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|. Mission Overview

On March 7', 2009, the Kepler Spacecraft was launched for a 3.5 year mission in the hopes
of discovering habitable Earfized planets in surveying a portiohthe Milky Way galaxy.

Kepler will hold the same field of view for its entire flight duration and continually observe the
photometric output of its collection of star&.planet orbiting that star will demonstrate a
periodic dip ians at hsatta rpdlsa nberti gphatsnseesss bet ween Ke
output of the star, which is also known as the planetary transit detection mé&tred.

SPARTANYV payload is entertaining that the same capabilities of the Kepler mission can be

obtained with greter ease and a fraction of the cost with lighter than air balloon based

observatoriesF | oati ng above 99% of Earthds distortin
may be a perfect viewpoint for capturing clear imaging of the cosmos.

The strongest niwvation for this project has been the recent Kepler discovery of an
exoplanet to be orbiting a star similar to th
The high cost of Kepl er 0 sfromlnaccessibilitypfrepairdi t and
makeballoon based platforms a higHisasible, cost efficient alternativaVith its low cost,
more than one AKeplerdo can be plseverabdlooastto t he e
view as many stars as possibM/ith this, the possility of an army of balloon payloads to view
the edges of space is not fewm the future.

A. Planetary Transitsand E a r t Atimispheric Light Scattering Effects

SPARTANV 6 s pr i mar ydetemmirse she feasibility ®f detexting planetary
transis from a high altitude balloon platform at approximately 120,000 feet (36km$. will be
focusingont he | evel of interference from the remai
and if that interference is minimal enough to distisgua planetary transiSignal to Noise
calculations otheimages detail to what magnitude this distortion has on an optical system at
this altitude.

B. Balloon Environment Characterization

SPARTANVOs secondary missi on thawldASP thakoonhel p i n
environmemnwith the use of a-axis gyr@scope a 3axis accelerometer, and a number of
temperature sensors internal and external to the SPART Atducture. All these senars were
sampled at a rate ofHz for laurch and duration of fjht.

The bal | oedoringfligit proved torba faster than anticipated, and a number of
imageshad stars which were streakiagross a number of pixel@lthough this was not the data
anticipated, it does providmother method to calculate th@rsrae of the HASP balloon ithe
yaw rotation Comparisons were also made between gyro data and image calculated spin rates,
yielding promising results.
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Figurel, below, shows the anticipated flight concept of operations for the SPARVAN
payload. After approximately four hours, float altitude is reached by the HASP platform,
wherein the SPARTAN/ payloadis configured such thalhe telescope lockgdiacing down to
protect from the suhpandthe electrical system running and collecting platform characterization
data. After astronomical twilight, théelescopés unlockedand set into position to begin
collecting image dataSensor data collection is continued throughhbatnight. Upon flight
termination, theaelescopes locked and the system to powered down for HASP descent.
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Figure 1. Flight Concept of Operations(Launch to Termination).
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ll. Mission Background and Theory

NASA's Kepler pacecraft was launched on Marchaf 2009, for a 3.5 year mission to
survey and discover hundreds of Easthe and smaller planets within our regiorilad Milky
Way. Kepler will view the sam@eld of view (10 degrees squareghown in Fig. 2for the
duratlon of its flight, monltorlng approximately 100,000 stars to measure periodic variances in
; - - their brightnessA peri odi c decrease in
would be indicative of a planet orbiting that starhis planetary
detection method is also known as a planetary transit, which is
shown inFig. 3 below.
As of Decembenf 2011, Kepler has announced 30
confirmed planetary dlscoverié(p s Being that these plats have
short orbital periods, a max of 4.9 days, Kepler is able to verify
that the periodic dip in brightness is due to agiting planet.
Even with 2,30(planetary candidates found in just two years,
the majori dy of discoveries are not expected téooed until
Ke p | & yearsnflight.
For a 3.5 year flight, Kepler is estimated to cost $600
million. It has also been speculated that Kepler could be
extended to a 4 year or even a 6 year flight, causing the $600
million cost to increaseThealternative use of a BalloeBased
Observatory (BBO) to view and measure the photometric output
of stars could achieve Kepler's mission for a fraction of the cost.
By comparison it costs around $600 per kilogram to launch a
payload into the uppestratosjpere upon a lightethanair
vehicle, while prices soar upwards of $20,000 to launch a single
kilogram into Low Earth Orbit (LEO) on a rocket. BBOs ascend to anddtiof 120,000 feet,
above 9% of Earth's atmosphere. At such an altitude, therelestiitno influence from the
weather, making the flight environment highly stable for optical devices. Also, since balloon
vehicles are significantly cheaper, it is possible to station more than one in Earth's upper
atmosphere. BBOs are also
more easilyaccessible for
maintenance or adjustments.
Balloon Based Observatories
may be the perfect alternative
for discovering more of the
universe we still know so little
about.

