 mm®) and easily integrates with the power system. So that the
signal can be read by our software we will be using an AD977A ADC. Thiswill be
purchased from the same company as the rate gyro. In addition we will implement alow
pass filter and amplification.

1.4.3. Attitude Control:

For attitude control we will be using areaction wheel. Thiswill be comprised of
three different components. The motor (FAULHABER Brush Type Coreless DC-
Micromotors Series 2224 006SR with IE2-512 integrated encoder) The Motion

10
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Controller (MCDC2805) and the inertial mass. The motor and motion controller are both
to be purchased from the same company (Micromo Electronics) for easy integration.
Micromo has the some of the smallest motors and motion controllersin the industry. The
motion controller will not be integrated into the CamCube this year. Our fabricated
wheel will also be made out of Aluminum 5052.

1.4.4. Electronics:

The power supply will be 4 Li-lon Batteries. Li-lon was chosen for its high
power density and flat discharge profile. They will be placed 2 in seriesand 2 in paralldl.
This allows for aminimum of 1050 mAh and a7.2 V operating voltage.

1.4.5. Software:
For software we will be using LabView. Thiswas chosen due to availability and

practicality issues for testing.

2. Development and Assessment of Design Alternatives
2.1. Electrical System

The electronics system will be constructed of commercial off-the-shelf parts,
reducing the detailed design elements needed and easing the fabrication process.
Therefore, the driving factor in the electronics design will be to ensure the power system
provides the necessary voltage and current for the parts purchased within the weight
requirements. There will be no charging system aboard the satellite (i.e. solar array),
therefore, the battery must provide an even power profile throughout the 60 minutes of
operation. Two types of batteries, which are commonly utilized on spacecraft, were
analyzed in order to ensure the proper composition was chosen.

Lithium-ion and Nickel-Cadmium cells are the most prevalent batteriesin
spacecraft design. Li-ion was chosen dueto its better power density, power profile, and
heritage within the CubeSat program. The enhanced power density and power profile can
be seenin figures 8 and 9.

200

Lithium-lon Batteries

150

100

Nickel Hydride Batteries
Ni-Cd Batteries—— =7 ==~ r

50 H

Mass Energy Density (Wh/kg)

0O 50 100 150 200 250 300 350 400 450 500

Volumetric Energy Density (Wh/4)

Figure 8: Energy Density

11
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Battery: CGR18650
Discharge: 250 mA

— Panasonic's Specialty

Carbon
Coke
a0 (FPanasonic’s Trial Product)

Voltage (V)

N

500 1000 1500
Discharge Capacity (mAh)

Figure 9: Discharge Capacity

2.2. Attitude Control System

The ACS for CamCube needs to be able to counteract any and al torques that it
will experience throughout the mission duration (60min), while also keeping within this
year's overall mission objectives and requirements. This means that the ACS needs to be
lightweight (<200g), easy to integrate within the confines of a 10 cm cube, and maintain
within 15 of a given pointing requirement in 1-axisfor the entire mission. In addition
the ACS system must also be able to perform an 180 slew.

Knowing the top level requirements for the ACS atrade study is conducted to
compare the different attitude control devices as seen intable 2.

Table 2: Trade Study of the Various Attitude Control Devices

Controll-

Hysteresis
Rods
Cold Gas

Propulsion
Reaction
Wheels
Control
M oment
Gyros

Nominal

The five attitude control devices that will be compared against each other are as
follows: Torque Rods, Hysteresis Rods, Cold Gas Propulsion System,
Reaction/Momentum Wheels, and Control Moment Gyros. These devices were selected
based on industry heritage, and were compared to each other on six different categories,
which are seen in order of importance:

The ACS needs to provide a stable platform for a camerato take pictures of the
Space Shuttle’ s heat tiles. Instability would cause blurring of the pictures and
compromise CamCube' s mission. So the accuracy of the ACSisthetop level
requirement. The only questionable device would be the cold gas propulsion system.

12
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The CamCube is designed so that it meets the qualifications of the CubeSat
program. The CubeSat program has strict requirements on the volume (10 cm cube) and
mass (< 1 kg), and so it isimportant that the ACS device is both low in mass and volume.
The control moment gyros found are too heavy and big to be integrated in CamCube.
While hysteresis rods are relatively small in mass they will require alength that istoo
long to produce the desired torques.

Not only does the ACS need to be accurate but it needs to be easily controllable.
Controllable means that the ACS can be easily manipulated to handle any variables that
CamCube may occur and do so in areasonably quick time. Both hysteresis rods and
torque rods are extremely passive and so they will not help out if the satellite needs to
slew back and forth. The propulsion system is accurate but thrusting errors could cause
the satellite to translate. This tranglation would be nearly impossible to correct. Both the
reaction wheel and the control moment gyro are highly controllable. One disadvantage of
the reaction wheel is that the wheels can become saturated, in which case momentum
dumping would be required. However, this can be compensated by designing a wheel
with alarger inertiathan necessary.

Next it isimportant that the ACS system can easily integrate with all the different
components within CamCube. One problem is that torque rods require magnetometers
and hysteresis rods require magnets. Dueto the small size of CamCube, magnets inside
the structure may cause problems with the electronics. Integration of the propulsion
system in general will be avery involved process.

The power is not of major concern but it still isalimiting factor. All the devices
have reasonable power requirements.

Finally the ACS system must stay within our budget. The only device that may
be hard to obtain at afairly reasonable cost would be the cold gas propulsion system.

The trade study shows that the only attitude control device that meets all of the
design criteriais the reaction wheel. The only questionable constraint for the reaction
wheel isthe cost. To aleviate thiswe will be fabricating our own reaction wheels.

