Once the path planning stage is complete the system contains an array of the waypoints
needed to search the area. These are kept in local storage onboard the MCS. The vehicle then

transitions to the “Fly” state.

6.3.9 Flyand Loiter

Because of restrictions on the VACS payload and the large size of waypoints, it is
difficult to reliably send more than about 19 waypoints to the FCS at a time. For the search
mechanism, this limit would easily be surpassed since there are five waypoints per turn, so the
plane only receives data in subsets (as mentioned in chapter 4). This works by using the filtering
system to determine the current waypoint the plane is approaching. When the final waypoint for
that subset has been attained the MCS sends the next set of waypoints to the FCS for the next leg
of the pattern. Therefore, the “Fly” state is essentially monitoring the current waypoint value of
the FCS and sending the next set of waypoints at the appropriate time. This eliminates the

limitation on the length of waypoints that are able to be sent to the FCS.

The “Fly” state is also responsible for changing the cross-track lead distance depending
on whether the vehicle is in a turn or sweep leg. It is advantageous for the lead to be larger in the
sweep legs and smaller in the turns. There was also a change made to take the FCS navigation
mode out of cross-track and back into simple attractor mode [7] at the end of the turn distance to
the “ratio” waypoint in each turn. Figure 6.12 illustrates the locations of the navigation mode

changes to facilitate a rounder turn and thus smoother approach back to the search area.
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Figure 6.12: Navigation Modes in Turns

In addition, the MCS periodically pings to see what vehicles are still in range of itself;
this is purely a test feature to get an idea of the range of the vehicles themselves. The MCS also
checks to see if the vehicle is approaching the final waypoint. In this case, the MCS will change
the flight mode of the vehicle to a clockwise loiter pattern with radius of 50 meters. This final
point, as stated before, is also the starting point that was initially determined in the “Start” state.
This state is now changed to “Loiter”, the final state of the search area system. The actual
“Loiter” state is just an empty state where the vehicle stays as it awaits the next command from

the operator.

At any time during the search area operation, if the operator re-sends the search the
vehicles will cancel the current operation and restart from their current position. As well, if the
operator enters a standard waypoint pattern via the user interface the MCS will see the command

going to the FCS and stop the collaborative operation.
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6.4 MCS Status Messaging

The MCS sends a status packet at 2Hz that contains data about the state, mode, and
current flight path of the collaborative system. Figure 6.2 shows the data that is stored in the

status packet.

Table 6.1: Status Packet Structure

Status Packet
Current FCS Set | Total Sets | Current Waypoint | Mode | State | Updates

Each field in the table is only a single byte, generating a total of six bytes. As mentioned before,
the GCS does not receive all waypoints for a search path at one time, so fields in this packet aid
in the construction of the multiple sets on the ground. The current FCS set refers to the current
set of waypoints that the FCS is operating on. The “total sets” field refers to the total number of
sets of waypoints that make up the entire search pattern. The current waypoint is the waypoint
that the FCS is on with reference to the entire pattern. In other words, it is the FCS set value
multiplied by the current waypoint in the current set to give the operator a waypoint ID within
the set of all points in the search path. The mode is an enumerated operating mode where the
current options are “None” and “Search”. The state is the state of operation in the mode, which
was shown in the Figure 6.3 describing possible states and modes. The “Updates” field is used
to signify when data is ready for the GCS or to notify the GCS of errors in the collaborative

operation. Table 6.2 shows the layout of the “Updates” byte.
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Table 6.2: “Updates” Bit-Level Layout

Updates
Verify Pass Vote Ping Search Path
e e Discontinuity | Discontinuity | Discontinuity | Discontinuity Ready
7 6 5 4 3 2 1 0

Bits seven through five are unused and available for expansion. Bits four down to one are the

method utilized to signify a discontinuity to the GCS operator and trigger the context sensitive

button on the UI.

