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Abstract

This technical paper presents the design and development of the VCU aerial system for the 2017 AUVSI Student UAS
competition. VCU’s team consists of undergraduate and graduate students from the Mechanical, Electrical, and
Computer Engineering departments. The team has focused on producing a Vertical Take-off and Landing (VTOL)
system that has the ability to conduct autonomous aerial missions, with intelligent flight path planning, air to ground
target identification, and virtual obstacle avoidance. The system is student-built with student-designed components.
It has onboard autonomous flight hardware, an image capture platform, networked computers, and an airdrop delivery
system. This paper provides a detailed analysis of the design tradeoffs, and component-level and system-level testing
and the resulting SUAS.
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1. System Engineering Approach

The Virginia Commonwealth University (“VCU”) Unmanned Aerial Vehicles (“UAV”) Laboratory consists
of a multidisciplinary team of Electrical, Mechanical, and Computer Engineering students overseen by faculty within
the Electrical Engineering Department in a longitudinal, continuing development process. Students at the UAV lab
build upon the work of previous students in progressive development of airframes, Flight Control systems (“FCS”)
and Ground Control systems (“GCS”).

A. Mission Requirements Analysis

This competition requires development of not only an airframe capable of performing various flight tasks,
but also flight control systems capable of guiding and ensuring the safety of the aircraft and other systems. These
systems perform tasks ranging from obtaining and processing images to safely and accurately dropping a payload.
The multidisciplinary nature of the team, including those focused on mechanical, electrical, and computer systems
working together, provided numerous benefits in the design process.

It was determined that a Vertical Takeoff and Landing (“VVTOL”) capability would advance the mission goals
by easing autonomous takeoff and landing, and by permitting hovering if necessary to promote target recognition and
air delivery. VTOL aircraft retain the long flight times and high efficiency of fixed-wing aircraft, while adding these
useful maneuvering options. This team began by focusing on the airframe, selecting a suitable product (the OneDrone
“Naja” 2600) as a basis for the design that would eventually be modified to incorporate VTOL capabilities.

Once the airframe was selected, mechanical, electrical and computer components of the team broke off.
Electrical team members focused on camera and gimbal selection to meet the calculated requirements for resolution,
weight, and package size. Computer team members addressed further development of the VCU UAV lab’s FCS and
GCS, both generally and to incorporate VTOL capability. FCS development focused on improving waypoint precision
to meet the demand of the waypoint capture task. Computer team members also re-started the process of developing
target recognition, and improvement of the signals and wireless communication capabilities already developed in the
VCU UAB lab. Mechanical team members moved forward with modifications of the Naja to accept vertical motors
and thrust, payload capabilities, and motor and propeller selection.

B. Design Rationale

Motivations for our design included the need for a system that was capable of temporary vertical flight while
still being able to fly for at least 30 minutes in horizontal flight. The airframe selected would need to have a maximum
take-off weight of at least 18 Kg to be able to carry the payload as well as the additional power system components
required for vertical flight. The UAV has been adapted from a Naja 2.6 meter H-Tail, modified to be capable of
VTOL. This is a new design that VCU has not entered in a previous AUVSI competition. The capability to fly at
speeds well below what is possible with fixed wing aircraft will enhance the precision of our air delivery, while
retaining the faster forward flight than typical heavy lift quadcopters.

VCU supported the AUVSI team by allowing Senior Design projects derived from components of the AUVSI
competition — specifically the conversion of forward flight craft to VTOL; and mounting a surveillance payload to a
UAYV. Additionally, VCU supported students during the development of a multicopter FCS capable of autonomous
flight. Having decided to build around the Naja airframe, design considerations began with developing methods for
converting this airframe to VTOL.
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A single motor with a two bladed propeller was chosen for Forward flight for high efficiency. Two carbon
fiber rods run parallel to the fiberglass fuselage for the vertical flight, acting as the main framework supporting four
vertical motors and propellers. Three blade vertical propellers were chosen to reduce the required blade diameter,
while still achieving enough lift. Inside of the fuselage are the batteries used for the forward and vertical motors, the
Wi-Fi router, three BeagleBone boards, a Pixhawk, and VCU’s Aries flight controller. The 3-axis gimbal with a
Blackmagic Micro Cinema camera is attached at the underside of the front of the fuselage so that the gimbal would
have a wide range of movement. Mounting the Gimbal inside the plane was considered, but this would potentially
weaken the structure of the plane as well as reduce the field of motion of the camera system.