2.3. Attitude Determination
In order to maintain adesired attitude, a spacecraft must have some type of sensor
to measure position, angular velocity, or angular acceleration. This requirement can be
met with a number of options that vary in metrics such as cost, size, mass, resolution, and
accuracy. These options were compared originaly using ahigh level analysis. The
advantages and disadvantages of each can be seen more clearly in table 3.

Table 3: Sensor Comparison

Sensor __|Pro Reason 1 Pro Reason 2 [ConReason1 _ conReasont |
Sun Sensor Very inexpensive Heritage Occultation Coarse measurement
Startracker Extremely accurate Star catalog can be updated Extremely expensive Large size and weight

Resolution and accuracy may not
GP3 Robust system Small size and weight Dead zones (behind the shuttle)  |be adequate for NASA req.

Can ensure safe distance between |Integration into control law is

R/T Video Relatively inexpensive Camcube and shuttle difficult Lighting requirements

Operating temperature and
Accelerometer | Simplistic design Extremely cheap Fragile sensor microgravity concerns
Rate Gyro Very accurate Extremely cheap Fragile sensor Only a measure of angular velocity

Require external mounting to avoid

Magnetometer | Simplistic Heritage interference with electronics Earth's magnetic field not constant

13
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Referencing table 3 it can be seen that seven different sensors were compared in
order to narrow the choices as much as possible. The sun sensor and magnetometer are
simplistic devices with proven heritage in the aerospace industry. However, the sun
sensor is a coarse measurement and can be occulted by objects such as the sun, moon and
shuttle. The primary drawback to the magnetometer isthat it requires external mounting
to prevent interference with the onboard el ectronics. GPS was ruled out due to the
potential dead zones and the star-tracker was eliminated due to the astronomical cost.
Real time video was not chosen because of the difficulties that would arise trying to
incorporate the data into a control law. Thus the only two options |eft were the
accelerometer and rate gyro. These are ssimplistic, cheap, and fragile devices but the rate
gyro was chosen because angular speed only requires asingle integration to determine
position.

3. Design-To Specifications
3.1. Electrical
The power analysis of components required by the system can be seen in table 4.
The total milliamp-hours of the system is 600mAh, thisis combined with the fact that no
charging capability isinvolved yielding arequired total of 2000mAh. Thisalowsfor a
safety factor greater than 3, ensuring the cell voltage does not drop below 3.0V and the
ability to integrate future reaction wheels to the system in other axes is present.

Table 4: Component Power Analysis

Component Voltage Current Power Amp hours
Rate Gyro 5V ( 0.5 6 mA 0.03W 6 mAh
A/D 5V ( 0.5) 5mA 0.025 W 5mAh
Converter
Motor 0-6V 550 mA (max) 3.30W 550 mAh
26 mA (run) (max)

The voltage regulator will be able to maintain voltage at 5V ( 0.5) and a current
up to 2amps, alowing for the maximum current loading of the system.

3.2. Attitude Control

To find out exactly what specifications the reaction wheel must be designed to we
will look at the mission profile.

There are two scenarios that the ACS will need to be able to account for: The
initial positioning of CamCube, and the operational mission of CamCube. Theinitia
positioning of CamCube will involve two impulse torques. For our project “impulse”
means that torque will act for less then 0.1 seconds on a given object. The first impulse
torque (2.0x10° Nm) will come from the P-POD spring launching system that will launch
the CamCube from the Space Shuttle. The second impulse torque (6.2x10° Nm) will
come from amini propulsion system that is to counteract the initial deltaV created by the
PPOD launcher. These impulse torques were cal culated by finding the forces acting on
the CamCube by their respective devices and estimating alever arm of (5 mm). The
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worst case scenario isthat both of these impulse torques are coupled and added to each
other. After the Camcube has been subjected to these 2 impulse torques it must stabilize
itself viathe ACS. So the ACS must be able to counteract a max torque of 2.3 oz in
(0.0163 Nm), which gives us a safety factor of 2. Once the CamCube is positioned it can
now begin the operational portion of the mission.

During the actual operational mission of the CamCube it will be subjected to
constant environmental disturbances which will produce a constant torque on the
CamCube. These torques will come from four different sources. a gravity gradient
(1.8x10 Nm), solar radiation (1.6x10°® Nm), magnetic field (4.2x10°® Nm), and
aerodynamic disturbances (9.8x10°® Nm). These values are for an absolute worse case
scenario and still only amount to atotal torque of 1.6x107 Nm. Thusfor all practical
purposes we can see that the environmental torques are negligible and will not be
concerned with in the active ACS. Because the CamCube can neglect any environmental
disturbances it will only be concerned with being able to scan the surface of shuttle. This
means that the ACS needs to be able to stay within 15 of a given pointing requirement
for 60 minutes.

S0 here are the specifications in which the reaction wheel needs to be designed to:

- Must be able to counteract atorque of 2.3 0z in

- Must beableto dlew 180 insix and ahaf minutes
Stay within 15 of a pointing requirement for 60 min
Run on lessthen 7.2 Volts

- Draw lessthen 1050 mAmp hours

- Havelow mass, volume and cost

The reaction wheel will be comprised of three different components. the motor, a
motion controller, and the inertial tip mass.

Each choice, made for the different components of the attitude control system,
will affect the other components found within the ACS and CamCube as awhole, making
it arecursive selection processes. The subsequent sections will describe how the various
components will meet the design-to specifications.

3.2.1. Motor:

First an initial guess was given to CamCube's moment of inertia I = 1.0x10™ kg
m?. Knowing that the max impulse torque CamCube will experienceis 2.3 oz in (0.0163
Nm) an angular acceleration . was calculated (16.3 rad/s’). Giving the reaction wheel a
safety factor of 10, the impulse torqueisto last 1 second (meaning that the cube will have
an angular rotation . of 16.3 rad/s). Assuming that the moment of inertia of the
reaction wheel (I is 1/10 of CamCube) we see that the reaction wheel’ s angular speed

w Will need to be 163 rad/s. Once again giving the system a safety factor of 2 we see

that we need a motor that can reach speeds up to 326 rad/s or 3110 rpm.

