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Abstract

Sisteems Engineering has been working on an Autonomous Spacecraft Impact Monitoring, Damage Detection, and Self-Repair project since September of 2009.  This document contains updates on the progress since the initiation of the project.  The project consists of three phases: Impact Detection, Damage Detection, and Self-Repair.  The project team is concurrently working on the first two phases of the project.  All items, including test plate, frame, data acquisition system, and strain gauges have been purchased and put to use for phase one.  The majority of items have already been purchased for phase two.  The experiments are being modeled using ANSYS finite element analysis software.  The project is within budget thanks additional OCE and in-house funding from Professor Zhu.  The team has decided to work on the first two phases simultaneously and expects the project to be on schedule.  The team is currently working on developing and testing solutions for the first two phases. 
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1.0 Introduction

The purpose of this preliminary design review is to update the reader on the progress of Sisteems Engineering’s Autonomous Spacecraft Impact Monitor, Damage Detection, and Repair project. This document contains the concepts of the hardware and software developed for the project and expands on the initial ideas, specifications, and proposed designs.  In this report the reader can expect to find technical details about Sisteems Engineering’s project including technical descriptions, progress updates, timelines, obstacles encountered, and budget expenditures.  The focus of this report is on the impact monitoring and damage detection phases of the project since the repair component of the project will be considered only after these phases are complete.

Sisteems Engineering is engaged in a project to design an autonomous system that will monitor impact forces on spacecraft panels and, if necessary, repair damages that may have occurred during the impacts.  This system is particularly important for thermal protection panels.  The motive behind this project is to increase the safety and performance of spacecrafts since unexpected events such as impacts from foreign objects during operation can severely damage a spacecraft, hindering the mission to be unsafe and unsuccessful.  More background information on the importance of spacecraft panel impact monitoring and examples of tragedies caused by impacts can be found in the Appendix.

The project is divided into three consecutive phases.  The first and fundamental phase will be designing a method to determine the location and magnitude of impact forces on a spacecraft panel.  This system is the basis of the autonomous health monitoring system and designing it is the primary objective of this project.  After this is achieved, the system will then determine the extent of the damages caused by the impacts if damages exist.  The final stage, if time and resources persist, will consist of repairing the damages that the panel has incurred from the impacts.

2.0 Technical Description and Requirements

This section lists the technical descriptions of what is required for each phase of the project. The general requirements and process is described in this section.  See the Progress to Date section for details on which components were used and how they are to be operated.  

2.1 Phase 1: Impact force magnitude and position detection

The interface of the impact force detection system will consist of an aluminum test panel that will allow users to apply test forces on the surface of the panel.  The user will be able to view the applied forces on the computer display connected to the panel.  The input of this phase consists of the strain measurements taken from 16 strange gauges and sent to the computer for processing via a data acquisition system.  The output of this phase is the calculated magnitude and position information displayed on the computer screen determined by the developed computer software.  The hardware required for this phase includes an aluminum plate, frame, strain gauges, data acquisition system, and a computer for processing.  Software will be written to interpret the strain readings into force calculations for both magnitude and position on the plate.

In addition to the physical test setup, the process impact forces on the plate will be modeled using finite analysis software.  The modeled results will be compared to the actual experiment results and will be used a baseline and reference to the expected results.  Testing of the impact force position and magnitude phase of this project will consist of applying various forces in known positions of the test panel and comparing the results from the developed software with the actual values.  Through testing, the developed software can be tweaked and refined to most accurately determine actual magnitude and position values.  The panel material must also be tested to find deformation and breakage limits and comparing them to physical values.  

2.2 Phase 2: Damage detection and analysis

The damage detection and analysis will automatically detect the location and extent of damage.  Using information of the magnitude of the force from the first phase and the characteristics of the panel material, the system will determine if damage is imminent at that particular location where the force occurs.  If the detected force is in the range that the material may endure deformation or breakage, ultrasonic waves will be used to confirm if significant damage actually exists on the panel and the extent of the damage.  The hardware for this phase will consist of the same equipment in Phase 1 with the addition of at least four transducers for the ultrasonic waves along with a pulsing circuit used to drive the transducers, a pulsing circuit used to drive the transducers, a power supply to drive the pulsing circuit, and a digital oscilloscope will be used for data acquisition.

