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Abstract

Sisteems Engineering has been working on an Autonomous Spacecraft Impact Monitoring and Damage Detection project since September of 2009.  This document contains the final details on the design and analysis of the project.  The project consists of two phases: impact detection using strain gauges and damage detection using ultrasonic transducers.  The impact detection is the primary objective.  The first phase consists of detecting impact forces applied on an aluminum plate to simulate impacts on a spacecraft panel.  The secondary objective consists of detecting damage on an aluminum plate with various cracked and broken portions of the plate.  The project team has completed its goals for the primary and secondary objectives and have obtained successful results.  The impact detection component can successfully detect forces within a radius of 1 inch of the actual position within a range of ±5N in magnitude.  The damage detection component has been designed and tested producing very encouraging results.  The project is within budget thanks to additional OCE and in-house funding from Professor George Zhu.  Readers can find detailed explanations and analysis of each objective in the appropriate sections of this report.
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1.0 Introduction

The purpose of this final report is to inform the reader on the progress and results of Sisteems Engineering’s Autonomous Spacecraft Impact Monitoring project now that the final stage has been completed. This document contains the details of the hardware and software developed for the project, an overview of the budget expenditure, obstacles that had to be overcome, and future work.
Sisteems Engineering has designed an autonomous system concept that monitors impact forces on spacecraft panels and detect 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 two objectives.  The primary objective was to design a system that determined the location and magnitude of impact forces on a test plate simulating a spacecraft panel.  The secondary objective was to develop a system to detect if damage was present on a test plate simulating a spacecraft panel.

2.0 Technical Description and Requirement


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 later sections for details on the methods used and the results from the testing.

2.1 Primary Objective: Impact force magnitude and position detection

The interface of the impact force detection system consists of an aluminum test panel allows users to apply test forces on the surface of the panel.  The user is able to view the applied forces and positions on the computer display connected to the panel.  The input of this phase consists of the strain measurements taken from 16 strange gauges, which are 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 is written to interpret the strain readings into force computations for both magnitude and position on the plate.  The generated results are expected to be within an inch of the actual position and within ±5N of the force magnitude.

In addition to the physical test setup, the impact forces on the plate are modeled using finite element analysis software.  The modeled results were used to provide an idea of the strain acquired by each of the strain gauges.  Testing of the impact force position and magnitude phase of this project consisted 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 could be tweaked and refined to most accurately determine actual magnitude and position values. 

2.2 Secondary Objective: Damage detection and analysis

The damage detection and analysis stage detects and confirms the presence of damage.  The hardware for this phase consists of aluminum test plates, four transducers, a pulsing circuit used to drive the transducers, a power supply to drive the pulsing circuit, and a digital oscilloscope connected to a computer.

To test the damage detection system, various damaged aluminum panels are used with the positions of the damaged areas known.  The system accurately detects the damage on the panels by determining the time delay in the arrival of ultrasonic signals at different positions on the test plate.

3.0 Primary Objective: Force Determination Design Process and Results

This section addresses the details of the hardware, software, and methodology developed throughout the project.

3.1 Test Apparatus

A test plate was created out of industrial 6061-T6 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 for the purposes of this project and as a result a 1/16” thick test plate was cut.  An aluminum frame for the test plate was designed using drywall brackets.  The frame and the aluminum plate were drilled with evenly spaced holes, 0.566” apart, so that they could be attached together with screws, washers and nuts.  The frame was attached to the edges of the test plate so that there was 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. The evenly spaced screws allow for a virtual ‘boundary’ of the test plate.  Four holes were drilled on the sides of each of the lower frame pieces to route the wiring through to the data acquisition modules.  A coordinate grid was marked off on the test plate to provide reference for where the test forces will be applied. Below in Figures 1 and 2 is the top and side view of the frame, respectfully.
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Figure 1: Top view of test plate and frame where forces are applied
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Figure 2: Side view of test plate and frame

The strain gauges purchased that are used for this project are Vishay CEA-13-240UZ-120.  These strain gauges are 0.5” in length and 0.2” in width.  To prepare the plate for the strain gauges, the plate was thoroughly sanded with 220 and 400 grit sand paper.  This ensured that the strain gauges would make the best contact with the plate as possible.  The strain gauges were carefully glued to the surface of the test plate using the Vishay M-Bond 200 strain gauge conditioning and bonding solutions.  The strain gauges were glued four per side, evenly spaced 2” between each other, which can be seen below in Figure 3.
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Figure 3: The 16 strain gauges bonded to the sanded surface of the test plate

Thin strain gauge wires were soldered to the contact patches on the strain gauges. The other end of the wires were soldered to a near-by junction glued onto the plate, one per side.  The strain gauge wires from the strain gauges to the junctions were then glued to the plate to avoid movement.  These junctions were used to connect more sturdy and usable shielded wire to the data acquisition modules.    