For the 180 dlew in six and a half minutes the cube will need to be spinning at
0.013 rad/s. Sincethisiswell below the previously calculated it will not be the
driving factor in the max angular speed.

No parameters are given for the operational part of the mission. It will be
assumed that it needs to sustain a constant torque of 0.5 oz in and hold an angular speed
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of +/- 1000 rpm of the max angular speed needed to counteract the initial torques. This
gives a maximum output speed of 4110 rpm.

The design-to specifications of the motor are as follows:

- Available voltage (V) = 7.2 Volts DC

- Current draw (mAh) = 1050 mAh

- Max output torque required (Mmax) = 2.3 0z-in
- Output torque required (M) = 0.5 0z-in

- Max output speed required (n) = 4110 rpm

- Minimum physical sizeisdesirable

- Ambient temperature = 22°C

- Operational for 3600 s

As afirst step, the required output power was determined using the following
equation.

nxM
1350
Where 1350 is a conversion factor

o
‘e

The motor should berated at least 1.5 to 2 times greater than the desired output
power so a motor with output power of 3 W was analyzed.

The FAULHABER Brush Type Coreless DC-Micromotors Series 2224 006SR
fitsall of theinitial choice parameters. (Torque_max = 3.0 0z in, omega_max = 8000
rpm, output power 4.2 W, max operating voltage 6 V, current draw 550 mAh)

The last check isto make sure that this motor will not overheat. Using the
following set of equations and the motor’ s specifications (appendix A) it was found that
the operational temperature of the motor will be 34 C which iswell under the
operational temperature limits. It is also reasonable to assume that it will not affect the
other components with in CamCube.

Pu=I"%R

AT =P, x l::R.-.l.-I + Ry )
'IT'-.'li' = F..""I.l' L _I‘"‘T

The motor selected isthe FAULHABER Brush Type Coreless DC-Micromotors
Series 2224 006SR with IE2-512 integrated encoder. Table 5 shows how this motor
meets the motor designO-to specifications.
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Table 5: Motor Design to Specification

Motors Operating Values

Available voltage (V) < 7.2 VoltsDC

6 Volts

Current draw (mAh) < 1050 mAh 550 mAmps

Max output torque required (M nax) > 2.3 0z-

In 3.0 0z-in

Output torquerequired (M) > 0.5 0z-in 0.708 0z-in

Max output speed required (n) > 4110 rpm 8000 rpm

Minimum physical sizeisdesirable 46grams/8.6 cm®

Doesn't over heat (T) >85 C 34 C
Yes-manufacture

Operational for 3600 s guarantee

3.2.2. Motional Controller:

For this year’s project the motion controller will be outside of the structural

confines of CamCube. So for this year the design-to specifications are as follows:

- Have both torque and vel ocity control modes

Integrate with motor
- Havelow mass, volume and cost
- Ease of future integration into CamCube

To ease with integration purposes, a motion controller from the same company as
the motor was selected. The motion controller chosen isthe MCDC2805 motion
controller with integrated amplifier. Some of the highlights are:

- Smallest fully programmable motion controller in the industry (110g/110 cm®)

- Runson 12 Volts

- Vdocity, position, and torque control modes (10-15000 rpm / 0-4.9 0z-in)

- Extremely low current consumption in the control electronicsfor high

efficiency (60mAmps)

- On board memory (EEPROM) for program storage and stand-al one operation

- Powerful 16-Bit microcontroller

- RS232 interface can be networked for multi-axis control

- Temperature, voltage and current protection
- In combination with the high-resolution series IE2-512 integrated encoder,

coreless DC-Micromotors from FAULHABER can be controlled to a

resolution of 0.175%rev.

- System resolution and torque are increased with the addition of a

FAULHABER precision gearbox.

- Custom applications such as very high or low temperature operation,
operation in a vacuum, custom shaft dimensions, etc. are available.

This motion controller exceedingly meets this year’ s design specifications. Since
it is outside the structure of CamCube it will not appear in the power or mass budget for
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thisyear. However it still has the ability to be integrated into the CamCube structure.
The only design-to specification it would not meet isthat it runson 12 Volts. This could
easily be corrected using a DC-DC converter.

3.2.3. Fabricated wheel:

The shaft of the motor has amoment of inertiaof 3.8x10° 0zins® (2.8x10°® kg
m?) which is negligible. This requires the addition of amass to the shaft of the motor to
increase the moment of inertia. The motor selected can reach speeds up to 8000 rpm.
This means that the moment of inertia of the wheel needs to be 41 g cm? (safety factor 2).
For simplicity, Aluminum 5052 is to be used for the fabricated wheel. Assuming a solid
disk with a2 cm radius, the fabricated wheel will need to have amassof 21 g. The
density of aluminum is 2.7 g/lcm®, meaning that it will need to have a thickness of .62 cm.
Thisis comparable to the motor’ s shaft length and is therefore a reasonabl e thickness.

3.3. Attitude Determination
Now that the sensor type has been determined, the next step isto determine the

desired accuracy and resolution of the rate gyro. An orbital analysis was performed which
showed that the maximum range of CamCube from the shuttle would be under 110
meters. The average size of a heat tile on the space shuttle was found from a
collaboration of outside sourcesincluding Dr. Klauss. This average size was determined
tobe 15.2 cm (6”) x 15.2 cm (6”). These two factors were then used to determine the
apparent anglein the field of view of the camerathat one tile would represent. Thiswas
calculated by simple trigonometry shown in the following equation:

g=slr

This calculation yielded: one heat tilein the field of view = 0.08732 degrees.

