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Abstract

In this summer research project, Brian Proulx and I developed and tested the circuitry, physical body, and control code needed for a hovercraft to receive a signal from a beacon and move towards said beacon. By starting with a pre-built hovercraft, we were able to more thoroughly test the circuitry and the code without having to worry about the dynamics of a custom made hovercraft. Once assured that both the circuitry and code were satisfactory, the custom made hovercraft was built and constantly tweaked in order to achieve optimal physical performance. The project ended with a high rate of success in regards to the circuitry and code involved, and with the dynamics of the motion of the hovercraft still being tested and perfected.
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1) Introduction
1.1) Main Project Goal

The overall goal of this research project is to create a swarm of at least 20 autonomous hovercrafts which will continuously search for anomalies in their environment (including, but not limited to, high levels of radiation and specific biological material). These hovercrafts will be in constant communication with each other using attractive (to communicate to others in the swarm that an anomaly has been discovered) and repellant (to communicate to others in the swarm that there is already a hovercraft nearby, and to search another area) signals. The idea of using many relatively low-tech units is beneficial in that the swarm will continue to function correctly and efficiently even with the loss of an individual hovercraft.
1.2) Summer Project Goal
The purpose of this research project was as follows:

· To design and build a hovercraft capable of being used outdoors in non-ideal weather conditions (notably in the presence of wind).

· To implement code for attractive and repellant beacons (using Telos Motes).

· To implement code for autonomous behavior of the hovercraft in response to a given beacon, whether it be attractive or repellant (using Telos Motes).

1.3) Report Outline

In this report, I will discuss the thought process and methodology used in determining the code and physical body used for the hovercraft used during this summer research project. The physical results will then be mentioned, followed by sources of error and shortcomings in the project, and directions that the project should head in the future.
2) Problem Formulation
2.1) Coding


The first step in my part of the project was determining what would be the most efficient method of controlling the hovercraft. A Master and Slave system, one in which a slave receiver would be placed on the right side of the hovercraft and a master receiver would be placed on the left side of the hovercraft, was deemed to be the most efficient option. In this method, both the master and slave motes receive a signal from a beacon. The slave then relays to the master the strength of its received signal, and the master then determines what type of signal it is (attractive or repellant) and makes a comparison between the slaves received signal strength and its own. After making this comparison, the master then decides which thrust motor will be activated, and thus which direction the hovercraft will turn.
2.2) Construction of the Hovercraft


With materials purchased from http://hovercraftmodels.com, the next big question was to determine the most effective way to build the hovercraft with this system in mind. The instructions included with the parts were only of marginal use, as the goals of this project demanded a different hovercraft model than said instructions suggested. Modifications were (and are continuing to be) made to improve the dynamics of the hovercraft while in pursuit of the attractive beacon.
3) Procedure
In order to achieve the goals set forth in the previous section, various steps had to be taken to ensure the most possible success. These included:
A. Testing the Received Signal Strength Indicator (RSSI) values sent by a beacon to a receiver at various distances, power levels, and with physical modifications added to the receiver Telos.

B. Developing the code for the attractive beacon, and the control system for the hovercraft.

C. Testing the system with the attractive beacon on a model hovercraft.

D. Constructing the main hovercraft.

E. Repeating the attractive beacon test with the main hovercraft.

F. Perfecting the physical hovercraft system by adding modifications and changing the period of the attractive beacon.
G. Implementing a repel beacon along with the attractive beacon.
Part A:

The method used in the RSSI testing experiment involves three Telos motes – a beacon with variable power levels, a receiver with or without a copper back-place of various sizes, and a base attached to the computer which receives the data from the receiver and displays it on the computer screen
.

In this experiment, two separate types of experiments were performed – directionality
 and maximum distance. Six directionality and one distance test were performed
. The experiments were performed on the parking lot behind the JACC.
Materials:

-Small copper backplate: 2 and 3/10 x 4 inches with vertical and horizontal holes in the middle, the size of a USB connector.

- Large copper backplate: 4 x 8 inches with vertical and horizontal holes in the middle, the size of a USB connector.

