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	The development of two intelligent structures flight experiments will be addressed.  The first, the Advanced Controls Technology Experiment I (ACTEX I), is riding as a secondary payload on a classified spacecraft and has been delivering high quality data since the middle of 1996.  The second, ACTEX II, was successfully designed, ground-tested, and integrated with a STEP-class satellite prior to its loss during a launch vehicle failure in the middle of 1995.  Building a bridge between the laboratory and operational use on future space missions, the ACTEX flight experiments serve as performance and reliability trailblazers for inserting active vibration control technology in future space missions.


	The ACTEX I flight experiment consists of a tripod structure with all three legs containing embedded sensors and actuators and a set of flexible electronics.  The tripod structure, traceable to precision space sensor support structures, utilizes piezoceramic sensors and actuators embedded within a graphite composite host lay-up.  Piezoceramic sensors and actuators, which sense and control bending and torsional motions of the tripod, provide both a relatively noise-free signal and a precise level of force actuation in the uncertain and harsh space environment.  Acting with almost no change in performance characteristics over a wide temperature range, the piezoceramic components have demonstrated their suitability for precision structural control.  Driving the piezoceramic components and providing overall command/control of the ACTEX I experiment, a set of flexible electronics provides the ability to tailor experiments for a specific set of circumstances.  Performing a system identification, turning thermal control heaters on or off, closing loops around the piezoceramic sensors and actuators, collecting data during an experiment, and interfacing with the host spacecraft are tasks that the electronics subsystem commands on the ACTEX I flight experiment.


	The ACTEX II flight experiment consists of a gimballed solar array structure with the yoke of the solar array active.  Designed to be traceable to STEP and Brilliant Pebbles/Eyes class of space vehicles, the flight article utilizes piezoceramic sensors and actuators embedded within the graphite polycyanate yoke.  Both bending and torsional vibrations of the solar array excited during slewing are actively controlled using the active structural elements in conjunction with a digital controller.  The digital control system employs an Intel 80C196KC microprocessor to perform the system identification, to execute vibration suppression using local strain rate feedback controllers, and to carry out active structural control using impedance matching compensators.  Prior to the launch vehicle failure, the ACTEX II flight experiment underwent environmental and functional testing to demonstrate its flightworthiness and vibration control performance levels.


	Thirty two experiments have been run on the ACTEX I flight experiment.  The first seven experiments were system identification experiments.  These experiments form the basis for the controller design problem and for gathering lifetime/reliability data on the active control components.  Transfer functions taken during these system identification experiments were very similar to those taken on the ground prior to a three year storage period and the launch event.  Based on the on-orbit transfer functions, control parameters stored in an on-board PROM were updated and used for the first active control experiment.  Active control experiments have yielded maximum vibration reductions of 29 and 16 dB in the first two flexible modes of the system.
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1.	Introduction


	Two flight experiments which pave the way for insertion of advanced controls technology into operational space missions will be discussed.  These experiments, the ACTEX I and ACTEX II flight experiments, utilize piezoceramic sensors and actuators embedded in graphite composite structural members to reduce structural vibrations.  Both experiments have configurations traceable to future space missions with stringent on-orbit pointing requirements.


	The ACTEX I flight experiment, discussed in sections 2 and 3, was launched in mid 1996 and continues to provide high quality system identification, closed loop control, and reliability data on advanced controls hardware in the space environment..  The ACTEX II flight experiment, discussed in section 4, went through the complete set of performance and environmental tests on the ground prior to being lost due to a launch vehicle failure.





2.	Laboratory to Space - The ACTEX I Flight Experiment


Advanced structural control technology has proceeded at a rapid pace in a laboratory setting.  Advances in performance and robustness algorithms, actuator and sensor hardware technology, and flexible electronics have all contributed to this rapid rate of progress.  A large number of ground testbeds (Ref. 1) have test-verified these advances on the ground and contributed to a significant “technology push” into future space missions.


Simultaneously a number of upcoming BMDO and DoD space systems have publicized extremely stringent vibration and shape requirements to achieve their primary mission.  Over the years these requirements have become more stringent as higher levels of  performance are required from lighter and cheaper space systems.  Active vibration and shape control has thus become an enabling technology for many of these missions.  Hence creating a significant “technology pull” from future space missions.