To determine the amount of pixels that would represent one heat tile, some
typical values for camerafield of view capabilities were compared. The results of which
can be seen more clearly in table 6.

Table 6: Tilevs. Pixel Allocation

10 114.52 8.94 14.88
20 229 4.47 7.44
30 343.56 2.98 4.96

It isimportant to note that these numbers are for one dimension only. The angle
that resulted from applying the trigonometric equation used an arc length equal to 15.2
cm. However, the superposition of the camera field of view cone on the heat tile is two
dimensional. Therefore the actual pixel allocation per tile would be the amount listed in
table 6 squared. Thus even for a2 Mega pixel camerawith afield of view of 30 degrees,
there would still be nine pixels allocated to each tile.

Since the ultimate goal of CamCube is to be able to detect an entire heat tile that
ismissing, adrift requirement was set forth to prevent blurring of the pictures. It was
stated that the field of view would not shift more than one row of pixels per picture. It

18



IDecember 15, 2003 CamCube Final Report ASEN 4018 — Fall 2003

was then assumed the field of view of the camerato be 30 degrees (15 in each direction)
and computed the resulting angular rate for two different pixel allocations at two very
conservative optical shutter speeds. The results of these cal cul ations can be seen more
clearly intable 7.

Table 7: Drift Rates Based on Shutter Speeds
Shutter speed (s) |Omega: 2 M-Pixel (deg/s)[Omega: 4 M-Pixel (deg/s)
1/500 14.55 8.8
1/20 0.582 0.352

Referring to table 7 it can be seen that this has provided a wide range of
acceptable drift rates. The higher end isavery forgiving figure that leaves alarge margin
of error, but the lower end would certainly impose a strict constraint. However, it should
be noted that the shutter speeds are very conservative for optical applications and can be
as fast as 1/2000 of a second in optimal environments. Therefore the CamCube should be
able to stay within the pointing requirement range set forth by this analysis, and
subsequent teams should be able to integrate a commercial off-the-shelf digital camera
that will be capable of meeting the ultimate goal of the mission with the attitude platform
this year’ s team proposes to build.

The other factor to consider when determining the required resolution of the rate
gyro is the pointing requirement of the system. The primary design drivers are the FOV
of the nadir pointing cone in one dimension and the time duration. A quick comparison of
varying values for the design drivers and the corresponding angular rates can be seen in
table 8.

Table 8: Pointing Design Drives and Angular Rates

10 60 0.00277
10 15 0.01111
15 60 0.00417
15 15 0.01667

Referring to table 8 it should be noted that the resulting angular rates are what
would cause CamCube to reach the perimeter of the pointing cone in the allocated time.
Thisisto ensure that the shuttle will remain in the field of view of the spacecraft evenin
the absence of active attitude actuation. However, since CamCube will have an active
attitude control system these numbers simply provide the lowest possible angular rate that
would ever need to be sensed.

4. System Architecture

In order for the system to meet the requirements set forth, the following
components were selected. The structure of the cube will be fabricated from Aluminum
5052 in 10cm square sheets that are 1/16” thick (0.16cm). The rate gyros selected are
able to sense an angular velocity of 0.015deg/s to ensure the maximum drift can be
sensed. The reaction wheel will be constructed; consisting of a motor, motion controller,
and fabricated wheel. These components will enable the cube to counteract the
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maximum torque placed upon the cube and slew 180° within six and a half minutes to
enablethe V discussed in the flight plan to be preformed. The power system will
include 4 Li-ion batteries capable of 3.6V and 1050mAh each providing the necessary
battery life to accommodate single axis control through the 60 minute mission life. The
software will be written in LabView to alow verification, testing, and analysis of the test

data to occur.

5. Mechanical Design Elements

Now that the design-to-specifications have been set, the next step isto compare
the rate gyros currently available on the market. A comparison weighing both the
advantages and disadvantages of each gyro can be seen in table 9.

Table 9: Trade Study of Rate Gyros

Honeywell
Fibersense [Fibersense [Analog Honeywell |Fiber-Optic
Sensor TRF-90 FOG1 ADXRS150 GG440 IRS
3-axis Fiber optic:  [Small size: Med. Size: |Extremely high
Pro reason [measurement |very high res. |mass & volume |mass & vol. |accuracy
Interfaceis  |Power req.+/- [Power req. +/- |Resolution: [Low drift and
Proreason (RS- 448 5V DC 5V DC 0.02 deg/s [noise
Interfaceis Resolution:
Proreason [RS-485 0.015 deg/s
Resolution is |Resolutionis [Limited High power |Release date
unknown unknown Availability required unsure
Priceis Priceis Priceis
unknown unknown unknown  [Price unkown
Only 1-axis Weight and size
measure unknown

Referring to Table 9 it can be seen that aimost al of the rate gyros have multiple
disadvantages except the Analog Devices: ADXRS150. Thisrate gyroistiny, only 0.7cm
x 0.7 cm x 0.3 cm, and weighs less than half a gram. It has the highest resolution of all
the listed rate gyros with the exception of the optic IRS which has an unknown release
date. The ADXRS150 rate gyro operates on anominal +/- 5V DC power supply which is
easy to implement. The one main drawback to this option isthat it has limited
availability; however our group was able to obtain four of these devices aready as can be
seen from the picture shown in figure 10.
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Figure 10: Rate Gyro

Figure 11: Electronic Schematic of the ADXRS150EB [2]

This evaluation board (el ectronic schematic shown in figure 11) greatly simplifies
the integration process. In addition to circuit testing on a bread board, it will allow for
much higher quality soldering for all the electronic connections. Thiswill help to
minimize the noise of the sensor and obtain the best resolution possible. In addition, the
output signal will be run through an internal simple low pass filter and amplifier to
eliminate undesired high frequency noise. Once the signal has been filtered it will be fed
through the ADC, enabling the interface between the rate gyro and a computer.