3.2 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.  This system provides an interface between the strain gauges and the computer where the analysis is performed.  All 16 strain gauges were attached to the 16 channels of the strain gauge modules using special purpose strain gauge wiring, which can be seen below in Figure 4.
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Figure 4: Strain gauges connected to the NI cDAQ-9174 chassis with two NI 9235 stain gauge modules

The developed analysis software was created 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 and 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.

3.3 Software

The software for the first objective was split up into two different sections – the database process and the force position and magnitude determination process. These two processes were created separately but they have an inherent connection. The force position and magnitude determination process cannot function without a database created from the database process. Figure 5 shows the block diagram for these two processes.
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Figure 5: Software Block Diagram
3.3.1 Database Process
The database process is used to develop the database of the neural network for known forces and known coordinates.  This process involves using a force measuring device and manually applying various forces on every marked coordinate of the test plate.  The device can be seen in Figure 6.  There are 121 coordinate points on the test plate and each point is recorded with forces from 26N to 70N in increments of 4N, five or more times each.  In addition to this, a 0N reading is taken for every coordinate on the plate.  This amounts to over 7380 measurements for the whole plate. A minimum force of 26 N was selected because the strain associated with forces below this value was difficult to distinguish and was close to noise. A maximum of 70N was selected because it became difficult to manually apply greater forces with the force applicator. It was decided that 4N increments would be adequate because the measurements were performed manually and it would have been too time consuming to perform more measurements. At the same time, the force applicator was limited to 2N increments which translates to an accuracy of ±4N at any measurement.  It was decided that an 11 x 11 grid of points separated an inch apart horizontally or vertically would be sufficient because it would allow for a position solution accurate to ±1 inch. This size is also convenient as it is not too large to transport and work with.
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Figure 6: Force measuring device used for database
The way the software performs these operations is as follows: A Graphical User Interface (GUI) that was developed specifically for the software allows the user to type as input a data file name (where the data will be stored), the current x position of the measurement, the current y position of the measurement, and the current force of the measurement. These can all be seen in the GUI diagram shown in the appendix. After this data is input, the “Perform Measurement” button can be used to take strain gauge measurements. If no measurement has been initially taken, an initial measurement is taken, that can be used as reference, and the files are prepared for output. If an initial measurement has been taken, the software reads in data from the strain gauges and averages it to get a single strain reading for the specified inputs. A table showing the deviation in average and standard deviation of the signals acquired is also shown on the GUI after taking a measurement. This is useful as it allows quick analysis after each measurement to ensure that there are no problems. The final data of all of the measurements and inputs is saved into a file.

3.3.2 Force Position and Magnitude Determination Process
The developed software to determine the impact force position and magnitude acts as a modified neural network with several efficiency related algorithms used. The efficiency related algorithms are mainly searching and sorting techniques that are optimized for the amount of data we are working with (several thousands of data points).

The process first initializes an object of a custom built class called Searching. This object first reads the file containing the database data.  Each strain gauge reading from the file is then sorted into buckets to increase the efficiency of the program.  This is accomplished by reading the database file line by line, comparing the strain reading with the bucket ranges to check which bucket the strain reading belongs to and consequently placing the value in its respective bucket.  This process determines how large each bucket is required to be in order to create arrays of the same length. The ranges, S, for each bucket is as follows:

	Bucket #
	Range

	Bucket 1
	S < –2.5e-5

	Bucket 2
	–2.5e-5 < S < –2e-5

	Bucket 3
	–2.0e-5 < S < –1.5e-5

	Bucket 4
	–1.5e-5 < S < –0.5e-5

	Bucket 5
	–0.5e-5 < S < 0.5e-5

	Bucket 6
	0.5e-5 < S < 5e-5

	Bucket 7
	S > 5e-5


Table 1: Bucket Ranges
The ranges of each bucket were chosen to allow for the most even distribution of readings per bucket, increasing the efficiency of the software. After the bucket sizes are determined, a double array is created for each bucket.  The program creates an object for each strain gauge reading containing the X and Y position of the reading, magnitude of the force, strain gauge number, and strain gauge reading.  Each bucket contains arrays of these objects corresponding to each strain gauge number.  Each of the arrays of objects in each bucket is sorted by their strain reading value using the insertion sort algorithm.

