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The FalconSAT Capstone Program at the United States
 Air Force Academy 

Abstract

The Space Systems Research Center at the United States Air Force Academy is building a cadre of satellite space professionals “one cadet at a time.”  Its motto and aim is for cadets to “Learn Space by Doing Space.”  All the cadets majoring in astronautical engineering perform a one year long capstone program of the design, fabrication, testing, launching and operating a satellite in space (FalconSAT).  This program works like any Air Force program, with the cadets being the contractor, and the faculty and Air Force funding agencies being the Air Force Manager.  The program has approximately 45 students, with eight to ten faculty mentors.  The program is fairly stabilized with a satellite launch every two to three years.  FalconSAT is a multi-disciplinary program.  In addition to the cadets majoring in astronautical engineering, selected cadets majoring in, physics, electrical engineering, mechanical engineering, computer science, and management are also on the team.  All of the normal milestones, reviews, presentations, and reports required in an Air Force program are required of the cadets in this program.  The cadets do all of the briefing.  The cadets also do all of the hands-on work including clean room manufacturing and assembly, and bake out and vibration testing.  It is a true cadet run program with faculty mentors to keep things on track.  Outside reviewing agencies include NASA, Air Force Laboratories, Aerospace Corp, Air Force Space Command, and representatives from the civilian space community.  The current goal is for every FalconSAT satellite to have DoD Space Experiment Review Board (SERB) approved experimental payloads (FalconSAT-3 has three).  After presenting the development, challenges, and advantages of conducting an undergraduate space program performing world class research, this paper details the cadet construction, testing, preparation, and results of the March 2007 launch and operation of FalconSAT-3 on an Atlas V launch from Cape Canaveral.

Introduction

The United States Air Force Academy Department of Astronautics and its Space Systems Research Center (SSRC) focuses on cadets “learning space by doing space.”  The FalconSAT program follows the Russian approach of building three satellites per mission:  engineering model; qualification model; and flight model.  This approach gives each cadet class a significant deliverable/milestone every year with a plan of completing a new mission every 3 years, while allowing the cadets to experience “hands-on” assembly, integration, and test.  It also reinforces the importance of documentation, since each cadet class must pass their work to the next class – approximately 30 senior class cadets take the course each year.  Finally, it significantly reduces program risk by avoiding last minute integration and testing issues which lead to scheduling and budget woes for many space programs.

The FalconSAT Program

With almost 100% cadet turnover every year, a standardized program is essential for a successful FalconSAT program.  This infrastructure includes a flexible platform that can be readily adapted and enhanced to meet future payload requirements and secondary launch opportunities.  Part of this approach is to use commercial off-the-shelf hardware within budget and time constraints.  Although such purchases ease the design problem in many respects, considerable effort remains in the areas of payload design and development, structures, attitude control, thermal control, solar panels, testing and operations—more than enough to challenge even the most ambitious undergraduate students.

Involving cadets from a variety of departments, not just Astronautics, expands the knowledge base of the participants and gives every cadet, regardless of major a priceless opportunity.  This approach better reflects how technical programs in the Air Force are conducted, involving engineers, scientists, managers, technical writers and other experts from a variety of fields.  Teaming scientists with a keen interest in designing space experiments with engineers, who want to build missions, provides great synergy to the program.  For example, the experiment flown on FalconSAT-1 was conceived and built by faculty and students from the USAF Academy’s Physics Department.  Since then, select computer science, electrical engineering, mechanical engineering, and management majors have joined the program.  This partnership has not only given an interesting scientific focus to the missions, but has brought them real-world credibility.  The experiments on all FalconSAT missions compete for recognition across the Department of Defense (DoD) for approval by the DoD Space Experiments Review Board (SERB).  Such credibility gives the added bonus of critical additional funding, and all-important space launch opportunities.
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Figure 1.  The FalconSAT Program Systems Engineering Process.
With this real-world focus, real-world funding and real-world visibility, it has become ever more important to run the program using real-world tools.  Chief among these are rigorous systems engineering processes including technical reviews.  The DoD mandates a tailored acquisition sequence for all its programs.  This process begins with requirements analysis and culminates in system deployment.  This systems engineering process in combination with a Gant chart with milestones, is essential to the success of the program.  Along the way, major milestones in the form of formal technical reviews are conducted.  As seen in Fig. 1, in addition to multiple status reviews, these milestones include:  Preliminary Design Review (PDR), Critical Design Review (CDR), and Final Readiness Review (FRR).