The reguirements of the CamCube attitude system dictate the selection of the
ADC used for the interface. The electronic sensitivity of the rate gyro, whichis 12.5
mV/(deg/s), and the desired sensing resolution of 0.015 deg/s required a voltage
resolution of 0.1875 mV. A 16-bit ADC converter with no gain would yield a voltage
resolution of 0.1526 mV thus satisfying the requirements set forth by the system. Finally,
the desired output of the ADC isaserial port which would allow for easy integration with
amicrocontroller for subsequent teams of the CamCube project.

The ADC converter that was selected is the Analog Devices: AD977A which
satisfies all of the given requirements. It isa 16-bit converter that has the same operating
voltage as the rate gyro (+/- 5V DC) and is made by the same company which will further
simplify the integration process. Additionally, the ADC has the capability of taking four
inputs and transporting them across the same seria port. Thiswould alow for future
teams to send the outputs of all three rate gyros across the same seria bus which will
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minimize wiring. Additionally the ADC throughput speed for one complete cycleisonly
10 s, which is much greater than the required averaging time of the rate gyro.

To summarize, the rate gyro was selected as the attitude sensor due to the small
size, resolution, cost, and ease of integration. The required resolution was dictated by the
pointing requirement which had two main design drivers: the size of the nadir pointing
cone and the duration of the mission. The Analog Devices. ADXRS150 rate gyro meets
the requirements of the system and will output an analog voltage that will then be sent
through an internal LPF and amplifier, and then through Analog Devices. AD977A 16-bit
ADC. This converter has a serial port output allowing for integration with a computer.
There are afew potential risks to this system which have been presented, however they
will not greatly affect CamCube based upon its operating environment.

6. Electrical Design Elements

As stated in Section 2.0 the main concern of the electrical design is providing
power to the components. The system will be composed of commercial off-the-shelf
parts reducing the amount of electrical design required. The integration of parts will
determine the connections of individual components electrically. Each individual
subsystem has anal yzed the cable requirements for itsindividual parts. The battery will
be comprised of 4 Li-ion cells arranged with two in parallel and two in series. This
configuration will allow a maximum voltage of 8.4V and anominal voltage of 7.2V.
Each cell will have a capacity of 1050mAh allowing the entire power system to contain
2100mAnh of battery capacity. The batteries will be purchased from Panasonic and have a
flat profile for integration into CamCube. The weight of each cell is 24g giving atotal
weight of the power system as 96g. A simplified block diagram of the power system is
shown in figure 13.

Figure 12: Power Block Diagram

The noise imposed on the system will consist of the nominal noise within the lab
station. This nominal noiseis 0.01mV nominally at frequencies of 60Hz and 120Hz.
The low pass filter and amplifier connected to the output of the rate gyro prior to the
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digital conversion will eliminate the majority of thisnoise. Other corrective factorsto
reduce noise will be to minimize cable lengths, utilize shielded wire, and through solder
joints with the soldering expertise within the team. The implementation of these factors
to the design of the system will allow for asignal to noise ratio above 10 dueto asigna
strength minimum of 0.15mV.

7. Software Design Elements

The purpose of the software is to ensure that the reaction wheels actuate in a specified
amount so that the cube pointsin the correct direction and drifts at the specified
minimum rate, which is checked by the rate gyros. The software must be compatible
with the output of the A/D converter of the rate gyro and able to output the cal cul ated
voltage to the motion controller of the reaction wheel. An ITL lab station will be used to
implement the software and act as a system for communication between the two
subsystems. The lab station has a D/A converter that will be used for the output to the
motion controller. It will also be compatible for the A/D converter of the rate gyro.

The code governing the attitude system will be written in Labview V1. The
Labview code will be overseen by a main program that implements all of the functions
necessary to receive the input digital signal and output the analog signal. Initialy it will
have a set of initial conditions which will be hard coded into the software, alowing for
the use of these conditions as the reference angle and rate. Then afunction will be called
that will retrieve the output from the A/D converter. The code will then take the digital
signal and convert it to a spin rate of the cube. The spin rate of the cube will be
compared with the desired spin rate initialy set. The difference of the spin rates will be
multiplied by atransfer function of the system and an input voltage to the motor will be
calculated. The voltage output to the motion controller of the reaction wheel will be sent
across the lab station external port. The motion controller will actuate the reaction wheel
and the rate gyro will measure the remaining spin of the cube and repeat the process all
over again, until the mission has ended.

The transfer function will be driven by the 40 Hz output of the A/D converter.
This frequency is the sampling frequency, therefore the bandwidth frequency of the
software must be %2 the sampling frequency, at most 20 Hz, according to the Nyquist
frequency requirement. If atypical damping ratio of 0.8 is used then the natural
frequency is 33.33 Hz, given by the equation below:

Wy = wy1- V

A theoretical risetime, overshoot, and response time will be calculated for the
reaction wheel. These values will be compared with the actual values and the transfer
function will be adjusted to make the difference between each value optimal. The
transfer function that will be used to control the reaction will is shown below:

X(s) _ Kes+K,
F(s) s*+(Q2wy, +Kq)s+(w; +Kp)

Where Kqis 12 and K, is 500. These values were found using a guess and check
method with initial valuesin an example found in reference 5. A Proportiona-Derivative
solution was found to be optimal. The integral part was not found to be necessary to
obtain an optimal solution because it added too much oscillation to the solutions. The
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value for the derivative was used to avoid too much of a decibel drop shown in the Bode
diagram in figure 13. The vaue for the proportional part of the solution was used to give
areasonable root locus plot as shown below. A reasonable plot would contain imaginary

poles and a damping ratio and natural frequency approximately close to the one used
above.