To test the damage detection system, various damaged aluminum panels will be used with the positions of the damaged areas known.  The developed software must be able to accurate detect the locations of the damage on the panels.  The software-generated locations will be compared to the actual positions of the damage so that the software can be tweaked to most accurately detect the damage.

2.3 Phase 3: Damage Repair

The damage repair interface will consist of the actual repair mechanism that will actively fix damaged areas of the aluminum test panel.  This system is designed to be autonomous so the user will not directly interface with the equipment.  The system uses the information from the damage detection and analysis phase as input to determine where on the panel the repairs are to be made.  The output of this phase is the physical repairs done on the panel.  The hardware of the repair system depends on the method of repair.  In addition to the panel, the hardware could consist of heating filaments, epoxy/resin nozzles, and bonding material.  The software component of this phase will control where to apply the repair mechanism and to what magnitude.

The autonomous repair system will be tested by using a damaged panel to first trigger the damage detection system and then applying the necessary repairs to fix the panel.  When the repairs have been completed, the repaired panel will be analyzed structurally to ensure that the repairs were sufficient.  Using this feedback, the extent and method of the repair process can be adjusted to maximize the quality of the repair.

3.0 Progress to Date

From the time since the first design update the project has undergone much progress to achieve the desired objectives.  All equipment required to complete Phase 1 of the project (force detection) has been purchased and put to use.  This equipment includes the test plate and frame, data acquisition system, and strain gauges.  In addition, equipment that will be used for Phase 2 (damage detection) was also purchased including the electrical components that will be used to drive the transducers.  The pulsing circuit for Phase 2 was completed. Data acquisition and analysis software for both Phases 1 and 2 has begun development.

Test Apparatus

A test plate was created out of industrial 6061 grade aluminium measuring 14.5” x 14.5” with a 1/16” thickness.  Initially a 1/8” thick test plate was to be used but the thickness proved to be too rigid and as a result a 1/16” thick test plate was cut.  An aluminium frame for the test plate was designed using drywall brackets.  The frame was attached to the edges of the test plate so that there was exactly a 12” x 12” unsupported area on the test plate.  The frame is attached to the top and bottom of the plate, ‘sandwiching’ the edges of the plate for rigidity.
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Figure 1: Top view of test plate and frame
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Figure 2: Side view of test plate and frame

The strain gauges purchased that will be used for this project are Vishay CEA-13-240UZ-120, shown in Figure 3.
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Figure 3: Vishay CEA-13-240UZ-120 strain gauges

Data Acquisition and Analysis

The data acquisition system consists of the NI cDAQ-9174 chassis that houses two NI 9235 8-channel quarter-bridge strain gauge modules. 
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Figure 4: NI cDAQ-9174 chassis with two NI 9235 stain gauge modules

 
This system provides an interface between the strain gauges and the computer where the analysis is performed.  Various test strain gauges were connected to the system to allow the users to become familiar with the interface. Measurements of strain were performed using included NI software for familiarity. One such measurement is seen in Figure 5.
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Figure 5: Strain readings obtained in NI software

Although the system can interface with Labview it was discovered it would be best to develop the analysis software in visual C++ using the NI Measurement Studio library.  The NI measurement studio library provides several benefits and useful features for the project. It provides instant connectivity with NI products. It provides many GUI libraries specifically geared towards data acquisition and analysis such as graphs and indicators. It also provides many analysis functions such as signal generating, processing, and filtering. Since these libraries are built upon visual C++, the data acquired is not limited by specific software functions such as in LabView. Instead, it is extremely flexible and modular as specific libraries and functions can be developed to run the hardware exactly as needed by the project specifications and requirements.

