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ABSTRACT

The Compact Infrared Radiometer in Space (CIRiS) mission is envisioned as a calibration laboratory in space to test
source viewing order and timing. Furthermore, it demonstrates the use of vertically aligned carbon nanotubes as a
very high emissivity source and an uncooled microbolometer. Due to the focus on instrument calibration, this program
spends a significant amount of time in the thermal vacuum chamber to attain a good quality ground calibration. The
resulting test plan is presented, along with the plan as implemented, and several lessons learned from the process.

INTRODUCTION

The Compact Infrared Radiometer in Space (CIRIS) is
an instrument developed by Ball Aerospace for Long
Wave Infrared (LWIR) radiometric imaging from space
in a CubeSat-compatible configuration!. With its own
on-board calibration system, CIRIS is capable of a wide
range of scientific, operational and commercial
application. Specialization for a given application is
facilitated by a modular instrument design enabling
changes to a subsystem without impacting the overall
architecture. CIRIS has been integrated to a 6U CubeSat
spacecraft bus for demonstration in a Low Earth Orbit
(LEO) mission and completed a Thermal Vacuum
(TVAC) campaign in this integrated configuration.
TVAC activities included transfer of calibration to two
on-board calibration sources, environmental testing, and
instrument performance characterization. Launch is
scheduled for December 20109.

Conceived of as a “calibration laboratory in space” the
CIRiS instrument enables on-orbit selection of
calibration parameters including source temperatures,
viewing sequence, timing and other variables. The
primary objective of the CIRiS mission is to demonstrate
new technologies for radiometric calibration on a
CubeSat?. A secondary objective is to identify effective
methods to achieve high radiometric and calibration
performance in an entirely uncooled CubeSat-
compatible instrument imaging in the thermal infrared
wavelength range.

CIRIS images in three infrared bands (Table 1), which
may be scanned across the Earth from LEO in
pushbroom mode to generate three parallel image sets. A
scene select mirror enables direction of the FPA Field of

View (FOV) in four orthogonal directions (Figure 1),
comprising one nadir view for science imaging, and
three views for on-orbit calibration. The calibration
views are to: 1) deep space 2) an on-board source at a
selectable and controlled temperature and 3) an on-board
source at the instrument temperature, also controlled.
Calibration in space may use any subset or sequence of
the three calibration views. The on-board sources are
themselves calibrated on the ground using a National
Institute of Science and Technology (NIST) traceable
source prior to launch.

The CIRIS instrument has many potential Earth and
planetary science applications®.

Table 1. CIRIS specifications.

Instrument Parameter Value for CIRIS

F/# F/1.8

Angular resolution 0.00122 radians
Field of View 12.2 x 9.2 deg

GSD (500 km altitude) 0.166 km

FPA format 640 x 480

FPA NEDT (F/1,300 K) <50 mK

Band 1 7.4 umto 13.72 um
Band 2 9.85umto 11.35um
Band 3 11.77 umto 12.6 um
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Figure 1. The CIRIS instrument has 4 different
viewing directions that include Earth view, and 3
views for calibration. The top image shows a
cutaway of the instrument, and the lower image
shows the positions looking down the motor/mirror
rotation axis.

New technologies in CIRIS include a recent model
640x480 uncooled microbolometer Focal Plane Array
(FPA) with improved radiometric stability, and high
emissivity, flat panel, carbon nanotube (CNT)
calibration sources (Fig. 2). Multiple thermally
controlled zones address the challenge of temperature
stabilization from LEO with a significant limit on
insulation volume. The single electronics board performs
all instrument electronics functions (Fig. 3). Spacecraft
solar arrays and battery capacity are sufficient for day
and night operation. Multiple CIRiS instruments
deployed on constellations of CubeSats or smallsats
would be capable of observations with short revisit times
and/or high levels of global coverage. Applications that
could  benefit include volcano  monitoring,
evapotranspiration  measurement  for  monitoring

irrigation sufficiency and drought prediction, and
disaster detection and monitoring.

Figure 2. CIRIS uses 2 carbon nanotube calibration
sources for on-orbit calibration.

Due to the calibration focus of the CIRiIS mission,
significant effort was put into the calibration and related
testing for this CubeSat. The resulting test program is a
mix between the testing typical of a larger NASA
program and the minimum required for a CubeSat
secondary launch.