The Advanced Controls Technology Experiment (ACTEX) was intended to be the bridge between laboratory-proven controls technologies and performance hungry space missions.  Demonstration of advanced identification and controls algorithms, actuator and sensor hardware, and flexible electronics in the space environment would be a significant step in inserting these technologies into operational or future spacecraft.


The ACTEX (Refs 2 and 3) program utilized the most promising multidisciplinary technologies for attaining the success of future space missions.  Active structures, with embedded (Ref. 4) piezoceramic actuators and sensors, have been validated on the ground and were chosen for in space demonstration.  Local rate and position control loops were used on ACTEX as a first logical step in demonstrating intelligent structure on orbit.  Advanced control algorithms, such as impedance matching compensators (Ref. 5) and robust controllers (Ref. 6), have yielded simultaneous gains in performance and stability, but were deemed not fully mature for space insertion.  Flexible electronics (Ref. 7), for ease of uplink programmability, were chosen for ACTEX.


The primary objectives of the effort were to demonstrate system identification algorithms, demonstrate the performance level of advanced control hardware and software, demonstrate adaptive control technologies, and to gather life data on the control components.





3.	ACTEX I - Precision Platform Quieting


3.1	Experiment Origins


	Following the successful development of ground-based testbeds utilizing piezoceramic materials for structural control purposes, effort was expended on inserting the technology into operational space missions.  Without some space heritage, this effort proved fruitless.  Effort was then expended on quickly developing and flying a demonstration testbed that would allow a basic level of space heritage on piezoceramic control hardware to be obtained.  With a launch slot as a secondary payload on an operational spacecraft secured, the 12 month clean sheet of paper to hardware delivery/integration was conceptualized and begun.  Working within the strict size, volume, power, telemetry, and weight restrictions imposed by the host spacecraft, a low risk approach to the ACTEX I flight experiment was followed.





3.2	Mechanical Description


	Figure 1 shows an overview of the ACTEX flight system (with thermal blankets and cables removed for clarity).  The complete system incorporates the experiment structure, the command/control/signal conditioning electronics, and thermal blankets and cables.  The experiment structure consists of an active tripod structure with piezoceramic sensors and actuators embedded in each of the three legs.  The tripod structure is traceable to a number of space missions where optical, infrared, or radio frequency sensors must be precisely pointed at a desired target.  Furthermore, tripod structures represent an interesting class of structures in that the dynamics are complex enough to be non-trivial, yet not so complex as to jeopardize the technology demonstration objective of the flight experiment.


	The active tripod itself, shown in Figure 2, consists of a bottom bracket which interfaces to the host spacecraft, a top plate which represents the mass and inertia properties of a precision sensor, and the three composite legs with embedded piezoceramic (PZT) actuators and sensors.  At the interface to the top plate, the active members were attached to flexures which are bolted to the bottom surface of the top plate.  These flexures were designed to prevent curvature reversals in the tripod legs for the primary bending and torsion modes of the tripod.  Accelerometers were mounted on both the bottom bracket and the top plate to act as "truth" sensors regarding the open and closed loop vibration levels.


	A detailed photograph of the top surface of the top plate is shown in Figure 3.  Seven accelerometers mounted on the top plate can be combined to recover the three translations and three rotations of the top plate.  Figure 3 also shows a portion of the active thermal control hardware present on the flight structure, namely heaters and a redundant thermostat set.  The active thermal control system was needed to maintain the bottom bracket and top plate accelerometers within their calibration and operating temperature limits (i.e., above -55oC).  An additional heater/redundant thermostat set is contained on the bottom bracket near the other six accelerometers.


	Also mounted on the top plate of the flight structure and attached to one of the flexures is a Nitinol-driven Dynamic Change Mechanism (DCM).  The purpose of the DCM was to have the ability to command a change in dynamics to the tripod structure and to be able to adaptively control the changed system.  The DCM works by “locking out” or “grounding” a flexure against the top plate of the tripod.  By grounding the flexure against the top plate, the associated flexure is “locked out”, thus effectively increasing the stiffness of the complete system.