The data acquisition software to be developed will be split into two separate parts. The first part is the calibration. This part of the software will acquire strain gauge readings at specific known forces whose values will be manually typed into the software. It will then analyze the strain gauge readings to a point where the values are constant within a specific threshold over a period of time. At this point both the input force and strain gauge reading will be stored in a file. These values will also be sent to a modified least squares function that will continuously update the calibration factor between strain gauge readings and force based on the amount of values stored. This calibration factor will be displayed on the software. The software will automatically stop after a certain amount of precision has been reached. The block diagram for the calibration software can be seen in Figure 6.
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Figure 6: Block diagram for calibration software

The second part is the force and position calculation. This software will run independently of the calibration software but will only run if the calibration has already been performed. The software will record any strain that is present and convert the measured values into force values using the calibration factor. Based on the amount of force seen at each strain gauge and the stored values from the calibration software, this software will use another modified least squares approach to locate the most probable location of the force and the accuracy of this measurement. This software will run continuously until the user stops it. The block diagram for the force and position calculation can be seen in Figure 7.
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Figure 7: Block diagram for force and position calculation

Finite Analysis and Modeling

The finite element analysis and modelling is being carried out using ANSYS 10.0 modelling software.  A 12” x 12” aluminium test plate with 1/16” thickness was created in ANSYS where various loads and impulse forces can be applied to the plate. The plate was modelled using the Shell 8node93 element type with a thickness constraint. Yonge’s modulus was input as 70 GPz, Poisson’s ratio as 0.33, the density as 2700 kg/m3, and the plate was set to have isotropic properties. The mesh was created, but the desired element size has not been determined. Boundary conditions were applied along the perimeter of the frame to simulate the physical frame. A continuous boundary that allows no displacement in all degrees of freedom was placed along all four sides.
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Figure 8: ANSYS model of test plate and applied force

Damage Detection using Ultrasonic Transducers

Damage detection using ultrasonic transducers consists of the ultrasonic transducers themselves, a pulsing circuit that powers the transducers, and data acquisition and analysis software. 

The pulsing circuit has been built and tested functional. A circuit diagram of this circuit can be found in the appendix. The pulsing circuit currently runs off a 12V computer power supply and is shown in Figure 9. 
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Figure 9: Pulsing circuit to drive ultrasonic transducers
The first section of the circuit amplifies the initial DC 12V to an amount between 100V and 400V (or higher if needed). The amount of amplification depends on the transformer coil used. The transformer coil will be chosen based on the type of transducers that will be purchased at a later date. This amplification is obtained using a 555 timer chip, a transformer coil, and a series of voltage ladders. Initially the 555 timer creates a square wave with a 12V amplitude and a 10us period. This square wave is conditioned using a simple transistor and is used to drive a powerful MOSFET that sends current to the coil. The transformer coil smoothens out the square wave into a sinusoid and essentially outputs an AC signal. This signal is amplified from the initial 12V amplitude to a larger amplitude based on the number of turns the coil possesses. The current coil amplifies this amplitude by about 3 times. The amplified AC signal is then sent to a series of three voltage ladders. The voltage ladders rectify the signal back to DC and should theoretically amplify this signal another 3 times. Current testing using a coil that provides a 40V AC signal shows a DC signal of about 122V at the output of the ladder. Although this value seems to be in agreement with what the theoretical output is, when a load (such as a transducer) is applied to this DC signal, the voltage drops to a value around 100V. This is due to the lack of current that can be stored and travel through a voltage ladder (limited by its high capacitance).

The second section of the circuit creates a downward pulse that is amplified using the previously mentioned section. This pulse is created using a 555 timer, a class C amplifier, and a class A amplifier. The class C amplifier consists of two transistors in a certain configuration while the class A amplifier consists of one MOSFET. Initially the 555 timer is used to create an upward pulse with an amplitude of 12V, a width of 10us and a period of 10ms. This pulse is sent to the class C amplifier. This amplifier is used to drain enough current from the power supply such that the pulse can be amplified to a high voltage. The output of this amplifier is the same pulse but has the potential to draw more current if needed. This pulse is sent to the class A amplifier that uses the before mentioned amplified DC signal. This amplifier then amplifies (and inverts) the pulse to whatever the amplified DC voltage is. Current testing creates an almost perfect pulse with an approximate 100V drop.

For testing purposes, two cleaning transducers were placed in a test position and the pulsing circuit was used to drive one of them. The output of the other transducer was measured on the oscilloscope. The figure below shows the 100V amplified downward pulse (Channel 1 – Yellow) and the ultrasonic signal measured (Channel 3 – Magenta).
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Figure 10: Screen shot of oscilloscope showing pulse and ultrasonic signal

The software used to acquire and analyse the data from the oscilloscope will be also be developed using visual C++ and the NI measurement studio software. It will interface with the software developed for damage detection.