It should be emphasized that the cadets do all the briefing, including the many informal and semi-formal status reviews conducted throughout the program.  The Preliminary Design Review (PDR) is a formal briefing with the objective of gaining permission to proceed with the fabrication and test of subsystems.  The cadets are not allowed to acquire materials or begin construction until all action items are closed from the PDR.  This review forces the cadets to have a detailed and well thought out design before committing funds and effort to fabrication and testing of subsystems.  Encountering the importance of cost is a shock to students accustomed to using textbook solutions.  This practicality begins a maturing process for many young engineers and introduces them to the importance of maintaining good relationships with the management side of the program.  It also introduces them to the complexity of a program and the tremendous responsibilities and pressures on a program manager.  They thus come to understand the problem of how to produce a successful program on time and under budget.

The Critical Design Review (CDR) is a formal, multi-day briefing to reviewing experts from outside of the Air Force Academy.  The objective of the CDR is to gain permission to proceed with the integration of all subsystems and the performance of operational/field testing of the total system.  As usual the cadets are the briefers—which amounts to an oral examination of their project.  Just as teachers really learn a subject when required to teach it, being subjected to questions throughout the student’s briefing by outside experts, stimulates increased understanding of the subject – hopefully before the briefing, but always afterwards.
The Final Readiness Review (FRR) is the equivalent of the Prototype Acceptance Demonstration (PAD) in the DoD procurement program.  The FRR is a formal review ensuring that all the requirements of the program have been fulfilled.  It includes the thermal bake-out testing, the shake test, etc.  Satisfactory completion of this review means the satellite is ready to be launched.

By its nature, any design class is open ended and difficult to program lesson-by-lesson compared to a traditional lecture-based course.  However, by requiring students to follow prescribed, industry-standard systems-engineering processes, some formal structure can be imposed on the semester and the design reviews serve as major deliverables for grading purposes.  

The FalconSAT program requires the cadets to build three models of the satellite during the satellite development for a single mission.  First, an Engineering Model (EM) is built to make sure all of the components fit and are compatible for the mission.  Next, a Qualification Model (QM) is constructed, which has all of the characteristics of the Flight Model and is tested to above the limits for all aspects required of the Flight Model.  Finally, a Flight Model (FM) is fabricated, which is the satellite that will be flown in space.  Each model of the satellite must complete the entire review process through FRR before starting the fabrication and testing of the next model of the satellite.  This procedure assures the reliability of the satellite in space.

FalconSAT-3
For FalconSAT-3, a commercial-off-the-shelf set of spacecraft bus components providing power, communications, and data handling has been adopted from Space Quest Ltd, Fairfax VA, to provide an out-of-the-box solution for critical components, freeing cadets and faculty to focus on payload, structure, and attitude control systems development. Working with the Academy Physics Department, two important space environment experiments were chosen as payloads: FLAPS (Flat Plasma Spectrometer); and PLANE (Plasma Local Anomalous Noise Experiment). FLAPS was designed by NASA Goddard Space Flight Center, constructed by the Johns Hopkins Applied Physics Laboratory, and characterizes the effects of non-Maxwellian charged particles on formation, propagation, and decay of ionospheric plasma bubbles.  FLAPS also contributes to the validation of the plasma bubble and radio wave scintillation measurement and forecasting system associated with the Department of Defense’s Communication/Navigation Outage Forecasting System.  PLANE identifies and characterizes spacecraft-induced plasma turbulence. A third payload, Micro Propulsion Attitude Control System (MPACS), developed by Air Force Research Lab’s Propulsion Directorate (Edwards AFB, CA), establishes system space flight heritage and quantifies the change in momentum caused by this low-thrust, electric pulsed plasma system, with a thrust of 150 micro Newtons, an Isp of 800 seconds, and an input power of 4 W. Cadets briefed these experiments to the DoD Space Experiments Review Board where they were ranked 18 (MPACS), 31 (FLAPS), and 36 (PLANE) of 47 among all space  experiments DoD-wide.
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Figure 2.  View of FalconSAT-3.  The satellite has a passive attitude control (gravity gradient boom) and active controllers (magnetorquers) located inside the satellite. It is an 18” cube and weighs 119 lbs.  Control is planned from the cadet-built USAFA ground station.

