ON-ORBIT PERFORMANCE OF THE ADVANCED CONTROLS TECHNOLOGY EXPERIMENT





R. A. Manning1and S. C. Casteel2


TRW Space and Electronics Group





�
Abstract


The on-orbit system identification and vibration suppression performance of the Advanced Controls Technology Experiment (ACTEX) is discussed.  The flight structure consists of an active tripod structure with piezoceramic actuators and sensors embedded within the composite layup of the three legs.  The flight electronics contain a number of pre-programmed experiments as well as the command/control and signal processing electronics.  Both system identification and vibration suppression experiments are contained within the pre-programmed set of experiments.  The performance of the system in identification and control over its first year in space will be discussed.





Background


A number of upcoming BMDO and DoD space systems will carry scientific sensors and instruments with extremely stringent requirements for vibration and shape control in the presence of on-board, environmental or mission induced disturbances.  For a significant number of these space systems, a certain level of designed-in active structural control will be required to achieve the mission objectives.


Recent multidisciplinary advances in structural control technology have yielded great promise in meeting these requirements.  Active structures, with embedded (Ref. 1) or stacked (Ref. 2) piezoceramic actuators, have been developed and yield promising performance.  Advanced control algorithms, such as impedance matching compensators (Ref. 3) and robust controllers (Ref. 4), have yielded simultaneous gains in performance and stability.  New sensor/actuator materials (Ref. 5) and adaptable electronics (Ref. 6) have also provided better tools for the control task.


Ground testing of many of the more promising advanced structural control concepts have validated performance, reliability, and robustness measures of the control hardware and software.  A complete listing of ground-based structural control facilities is described in Reference 7 where both control hardware and algorithms have been demonstrated and refined.


Despite the plethora of ground test results, there is a lack of space flight experience to give spacecraft designers confidence in quoted structural control performance and lifetime numbers.


The Advanced Controls Technology Experiment (ACTEX I) (Refs. 8 and 9) was developed with the idea of demonstrating some of these control technologies in space.  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.





Flight Experiment Description


The flight experiment hardware consists of an active tripod structure and experiment command, control, and signal conditioning electronics.  A photograph of the flight structure (minus cabling and thermal blankets) is shown in Figure 1.


The active structure itself consists of a tripod with all three legs active.  Hard constraints placed on the experiment envelope by the host spacecraft contractor yielded a relatively tall narrow tripod.  Cables from the sensors and actuators embedded in the legs of the tripod as well as the accelerometers and thermistors through a feedthrough connector to the flight electronics mounted underneath.  In this manner, the structure is exposed to the space environment to obtain lifetime and reliability data while the electronics are mounted in the relatively benign environment inside the host spacecraft for maximum reliability and minimum radiation exposure.


The active legs of the tripod utilize piezoceramic wafers embedded in a graphite epoxy layup for the sensors and actuators.  Square cross sections for the legs of the tripod were employed to ease the processing of the active members and to employ the processes developed on a related contract [1,6].  The encapsulation process described in Ref. 1 was used for easier handling of the piezoceramic material and less susceptibility to cracking during the graphite epoxy cure process.  Each side of the square tripod legs has a double-layered PZT actuator string and two PZT sensors.  One of the sensors is colocated with the actuator string while the other is nearly colocated.  Two sensors per leg give added redundancy to the experiment and allow averaging of the sensor measurements.  By averaging these two sensor measurements, the transfer functions that the active members “see” can be tailored to be advantageous for the local control loop design task.











Flight Electronics 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, signal conditioning electronics, command and data processing electronics, and power conditioning electronics.


The active control electronics is designed to control the active members of the ACTEX tripod via digitally programmable analog circuitry.  Specifically, analog filter types, gains, and corner frequencies are programmed by digital interface from the CDE.  This allows use of conventional, low-noise circuits to implement filter types without the complexity of digital filters, sampling and potential scaling/quantization errors.  All of the programmable filters (four) within the active control electronics are based upon switched capacitor filter technology (specifically, the Linear Technology LTC1061).  This allows filter corner and center frequencies to be dynamically adjusted by changing the digital clock frequency supplied to the device.


Time domain information from the ACTEX tripod can come from either the outputs of the charge amplifiers or from a number of accelerometers that have been placed on the tripod structure.  In either case, the signals from these sensors need to be band-limited before being sampled by the A/D converter.  The required circuits for the thermistors which are mounted on the ACTEX tripod structure are also contained in this flight electronics.


The command and data handling electronics is the core of the autonomous experiment execution and data collection capabilities of the ACTEX experiment.  Its function is to serve as the primary command interface to the host spacecraft, the primary experiment telemetry interface, to execute experiments, and to control the overall experiment direction.