Milestones and Timetable

The schedule of tasks has changed from the originally proposed schedule in the design specification review and 1st design update presentation.  The original approach to the schedule was to have each phase of the project completed before the next phase would start.  It was found that parts of the various phases can be worked on simultaneously and that a simultaneous approach would allow each group member to work more efficiently on separate tasks.  

According to the timetable in the design specifications report, as of January 13th 2010, the first phase (force detection using strain gauges) should be completed and phase two (damage detection using transducers) should be starting shortly.  With the new approach, the first two phases along with finite element analysis and design are being worked on concurrently.  We anticipate that by February most of the testing of the force and damage detection, along with the finite element analysis should be complete.  This is not very far off the initial estimates of the timeline from previous reports.

	Task
	Expected Completion Date

	Testing of force detection using strain gauges
	February 8, 2010

	Complete circuit to drive transducers
	January 12, 2010

	Obtain transducers
	January 19, 2010

	Secure transducers on test plate
	February 2, 2010

	Complete software to analyze transducer data
	February 10,2010

	Testing of damage detection using ultrasonic transducers
	March 3, 2010

	Decide on self-repair Concept
	March 5, 2010

	Complete and test self-repair concept
	April 2, 2010


Table 1: Tasks to complete and expected completion dates

4.0 Obstacles and Risks

An obstacle that had to be overcome was finding the correct data acquisition system and finding the funds to allow the system to be purchased from our budget.  The data acquisition system is an essential part of this project because it is used to obtain strain readings from the strain gauges, which will then later be converted to force readings.  This project requires a data acquisition system capable of obtaining 16 strain gauges readings simultaneously.  These devices are very expensive and are typically more than $4000, much higher than our initial budget of $1000.  Fortunately, the project was granted additional funding by OCE and Professor Zhu, the supervisor of the project, covered the remainder of the costs.  Obtaining the data acquisition system was an enormous obstacle that had to be overcome in order for the project to succeed.

Initially, Matlab was the programming language of choice to design software to acquire the data and perform analysis. However, the NI data acquisition system did not support Matlab but instead NI Labview.  It was found that the Labview software package was unfit to develop programs for the data acquisition due to difficulty of recording, concatenating, and storing data.  As a result the NI Measurement Studio library will be used to develop C++ software.  

5.0 Budget Expenditure

The majority of items necessary for the design have been purchased and put to use.  An important addition to the budget is expenditure is the $3500 OCE grant given for the project.  This grant in addition to in-house contribution from Professor Zhu was used to purchase the data acquisition system.  The NI cDAQ-9174 chassis and NI 9235 strain gauge modules that made up the data acquisition system totalled to be $4289.35.  With this expense resolved, the remaining items could be purchased within the initial $1000 budget.  Another notable mention in the decrease in budget expenditure with the discount received for the strain gauges.  In the initial design specification report the estimated cost for the strain gauges was $400.  With an education discount, the strain gauges including the bonding solution came to a cost of $224.70.  

	Items Purchased
	Initial Cost Estimate
	Actual Cost

	Aluminium Plate
	10
	12

	Frame
	-
	9.03

	Strain Gauges and Bond
	400
	224.70

	Data Acquisition Equipment
	800
	4289.35*

	Sandpaper
	-
	3

	Electronic Circuit Equipment
	-
	94.48

	Tektronix 2024b Oscilloscope
	-
	In-kind

	
	
	

	Total*
	$1210
	$4632.56

	Total
	$410
	$343.21


Table 2: Costs of items purchased for project so far
It can be seen from Table 2 that excluding the cost of the data acquisition equipment, the actual cost of the items purchased are less that than initially estimated.  Items not considered initially were the frame, sandpaper and electronic circuit equipment to drive the transducer.  However, with the savings from the discounted strain gauges, the costs of these items could be accounted for. 

	Items to be Purchased
	Expected Costs

	Transducers 
	200

	Project Demo Poster
	100

	
	

	Total
	$300


Table 3: Expected costs of items to be purchased

There are few remaining expenses expected for the project.  If transducers cannot be obtained in-house sources, transducers may have to be purchased.  This expense will become clearer in the near future.  The last remaining item is the project demo poster that is expected to cost $100.