The least significant bit position is used for the “Search Path Ready” flag. This signifies

when the path planning operation has been completed and the stored list of waypoints is ready to

be sent to the GCS operator. Even though the entire list is not sent at a single time to the FCS,

the GCS operator needs to see the entire path to be sure the vehicle is operating correctly. When

the flag is high the GCS sends a request for the first set of waypoints to the MCS. The MCS then

sends down the first set and the GCS continues to request the points until the number of sets

requested equals the number of total sets for the entire pattern. Then, the entire pattern is

displayed for the GCS operator. This system allows the GCS to take control of the messaging

system, and use the system of retries and acknowledgements that already exists to facilitate the

transfer.
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Chapter 7. Results and Flight Testing

Much of the testing was done in simulation using a combination of software and
hardware simulation. Initially, much of the testing of the algorithm and state machine could be
done simply using the MCS and FCS, without any feedback or modeling of actual flight.
Ultimately the system had to be fully simulated, including an accurate aircraft model, and this
was done using a version of an in-house developed hardware-in-the-loop interface board. The
HILS board was updated to a newer Xilinx Virtex-4 FPGA platform and replicated to create a
complete set for use for hardware simulation of all vehicles. The complete HILS-board
simulation setup, shown in Figure 7.1 below, uses the open-source flight simulation software

FlightGear [12].

Figure 7.1: Initial HILS Setup
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As shown, this setup enabled hardware simulation of up to four vehicles with visual
feedback via the GCS. This capability is pivotal to test the functionality of the collaborative
operation, in that it allows the testing of communication network to go further, and to more
realistically test flight operations with the identical hardware that will be added to the physical
vehicles. A simple program was also developed to convert the saved API formatted log file on
the GCS into a VACS log file. This enables the use of previously generated extraction and

graphing utilities to be reused.

This bench top setup has also been modified to a rack design that allows simulation
without removing the electronics from the vehicles. It also allows the servos on the vehicles to
be plugged into the HILS and give visual confirmation of correct flight surface movement.

Figure 7.2 shows this new setup.

Figure 7.2: Rack Style HILS Setup
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Ultimately, a bench top setup, as shown previously in figure 7.1, will exist in addition to the rack

setup to provide a quicker development and test system.

7.1 Collaborative Vote Validation

For the testing of the collaborative system on the bench, the code is modified to allow the
user to input a battery voltage. This needs to be done to simulate the vehicles having different
priorities and test the voting process to ensure the vehicle with lowest battery voltage gets the
closest segment. The user is able to input a voltage level on the command line that will signify

the battery voltage for the test.

Table 7.1: Plane Description Chart for Voting Test

Tail | Color | Voltage (V)
2 Red v
3 Blue 11v
4 | Yellow 12v

The voltages given, tail number, and color, corresponding to the images from the GCS shown in
previous figures, and in the figures below are shown in the table 7.1. In this test, all vehicles
start from the same initial loiter point and are given a search area command. Ultimately the
solution segment sequence, from right to left, should be red, blue, and yellow respectively.
Figure 7.3 shows a zoomed in view of the vehicles in their loiter pattern before receiving the
search command. Each vehicle is signified by a triangle with a series of dots trailing behind

representing previous GPS locations.
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Figure 7.3: Initial Loiter Location

The search area is directly below the loiter point and expands left (West). Figure 7.4 shows that
the correct choices were made by each vehicle, where vehicle two (red) chose the closes
segment, vehicle three (blue) the center, and vehicle four (yellow) the most distant segment.

s

[0:2] collabBECS¢

Figure 7.4: Display of Voting Output
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7.2  Speed Comparison

To compare the speedup in applying the same pattern to four planes versus one the

following test was conducted. A single plane was given a pattern to fly and then a set of four

planes was given the same pattern and flight paths and times were recorded. Figure 7.5 shows

the path traveled by the single vehicle and the desired waypoint path. Waypoints are numbered

(from zero to 34) to show the progression of travel.
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Figure 7.5: T1 Base Speed Test Simulation

Next, the same test was run where each vehicle was sent the search command. The vehicles

determined the appropriate segment based on the priority generated and proceeded to plan paths

for each subsection. Results are shown in Figure 7.6.
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Figure 7.6: Four Vehicle Speed Test Simulation

This test gives some advantage to the single plane in that the vehicles operating altitude is

170 meters and when the other vehicles are tasked each one operates at that altitude or lower.