Figure 13: Step Response

As seen in figure 14, the response time for the system (time it takes to get to 90%
of the steady state) is 0.0485s. The overshoot is 3.86 % above the steady state. The step

response plot also shows that the system does not oscillate around the steady state after
the overshoot.
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Figure 14: Bode Diagram

The Bode diagram in figure 14 shows that at 40 Hz the signal drops off by
approximately -2.2 dB, the -3dB signal drop off isat 44.8 Hz.

Figure 15: Root L ocus
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The root locus plot in figure 15 shows the pole placement and overshoot for the
damping ratio used. The overshoots do not agree, but this could be due to a different
calculation of the steady state in the MATLAB rlocus function. The overshoot shown on
the step response plot shows more of an error, so the 3.86% overshoot will be assumed.
All of these plots show that the system is stable and it should be controllable. The signal
is not below the 3dB drop, which shows that alarge loss should not occur with the
transfer function.

The transfer function will be implemented into the system as shown in the
Simulink Model in figure 16.

Figure 16: Simulink M odel

The transfer function compares the angular momentums of the cube and wheel
then takes the difference to get the remaining spin left in the system. The motor
dynamics were found from reference 6.

Each phase of the software will be tested to ensure that it will work properly
throughout the experiment. The function that will retrieve the digital signal from the
serial port will be tested by sending aknown digital signal to the lab station and checking
the output of the function to seeif it matches. The transfer function will be tested by
making a Simulink model in MATLAB and checking the output to seeif it is reasonable.
Finally, aknown digital signal will be sent through the lab station’s D/A converter and
the analog signal will be checked on an oscilloscope to see if the desired responseis
achieved. Thefirst and last method will also be away of determining the system noise,
which can give the software a chance to improve its accuracy if utilized properly.

Latency and throughput analysis

The data output rate of the A/D converter will be 40 Hz through a 16 bit seria

port. According to Brad Duncan, the ITLL lab stations can operate at 800 Hz.

Therefore, the A/D converter will be the limiting factor in the system’s ability to

process data. The throughput speed will be 640 bits/sec and the latency will be 25

MSeC.

Fault analysis
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The faultsin the software are: the initial conditions of the system will not be zero,
small torques will act on the system that will change the assumed pointing angle
of the cube, and the software has alack of error handling due to unforeseen
problems and inexperience. The use of a computer screen and the ability of the
system to be controlled by a mobile computer should correct for the first two
problems. The latter will be dealt with throughout the testing phase of the project.

7.1. Latency and throughput analysis
The data output rate of the ADC will be 40 Hz through a 16 bit serial port.
According to Brad Duncan, the ITLL lab stations can operate at 800 Hz. Therefore, the
ADC will be the limiting factor in the system’s ability to process data. The throughput
speed will be 640 bits/sec and the latency will be 25 msec.

7.2. Fault analysis
The faultsin the software are: the initial conditions of the system will not be zero,

small torques will act on the system that will change the assumed pointing angle of the
cube, and the software has alack of error handling due to unforeseen problems and
inexperience. The use of acomputer screen and the ability of the system to be controlled
by a mobile computer should correct for the first two problems. The latter will be dealt
with throughout the testing phase of the project.

8. Integration Plan
The integration plan communicates how detailed designs are turned into a
finished product. It includes the following components:

Drawing tree
Assembly flow diagram to show the order in which parts are assembled

Functional test plan that describes how parts and subassemblies are to be
tested before integration into upper level assemblies

Identification of critical path elements on which the integration of the
system depends

8.1. Attitude Determination
The Analog: ADXRS150 rate gyro is so small that it is extremely difficult to
solder the necessary electronics. However, the company also provides an evaluation
board that has pin connections instead of these tiny solder points. This allows for testing
using an electronics bread board before permanently soldering the rate gyro to the circuit.
A schematic of the twenty pins on the evaluation board can be seen in figure 11.

8.2. Attitude Control
Choosing the motor and motion controller from the same company dramatically
simplified any integration issues. The FAULHABER Brush Type Coreless DC-
Micromotors Series 2224 006SR with IE2-512 integrated encoder can talk to the
MCDC2805 mation controller using just one cord. The motion controller can easily be
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hooked up to the computer through an RS232 port. The fabricated wheel will need to be
press fit onto the shaft of the motor. The group was assured by Matt Rhodes that there
would not be any foreseeable problems. Some minor complications may occur which
will be discussed in the Risk Assessment portion.

8.3. Drawing Tree
The following diagram is adrawing tree of all the main components to be

purchased or manufactured in the project. If the product is commercial off-the-shelf
(COTS), adrawing may not be included. All components that are not COTS will need to
be manufactured and detailed drawings and schematics can be found in the appendices.

Table 10: Drawing Tree

Drawing Subsidiary Projected
Code Component Subsidiary Subsidiary Manufacturing
Number: | Drawing: Schematic Title: Component Title: | Quantity: | Quantity: COTS? | Time (hours):
Cam-01-a Cube Assembly 1 N 4
Internal Mounting
Cam-01-b Hardware 5 N 2
Cam-02 Reaction Wheels 3 N 16
Cam-03 Rate Gyro 3 Y 0
Cam-04-a Motor 1 Y 0
Shafts
Transmitting to
Cam-04-b Reaction Wheels 3 N 4
Cam-05-a Battery/PCU 1 Y 0
Battery/PCU Housing
Cam-05-b Casing 1 N 1
Cam-06 Camera Platform 1 N 2
Twin Disk Test
Cam-07-a Apparatus 1 N 2
Cam-07-b Disk 2 Y 0
Disk Connecting
Cam-07-c Rod 1 Y 0
Cam-07-d Bearing Assembly 1 N 2
Cam-07-e Load Cell 1 Y 0
Cam-08-a 3 Axis Gimbal 1 Y 0
Gimbal/Cube
Cam-08-b Mounting System 1 N 1

As demonstrated in table 10, the total projected manufacturing time will be 21

hours. Thistime does not include assembly or integration; it is purely the time necessary
to fabricate the parts.