The software then runs into a continuous read mode that constantly reads strain data from the plate. This strain data is then sorted in order from largest to smallest reading. This data is then sent to the previously created Searching object to find the values closest to each strain reading (the ‘possibilities’). The fastest searching algorithm within a sorted algorithm is a binary search; however, several values within a specific threshold are required by the software rather than a single value known to exist in the bucket. Therefore, a new searching algorithm has been designed.
The search algorithm first finds the correct bucket to use. Once a bucket is selected the searching function is used to select the values closest to the input strain, within a certain threshold. The function takes as input the strain gauge objects making up the bucket being searched as well as the strain reading being compared. Since the bucket is sorted smallest to largest, the function quickly finds the database reading closest to the input strain by using a for loop that increments through the bucket starting from the first value. The algorithm finds the closest value by continuously comparing the current difference between the input strain and the bucket value and the next difference. If the first difference is less than the second difference, then the best possible match is found since the absolute difference is at a minimum. The best match is then stored as the first value of an output array. Since the best match has been acquired, the function then searches to the left and right of the best match using another for loop. Within the for loop, the absolute difference between the input strain and the bucket value is calculated and then compared to a threshold value. If the difference is less than or equal to the threshold, the database strain data is added to the output array. If the difference is greater than the threshold, then there are no more close matches and the loop is ended. Once all of the best matches are found and stored within an array, an insertion sort algorithm is used to sort the array from best to worst. The sorted output array is then sent to the next segment of the software.
At this point, the software now has both the strain readings and the values that are found in the database closest to each strain reading. It now begins to run a modified neural network algorithm that uses the strain gauge readings as the neurons. First, the largest strain reading’s closest possibilities (found in the previously mentioned search algorithm) are used. Each possibility has an associated X and Y position and a force. Each possibility is first given a score that is based off the difference between the actual strain reading and the possibility itself. This score is then sent to a recursive function that checks whether or not the X, Y, and force of the possibility exist in any of the possibilities of all of the other input strain data. If the X, Y, and force are found to exist in one of the possibilities for any of the input strain measurements, the score is increased otherwise the score is left the same. This score is now based off the possibility that was found and its associated input strain measurement. This algorithm can then be potentially run for every single strain (not only the largest recorded), however, it was found that only the two largest strains are most important for the accurate calculation of X, Y, and force. After the highest scores are obtained for each strain, they are sorted from largest to smallest and the possibility of the strain gauge associated with the highest score is used as output. The force itself is linearly interpolated. This is done using ratios to compare the best database match’s largest strain and force with the input strain. It is assumed that for any given point force scales linearly with strain.
The scoring itself is based off of the following mathematical relation that was designed to generate the best results. This was calculated as the current score plus the inverse of the square root of the strain (so there is a whole number that is larger for smaller differences but has diminishing returns) multiplied by a scaling factor that makes the score smaller for strains that are smaller in magnitude (i.e. the strain ‘location’) again with diminishing returns.
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3.4 Force Position and Magnitude Determination Test Results and Analysis


Using the latest database, the developed software was able to detect forces within an inch range of the actual coordinate position and within 5N of the actual applied magnitude.  The results are much better at the positions at near proximity to the strain gauges because the near-by strain gauges produce a reading with higher signal-to-noise ratio. At coordinates within an inch or two of a strain gauge, the displayed results are almost exact and there are very few fluctuations in the displayed results.  At positions further away from the strain gauges the displayed results appear to fluctuate more since there are more close matches in the neural network database due to the low signal-to-noise ratio at points around that location and the fact that the location is almost equally distant to each strain gauge.  When the displayed results fluctuate they generally fluctuate between positions and forces within a radius of 1 inch and 5N respectively.


The requirements set at the beginning of the project were met proving that the concept is valid.  However, there are several methods and techniques that would greatly improve the results.  The database process was done manually by hand using a device that measured forces to ±2N accuracy.  If this process could be automated using a machine to apply the forces consistently and the exact force increments, the database of readings would be far superior.  This would allow for far better separation between readings and would vastly reduce the number of fluctuations in the displayed results since there would be fewer similar results in the database for every point.  Another improvement to the process would be to either include a temperature sensor or extra strain gauge to take into account the thermal output of the strain gauges since strain gauges are very sensitive to temperatures.
3.5 Finite Analysis and Modeling

The finite element analysis and modelling is being carried out using the educational version of ANSYS 10.0 finite element modelling software. The system model will be used to provide theoretical strain readings of the physical system.