- 3 Telos motes

- Tape measure

- 2 pedestals, one of which rotates 360 degrees
- Computer

Constant data:

Height of transmitter in tests 1 – 6: 12 and 3/16 inches

Height of receiver in tests 1 – 6: 13 and 3/8 inches

Transmitter has no backplate, and maximum signal power.
The seven tests were as follows:
1. -Distance from receiver to transmitter – 50 feet

      -Receiver – no backplate

2. -Distance from receiver to transmitter – 50 feet

      -Receiver – small backplate in horizontal position

      *Some data packets were lost at the angle of 60 degrees during the 

 
   
  transmission from the receiver to the base Telos due to the backplate blocking 
 
  packets.
3. -Distance from receiver to transmitter – 50 feet
      -Receiver – small backplate in vertical position

       *At 30 and 90 degrees, no packets were received by the base station, for the same   
  reason as believed in Test #2.

4. -Distance from receiver to transmitter – 50 feet
      -Receiver – large backplate in horizontal position

5. -Distance from receiver to transmitter – 117 feet
      -Receiver – large backplate in horizontal position

       *This was a rushed test, and the discrepancy between 0 and 360 degrees may 
  
  have been due to the positioning of the base station mote.

6. -Distance from receiver to transmitter – 10 feet
      -Receiver – small backplate in the horizontal position

7. During this test, one person held the receiving mote at head height and remained still, and one person held the transmitter mote at head height and walked backwards until the receiver no longer received data packets. Both were held with the antennas facing outward. During this test, the maximum distance achieved between the two motes was 190 feet.
Parts B and C:


Initially, the attractive beacon was set to maximum power and the period of data packets being sent to 50 milliseconds. The control system implemented for the hovercraft used a master and slave system. The two motes sit on opposite sides of the hovercraft, both receiving RSSI values from the beacon. The first control attempt had the slave receive ten packets, average them, and send this averaged RSSI value to the master. The master would then compare the slaves average RSSI to its own average RSSI, and after this comparison, it chose which thrust fan to turn on (hence, which direction to move towards).


The logic behind this method revolves around the RSSI values received by the Slave and Master Motes. While performing the test in Part A, the RSSI values sometimes fluctuated plus or minus one of the value (the mode) listed in the table. In more extreme, rare cases, one data packet could be even further away from the mode. By averaging ten of these packets before the comparison, we hoped to nullify the effect of these anomalies, and thus allow the hovercraft intelligence to be completely correct every time it made a decision to turn left or right.

We then performed an experiment (in the parking lot behind Legends) to determine the effectiveness of the control system. We attached the small backplates horizontally to the USB part of the Master and Slave motes, attached the Slave to the right side of the hovercraft, and the Master to the left side of the hovercraft. The motes where placed such that they were roughly perpendicular to the length of the hovercraft, slightly angled forward. 


The experiment result was unsatisfactory for two reasons: the first being that the hovercraft experienced too long of a delay when making a decision to turn left or right, thus overshooting the attractive beacon significantly. The second reason involved the lift strength of the model hovercraft
 itself, which was unreliable at best, and would often not be strong enough to lift the hovercraft off of the ground with the added weight of the Master and Slave Telos units. It became clear that the main hovercraft would have to be built in order to proceed with the testing. Also, the software would have to be modified in order to provide better control for the hovercraft.

Part D:

Given that the model hovercraft would not be effective in any further testing, the main hovercraft had to be built. Using the instructions obtained with the hovercraft kit purchased from http://hovercraftmodels.com, with slight modifications added for the benefit of this project, we proceeded to construct the main hovercraft. We did decide to exchange the small copper backplates for larger ones which could be taped to the side of the main hovercraft. The building instructions are as follows:

Materials:
-Exacto knife, or other such knife (we used a Stanley 10-499 knife)

-Sharpie

-Ruler

-two, one inch diameter C-clips

-four, #10-32 x 5/8 inch round head slotted screws (or similar) with nuts
-two, 8.5x4 inch copper plates with a USB sized hole placed at a height of 2 inches and length of 4 inches 
Building the Main Hovercraft:

1) Cut out the base deck (in foam and polymer board), top deck, housing unit, and battery holder, and attach the base deck, the hovercraft skirt, and the top deck to each other as suggested by the official instructions. 

2) Also cut out a 3x14 inch piece of polymer board (with the interior tubing of the board running along the 3 inch part). This will be the back fin.
3) Attach the lift motor as suggested by the official instructions

4) Construct and attach the housing unit as suggested by the official instructions.

5) Attach the battery holder as suggested by official instructions

6) Place the C-clips on the back edge of the back fin. The center of both clips should be roughly 4.5 inches from the right and left most parts of the fin, respectively.

7) Using a sharpie, mark where the screw holes are, and cut them out with the knife.

8) Attach the back fin to the back of the housing unit (the highest point of the housing unit).