8.4. Assembly Flow Diagram
The assembly flow diagram depicts the order in which parts are assembl ed.
Though manufacturing time in this project may be relatively brief, alarge amount of time
may be necessary to properly integrate the components. This explains the significant
chronological gaps between various elements.
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Figure 17: Assembly Flow Diagram

The flowchart in figure 17 also highlights a compl etion deadline of the first of
March. Thiswill enable our group to spend the rest of the month of March and half of
the month of April testing specific components.

8.5. Functional Test Plan
All parts and subassemblies will be tested before integration into the cube. The
six fundamental systemsto be tested before integration are as follows:
e Aluminum Cube
— Theauminum cube has been continuously cross-referenced with Cal Poly

design requirements and specifications. Further testing is available at Cal
Poly university (shake-table and temperature resistance), but this year’s
project team will not seek testing at the facility.

* Reaction Wheel/Rate Gyro
— Dual disk testing apparatus will be used to simultaneously test asingle
reaction wheel working in tandem with a single rate gyro.

* Motor
— Known voltages will be applied vialab station equipment to determine if
the measured rpm values correspond to theoretical values
— Measure motor Speed (no)
« HPHEDS-5505 A06
— Measure motor current (10)
* Current probe
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* Battery/PCU
— Outputs will be checked to insure the actual output is sufficient and/or
consistent with theoretical values
* Voltmeter

8.6. Critical Path Elements
There are several project-critical components on which the integration of the
system depends. Though it may be possible to manufacture and install these components
without complete project failure, they will severely hinder the quality of data CamCube
produces during testing if proper measures are not taken. The critical path elements are
asfollows:
* Drive shaft Fabrication
— Mechanically delivering power from the motor to the reaction wheels may
be difficult due to frictional losses and/or slippage between the drive shaft
and the motor. Press-fitting the drive shaft may eliminate this problem.

* Center of Mass Distribution
— Setting the center of mass within 2 cm of the geometric center may be a
difficult task. However, the center of massis amost directly online the x
and y axes (within .01 cm). Itis1.36 cm below the geometric center on
the z-axis. Weighing components before integration on a digital scale may
ensure the actual weight isidentical to the manufacturer specifications.

» DataTransfer
— Issuing control signals between computer and reaction wheels through
ultra-thin wiring (to reduce resistant force during testing) may prove a
problem. Lab station noise alongside noise generated by CamCube could
affect datatransfer. The group proposes to use shielded wire of minimal
length, soldering expertise of a group member, and low pass filter and
amplifier useto correct for this occurrence.

* Servo Control
— Varying the current between the motor and the reaction wheels to induce
the necessary torque may aso be troublesome. A servo-actuator onboard
the purchased motor should be able to vary this current in the timeline
necessary to control CamCube. Thiswill be tested during the dual-disk
experiment.
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9. Veification and Test Plan
There are four basic methods to verify and test this project. Thetable 11 specifies
the constants, variables and measurements for each test.

Table 11: Constants, variables and measur ements of the four tests

Constants Variables| Measurements |Constants| Variables | Measurements
Test 1 Test 2
Lever Arm Current Applied Force 1 axis |Perturbations Movement
Connections to LC Applied Torque Displacement
Test 3 Test 4
1 axis Torque | Correction accuracy 1 axis Slew angle |Accuracy of slew
Response time Time of slew
Drift rate

Test oneis conducted using adual disk apparatus while tests two through four are
conducted using athree-axis gimbal. The following sections go into detail the specifics
of these tests.

9.1. Dual Disk Apparatus
Figure 18 shows the dual disk apparatus. The top disk isfreeto rotate on the
bearings on the bottom disk.

Figure 18: Dual Disk Apparatus

9.1.1. Test 1: Reaction Wheel Force

A reaction wheel will be secured to the top disk along with alever arm. Asthe
current is varied into the reaction wheel the lever arm will produce aforce on aload cell
placed to the side of the testing apparatus. From this force atorgue can be calculated as
well. A relationship can be established from the input current and the output
force/torque. The resulting transfer function will verify the theoretical transfer function
and constraints of the motor/reaction wheel system.

9.2. 3-Axis Gimbal/Movement Tracking System
The following three tests will be utilizing both the three-axis gimbal and the |aser
movement tracking system.
The three-axis gimbal is basically adouble U-joint. Thisyear’s project will be
fixing two of the axes to allow rotation about only one axis. Figure 19 shows how the
three-axis gimbal will be placed in the cube, which will then be hung from a string.
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Figure 19: 3-Axis Gimbal

The movement tracking system is simply alaser pointer mounted to the top of
CamCube and a grid placed on awall. The movement of the laser pointer, and thus
CamCube, will be recorded by avideo camera. The Digital Cannon A-70 Power Shot,
with aUSB interface, will be used. Thisway the data can be loaded into MATLAB and
the movement can be analyzed one frame at atime. Thereis also the option of analyzing
the data at specified time increments since adigital clock will also be filmed along with
the movement.

9.2.1. Test 2: Stability Test

With CamCubeinitially at rest, the offset of the center of gravity will causeit to
rotate about the free axis. These deviations will be measured while the reaction wheels
try to correct the cube. It is predicted that CamCube will maintain stability within 15°in
either direction of the origin. Thistest will be conducted over a 60-minute interval:
approximately the mission duration. Position points will be taken at either to be
determined time increments from the filmed digital clock, or frame-by-frame with
MATLAB. A position versustime graph can be created and the analyzed from this data.