The addition of four vertical motors, four vertical speed controls, forward booms, and associated structural
support considerably increased the weight off the craft, as well as the electrical load. The result is a substantial
reduction in flight time compared to a standard, fixed-wing UAV. The team considered this, but concluded that the
benefits in terms of 1) elimination of the need for runway space for takeoff and landing, 2) simplification of automation
of takeoff and landing resulting from the VTOL capability, and 3) potential mission benefits from the craft’s ability
to stop and literally hover in place, as well as 4) the novelty of this design, outweighed these concerns.

The communication system was selected specifically to reduce risk of our systems interfering with each other
by placing different systems on different frequency ranges. A 900 MHz radio is used for GCS link, 2.4GHz is used
for the Safety Pilot’s RC link, and a 5GHz system is used for the network to transfer images and keep the computers
in communication. The lower frequency ranges have the benefit of longer range, while the higher frequency has a
greater bandwidth. 2.4GHz would have been acceptable for networking, but the potential for interference with the

safety pilot’s radio link was seen as too great of a risk.

C. Programmatic Risks & Mitigations

This project’s success hinges on the continued operation of a custom-built, experimental UAV. For VCU, not only is
the payload being developed in-house to meet the AUVSI competition goals, but the flight controller and airframe are
as well. This is a high-risk system. Nonetheless, steps can be taken to limit risk, in order to minimize the chance of
system damage and to limit the extent and impact of that damage when it does occur.

Principles of risk mitigation guided our decision making:

Simulate / Calculate First. As the design process moves forward, changes are never flight-tested before going through
a computer simulation of mathematical analysis first. Flight controller changes are run in a flight simulator. Physical
design changes require stress, weight, and balance calculations before being constructed. Payload software can run
against recorded or simulated flight data.

Planned Flight Testing. Each test flight has specific goals, which are tested through a pre-discussed specific set of
actions and failure plans. Test flights are never open-ended.

Test on the Smallest Vehicle First. If flight controller updates can be first tested on a small quadcopter or airplane,
that is done. If they need VTOL hardware, a small foam VVTOL airplane has been constructed specifically for this
purpose. Only after demonstrating themselves on these smaller, less costly systems can new code be flown on the
competition vehicle.

Minimum Hardware. Aircraft are only loaded with the equipment necessary for the next test flight. For example, if
a test flight does not involve imagery, then the camera and gimbal are removed.
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Order Spares. In general 2x the number needed of any given part were ordered, giving us the ability to quickly
build an entire new aircraft, or repair damage to the current aircraft.

Additionally, there are risks during mission operation: hardware failure, software failure, and human operator
failure. These can be minimized through a combination of training, careful engineering, and extensive testing.

The following table summarizes these risk factors:

Risk Description Likelihood, Mitigation Strategy

Impact

Airframe Failure During Flight Low, Core airframe components are subjected to
High mechanical stress tests beyond their normal
operating loads. The airframe is fully inspected
during assembly at the beginning of each test
flight session, and quickly inspected between

test flights.
FCS Failure During Flight Low, The FCS is tested extensively against simulated
High aircraft flight. If the FCS were to fail during
flight, the safety pilot can take over aircraft
control.
Payload Failure During Flight Medium, Mitigated through payload testing and
Medium debugging.
Safety Pilot Error Low, Our safety pilot is the person on our crew with
High the most years of experience flying large model
RC aircraft.
Other Team Member Error Medium, The team practices entire competition runs in
Low order to be familiar with procedures and pacing.

Figure 1: Programmatic Risks & Mitigations
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2. System Design

A. Aircraft

The airframe used is a modified Naja 2.6 H-Tail consisting of a fiberglass fuselage with balsa supports,
making the fuselage relatively stiff and light. The airfoil is made of plywood spars with balsa ribs and balsa
reinforcements at points of major loads. The Wings have a Monokote covering which protects the frame from the
lifting pressures during flight. An aluminum rod connects the two wing extensions to the main body and a wing bolt
attaches into the wing extensions to prevent the wings from vibrating loose during flight. A smaller aluminum rod
between the wing extensions and the main frame piece acts as an anti-rotation pin. The landing gear for the plane is a
basic servo controlled front wheel on an aluminum support, used to guide the craft during taxi, and a fixed carbon
fiber two wheel set up in the rear. Stability of the forward booms is maintained by a nose assembly consisting of 3
small carbon fiber rods. One rod connects the two booms to each other, and two small booms connect the forward
booms to a center attachment plate bolted to the fuselage. The result is a stable triangle, having the effect of reducing
vibration.