9) Attach the two copper plates to both sides of the hovercraft (using tape or glue). Cut out a hole in the polymer board at the same place where your hole on the copper plate is. This is where the Master and Slave motes will be placed on the hovercraft.

10)  Place the two thrust motors in the C-clips, ensure that they are connected solidly (using tape if you must), and screw in the C-clip / thrust motor combinations into the back fin.
11)  Cut out a 2x10 inch piece of polymer board, and use this to support the middle of the back fin (you will have to make folding-cuts, and attach screws to the top deck and fin to attach it). You may cut side supports as well, but this is optional.

12)  You are finished with the physical body of the Hovercraft
, now all you have to do is attach the circuitry as explained in Brian Proulx’s report.
Part E:

With the main hovercraft now built, one of the problems of Parts B and C was fixed. The control code still remains flawed. In the first attempt to fix it, I changed the code from a comparison between ten averaged packets from the Master and Slave motes to a comparison between every packet received by them. In doing so, I am allowing the anomaly packets to be compared when they are received by either the Master or the Slave motes. In doing so, the hovercraft’s intelligence will not make the correct decision in regards to which way to turn all of the time, however it will make the correct decision most of the time
.

By making a comparison after every packet instead of after every ten packets, we are saving roughly half a second (a packet is sent every 50 milliseconds) in between decisions. Instead of having a hovercraft that will make the correct decision all of the time, every 500 milliseconds, we have a hovercraft that will make the correct decision most of the time, every 50 milliseconds. The hovercraft, we assumed, would make wrong turns some of the time, but it would compensate and always end up going in the correct direction. In making this change, we roughly utilized a proportional control (instead of the bang-bang control present in the packet averaging method) as the hovercraft’s intelligence.


We performed the latest test at the Bookstore basketball courts with the main hovercraft implementing this new code. At this time, the hovercraft used the foam board as its base deck, and used only one of the 7.2 volt batteries to run the lift motor and both of the thrust motors. Initially, we had the thrust motors positioned near the outermost part of back fin. The attractive beacon still ran at 50 milliseconds, at roughly two-thirds of its maximum power.


Our first run led to unsatisfactory results, as the hovercraft made too sharp of turns, giving it too much momentum in one direction and forcing the other fan to not only stop the momentum running against it, but to also make its turn. The delay caused by the large momentum caused the hovercraft to move wildly around the courts.


To reduce the abruptness of the turns, we moved the fans to where they are in Part D-6, and retried the testing. This time, the hovercraft performed with much more success, moving in a figure-eight (with a radius of roughly 3 to 5 meters) around the attractive beacon.


We next tried to reduce the power sent by the 7.2 volt battery, however this worsened the performance, so we continued to leave the battery on full power. The only shortcoming in this series of tests was the short battery life, as each battery (we had two fully charged) only lasted roughly five minutes on the hovercraft.
Parts F and G:

After the success of Part E, we decided to change the period of the attractive beacon, make some modifications to the hovercraft, and add a repellant beacon into the test. We equipped three attractive beacons with three separate periods – 100, 200, and 400 milliseconds – in an attempt to see if the longer period would affect the success of the hovercraft in moving towards the beacon accurately. A 50 millisecond period is too short, as during future tests more than one or two signals will need to be received by each Master or Slave mote, so a bigger time window needs to be tested. The repellant beacon was equipped with a 100 millisecond period, and with the weakest signal possible (compared to the 2/3 of max power of the attractive beacon).

As for the physical nature of the hovercraft, we decided to flip the direction of the Master and Slave motes so that the USB port would be facing outward instead of inward. This was accomplished by attaching a piece of Styrofoam to the copper plating, and carving out a niche for the motes to slide into. We also added the second batter to the hovercraft, having it run the thrust motors while the first batter would only run the lift motor.


The testing was again performed on the Bookstore basketball courts. We initially attempted the attractive with the repellant beacons. The logic in the code has the hovercraft go towards an attractive beacon until it detects any repellant beacon, then the attractive beacon is ignored until it can no longer detect the repellant beacon. We began the test, and immediately noticed that the hovercraft seemed to have more difficulty controlling itself as compared to the test performed in Part E. When it entered the range of the repellant beacon it became erratic, accepting data from both the attractive and repellant beacons, which is was not supposed to do. There was a problem in the coding logic, so we ceased this test and changed to viewing the hovercraft’s response to attractive beacons with different time periods. This testing was short-lived, however, as one of the thrust propellers came off its axle, and we had no way of fixing it.