CIRIS TEST PLAN

The standard plan of “do no harm” for secondary
payloads is only to protect the primary payload and does
not ensure survival or performance of the CIRIiS
spacecraft. CIRIS is a calibration testbed, making the
calibration portion of the test program especially
important. The overall integration and test flow for
CIRIS is shown in Figure 4.
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Figure 3. Left frame: An exploded view of the CIRIS instrument and spacecraft. Right frame: The CIRIS
spacecraft with solar arrays deployed.
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Figure 4. The CIRIS program followed a combination of CubeSat required testing and more rigorous TVAC
and calibration procedure.
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The instrument integration phase started working with
the spacecraft early in the process. This was enabled by
procurement of a spacecraft avionics EDU that matches
the power and data interfaces of the flight spacecraft, and
the command interface of the flight system. Throughout
the instrument development and build phase the
spacecraft EDU electronics were used. This was used as
early as the initial instrument control electronics board
testing. Through integration it was used to wring out any
interface issues early and resulted in a very quick and
trouble-free integration of the instrument to the
spacecraft.

The functional tests for the spacecraft, instrument, and
combined flight system were developed to test as many
of the functions in the system as possible in ambient (and
gravity) while minimizing the support equipment
required to perform the tests. These tests were run
multiple times to performance can be trended through the
I&T process and through environmental tests. These
procedures were also written so that sections could be
used in TVAC without significant new writing. All of the
procedures and the test order used in TVAC were dry-
run prior to the TVAC test to minimize the time spent in
the TVAC chamber (when time is expensive) as much as
possible.

Due to the importance of the thermal environment for
calibration and atmospheric absorption in the bands
CIRIS operates, the calibration program is executed in a
TVAC chamber. Furthermore, the calibration program
uses a blackbody source that that requires vacuum and
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that was calibrated by NIST. The planned TVAC profile
is shown in Figure 5, and executes one cycle at survival
temperatures to ensure heaters activate properly. This is
followed by a series of steps where calibration is
performed at a range of temperatures that span the
expected possible operational temperatures on-orbit.
Finally, two thermal cycles are performed at operational
temperature limits. The integrated spacecraft with all
flight thermal coatings is shown in Figure 6, just prior to
entering the TVAC chamber. The cylinder on the right
edge of the photo is the blackbody calibration source.

Figure 6. The CIRIS spacecraft, with thermal
coatings applied, but no solar arrays, ready to enter
the TVAC chamber.
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Figure 5. TVAC profile as planned.
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The next test in the flow is a ground station compatibility
test. This test is performed to validate the
communication system end-to-end using the actual
ground station and the ground command system. The test
is performed at NASA Wallops using the 18m UHF dish
that will be used for flight and the same software that
SDL will use to command the system during flight. This
test was successful and found several documentation
errors that were corrected prior to launch, and would
have significantly slowed the commissioning of the
spacecraft after launch.

Vibration testing follows the ground station
compatibility test, and is written around the requirements
flowed from our launch provider. The launch for CIRIS
is a SpaceX Dragon capsule to the International Space
Station (ISS), then gets mounted to the exterior of a
Cygnus capsule, and deployed at ~500km altitude. The
test set is minimal due to the benign launch environment.
Random vibration levels are set higher than the measured
launch levels to provide an adequate structural test.

The final testing is day in the life (DITL) and final
inspection where mass properties are measured. The
DITL test is aimed to provide a final verification of the
macros saved in spacecraft memory and the full
command sequence for the activities planned on-orbit.
This test will involve our spacecraft operators at SDL as
well as the CIRIS team at Ball to help identify any issues
with the operations process prior to launch. The
spacecraft will be delivered to the launch integrator on
October 2", 2019.

CIRIS TEST CHANGES

Several changes have taken place over the life of the
program, with the two major changes being a change in
launch provider that changes structural testing and
battery testing, and an anomaly in TVAC that forced a
test re-plan while in the chamber.

The launch vehicle uncertainty is something that most
CubeSat programs face, and CIRiS had originally
planned for it by writing a vibration test procedure that
included all possible tests with levels from GSFC-STD-
7000. This was aimed at a launch that did not involve
ISS. When the launch was changed to one that involved
ISS, the vibration test procedure required updates since

many of the tests are not required, but the levels are also
uncertain due to the additional requirement of review by
the NASA Safety Board. This has been an issue since the
battery test requirements are different than the spacecraft
test requirements, and confirmation of the required levels
has been very slow. With ISS involved, CIRIS also needs
to add battery testing to the plan since the CIRIS battery
is 176 W-hrs, significantly above the capacity ISS allows
without special testing. Additional battery charge and
discharge testing is now planned following vibration
testing to satisfy these additional requirements.

The second major change to the test program came in the
TVAC chamber when the calibration motor home sensor
stopped working at low temperatures. This issue was
found the first time the spacecraft went cold in the
chamber, and a motor movement error reported during
the functional test suite. Experimentation found that the
home switch was the source of the problem, and further
changes in temperature identified the temperature at
which the switch stopped working. This was only an
issue because the FPGA code did not allow the motor to
move without a valid home command. A scheme was
devised where a valid home command was issued at
warm temperatures, then the instrument remained
powered-on for the remainder of the test so the command
was still valid. This required a change in the test profile
(Fig. 7), that started on a warm temperature plateau to
enable a valid home command. This procedure was
adopted because breaking the test setup to open the
chamber and make a hardware or FPGA code change
would have caused several days of delay.