A 12” x 12” aluminum 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. The 8node93 element type has six degrees of freedom at each node. It was designed to have plasticity, stress stiffening, large deflection, and large strain capabilities. Young’s modulus was input as 68.9 GPa, Poisson’s ratio as 0.33, the density as 2700 kg/m3, and the plate was set to have isotropic properties. 

In order to obtain accurate strain readings, elements representing each specific strain gauge were created. The corner coordinates of each strain gauge were calculated using Matlab. The Matlab output was used to determine the corner coordinates of each strain gauge in ANSYS. The key points were used to generate separate areas representing the strain gauges and then four corner points were used to generate the plate area. The strain gauge areas were subtracted from the plate area to create holes. New areas were created where the holes were in order to combine the strain gauge locations with the area of the plate. Doing so allowed separate elements to be created in order to easily determine the strain readings. The mesh table tool was used to set the areas of the strain gauge areas to 0.0054 m, the width of each strain gauge. It is important to have a small element dimension in order to provide forces at the same locations as required by the physical model database. If the elements are small enough, the surface of the force applicator can be modelled. The elements of the plate area were set to 0.25” square (0.0762 m). See Figure 12 in the appendix for an illustration of the strain gauge model setup. 

Unfortunately, due to the limitations of the educational version of ANSYS 10.0, the mesh element number limit was exceeded and would not process. The element size was increased, but the same problem occurred. This was because of symmetry problems between elements created for the strain gauges and the main plate elements. ANSYS would attempt to create more elements with different dimensions and side numbers to accommodate for the symmetry problems relating to the strain gauges.    To counter this, the strain gauge areas were removed and the strain at each gauge can be estimated by examining the element components within the key points plotted with the output.

Boundary conditions were applied along the perimeter of the frame to simulate the physical test frame. A continuous boundary that allows no displacement in all degrees of freedom was placed along all four sides to simulate the frame sandwich structure. 

The mesh was set up according to the physical model database points. Since the physical system is being recorded at points with adjacent separations of 1” (0.3048 m) then the mesh must be set up to have nodes that correspond to these points. The mesh must have nodes at an even division of 1” in order to do this. The best ANSYS can do without reaching the element limit is 0.5” (0.0127 m). A smaller spacing was desirable in order to model the shape of the surface applying the force, but since the surface measures approximately 0.2” (0.005 m) then either a point load or a cross-combination of point loads will have to suffice (more on this below). The resulting mesh measures 24 x 24 (576) square elements where the edge length is 0.5” (0.0127 m).

Since the mesh is set up and the boundary conditions are placed, a force can be applied, and the strain gauge measurements can be taken. See Figure 13 in the appendix for an illustration of the mesh with the applied force location shown. The applied force appears centred at X = 8” and Y = 8” in the positive Z direction, which points into the page. The nodes halfway between each of the adjacent cross-nodes have been used to approximate the circular shape of the surface area that applies the force. The nodes over exaggerate the size from a width of approximately 0.2” to a width of 0.5” (0.0127m).

Now that the modelling, meshing, boundary conditions, and loads have all been applied, the solution is now ready to be solved. The solution was solved and two total strain element contour maps were produced, which can be seen in Figure 14 and 15 in the appendix. Figure 14 represents the strain in the X direction, indicating the values that would be seen by the strain gauges on the left and right side. Similarly, Figure 15 represents the strain in the Y direction.
4.0 Secondary Objective: Damage Detection Process and Results

4.1 Damage Detection using Ultrasonic Transducers
Damage detection using ultrasonic transducers consists of the ultrasonic transducers, 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 is powered by a 12V computer power supply and is shown in Figure 7. 

[image: image9.png]IRF840

02N80C3

<

York University

Amplified Downard Pulse

Danut Tabacaru Page 1/1
Victor Ho 2742009





Figure 7: 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.
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Figure 8: Screen shot of oscilloscope showing pulse and ultrasonic signal

The test set up consisted of a square 16.5” x 16.5” aluminum plate with four ultrasonic washing transducers placed at the corners of the plate.   One transducer was used to send ultrasonic waves through the test plate while the other 3 transducers were set to receive the signals and show the received signal on an oscilloscope.  The test plate was designed so that there was portion of the plate cut out to impede the direct path of the transmitting transducer to one of the receiving transducers.  The portion of the plate that was cut out was to simulate a damaged area on the plate.
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Figure 9: Damage detection system with four ultrasonic transducers attached to and aluminum panel