Aerodynamically, the airframe was modified to fly in forward flight as well as in vertical flight. The plane
was built with a basic tapered airfoil that spans 102 inches with a chord size of 14.5 in. The vertical set up for the
aircraft is set up off of 2 cm carbon fiber rods, “booms,” that run from the H-tail in the rear to the front of the fuselage.
Each boom consists of two 1 meter carbon fiber rods that are connected in the center by aluminum brackets holding
them to the underside of the wing. A 4mm bolt acts as an anti-rotation rod near the center of each boom. From these
booms, 2 aluminum clamp mounts support each motor, and an additional 2 clamp mounts attach to the nose assembly
to reduce vibration.

The fuselage houses the internal payload of three batteries, powering both the vertical and forward flight
motors, the flight controller, a Wi-Fi router, BeagleBones, and the attachment point for the gimbal carrying the
Blackmagic camera and the Connex video link. The internal payload can be accessed from the top via a hatch located
on the top front of the fuselage or by removing the wings, allowing for quick repairs or easy replacement of internal
components. The batteries can be easily accessed from the hatch on the front of the plane. The plane is large, and thus
must be carried in a trailer or the back of a large pickup truck when transported. Setup and disassembly typically takes
less than 10 minutes for the system to be mission ready. The only mechanical installation involves the wings, which
must be screwed on using a Phillips head screwdriver.

Vertical propulsion comes from KDE Direct 185 kV motors with 18.5 x 6.3 triple blade propellers. These
motors are bolted to a flat aluminum plate, which is then bolted the aluminum clamp mounts on the booms. The
airframe’s forward motor is an AXI Gold V2 260 KV in runner motor with a standard 19 x 12 APC propeller. The in
runner motor is controlled by a Castle Creations Phoenix HV-Edge 120A electronic speed controller and the four
vertical motors are controlled by four KDE Direct 55 A electronic speed controllers. All of the propulsion systems are
driven by three 21 amp-hour, 16-volt lithium-polymer batteries connected in series that provides 48 volts with a max
current draw of 200 Amps. This power configuration gives a maximum of roughly 45 minutes of forward flight or
about 12 minutes of hovering.
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Figure 2: Wiring diagram of aircraft’s internal components

B. Autopilot

Aircraft control is provided by VCU’s in-house flight controller, Aries. Aries includes both modern flight
control hardware, and flight control software capable of controlling fixed-wing, multi-rotor, and combination / VTOL
vehicles.

The Aries Flight Control Board sports two 32-bit Arm processors - a powerful F4 variant for the core flight
control algorithms, and a reliable FO processor for the safety switch failsafe control. The board contains SBUS RC
input, PWM outputs for motors and servos, XBee (wireless serial) and ethernet communication links, and a suite of
onboard sensors, including an 9-axis IMU sensor, differential air pressure sensors, and voltage sensors. It has
connectors for external GPS and 12C-based sensors. The Aries Flight Control Boards are manufactured and assembled
by Advanced Circuits in Colorado.

A Pixhawk Flight controller running a modified version of the ArduCopter software is being used as an
Inertial Navigation System. The Pixhawk is used as a high quality source of 3D position data thanks to its Extended
Kalman Filter and dual band GPS. The Pixhawk is connected to Aries in place of an external GPS unit, while providing
much more responsive and stable position data than a simple GPS is capable of.

On the software side, Aries has undergone extensive development since VCU’s last AUVSI appearance in
2015. The fixed-wing controller, which has mature support for waypoint navigation with crosstrack correction,
features unique high-speed and low-speed scheduled gains for stability across a extended airspeed envelope. Though
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VCU is flying a propeller-powered aircraft in this year’s AUVSI competition, Aries was designed and tested to support
jet-powered aircraft.

Avries has gained multirotor support. Flight modes are similar to ArduPilot: rate, angle, altitude, loiter, and
autopilot modes are all supported. Auto-takeoff, Return-to-home, and Auto-land are implemented as high-level
controllers which manipulate the loiter and altitude modes automatically.