6.0 Conclusion

This report updated the status of the Sisteems Engineering Autonomous Spacecraft Impact Monitor, Damage Detection, and Repair project.  There has been much progress made as the Sisteems Engineering team has been working diligently.  The first two phases and the finite element analysis and modeling are well on its way. The project is on track and within budget as indicated on the milestones and budget expenditure sections of this report.  The team acknowledges the direction that the project is heading and will strive to successfully complete the tasks at hand.  

Appendix

Background Information

An important aspect to consider when designing spacecraft is to design it to withstand any forces that could potentially cause damage. Spacecraft are easily susceptible to damage due to debris during launch, spaceflight, as well as re-entry through the Earth’s atmosphere. On February 3, 2003, the Space Shuttle Columbia was destroyed during re-entry into Earth’s atmosphere, killing seven crew members.1 A piece of thermal insulation foam that weighed about 0.54 kilograms broke from the External Tank and struck the Reinforced Carbon-Carbon panels of the left wing of Columbia at 840 m/s during launch.1 A hole estimated to be 15 to 25 cm in diameter was created in the Thermal Protection System (TPS), which allowed hot gases to enter the wing during re-entry, which lead to the destruction of the Space Shuttle. NASA engineers suspected damage, but NASA managers limited the investigation.1
The Columbia accident is one of many reasons why an SHM system should be required on all space shuttles. Boeing Company specified that the TPS is one of the most susceptible areas on a spacecraft to be damaged by debris.2 By introducing an SHM system, damage could be detected before re-entry into the atmosphere, potentially saving lives. SHM has been used for a wide range of applications including transportation systems and civil infrastructures; however, it is difficult to implement an SHM system in space due to the harsh environment.2 An SHM system must be able to detect the location of any damage on the spacecraft and also be able to provide a quantitative measure of the damage.

There have been several techniques developed using sensor-based impact identification, which can be found in literature [3-9]. Each system can be classified as either a neural network-based approach or a model-based approach. A neural network is able to identify impact location effectively, but does not quantify impact force efficiently.2 The neural network would be calibrated system of several strain sensors, which detect any impact forces and provide the impact location by matching the strain data from each sensor to a data base of strain matrices. The strain matrices data base would be created by collecting physical strain data caused by known forces at known locations. The second technique detects force using a model of the structure.2 It may be simple to calculate strain due to a force impact with a physical model, but the inverse problem is difficult and iterative methods must be used. Iterative methods have been proposed in [10]; however, iterative methods are not only slow, but they are also difficult to use for complicated structures.2 A mixed approach was proposed in [10] and [11], which combined a neural system with a model. Finite element analysis was used to acquire strain caused by known forces using simulated strain sensors. This data was used to train a system model. Physical strain tests could then be compared with the system model and an accurate location and impact force can be determined. The mixed method was used successfully on stiffened panels as well as TPS tiles.2
There have been several methods proposed to detect any damage to a spacecraft rather than detecting a force and modeling the damage. In the literature [12], a low cost impedance method used to detect structural damage and bolt loosening was discussed. Piezoelectric patches were used to send high frequency excitations through the structure they were bonded to, which provided information on the impedance of the structure.12 The impedance of the structure would change if it experienced any structural change. Damage was detected by comparing the FFT’s of each measurement with a baseline, then calculating the root mean square deviation. The root mean square deviation provided a measurement of damage as a single number.12 The authors assumed the FFT analyzer and the required analysis functions could all be performed on one single chip in order to be small enough for deployment.2 A short literature review was provided in [12], which discussed research previously conducted in relation to wireless SHM systems, focusing on decision making capabilities and local computing.

Once damage is detected that could put the mission into jeopardy, there must be some way to repair the spacecraft. For example, it would be inefficient to launch another Space Shuttle to transport astronauts down to Earth who were onboard a damaged shuttle. Self-healing mechanisms are currently being studied. In the literature [12], a self-healing composite was described, which was able to repair cracking caused by impact, mechanical loading, or thermal loading. An aluminum composite could be created by embedding micro fibres filled with an adhesive into the aluminum. If any cracking or puncturing occurs, the fibres would break, and the adhesive would polymerise due to an embedded catalyst, which would effectively seal the damaged area.12
Pulsing Circuit
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