This is to replicate a similar scenario in actual test flight where collision avoidance is achieved

by operating at different altitudes. Lower altitude will yield longer patterns as the sweep width

will be reduced, so the additional vehicles are not given individual advantage over the single

vehicle. All other parameters between the vehicles are identical. The individual aircraft altitudes

are displayed in

Table 7.2.
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Table 7.2: Operation Altitudes in Speed Test

Tail | Altitude (m)
T1 170
T2 140
T3 160
T4 150

The fight times were recorded from the initial display of the flight path on the operator
screen to the first turn into the loiter pattern as the vehicle completes the pattern. These are

shown below in Table 7.3.

Table 7.3: Time Comparison for Speed Test

Planes | Start | Finish | Elapsed
1 04:05.8 | 13:13.5 | 09:07.7
4 18:48.8 | 23:00.5 | 04:11.7

Overall, the four planes were able to complete the task at 45.956% of the time it took the single
vehicle. Majority of time lost using the multiple vehicles is spent moving to the start position of
the pattern and returning from the pattern to the start position. Unlike the multiple planes, the

single plane definitely spends the majority of time in the search pattern and less in transit.

7.3 Wind Simulations

Wind is a constant issue for smaller aircraft and that certainly includes the vehicle used in
this experiment. Because of the variations found in the everyday environment, as well as the
importance of effective cross-track in a search operation, the vehicles were simulated to analyze
the effect of wind on the current FCS in the search mode. Simulations were done using wind

from the East to the West at speeds of 5, 10, and 15 knots. The results of these tests are shown
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below in Figures 7.7 — 7.9. Waypoint patterns are shown with the flight path overlaid. Each

vehicle enters to the right of its waypoint set and exits back to its loiter position.
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Figure 7.7: 5 Knot wind test
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Figure 7.8: 10 Knot wind test
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Figure 7.9: 15 Knot wind test
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Wind is definitely an issue and it seems to stem from the cross-track system internal to
the FCS. The vehicle goes into a constant yaw, towards the source of wind, and begins to fly at
an offset of the desired pattern. This is especially prevalent in the 15 knot test. Offsets from the
rhumb line are approximately 7m, 15m, and 24m, from 5 to 15 knots respectively. The vehicle
can utilize a shorter cross-track lead in an effort to pull the vehicle closer to the rhumb line more
frequently but this has limitations, as discussed before, where a cross-track lead that is too short
will cause oscillations over the rhumb line. The lower speed wind test issues can be overcome
by adding some overlap into the system. As stated before, this is a parameter that already exists
and can be used to compensate for these effects. In higher winds, such as those in the 15 knot
test, the cross-track system will need to be modified to account for the accumulated error that is

more problematic in a system that relies on close following of the rhumb line.

7.4 Flight Testing

Flight testing was done with a group of two vehicles, specifically tail numbers one and
four. These vehicles utilized the same search parameters and airspeeds. Different altitudes were
used to avoid collisions when searching and traversing to waypoints. T1 operated at 180m while
T4 operated at 200m. Each vehicle had its own safety pilot and two ground operators were used

to view the data for each plane and coordinate with the safety pilots in case of emergency.
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Figure 7.10: Initial Positions and Designated Area

To actually test the search area, the system utilized a smaller FOV for the camera to
generate a useable pattern. At the altitudes the vehicles were operating, a more realistic FOV
would have yielded patterns consisting of a single sweep, so for the sake of testing this value was
reduced to generate a larger pattern. Figure 7.10 shows the actual area tested and the initial
positions of the aircraft. These positions will be the starting points for the vehicles in the

remainder of the figures.
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Figure 7.11: First Flight

The results of the first flight test are shown above in Figure 7.11. Tail number four had an issue
on the seventh waypoint in the first flight, as shown in Figure 7.10 (the circled waypoint).
Apparently the arrival range was set too low and it was unable to turn enough to gather the
waypoint. The vehicle was given a command to move to the next waypoint by the operator and
the arrival range was increased for the next test. There are definite oscillations on the rhumb
lines among both vehicles that cannot be directly attributed to wind. However, the vehicles

successfully collaborated to complete the pattern and return to their initial loiter patterns.