9.2.2. Test 3: Applied Torque

A known torque will be applied to CamCube in thistest, for which the reaction
wheelswill correct. The response time of the reaction wheels will be measured as well as
the accuracy of the correction. CamCube will be able to maintain a maximum drift rate
of less than 0.352 deg/sec and a pointing accuracy of 0.01667 deg/sec. Once again,
position points can be taken one of the two stated ways and a position versus time graph
will result. Thistest will also plot a measured angular velocity versus atheoretical
angular velocity, as well as applied torgque versus response time.

9.2.3. Test4: Slewing Test

With CamCubeinitially at rest at a specified origin, the reaction wheels will be
commanded to slew the cube to adesired angle. The largest angle CamCube would have
to slew during the mission would be 180°, thus the various slew angles would vary
between 0° and 180°. The accuracy at which the reaction wheels slew to this angle will
be measured along with the time it takes. CamCube should be able to stop within 15° of

32



IDecember 15, 2003 CamCube Final Report ASEN 4018 — Fall 2003

the projected end angle. The response time can be analyzed through a position versus
time graph for each slew angle. Also, the accuracy of slew will be measured with a
actual minus predicted angle versus time graph. The step response can also be analyzed
by calculating the overshoot and settling time of the reaction wheels.

10. Risk Assessment
10.1. Attitude Determination

There are anumber of potential risk factors to be aware of when dealing with the
Analog Devices: ADXRS150 rate gyro. First, it isahermetic devicefilled at a pressure of
one atmosphere. Thelid is made of Kovar, amagnetic alloy, and if it is punctured the
performance of the rate gyro is drastically affected. The device requires an analog to
digital converter (ADC) to interface with a computer, therefore minimization of tethered
wiresis essential to minimize foreign perturbations of the attitude system. Additionally,
the rate gyro has aresonant frequency of 14 kHz, however thisis not a concern for the
system which will not operate at this frequency. The other frequency response to be

aware of isthe noise spectral density which isequal to 0.05°/s/+/Hz . The effect this has
on the resolution of the rate gyro can be seen more clearly in figure 20.

Figure 20: Root Allen Variancevs. Averaging Time[1]

Referring to figure 20 it can be seen that the resolution is a function of the
averaging time used by the sensor to calculate the angular velocity of the system. In fact
if the rate gyro were in a high frequency environment—thus requiring the minimum
averaging time of one second—the smallest rate it could sense would only be between
0.05 and 0.06 deg/s. Thiswill not be a primary concern for CamCube since it will be
sensing at alow rate of and will be able to allocate the required averaging time of 10
seconds in order to yield the maximum performance of the gyro. Thusit will be able to
sense small angular velocities between 0.015 and 0.025 deg/s.
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10.2. Attitude Control

A magjor factor that could introduce error into the entire system will be wobbling
of the wheel. The fabrication of the wheel will not be a perfect process, but to avoid a
wobble the fly-wheel must be balanced. The wheel could be balanced by drilling at
specific points to relieve mass from the wheel, therefore balancing out the whedl. If the
wheel is not aligned directly perpendicular to the shaft of the motor it will also introduce
awobble on the cube. The bearings inside the motor could also be damaged if the wheel
is pressed onto the motor without access to the shaft of the motor.

Accepting that the wheel will never be balanced, a system of rubber washers
between the motor and the cube could be instaled. The hole at which the wheel is
screwed into the cube must also fit loosely to avoid any side torques induced on the cube
from the reaction wheel. A rubber washer must be inserted between the motor and the
cube and also between the screwed head on the outside of the cube.

Another way to relieve torques from the reaction wheel onto the cube could be to
place two plates on each side of the motor. The plates would screw into stiff rubber
supports that would elevate the motor from the floor of the cube. On the outside of the
cube, screws would screw into the rubber mounts. This would be like putting the spring
on four springs. This method would only be necessary if the manufacturing of the
reaction wheel can not be carried out in a satisfactory manner.

One problem that will be outside the control of the reaction wheel is that small
torques would act on the cube that would require actuation from the reaction wheels. The
torque required from the wheel would be too small to actuate and the difference between
the two torques could produce an error larger than the initial torque. The only way that
this scenario could happen would be if torques were not induced onto the cube from the
launcher so the wheels would not be initially spinning to counter the small torques.

11. Project Management Plan

The project management plan consists of an organizational chart, work
breakdown structure, project schedule, and budget projection. Elements of these can be
seen in the following figures and tables.

Figure 21: Organizational Chart
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Table 12: Work Breakdown Structure

Control

Number Activity Name
11 Planning and Scheduling BR
12 Financial M anagement JuU
1.3 Task Management BR
14 External Interface TF

Goals, Objectives, and Needs

21 Documentation BM
Requirements and
2.2 Specification Definition BM
2.3 Orbital Analysis JuU
24 Flight Plan JuU
25 Test Plan SB
. 3  ReationWhed  JU
31 Whedl TF
3.2 M otor SP
. 4  RateGyro  BM
4.1 Design BM
4.2 Fabrication BM
.5  Structure SB
51 Design SB
5.2 Fabrication SB
. 6  DataAcguistionand Control ~ TF
6.1 Rate Gyro BM
6.2 Reaction Whed TF
6.3 Control Law TF
.7  Integraton  BM
7.1 Space Allocation BM
7.2 Mounting SB
7.3 Softwar e TF
8  Teting Ju
8.1 Twin disk testing apparatus JU
8.2 3-AxisGimble TF
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Figure 22: Schedule
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13. Appendices:
13.1. Product Data

13.1.1. Motion Controller

Table 13: Technical Data on Motion Controller

Figure 23: Physical Dimensions of M otion Controller
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13.1.2. Motor
Table 14: Technical Data on M otor

Figure 24: Physical Dimensions of M otor
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13.2. Schematics

Figure 25: Basic Schematic of M otion Controller
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13.3. Drawings

CamCube
M echanical Drawing Package
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