Figure 2. Kepler's Field of View of the
Milky Way Galaxy.

Transit Light Curves

Kepler 4b Kepler 5b Kepler 6b Kepler 7b Kepler 8b

Orbital

’(’:'iﬂd) 3.2 days 3.5 days 3.2 days 4.9 days 3.5 days
lays)

Figure 3. Transit light curves from 5 Kepler exoplanets discovered.
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lll. Engineering Application

In pursuit of fulfilling the science objectives of the project, a physical unit was
engineered. The following sections provide a background of the payload that was built by the
Colorado team during the course of the HASP 2010 lifetime.

A. Mechanical design

Based on the HASP platform requirements, a
1266 x 1766 volume envelope with a mass | ess
parts: the electrical casing, rotary table assemblyteladcope. The electrical casisgrves as
mounting for the majority of electronics including motheatd and memory storage devices.

The rotaryassemblys positioned at the top of the electrical housang includes two pitch arms
that support the telespe structure. The telescope consists of a custom built folding refractor
telescope that allows for photometdata to be taken on flight. Figurelelow, shows a
comparison between the design and fabricated structure.

Figure 3. SPARTAN-V design and fabrication comparison.

The electrical casinggasconstructed with a primary skeleton of horembed 6061T6
aluminumalloy for maximum strength, as well as insulated with foam core in order to maintain
as stable a thermal environment as possible, and protect from solar radiatiootary table
was made to support both the t econsistcobgbasés wei g
plate that mates to two vertically parallel precision bars that house the bearing on which the
telescope rotates. Thelescope itself was manufactured separately to house the optical system,
explained in the following sectiofigure 5displaysthe components of the design and flight
structure.
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Telescope

Figure 4. SPARTAN-V design and fabrication comparison.

B. Telescope Design

The mission of the SPARTAIN team was heavily dependent on the optics chosen to
completethe photometric imaging. The telescope used was a custom designed and fabricated
folding refractor desigdisplayed in Fig. @vith a 70 mm aperture and 400 mm focal lengtins
design allowed for a lighgensitive telescope to be packaged in a small &éhout the folding
design technique, the telescope would have to extend three times the length to achieve the same
precision.

~

75 mm
primary lens

75x75 mm
mirror

Figure 5. Detailed internal view of the SPARTANYV telescope design.
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In the lower left of theliagramis the75 mm primarylens, where the light enters and
then is reflected bthe 75x75 mm and 40x40 mm mirinto the chargedcoupleddevice,or
CCD. A close up of the CCD camera may be sedfign 7, below.

Figure 6. QSI 504 CCD camera.

The telescope was machined locally with the help of team mentor, Russ Mellon of
Equinox Interscience. 1t is comprised of alum
armso of the payload in xstder to rotate about

Post fabricationthe telescope was aligned by laser and optical methods. The light path
was aligned byointing alaserinto the lens and allowing it to reflect off the mirrors into the
CCD mount, as seen kig. 8 Once the correct light path washieved, the laser was focused to
the estimated focal plane of the CCamera.