4.2 Damage Detection Results and Analysis

The damage detection concept was demonstrated by displaying the received ultrasonic signals of the transducers on an oscilloscope.  Figure 10 shows the received signals displayed on the oscilloscope.  The pink signal represents the signal received by the transducer with the damaged direct path.  The signal is significantly delayed compared to another transducer the same distance apart (blue signal) showing that the signal could not reach the transducer directly but instead through a different path.  
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Figure 10: Oscilloscope display of ultrasonic signals received by transducers

To actually measure the damage, an array of transducers set up along all of the sides of the plate would be required. Since the speed of the ultrasonic signals in the plate can be calculated, the positions of each of the transducers are known, and the location of the damage is known (from the first objective) the dimensions of the damage itself can be calculated by analyzing at what time the transmitting signal is received at each of the transducers. 
5.0 Obstacles Encountered


There were a few unexpected obstacles that had to be overcome.  Initially, the very thin gauge, low resistance wire was soldered to the strain gauges and then connected directly to the data acquisition system.  This proved to be unreliable because the wire was easily tangled and easily broken.  This was resolved by using a wiring junction and connecting the thin gauge wire from the strain gauge to the junction and shielded ‘triple’ wire from the junction to the data acquisition modules.  This wiring configuration allows the test set up to be much tidier.


One of the obstacles occurred during the ANSYS development, which is discussed in the Finite Analysis and Modeling section.


Another obstacle was encountered with the database software.  After applying forces on the test plate the plate would stay slightly deformed after the force was removed.  The sensitivity of the strain gauges could detect the very slight deformations in the plate and as a result the zero reading would be slightly off.  To counter this effect, the strain gauges’ zero readings were recalibrated after the measurements for each point was complete.


The initial force position and magnitude determination results using the data acquired were off by about an inch in position and 5N in magnitude.  To improve the results each force measurement during the database process is taken at least 5 times.
 It was found that the strain gauges are extremely sensitive to temperature variations.  The environment where the database software was performed has varied in temperature during the process and as a result the data contains some fluctuation.  The process was redone in a temperature-controlled environment to produce more consistent results.  The best results can be obtained by performing the database readings in the same temperature as the environment at which the system would be used.


The mathematical model initially used to calculate the force positions and magnitude was found to be inaccurate.  This was because the forces could not be calculated using a polynomial model as initially assumed.  To fix this problem, a computational system was designed based on a neural network.  This system uses the database of strain readings and matches the input strain readings to those in the database to calculate the position and magnitude of the forces.  This process is explained in the Software section (3.3).  More information on the initial method using the least-squares can be found in the appendix.

6.0 Milestones and Timetable

The expected milestones addressed in the Critical Design Review have been all completed.  The primary objective of the project has been completed and the secondary objective has been explored with the remaining time.  The completion of the milestones indicates that the project has met all expectations set from the Critical Design Review and there were no tasks left unfinished.

	Task
	Expected Completion Date
	Status

	Attach Frame
	2-Feb-10
	Complete

	Secure Strain Gauges on Test Plate
	9-Feb-10
	Complete

	Testing of Force Detection Using Strain Gauges
	16-Feb-10
	Complete

	Complete Circuit to Drive Transducers
	12-Jan-10
	Complete

	Obtain Transducers
	22-Feb-10
	Complete

	Complete Software to Analyze transducer Data
	10-Mar-10
	Complete

	Testing of Damage Detection Using Ultrasonic Transducers
	28-Mar-10
	Complete

	Finalize Display Poster
	18-Apr-10
	Complete

	Final Preparation for Demo Day
	21-Apr-10
	Complete


Table 2: Tasks to complete and expected completion dates

7.0 Budget Expenditure

There have been no budget modifications since the Critical Design Review.  All items for the project had been purchased and put to use before the CDR. The only additional expenditure was the mandatory display poster for the project presentation.  The estimated cost of the poster was $100.  An important mention 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 totaled to be $4289.35.  With this expense resolved, the remaining items could be purchased within the initial $1000 budget.  