	The active members themselves consist of piezoceramic sensors and actuators embedded within the layup of a graphite composite host.  Each active membe has a square cross section with a 1 inch inside dimension and a length of 17.7 inches.  The composite layup, which uses T300 for its high strength and low stiffness properties, has the piezoceramic sensors and actuators embedded in all four faces of each leg.  The PZT sensors and actuators were cut from standard 0.010 inch thick Navy Type II wafers to final sizes of 0.48 inches wide by 0.5 inches long for the colocated sensor, 0.48 inches wide by 1.0 inch long for the nearly-colocated sensor, and 0.48 inches wide by 7.5 inches long for the actuator.


	The active members, along with all other components of the system, were designed to withstand 10 g's simultaneously applied in three orthogonal directions and to survive the random vibration test environment.  A number of tradeoffs were performed on the material selection and layup for the active members.  The major trades involved low stiffness, suitable strength, manufacturability, and CTE mismatch with both the PZT sensors and actuators and titanium end-fittings.  A major concern was the ability to withstand launch loads without cracking the PZT sensors or actuators and not getting so stiff as to raise the system natural frequencies beyond the desirable range.


	The tripod was held to the exterior deck of the host spacecraft with a Nitinol release device (NRD).  The NRD utilizes two strands of 0.010 inch diameter Nitinol wire, a stud, a sleeve, and a split nut.  When voltage is applied to the Nitinol wire, the Nitinol shortens, pulling the retaining sleeve off the split nut halves and releasing the load path between the stud and the split nut.


	The ACTEX thermal control design problem was complicated by the host's tight thermal leakage requirement and the severe orbital environment.  Heat loss of <3 Watts was allowed between the ACTEX flight structure and the host payload deck in an orbit where temperatures between 148 oC and -157 oC were to be experienced.  The main performance objectives of the thermal control system were to prevent the accelerometers from dropping below -55 oC, to prevent the PZT sensors and actuators from cracking, and to prevent any bond failures.





3.3	Electrical Description


	The flight electronics were designed to satisfy the host interface requirements and to perform the identification, damping, and adaptivity experiments necessary to space validate adaptive structures.  The functions of the electronics can be roughly broken down into active control electronics (needed to operate the active members), command and data processing electronics (to direct the flow of experiments and to interface with the host spacecraft), signal conditioning electronics (to condition accelerometer and thermistor signals), and power conditioning electronics (to convert from the host-supplied voltage levels to usable levels).  An overview block diagram of the main functions of the flight electronics is shown in Figure 4.  These electronics, which were developed and fabricated using guidelines and design rules specified by TRW for electronics which are to be flown in a space environment, are described in the following paragraphs.


	The active strut electronics (ASE) is designed to control the active members of the ACTEX tripod via digitally programmable analog (DPA) circuitry.  Analog charge amplifiers sense the change in capacitance of the active member sensors and provide the strain signal needed to perform the local control task.  Analog filter types, gains, and corner frequencies are programmed by digital interface from the command and data processing electronics unit.  The DPA circuits allow the use of conventional, low-noise circuits to implement filter types without the complexity of digital filters, sampling and potential scaling/quantization errors.  Based on switched capacitor filter technology, control filter corner and center frequencies can be dynamically adjusted by changing the digital clock frequency supplied to the device.  Various controller types (strain rate feedback or Positive Position feedback), controller orders, phasing, and gains can be constructed via ground command and DPA/FET switch implementation.  Analog power amplifiers (1 per active control channel) are driven by the sensor signals which have been amplified, weighted, filtered, and inverted in the implementation of the desired controllers.


	The command and data handling electronics (CDE) is the core of the autonomous experiment execution and data collection capabilities of the ACTEX I experiment.  The major tasks of the CDE include receiving commands from the ground (via the host telemetry system), decoding the commands into executable instructions, formatting and timing commands to be compatible with both the host interface and the Solid State data recorder (SSDR) interface, sequences experiments, processes interrupts from the ground (or the host), and processes telemetry signals.  Within the CDE, the command receive and decode logic as well as the sequencer circuit, are implemented in a Field Programmable Gate Array (an ACTEL A1020 2000 gate).