Fi.guré 7. Laser Beam Mirror Alignment Set Up
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Theoptical focus was thealigned using &/ SAF threebar alignment charpictured in
Fig. 9 This photo was taken by the SPARTANtelescope during alignmerithis test allows
for the camera to take a physical picture of gagrin this case, three barsetsmaller the set of
bars that the camera can focus on, the greater the angular resolutio

CCDImage5 = =

Figure 8. USAF three-bar alignment.

Using the testing setpin Fig. 1Q the telescope was focused to infinity through a
collimating lens. This essentially makes the target seem very far tvmsagnimicslooking
through a telescope backwards.

Optics Calumniating Lens Pinhole

Image

Output Backlit LED

Figure 9. Optical bench setup used during alignment.



This test was a good benchmarlatgn the focus of the telescope, but to further focus
the camera a pinhcleED setup was usedBy performing the same technique of focusing the
target at infinity, the telescope focused on & S@wide hole. This alloweébr a more precise
focusing of the optical system filiight. Figure 11displaysa photo taken during the pinhele
LED alignment.

Figure 10.CCDi mage of 50 em pinhole for alignment

After alignment theelescope was used for sevaraght observationmearBoulder, CO,
and confirmed to function properlyhese observations verified the functibiyeof the telescope
at groundlevel conditionsshownin Fig. 12 below. The telescope was later verified to operate in
a thermal vacuum chamber located in Palestine, TX, granting the payload flight certification.

Figure 11. Ground-based star field image captured with aligned optical system.
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The telescope field of view was angled at approximateabbve the horizon (red line
in Fig. 13), ensuring that viewing was not obscured by other payloads on flight, or the bottom of
the balloon.

55° Above Horizon - Field of View:
' 2/3°

Figure 12. Telescope field of viewand flight pointing angle.
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C. Electrical Power and Hardware Design

The electrical hardware and power system is display&th. 14 below, which also
presents a visual representation of the data flow for the SPART A)tem.

30V at 2.5A is provided by the HASP platform to the SPARPAMNayload, which is
stepped down through a series of linear regulators to the appropriate voltedes fue various
hardware components. All components are powered to the shown voltages upon system start up,
with sensor sampling initiating via the AVR microcontroller.

HASP Serial o HASP Power TeD Bt
= v,
R SATA S 19V —® Dowar
Uplink & [Downlink ———+ T2
| Motherboard Power Board
5V
CPU.x v
&
i 5V 1= i
5V
L2w 5V 33V 5V
USE 2.0
cC
-232 12V 0 o
RS-232 IR Motor Driver Board Linear Actuator
5V
i *}_ﬁ:: | Telescope Motor
Step
P -
= Ensblz Sensor Board
- Di - .
- st;p 3-Axs Gvro
2 X-Y Accel
- AVE MITX Ssmpling Control 7 %.CCE].
anc — Analog Data Lines . 6 Temp Sensors

Atmega-32 AVR

Figure 13. Electrical Hardware, Power, and Data Flow FED
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SPARTANYV consisted of ningensors total, and information is provided in Table 1
below. These sensors will help to characterize the HASP badogironment, which will detail
temperaturespin rates and pendulum motion of the platform at float altitude of 120,000 feet.
The temperature sensors are also used to help detect thermal failures within the SPARAN
system.All sensors were sampled at a rate oHEOfrom the A/R microcontrollerwhich
cycles through the sensors with8:2 multiplexer. The analog outputs of the sensors are sent to
the 10bit ADC of the AVR, which is then saved to the Solid State Drive (SSD) via32and
SATA communication.Images captured during flight weresalsaved to the SSD via USB 2.0
and SATA communication.

The AVR also provides hardware logic control for the telescope motor and linear
actuator. Serial uplink commands are sent to the Motherboard, which is then communicated via
RS-232 to the AVR. Depenidg on which byte the AVR receives, it will call the appropriate
action for the corresponding hardware component.