	Items Purchased
	Initial Cost Estimate
	Previous Cost
	Updated Cost

	Aluminum Plate
	$10
	$12
	$12

	Frame
	-
	$9.03
	$48.76

	Strain Gauges and Bond
	$400
	$224.70
	$224.70

	Data Acquisition Equipment
	$800
	$4,289.35
	$4,289.35

	Sandpaper
	-
	$3
	$14.12

	Electronic Circuit Equipment
	-
	$94.48
	$94.48

	Tektronix 2024b Oscilloscope
	-
	In-kind
	In-kind

	Transducers (Washing-type)
	-
	In-kind
	In-kind

	Project Demo Poster
	-
	-
	$100

	Total*
	$1,210
	$4,632.56
	$4,783.41

	Total
	$410
	$343.21
	$494.06


Table 3: Budget
8.0 Future Work

Since the primary phase of the project proved to be successful in that the magnitude and location of an impact could be determined within a small degree of error, Sisteems Engineering would like to look into reducing the force and location error and improve the results of the system. It would be beneficial to conduct the database process in controlled space conditions using machines in order to eliminate human error as well as errors associated with temperature fluctuations. Precisions of measurements would be increased by using advanced force application systems rather than a hand held applicator. Improving the database data and using more measurements will result in a system that is more efficient to the point that the prototype could be developed into an application that could be used on spacecraft to detect collisions with space debris.

Sisteems Engineering would also like to continue the research on the second objective of the project. Plans to improve this section include introducing complex algorithms that can be used to detect various defects in the system such as cracks and punctures. This will be done by analyzing the waveforms transmitted through an aluminum plate and received by a network of transducers lining the perimeter of the plate. 

9.0 Conclusion

This report updated the reader on the final status of the Sisteems Engineering Autonomous Spacecraft Impact Monitoring and Damage detection as the project comes to a close.  Sisteems Engineering has demonstrated working results of its primary and secondary phases as seen in the previous sections.  The project expenditure was within budget thanks to the OCE funding and the project was completed before the deadline.  There were many valuable lessons learned throughout the project and several interesting conclusions were drawn.  It was found that the force position and magnitude determination could be improved greatly by obtaining database data using an autonomous robotic system with consistent applied forces in a temperature-controlled environment.  It is also likely that using fewer strain gauges would produce acceptable results, reducing the cost and complexity of the system.

The damage detection using ultrasonic transducers proved to be a successful addition to the health monitoring system.  The team was pleased to have made progress on the secondary objective.  In conjunction with impact force determination system, the damage detection system suggests the possibility of a complete health monitoring system.  A seamless system that integrates both impact force determination and damage detection would be the final product that could be developed from the concepts explored in this project. 

After completing the project, the team found that there are many potential applications for the concept other than spacecraft panels.  Health monitoring systems using strain gauges and ultrasonic transducers would be useful in applications such as manufacturing machinery, automobiles, or any equipment that can potentially be damaged by impact forces.  These additional potential applications make the developed concept even more marketable.  Sisteems Engineering acknowledges the potential that arises from this project and looks forward to the further development of the concepts in industry.  

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 a 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
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Figure 11: Pulsing Circuit Diagram

ANSYS Analysis Figures 
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Figure 12: Plate area and strain gauge areas combined 
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Figure 13: ANSYS Plate Model with 0.5” square elements and a 70 N force indicated by red crosses 
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Figure 14: Total Strain in the X direction 
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Figure 15: Total Strain in the Y direction
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Figure 16: Database GUI
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Figure 17: Force and Position GUI

Initial Least-Squares Method

The general expression for performing least squares adjustment is,
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Jacobian matrix

The goal of least squares is to minimize the sum of the square of the residuals v. Mathematically, this can be written as,
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This means that by progressively calculating a new 
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 over many iterations, a better answer for the unknown parameters can be calculated.

Initially, the impact force determination system was based on a least-squares model.  Software was developed and tested but the results were unsatisfactory.  The following is an explanation of the model for calibration and impact force determination. In the calibration model, a 2nd order 2 dimensional polynomial model is used. This type of model is sufficient as force is linearly related to strain while position is inverse squarely related to force. Therefore, the function used is,
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Where,

a,b,c,d,e,g are the unknowns for each strain gauge i

r,f are the range and force for each strain gauge i.

The unknown parameter vector, Jacobian matrix, and observation matrix are then,
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and to solve for the unknown parameters,
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In the force and position case, the least squares model is essentially reversed. Rather than finding the unknown polynomial model equations, the x position, y position, and force are found using measured strain gauge readings and the known parameters. Therefore, the function used is,
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where the only different parameters are x0 and y0 which are the x and y positions of the strain gauges. The unknown parameter vector, Jacobian matrix, and observation matrix are then,
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and to solve for the unknown parameters,
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