After finishing a conceptual design review (CDR), cadets built a full scale Engineering Model (EM) of FalconSAT-3 including a gravity gradient boom.  A team of cadets traveled to Kirtland AFB, NM for two weeks in 2004 to conduct complete EM environmental testing, including temperature cycling in a thermal/vacuum chamber between -20 and +50 degrees Centigrade and vibration testing of 15g bursts and 14.6 rms random vibrations.  The results validated the basic structural and systems design for the satellite. Starting in Fall 2005, cadets built a full-scale Qualification Model (QM) of FalconSAT-3, followed by the Flight Model (FM) which was tested and ready for launch by August 2006.  In October 2006, the cadets passed their Flight Readiness Review (FRR) with flying colors.  The review was attended by several senior Air Force and Department of Defense officials, as well as representatives from Boeing, and Lockheed-Martin.
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Figure 3.  The FalconSAT team at the thermal vacuum test facility at Kirtland AFB,
New Mexico.
In parallel with the construction and testing of the Flight Model (FM), the FalconOPS team was writing software.  Complete checklists were also written to allow cadets and faculty to be certified as ground station operators.  Using the Qualification Model (QM) of the satellite, ground station crews of cadets were trained and certified to commission the satellite and place it into the correct operational (on-orbit) mode.
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Figure 4.  Solar Array Current Telemetry received from FalconSAT-3
Every effort was made for all of the cadets and some of the faculty mentors to travel to Kennedy Space Center, Florida for a few days during the satellite integration and launch.  On 8 March 2007, FalconSAT-3 was launched aboard a Lockheed-Martin Atlas V as a secondary payload.  Once FalconSAT-3 was successfully inserted into its final orbit 560 kilometers above the Earth, the FalconOPS team took over and is presently commissioning the satellite.  Seven crews consisting of four cadets and a faculty mentor communicate with FalconSAT-3 several times a day, checking the health of the systems.  It will take several weeks to fully commission the satellite.  As of 1 May, FalconSAT-3 has made 33 successful passes and the PLANES payload has been activated.  Each subsystem was carefully turned on and tested, to make sure the launch did not damage the satellite and that each component is working properly.  FalconSAT-3 has begun to collect scientific data using the PLANE sensors.  FLAPS will be activated next. These data will then be passed to the Physics Department for analysis.  We expect FalconSAT-3 to operate on orbit for at least 12 months, providing valuable data to the USAFA Department of Physics, Air Force Research Labs, and other Department of Defense agencies.  The lessons learned from the development, construction, testing, launch, and operation of FalconSAT-3 will provide excellent real-world experience for the next generation of Air Force space leaders, and set the stage for future small satellite development at the Air Force Academy. 
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Figure 5.  Two 3-dimensonial views of the next FalconSAT
In fact, that follow-on work has already begun.  Conceptual design of the SSRC’s next FalconSAT satellite began in January 2005 with a symposium at which 25 different possible payloads were presented by a variety of industry, government, defense, and academic organizations. Cadets completed the Conceptual Design Review (CDR) in December 2006 and have already begun construction on the structural Engineering Model (EM).  It will have three SERB approved payloads: WISPERS, an experiment to measure ions resulting from an ion source on the satellite to validate USAFA and Air Force Research Laboratory plume models;  SmartMESA, an experiment to detect the temperature and density of ambient ions to validate ionospheric data assimilation models; and RUSS, a received VHF signal strength meter experiment to characterize VHF signal distortion to improve ionospheric models.
The Air Force Academy Department of Astronautics would like to thank the Air Force Office of Scientific Research, Air Force Research Laboratory, the Air Force Space and Missile Center and its Space Test Program, Air Force Space Command, the Defense Advanced Research Project Agency, the USAFA Space Physics and Atmospheric Research Center, the Air Force Academy Association of Graduates, Boeing Corporation, and Lockheed Martin Corporation for their continued strong support of our program.
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