Table 1. SPARTAN-V SensorDetails

Sensor Voltage Sensitivity Placement Functional
Temp Range
ADXL325 3.3V 174mV/g Sensor Board -40 to + 88C
3-Axis
Accelerometer
LPR503AL 3.3V 33.3mVe/s Sensor Board -40 to + 8C
Pitch, Roll
Gyro
LY503ALH 3.3V 33.3mVE/s Sensor Board -40 to + 88C
Yaw Gyro
AD592 5V 1uA/K 1 Sensor Board, | -25to + 108C
Temperature 2 Motherboard,
Sensors 1 External, 1 Motor,
1 Linear Actuator

13



HASP 2010 SPARTANYV Final Report

S, 00

L e

Figures 15and 16detail the orientation of the sensors relative to the HASP launch
vehicle, and to the SPARTAN payload.

Figure 14. Orientation of X and Y accelerometes and yaw, roll gyroscopesensors relative to the HASP
Platform.

Yaw Gyro
about Z-Axis

Figure 15. Z accelerometerand pitch gyroscopesensororientation relative to the HASP Platform.

14
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All uplink and downlink traffic is sent to the CPU of the Motherboard, which either sends
health and status (H&S) packets down, or calls an awtittrin the SPARAN-V system.
Details for each health and status packets are includeabies 2 and , 3elow. A full list of
uplink and downlink commands detailed in theAppendix(Table7).

Table 2. Large Health and Status Packet Table 3. Small Health and Status Packet
Packet time stamp Current CPU Usage
Number of uplink SSD Data Storage

commands successfully
received

Number of process
restarts from Watchdog

Last process restarted

Runtime since last resta

What restarted/initiated
the software system

15
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D. Software Des

i. High Level Software Architecture

The software system is built around two major components: the motherboard and the

HASP 2010 SPARTANYV Final Report
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AVR microcontroller. Figurd7 below presents a flow diagraior the SPARTANV software
system and primarily handled by theatherboard softwareThe motherboard includes

software Watchdog that monitors the status and operation of the entire software system upon the

motherboard, and interfaces with the power board, CCD camera, and SSD de\cesletails
about the software architecture of the motherboard, microcamtratid process watchdog are
detailed in the sections below.

Higher Level Software

Health and
Status

Y

v
Watchdog
Process
!
Init
Process
Power Image
Capture
Process
Process
Power CCD
Board Camera

Dr. Guzik

~ MotherBoard

Micro-
Controller

Y

Sensor

Update

!

Uplink &
Downlink
Communication

,

Serial
Communiction
Process

Ground
Station

16

Data

Motor
Control

Linear
Actuator
Control

Sensor
Board

Figure 16. Higher Level Software Flow Diagram
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ii. Motherboard Software

Serving as the central processing edatonrboard thepayload, thenotherboard is
responsible for objectives necessary to the mission. The motherboard software system is
desgned to properly handigataand commandssupport image capture functionality, and
maintain reliable operation for the duration of tight.

Command and data handling involves irdgstem communication that spans the entirety
of the physical payload. In order to provide this communication between processes, a certain
structure was designed to enable parallel processing and the qoeniagsages. Message
gueue wrappers were created for each process that contained awaiting messages (according to a
first in, first out policy), where a message is either a command or data. This enhances parallel
processing capabilities of the system bypimg interthread communication, and providing
more efficient command handling capabilities.

Uplink and downlink processes are essential to the command and data handling system,
as they serve as the means of delivery of messages external to the naottierbagh serial
communication On the motherboard side, one serial port was set to simply read data coming in,
and another as the output serial pd@eparating serial data in and data out on the motherboard
allowed for ease with system communicatwith HASPand intersystem communication for
hardwarecontrol Figure 188 hows a bl ock diagram of the mot he

Figure 17. Block Diagram of Motherboard Control

Health and status data from the AVR is parsed sent to the SSD to be either stored or
downlinked to the ground station upon request by the process local to the motherboard that
generates health and status packets with this data and from calculated system statistics.
Commands sent from the grousi@tion are parsed and sent to appropriate message queues. If
the command involves control of the linear actuator or telescope movement, the command byte
is relayed to the AVR serially where it is pr

Image cature functionality is defined as capturing an image using the CCD camera and
storing the image to the SSD continuously throughout the flight. The image capture process
controlled the camera exposure settings and timing of image capture as well astiending
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