Finally, quadplane VTOL aircraft are now supported in Aries, through simultaneous operation of the fixed-
wing and multi-copter flight controllers. The quadplane system can automatically transition between hovering and
forward flight at any point in time, and uses airspeed thresholds to ensure successful transitions, while allowing
transitions to be safely aborted at any time.
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Figure 3: Aries GCS, with data, moving-map, and configuration panes visible

C. Obstacle Avoidance

VCU’s aircraft has an on-board obstacle avoidance computer, capable of analyzing real-time obstacle data
and waypoint goals, and rerouting the aircraft as necessary. This is a separate and isolated system from the core flight
controller, and communicates to both the flight controller and the ground station via Ethernet connections.

The obstacle avoidance computer’s primary algorithm is an airplane-adapted A* (pronounced “A Star”) path
finding algorithm. This algorithm finds the best possible path between two points while avoiding a set of obstacles.
VCU has adapted this algorithm to integrate a simple flight simulator, such that when determining the suitability of
each potential node on a path, the algorithm “flies” an airplane along the desired route to see if it can be done. This
eliminates routes that contain impossibly sharp corners or U-turns, or routes with successive “slalom-style” turns that
are beyond the airplane’s capabilities.
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The obstacle avoidance computer is given updated obstacle data from the Interop system as it becomes
available, via a helper app running on the ground station. It constantly tracks the target waypoints sent from the GCS
to the airplane, and when necessary, will send the airplane replacement waypoints.

Waypoint 3 O}
| Enable Editor

Figure 5: Obstacle Avoidance Simulator
In addition to the aircraft-based obstacle avoidance system, VCU has redundant ground-based obstacle

information displays. The GCS shows the mission boundaries at all times, while an additional application has been

developed to calculate the aircraft’s distance from the nearest boundary, and alert if a minimum threshold is exceeded.

This application has a separate visual interface that displays real-time information about the UAV’s current
location, the proximity warning radius around the vehicle, and the given competition boundary. The program uses
the current GPS location of the UAV to monitor the vehicle’s proximity to the boundary. An initial warning is issued
when the vehicle comes within a user-set distance of the boundary, allowing for a correction of the vehicle’s flight
path or manual override before the UAV crosses outside. A circular representation of the warning radius displayed on
the map screen changes color to indicate whether an alert message had been generated.
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D. Imaging System

The Imaging system consists of a Three Axis Gimbal, A Blackmagic Designs Micro Cinema camera, a
Connex HD video downlink, and a Beaglebone Black. The Blackmagic micro cinema camera will capture video and
images, streaming video down to the team on the ground via a Amimon Connex Wireless HD video downlink for
monitoring the view of the camera in Real-time. The Beaglebone black will control the angle of the Gimbal and the
shutter for the camera. It will also send down full resolution images over the WiFi connection between the plane and
the ground stations for target recognition by both human operators and computer algorithms. The Panasonic Micro
Four-Thirds 15-45 OIS Zoom lens was selected for it’s somewhat unique ability of servo zoom on a removable lens.
This will allow us to scan the field with a wide field of view, then zoom in on targets so that they can be identified.

The Three axis gimbal was sourced from Highcee and is using a Basecam brushless gimbal controller. The
gimbal is capable of 360 degree pan, +-45 degrees roll and between +45 and -115 degrees of pitch. The gimbal will
be set facing directly at the ground, regardless of the vehicle’s current pitch and roll. The gimbal chosen will be able
to maintain the same angles at the maximum pitch and roll angles the vehicle will fly at. The gimbal was mounted to
the bottom of the plane with the top yaw axis motor protruding into the chassis to improve ground clearance.

E. Object Detection, Classification, Localization

i Object Detection and Localization

The team has designed a system using multiple layers for optical object detection and localization. Because
of limitations in the bandwidth of the downlink channel, images are taken by the onboard camera and stored on a
server. The images are pulled in from the server by a computer at the ground station, which runs a set of filtering
algorithms using OpenCV in order to detect and crop the objects in the image. The algorithm uses greyscale images
in order to reduce noise and also to find regions of pixels which are prominent. The algorithms use a series of contour
functions in order find regions of interest where there are potential targets. Once the potential targets are found they
are cropped and sent to the server, this is where the manual target identification can grab the targets.

Figure 6: Potential targets that were cropped from the image

Next, the potential target image is assumed to have 2 dominant colors, the foreground and background. Using
a shape detection algorithm, the shape of the target is found. The alphanumerical character is then extracted by getting
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rid of the background color and noise. Through this the different characteristics are stored and sent to the server, where
they are pulled by the interoperability server.