	Time domain information from the ACTEX I experiment come from the active member charge amplifiers (sensors) and power amplifiers (actuators), the accelerometers, and the thermistors.  The active member signals and accelerometer signals were band-limited prior to sampling by the A/D converter and stored in the SSDR.  (Because the thermistors were sampled at a much slower rate, they were not band-limited before A/D conversion.)  A 7th order passive elliptical filter was used to band limit the signals below 1 kHz.


	The primary task of the power conditioning portion of the electronics is to filter and condition bus power from the host and distribute it to the other electronic units.  Power provided by the host spacecraft at 28 VDC was filtered and converted to � EMBED Equation.2  ���5 VDC@ 1 Amp, � EMBED Equation.2  ���15 VDC@ 0.5 Amps, � EMBED Equation.2  ���15 VDC@ 2 Amps, and � EMBED Equation.2  ���30 VDC@ 0.5 Amp.  Additionally pulsed relay commands from the host can be switched to the heaters, the Nitinol latch, and the Nitinol DCM.


	An off-the-shelf design from SEAKR Engineering was used for the Solid State Data recorder.  The required capability of the recorder (64 Mbits) was sized from the number of experiment channels, the sample rate, and the length of the maximum required experiment.  The SSDR, with error detection and correction circuits, is based upon the 8085 microprocessor with logic circuits implemented in a 2000 gate FPGA.  A single bilevel input from the CDE operates the SSDR.











3.4	Experiment Results


	As of December 31, 1997, 32 experiments had been run on the ACTEX I flight unit.  Included in these 32 experiments were successful closed loop, adaptive control, and system identification experiments.  There have also been a number of experiments that did not perform as expected due to host telemetry problems, uplink command problems, and controllers going unstable.


	Figure 5 shows the typical open loop response of the tripod top plate due to the disturbance produced by the external shaker.  In this case (E30R1), accelerometer PA4 shows high response in the first and second bending modes of the tripod structure at 23.9 and 30.8 Hz.  Figure 6 shows the same accelerometer with the local control loops closed.  The response of the top plate of the flight unit has been reduced by 24 and 16 dB in the first and second tripod bending modes, respectively.  Both the open and closed loop responses were measured during the course of a single 60 second experiment.


	Figure 7 shows the typical open loop response of the tripod top plate due to the disturbance produced by the external shaker.  In this experiment (E40R3), the DCM was activated prior to data collection in order to perturb the tripod dynamics.  A comparison of Figures 5 (without the DCM) and 7 (with the DCM) show that the natural frequencies have shifted upwards.  The first and second bending modes of the ACTEX I flight structure have shifted from 23.9 to 25.4 Hz and from 30.8 to 31.7 Hz, respectively.  Unfortunately this experiment was run under cold (-60oC) environmental conditions where the DCM is not expected to perform at its best.  The corresponding closed loop portion of this experiment is shown in Figure 8.  Even when the dynamics of the flight structure were perturbed, the control system managed to reduce tripod top plate motions and not go unstable.  Reductions of 29 and 15 dB in the first two bending modes were obtained on the perturbed system (i.e., with the DCM energized).


	Figure 9 shows the basic system identification performed on the ACTEX system for control channel 1.  The transfer functions in the top part of the figure are those taken during spacecraft integration time in August 1992.  The transfer functions shown in the bottom part of Figure 9 are those taken on-orbit in October 1996 following 3.5 years of storage, the launch environment, and 6 months on orbit.  With the exception of the noisiness of the ground-based transfer functions (due to seismic motion, vehicular traffic, and air conditioning systems at the integration facility), the transfer functions are the same.  Subsequent system identification experiments indicate that there have been no significant changes to the performance of the active control hardware over the 18 month orbital life.