After fixing the propeller, we removed the foam base deck and installed the polymer base deck to make the hovercraft lighter, and thus have less momentum when making its turns. We again went out to test the various beacon periods. We tested the 400 millisecond beacon first, and the hovercraft was very inaccurate in its tracking of the beacon. The 200 millisecond beacon was then tested, however one of the soldering wire joints came undone on the hovercraft, and we again had to call off the testing until the wiring was fixed.


We again went out to the basketball courts to perform the same test as before, however this time removed one of the batteries as it was assumed to be the cause of the loss of control in the previous test
. We first tested the 100 millisecond beacon, and although the results were better than the previous two tests, they were nowhere near as accurate as our first test with 50 milliseconds. Rather than go around the beacon in the 3 to 5 meter figure eight, the hovercraft circled the beacon at roughly a 10 meter radius. To fix this, we moved the thrust motors to 4 inches from each other, and staggered the propellers so that they would not make contact while rotating. This slightly improved the performance. In our next change, we moved the thrust motors back into their original positions, and reattached the foam base deck. This provided significant improvement, with the hovercraft having very similar behavior as with the 50 millisecond beacon. Changing the beacon from 100 to 400 milliseconds only slightly decreased the performance.

In our final test, we exchanged the foam base-deck for the polymer board base-deck, and decided to add 8x6 inch fins to either side of the back plate to increase damping and, hence, control of the hovercraft. There were estimated 20mph gusts of wind during the test which we expected to significantly affect the motion of the hovercraft. After a successful test of the 100ms beacon, we changed to the 400ms beacon. The hovercraft still overturned, but did not rotate in circles as it had done in the same test without the fins. It was determined that the hovercraft would still not be satisfactorily accurate in approaching the 400ms beacon, especially with the wind, so we next tested the 200ms beacon. By the time we proceeded with this test, the battery was supplying less power than during the previous two tests, so the speed of the hovercraft was lower. When the wind was negligible, and with this lower speed, the hovercraft maneuvered extremely accurately about the beacon (back and forth in a radius of roughly one meter). When the wind picked up, the hovercraft understandably had trouble turning, and thus the accuracy was negatively affected.
Parts F and G Conclusions:
Although the foam base deck provided much improvement, we decided to return to the polymer board base deck, as it is a lighter material. To compensate for the expected loss of control due to this change, we installed two sails on the sides of the tail fin, running parallel with each other, in order to increase the damping. Although these finds added to accuracy error when gusts of wind were present, they significantly added to the accuracy of the hovercraft when there was no wind and when the hovercraft was moving at lower speeds. We also believe that having the tail fins placed directly next to the thrust motors limited its turning ability as well. From these findings, we have decided to reduce the speed of the hovercraft, remove the tail fins, and add a fin that runs down the center of the hovercraft.
4) Interpretation of Results

From the above experiments and tests, much data was gathered which led to the improvement of both the controlling code and the physical body of the hovercraft.

· From the RSSI testing, we determined that the directionality of receiving motes is greatly improved through the addition of a copper back plate, which we implemented on both sides of the hovercraft.
· From the model hovercraft testing, it became clear that the packet averaging method / bang-bang method of controlling the hovercraft would not be acceptable. The code was changed to single packet comparison / proportional control, which produced much more acceptable results.

· From the main hovercraft testing, we realized that the hovercraft dynamics would have to be modified in order to produce a higher level of control. We replaced the foam base deck with the polymer board to reduce the weight of the hovercraft, and added side fins to the back plate in order to increase damping. These back fins limited its ability to turn in the wind, thus these would have to be removed in favor of a fin running down the middle of the hovercraft. Also, the hovercraft was more accurate when moving at lower speeds, so we must limit the power going into the thrust fans.

5) Shortcomings and Future Direction of Project


There were multiple events – both within and outside of our control - that negatively affected the accuracy of our testing. These included:

· Gusts of wind: The hovercraft had great trouble turning back into the wind once it went past the beacon. This would lead the hovercraft moving in an arc around the beacon instead of proceeding directly towards it. If the wind were extreme enough, it would also add enough momentum to the hovercraft to cause it to move much further from the beacon than it would have without the wind.

· Hovercraft skirt failure: As we proceeded with more experiments, we noticed that the skirt of the hovercraft developed many holes of varying sizes. If they remained unfixed, these rips caused unbalance in the system, and thus led to a listing of the hovercraft in a given direction.
· Unbalanced mass in the hovercraft: As constant modifications were made to the physical make-up of the hovercraft, we failed to permanently attach many of the battery packs to the hovercraft. Thus, during sharp turns these could shift within the hovercraft, which would change its center of mass and cause the hovercraft to favor one side over the other.