80



Flight Test 2
37.341
37.34
37.339
X

37.338
37.337
} 37336

4

e T ]
37.335
/ / 37.334
37.333
Socisoe 37.332
37.331
37.33
7724 77238 77236  -77.234  -77.232 7723 -77.228  -77.226

Figure 7.12: Second Flight

Flight two is a similar depiction of flight one, only without the circling due of waypoints. Cross-
track ability definitely needs improvement, but much of this error can be alleviated with
additional tuning of the vehicles. Even still, the vehicles are distinctly following the search path,
and the utilization of the simple attractor mode in the turns seems to have benefitted the
transition from turn to search area. Vehicles did correctly select their segments in the voting
process as is shown since each vehicle got the segment closest to them. As well, given the range
between vehicles and the smaller scale vehicle antennas, there were no communication problems

amongst the vehicles when coordinating the search area operation. All in all, the vehicles
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successfully segmented, voted, planned, and traversed the area, given the collaborative

information formed amongst them.
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Chapter 8: Conclusions and Future Work

8.1 Conclusions

The goal of developing a collaborative system for multiple aircraft was successfully
achieved. As well, the system was not only hardware simulated, but also physically flight tested
using the previously designed MiniFCS platform. This testing and development has allowed the

use of this system for future development of collaborative UAV operations at VCU.

The MCS was developed on the Gumstix platform and can continue to be used to develop
more features and collaborative modes. The segmentation of the MCS from the FCS gives
flexibility in the future for changes of FCS platform as well as more advanced collaborative
algorithms independent of the capabilities of the FCS. The MCS allows greater control over the
FCS and enables more complicated operations to be done at a layer above the direct control of
the vehicle and its sensors while limiting the amount of management done by the operator. MCS
code has been developed to allow for future developments to be easily added to the current state

machine and the Gumstix has plenty of processing power.

The GCS has been updated to allow multiple vehicles per controller and can be utilized in
the future for larger groups of aircraft. The control interface has been changed to display
collaborative specific data and give the user greater control over the participating vehicles. It has
also been designed to allow for expansion of the APl mode to other modems as well. Some
arbitration mechanisms have been investigated but need further development for system

viability.
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The results show that a collaborative communication system has been designed and
successfully simulated and flight tested. The choice of separation of the MCS from the FCS
allows for expansion as well as flexibility. The GCS upgrades also now allow future research to
control multiple vehicles with only a single modem and operator. The overall system operates

well and is capable of continue use as collaborative algorithm research progresses.

8.2 Future Work

The clear future work would be the development of more advanced collaborative
algorithms. New operations such as tracking, formation flight, or continuous surveillance could
be tested. As well, the current search area method could be made more dynamic or less globally

convergent.

There are many updates that could be made to this system. One potential update is to
utilize a new radio, such as the Wi-Fi Bullet [37]. This system utilizes a 5.8GHz radio with built
in Ethernet. Because the MCS has the capability to add the Netpro-VX board, which is currently
not used in flight due to SWaP requirements, the addition of this radio should be relatively
simple. The ability to utilize custom firmware in the Wi-Fi Bullet also would allow the
development of a protocol tailored to our uses while reducing unnecessary overhead. Of course,
a serious advantage would be the much larger bandwidth, up to 54Mbps. This sort of update
would probably require a change of platform to something with more payload space and power
storage. As well, with more bandwidth the parameters that describe the image sensor could be

replaced with an actual camera.
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Another aspect that needs to be addressed is communication arbitration. This has proven
to be a difficult problem that is currently limiting greater expansion of the system. Adding
bandwidth via a new modem is one solution, but probably not the most efficient. There are
many possible schemes that could be used, but one way to make the utilization of these schemes
easier would be to have a synchronous clock between all the vehicles. This could potentially be
extracted from GPS or via an expansion of the Gumstix [38]. With a synchronous clock token
passing and polling could be done without the limiting transmission overhead that was seen to

diminish success in testing.
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