	There have been unsuccessful experiments that we have run on the ACTEX I flight unit.  The very first three experiments that we ran yielded no useful data due to a host spacecraft telemetry problem.  The data received at the ACTEX ground processing facility showed intermittent upper and lower bound voltage spikes on the data.  Following tuning of the telemetry link by the host spacecraft, these problems have disappeared.  A number of experiments produced no useful data when the data suggested that the flight unit was not executing the commands that we had uplinked.  Subsequent debugging showed that an insufficient wait time between command uplinks was causing the flight unit to misinterpret commands.  After increasing the wait time between commands, the unit returned to full operational status.  Four experiments yielded no data when the controllers went unstable.  In two of these experiments, a fairly aggressive controller was used and the instability was not unexpected.  In the remaining two experiments, it appears as though a long period thermal snap or attitude control signal from the host spacecraft was interacting with the local controllers to drive them unstable.





3.5	Future Orbital Plans


	The ACTEX I flight unit is scheduled to be supported on orbit through the middle of 1999.  We will continue to periodically run system identification experiments to identify any changes to the behavior of the flight unit.  Closed loop control experiments will be run using modified control parameters to obtain better vibration reduction performance, more robust performance/stability, and/or the suppression of other modes.





4.	ACTEX II - Spacecraft System Quieting


	Whereas ACTEX I was meant to demonstrate the viability of using embedded piezoceramics for structural control in the space environment, ACTEX II was meant to demonstrate how this concept would be implemented in an operational space mission.  As such, the ACTEX II flight experiment was geared towards the Brilliant Pebbles and Brilliant Eyes programs from the Strategic Defense Initiative Office (SDIO).  At the time, there was great concern over the on-orbit motions produced by the lightly-damped solar array and their effects on a suite of precision sensors.  The ACTEX II flight experiment was geared towards demonstrating the viability of using active and passive control technologies for reducing solar array motions and their effects on the host spacecraft in the space environment.


	Several features of the combined active and passive control approach employed on the ACTEX II flight experiment were to be verified in space prior to injection into operational spacecraft.  First, unwanted dynamics from the solar arrays could be ignored in the design and implementation of the attitude control system.  The added damping would demonstrate a high degree of forgiveness to modeling errors, fabrication variances, and unmodeled disturbances or dynamics.  Second, detailed design and analysis to meet “artificial” open loop frequency requirements, driven by keeping the solar array frequencies well above the bandwidth of the attitude control system, could be eliminated.





4.1	Mechanical Description


	The complete ACTEX II test article is shown in Figure 10.  It consists of a solar panel mass simulator, deployable strain energy hinges and root hinges, three beams with embedded piezoceramic sensors and actuators for active damping, a two axis solar array drive mechanism, and a viscoelastically damped interface joint.  This test article represents the “would be” solar array subsystem for a precision space mission where both active and passive structural control technologies are applied to reduce on-orbit jitter caused by the presence of the solar array.


	The two axis solar array drive mechanism was installed with the outer gimbal driving the solar array in torsion and the inner gimbal driving the solar array in bending.  The outer (torsional) gimbal rotates the solar array so that the solar array normal points towards the sun throughout the orbital motion.  The inner (bending) gimbal “folds up” the solar array so that the spacecraft can perform some rapid maneuvering or reorienting.


	The solar array yoke assembly consisted of three active I-beams as shown in Figure 9.  The I-beams were constructed as two channels that were bonded back-to-back to form the I-beam section.  Piezoceramic wafers (for use as actuators and sensors), fenocolloy wire leads, and a button board end terminal were encapsulated into a “smart implant” and tested for continuity and capacitance prior to embedding in the graphite polycyanate channels.





4.2	Electrical Description


	The electronics used to drive the ACTEX II active damping loops consist of the charge amplifier, the compensator (or controller), and the drive amplifier.  The charge amplifier converts the charge produced by the piezoceramic sensors into a voltage appropriate for use in the compensator.  The compensator, in a simple description, implements a 90o phase lag into the sensor signal at targeted frequencies.  The phase shifted signal is then sent to the drive amplifier where the voltage level is boosted up and sent to the piezoceramic actuators.  The drive amplifier uses a local phase compensation scheme to enhance stability when driving at high frequencies.  Each compensator (or controller) is typically designed to slave to one set of piezoceramic sensors to a single piezoceramic actuator in a single input, single output (SISO) configuration.