The process of commanding the motor movements
without a working home switch also uncovered some
inconsistency in the position that the home switch
reported at different temperatures. It was found that
counting motor steps and verifying position by scanning
the nadir aperture were a more reliable and consistent
method of positioning the scene select motor. The FPGA
code was updated after the TVAC test to allow for
movement without a valid home command to ensure that
the motor can be moved when on-orbit, even if the
temperature is lower than predicted, and lower than the
home switch can tolerate.

Rohrschneider

33 Annual AIAA/USU
Conference on Small Satellites



70

Survival Temperature/Bakeout Range (-30 C to +60 C)
60 BAKEOUT 0 ' OPERATIONAL TEST GROUP Operational Temperature Range (-20 C to +40 C)
RVIVAL HEATER TESTI Temperature Plateaus for Calibration and Characterization
A8\, SURVIVAL HEATER TESTING (-18 Ct0 +35 C)
50 ‘ CALIBR & CHARACTERIZATION TESTING
40 0/ HOT-1 0 HOT \ 9/ HOT-3
Transfer of calibration 2

30 /| to CIRiS on-board Al
— 35T
1=A sources
@ o o ' 0o 0o
g 20 v 4 F..
£ CAL+18C ¥4 CAL+18 C
g L. RER | | ‘ [ I IJ
5 CAL+8C \ J [ l

0 M |
CAL-2C \ 1 FAL-zc
10
CAL-12C L . l

20 _0 .T' (o] o

- coLb-1 T COLD-2 COLD-3

-30 A

-40

°© R & 8 8 % 2 2 @ X R B B 2 8 &8 8 8 &8 & & 8 & & 49
o - @ 5] -] (=] £ =] L] @ (=] £ (-] L] @ (=] £ @ (%] @
Estimated Time (hours)

Figure 7. Modified TVAC profile after calibration motor home switch anomaly.

LESSONS LEARNED

The CIRiS program is the first CubeSat program
executed at Ball Aerospace. Processing exist to enable
this level of rigor. Three key lessons learned are
presented here to enable better execution of future
missions:

First, not having a launch makes design difficult, and
makes getting resources difficult. This is a common
problem faced by CubeSat programs, especially those
using NASA’s Educational Launch of Nanosatellites
(ELaNa) program, where the launch is often not applied
for until the program is won, and the launch award is not
made until after the design phase is complete. Ball
handled this by designing for the GSFC-STD-7000
structural environment, but there were implications
beyond the structural environment. The program was
originally not slated to pass through ISS, and the late
decision to use an ISS launch necessitated additional
battery testing and approval of waivers by the NASA
Safety Review Board. These changes added significant
effort to the program that was not planned. In hindsight,
the program would have performed the extra battery tests
during the build phase to keep the launch options open
and reduce additional effort late in the program. The
other consequence of not having a launch date is the
management challenge: without a firm deadline, things

don’t appear to be as high a priority. This is especially
difficult for a program with mostly part-time help.
Setting a launch date earlier in the program (even if it
isn’t solidified) helps drive program execution and
maintain priority with employees and management.

Second, CIRIS was executed with a small team to keep
turnover low and to keep the few people employed at a
higher percent of their time. None were full-time on the
project. This small team execution was very efficient for
the design and build phases of the program but was a
challenge for the long (21 day) TVAC test campaign. To
staff the TVAC test 24 hours per day required the
addition of 4 people to the CIRIS roster, and even with
that the test was executed with only one person per shift.
This forced the 1&T lead to work very long days to cover
the shift changes at the beginning and end of the normal
work day, and to cover odd hours when questions arose.
A better approach would have been to add an I&T
engineer earlier in the program so two people had
extensive experience operating the system and could
cover the two shift changes and split time answering
questions at odd hours.

The third lesson is related to the second: write good test
procedures, even if process does not require it. This helps
extend the team with minimal training, and reduces
errors through the test campaign. CIRIS did this, and it
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proved invaluable during TVAC testing when staff from
outside the core team were required. It was also valuable
for night shift when only one person was awake to run
tests. The original program plan did not write complete
step-by-step procedures, but it became evident that it
would be necessary for TVAC, and it proved critical that
detailed procedures were available.

CONCLUSIONS

Ball has processes in place that enable the low-cost
execution of a CubeSat mission, and the experience to
understand where extra effort is worthwhile. Program
execution used a small team with a mix of younger
engineers with energy, creativity, and a desire to learn,
and seasoned veterans to help identify best practices and
where problems might arise. This along with a thorough
test program helped ensure a quality product that is ready
for launch.
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