All the conditioned analog signals from the accelerometer signal conditioning and the strut/thermistor signal conditioning are fed into the analog multiplexers.  Following these multiplexers is a sample and hold amplifier and the 12-bit A/D converter which is responsible for converting all ACTEX analog experiment data into a digitized form.  Data from the A/D converter is shifted serially into the SSDR.  In addition, analog test circuitry was added before the sample and hold amplifier which buffers the selected analog input signal and routes it to the host interface for health status of the selected channel when the sequencer is not running.


Since there is no real-time experiment telemetry feedback to the host, it was required to include an over-vibration circuit in the ACTEX system.  In the case of excessive vibration due to an unstable condition, the electronics can be set to open all power driver relays supplying drive signals to the tripod.  This over-vibration circuit consists of comparators which compare the inputs of three accelerometers to that of a preset level.  If the level is exceeded the comparator will pull a signal low which, in turn, causes a 90 milli-second one-shot circuit to disable all relays.  Although the preset level is not adjustable, the excitation level (or attenuation)  of the white noise generator is adjustable if necessary.  The over-vibration circuit can be disabled if so commanded.


The solid state data racorder (SSDR) is an off-the-shelf design from SEAKR Engineering with a capability of 64 Mbits (67,108,864 bits).  The required memory size (64 Mbits) was determined by the number of experiment channels sampled, the sample rate, and the length of the maximum required experiment.  The SSDR is based upon the 8085 microprocessor and utilizes DRAM memory devices.  Logic circuits are implemented in a 2000 gate FPGA.  It also has EDAC (error detection and correction) circuits to correct for data errors.  To supply its circuit cards with power, the SSDR receives spacecraft bus power and conditions it with its own built-in power converters.  A soft start circuit within the SSDR limits the inrush current to levels within specification of the host power system.





Experiment Descriptions


Eighty-two experiments were pre-programmed into the onboard PROM prior to delivery of the flight unit.  These experiments can be run as is or be customized from the ground for demonstrating additional control laws (within the constraints of the flight electronics).


The basic pattern for each sixty second experiment is broken down into ten second intervals.  During any ten second interval, system identification transfer functions, free vibration response, or forced vibration response can be run.  In addition, all three or any subset of the control loops may be open or closed during any ten second interval.  The basic experiment was set up in this manner so that the maximum amount of data could be obtained from a single sixty second experiment.


A typical channel of data coming down from the ACTEX I flight unit is shown in Figure 2.  The data shown is for a system identification experiment where each control actuator is excited in turn with white noise for ten seconds followed by a ten second period of no excitation.





Available Telemetry Data


The active tripod is instrumented with 13 low noise accelerometers to monitor the input base motion and top plate motions.  All three translational and rotational degrees of freedom of both the top plate and the bottom bracket can be recovered from the accelerometer measurements. Piezoceramic actuator drive and averaged sensor signals are also available for downlinking.  A number of thermistors were located on the three legs of the structure as well on the bottom bracket and top plate in order to determine the temperature of the varying components.





On-Orbit Performance


To date, a complete set of system identification experiments have been run.  The data includes transfer functions between each of the three control actuators and all six piezoceramic sensors, all seven top plate accelerometers, and all six bottom bracket accelerometers.  In addition, free vibration response has been determined in order to set the ambient level of vibration present on the host spacecraft.


Figure 3 shows the transfer function from the on-orbit data between piezoceramic actuator number 1 and colocated sensor number 1.  Figure 4 shows the transfer function from the ground testing prior to integration with the host spacecraft.  Both transfer functions show the same high level of feedforward associated with a colocated piezoceramic actuator/sensor pair.


Figure 5 shows a comparison of the open and closed loop behavior of the ACTEX I system.  In this instance, local strain rate feedback controllers were used to reduce the vibration levels seen in the first two modes.  The 24 Hz bending mode was reduced by 24 dB and the 30 Hz bending mode was reduced by 16 dB.  Further performance improvements or emphasis on other modes can be obtained by sending alternate control parameters.  These activities are to be carried out during subsequent experiments.


In most instances, the on-orbit behavior of the ACTEX I structure is similar to the ground-based test data.  Differences between the data can be attributed to the final partial installation of thermal blankets, aging of the structure for the three year storage, the absence of gravity on-orbit, and other effects.





Concluding Remarks


The ACTEX I experiment is on-orbit and returning meaningful data to the ground.  A complete set of system identification experiments have been run.  The data received thus far indicates that the experiment is functional and producing data similar to that seen on the ground.


The first active control experiment was run and yielded reductions ins structural vibrations between 16 and 24 dB, depending upon the mode.


Following a number of closed loop experiments, the ACTEX I flight unit will be available for Guest Investigators on a limited basis.
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Figure 1.	ACTEX I Flight Structure
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Figure 2.	Typical Downlinked Data,


	CL Sensor 1, Exp. 1, Run 4
































Figure 3.	Active Member Transfer Function
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	Ground Data (8/92)
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Figure 4.	Active Member Transfer Function
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Figure 5.	Open and Closed Loop Response
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