	The ACTEX II compensators were implemented using digitally-programmable-analog (DPA) circuits.  The DPA controllers were first used for smart structures controllers on a prior effort at TRW (see Reference 8).  Digitally-programmable-analog circuits implement the controller in an analog sense, but can be programmed to change controller cutoff frequencies with a digital command.  Thus the DPA circuits are ideal for rapidly changing controllers.  The DPA compensators used on the ACTEX II flight experiment were made from switched capacitive filters.  Switched capacitive filters can be made radiation hardened and suitable for the space environment.


	The digital signal processor (DSP) chosen to run the ACTEX II experiment was the Intel 80C196KC microprocessor chip.  It was selected because of its user friendly features and because of positive experiences with its use at MIT [9].  Some key features for which the Intel DSP was chosen were a 1 MIP throughput capability, eight 10 bit A/D input channels, a 16 bit data bus, eight bilevel inputs and outputs, 256 bytes of RAM, and 16 Kbytes of on chip ROM.  The DSP operates from a 16 MHz clock and is capable of performing over a temperature range of -40¡C to 85¡C.  The on-board capability in one chip made this DSP ideal for our application.


	The Intel DSP is also ideal for space applications due to its low power consumption.  Maximum power consumption of the chip is 388 mWatts with an idle mode power consumption of 157 mWatts.  The chip has the ability to switch between modes very rapidly, thus minimizing the power consumption of a smart structure until disturbances reach a threshold level at which active control becomes necessary.


	Driver code for the ACTEX II flight experiment was “burnt in” to the ROM, leaving RAM available for program variables and switches.  This was found to work well for our end-item application, since remote tuning in space was deemed essential.  A complete software changeout could have resulted in unpredictable operation and not having this software swap capability turned out to be insignificant.





4.3	Ground Based Experiment Results


	The complete set of ACTEX II flight experiment hardware went through a full complement of flight qualification environmental tests.  Included in these tests were thermal vacuum, random vibration, and EMI/EMC tests.  In each case, the flight hardware passed the tests and demonstrated readiness for space flight.


	Performance testing of the ACTEX II flight system took place at TRW prior to integration with the host spacecraft.





4.4	The ACTEX II Fate


	The ACTEX II flight experiment was integrated with the STEP III spacecraft and underwent several system level tests.  Following integration of the STEP III satellite (including the ACTEX II flight experiment) with the launch vehicle, a number of launch and orbital operations dress rehearsals were held.  These dress rehearsals verified the timeline of operations following orbital insertion and served as a final systems checkout of all command, control, and telemetry systems.  The ACTEX II flight experiment was destroyed in June of 1995 when an anomaly in the launch vehicle trajectory required a commanded destruct of the combined launch vehicle/STEP III spacecraft.





5.	Conclusions


	After almost two years on orbit, the ACTEX I flight system continues to provide high quality system identification and closed loop control data.  Periodic system identification experiments have indicated no degradation or significant changes to the behavior of the control hardware.  Closed loop experiments have demonstrated up to 29 dB of vibration reduction when compared with open loop vibration levels.  Even with the extreme temperature variations of -70oC to +103oC, the behavior of the control hardware has been invariant.  The results of the ACTEX I flight verify the suitability of using embedded piezoceramics as sensors and actuators for structural control in the harsh environment of space.  Use of the technology demonstrated on orbit by the ACTEX I flight experiment is mission enabling for a class of proposed spacecraft with extremely stringent jitter/pointing requirements.
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Figure 1.  ACTEX I Flight System
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Figure 2.  ACTEX I Active Tripod (Cables, Blankets Removed for Clarity)
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Figure 3.  ACTEX I Top Plate Details
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Figure 4.  ACTEX Flight Electronics Block Diagram
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Figure 5.  Typical Open Loop Response, Experiment E30R1, Accelerometer PA4
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Figure 6.  Closed Loop Response, Experiment E30R1, Accelerometer PA4
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Figure 7.  Open Loop Response, Experiment E40R3, Accelerometer PA3
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Figure 8.  Closed Loop Response, Experiment E40R3, Accelerometer PA3


�



�


�


Figure 9.  Ground and Space System Identification Comparison, Experiment E1R7
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Figure 10.  ACTEX II Flight Experiment System