· Packet loss: If the hovercraft moves far enough away from the beacon, it is possible for the signal send by the attractive beacon to be weak enough so that either the master or the slave motes (or both) fail to receive any packets. If this occurred, the master would continue to make comparisons by using the last packet received. If the hovercraft entered a large “dead spot”, the decisions made by the master, while correct according to the logic in the code, could lead the hovercraft to move in an incorrect direction.

· Wet ground: Whenever the hovercraft went over a puddle of water, the parts of the skirt which made contact with the water would drag and become stuck to the ground.

· Thrust motor alignment and stability: On more than one occasion throughout the testing, a thrust motor would loosen from its C-clip and become misaligned. This would adversely affect the turning ability of the hovercraft.


Given the results of the testing anadd the shortcomings mentioned above, the next steps in this research project should be as follows:

· Ensure that the hovercraft is balanced. This will prevent any unwanted listing and drifting, and allow the hovercraft to turn more efficiently.
· Perfect the dynamics of the hovercraft. This can hopefully be accomplished with the addition of a sail running down the middle of the hovercraft.

· Permanently install the circuitry and battery packs. This will prevent any change in the center of mass in the hovercraft while it is in motion.

· Implement the repellant beacon along with the attractive beacon.

6) Conclusion

The initial goal of this summer research project was to design an autonomous hovercraft which would respond appropriately to an attractive and a repellant beacon combination. The repellant beacon, which would be set to the lowest power setting, would always take precedent over the attractive beacon, which would be set to a higher power setting. The ideal result, then, would be to have the hovercraft move towards the beacon tandem until it received the repellant signal, after which it would move away until it no longer “heard” the repel beacon, and would again move towards the attractive beacon. This goal was not achieved, however, due to unexpected problems encountered in the dynamics of the hovercraft.


The attractive beacon was successfully developed, however the motion of the hovercraft in following this signal was oftentimes erratic. By adding modifications to the hovercraft such as adding tail fins to increase damping, we noticed that the hovercraft was better able to control itself in its approach and re-approach to the attractive beacon.

The dynamics of the hovercraft have not been perfected yet, however, as the circuitry needs to be permanently installed, the center of mass needs to be determined and moved to an appropriate location, and the tail fins need to be replaced with a single fin running down the middle of the hovercraft. After these changes are made, an appropriate period for the attractive beacon needs to be verified, and the repellant beacon needs to be added.


Although we did not reach our ideal goal this summer, I would not classify this research as a failure. Inaccurate assumptions were made concerning the accuracy of the original hovercraft – assumptions which were quickly proven wrong during testing – which delayed the progress of the repellant beacon testing. With the information gleaned from this summer of research, I believe that the future hovercraft created for the swarm will be more physically appropriate to fulfill the goals of the main project.

7) Appendix
7.2) Appendix B: Diagram of RSSI Experiment
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7.7) Appendix G: Mathematical Model of the System

A simple mathematical model of the hovercraft system proceeds as follows:



I θ’’ + B θ’ + k θ = 0


Where I represents the inertia of the hovercraft, B represents the damper constant, and k is a constant due to the positioning of the thrust fans. θ is the angle of the hovercraft, θ’ the angular velocity, and θ’’ the angular acceleration.


Dividing everything by I gives us:



θ’’ + (B / I) θ’ + (k / I) θ = 0


Taking the Laplace transform leads to:



S2 + (B / I) S + (k / I) = 0

And solving for S:



S = -0.5 (B / I) +/- (0.5) sqrt((B / I)2 – 4 (k / I))


To ensure that the system is stable, all poles of the system must be in the left half plane (e.g., to the left of the j-omega axis), thus:



(B / I)2 – 4 (k / I) = 0

and



B = 2 (sqrt (k I))      or     I = (B2 / (4 k))


So, clearly, the relationship between the inertia of the system and the damping constant is not linear – rather, they have a square relationship. Thus, when we increased the inertia of the system by adding the second battery, we made the system unstable since we did not increase damping to account for this increase in inertia. 
� See Appendix A for the code for each of these three motes.


� See Appendix B for the diagram of the directionality experiment.


� See Appendix C for the results and plots of the experiments.


� See Appendix D for photos of the model hovercraft.


� See Appendix E for photographs of the completed hovercraft, including circuitry.


� See Appendix F for the newly implemented code (also with the failed repellant beacon code within the code for the Slave beacon)


� See Appendix G for this explanation