2 2

]

Figure 7: Filtration of cropped target, classifying shape,
foreground/ background color, and alpha numeric character.

The team has created a labeled training set of commonly unclassified or misclassified shapes and alpha
numeric characters and employed a series of Tensor Flow convolutional neural networks written in python to classify
shapes and alpha numeric characters not correctly classified by the openCV methods. These networks use labeled
images in order to teach the system complex relationships between images and labels. The convolutional aspect takes
advantage of the assumption that the probability of a particular pixel occurring is dependent only upon the local context
of that pixel. This assumption moves from a layer of fully connected nodes to a layer of nodes only dependent on
those nearby.

F. Communications

Three separate communication channels are used between the aircraft and ground. A 5.8 GHz Wi-Fi router
in the aircraft connects the on-board BeagleBone computers to the computers on the ground. This connection is used
to send images to the ground to be processed and control other tasks such as the bottle drop. The Aries flight controller
has a 900 MHz XBee radio module that connects it to the ground control station. The ground control station is used
to control the aircraft. this is done by setting waypoints and target altitudes, and changing autopilot modes. The ground
control station also receives from the Aries board via the XBee. The third communication channel is a 2.4 GHz Futaba
remote control receiver, used by the safety pilot to control the aircraft in manual mode. The data is sent from the RC
receiver to the Aries board by an S.Bus connection.
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Figure 8: Block diagram of communication channels.

G. Air Delivery System

The payload drop mechanism consists of two latches connected to servos that hold the payload. One servo is
controlled by the safety pilot, and the other servo is controlled by one of the onboard BeagleBones. Having the
additional latch controlled by the safety pilot acts as an added security measures to ensure that the payload is not
accidentally dropped prematurely by the computer system.

The payload consists of an eight ounce water bottle with protective cushioning around it and an outer shell.
The current prototype for the shell is made of poster board rolled into a cone shape with a side length of 13 inches and
a diameter at the top of 6 inches. The nose of the cone should crumple upon impact in order to absorb some of the
payload’s kinetic energy. The cone will be filled with packing peanuts, spray insulation foam, or some other material.
In order to fill the cone with the spray foam, a similar eight ounce water bottle will be wrapped in plastic wrap and
suspended in the cone as it's filled with spray insulation foam. The water bottle can then be removed to allow for a
new bottle to be inserted at the time of the mission demonstration. Many drop tests will be conducted in order to
determine the ideal cushioning material as well as the size and shape of the payload, and amount of drag. The goal is
for the water bottle to decelerate as slowly as possible to increase the chances of its survival. A small parachute may
also be added to the payload to slow its descent and help maintain the proper orientation. Adding a parachute will
increase the water bottles likelihood of surviving, but will make the payload more susceptible to drifting in the wind.

In order to calculate the optimal time to release the payload, the team will consider the aircraft's airspeed,
ground speed, heading and altitude. The payload’s vertical acceleration will be estimated by testing, including
dropping the payload off of a tall building and recording the time it takes to hit the ground. It will be important to find
both the payload’s acceleration and terminal velocity. These parameters can then be used to calculate the time that it
will take to hit the ground from a given altitude. The fall time calculation can then be used to estimate the distance
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from the target at which the payload should be dropped. Multiplying the ground speed by the fall time gives the
distance from the target at which the payload should be dropped, assuming the aircraft is flying directly towards the
target. Wind speed and direction must also be taken into account. Since the payload will lose most of its forward
velocity quickly due to air resistance, it's horizontal velocity will be largely dependent on the wind. During the flight,
the difference between ground speed and air speed can be used to calculate the speed and direction of the wind. A lot
of testing the drop must be done in the field in order to fine-tune the calculation for the time and position to drop the
payload.

H. Cyber Security

The team’s primary means of limiting exposure to cyber security threats is through encryption, and secondly
through isolation. The two primary data links (flight control and payload) are both encrypted, while our wired ground
network is isolated physically from attacking systems. No attempt is made to guard against GPS spoofing or other
attacks of that sophistication. The following table lists possible attacks and provisions made by the VCU team to
mitigate them:
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Attack Response

Listen or Spoof the Flight Control XBee’s built-encryption has been activated
Link (900 MHz XBee)

Listen or Spoof the Payload data link WPA Encryption has been activated
(802.11n WiFi)

Denial-of-service by monopolizing XBee 900MHz pro uses 12 channel frequency hopping and resends
XBee radio channel dropped packets to prevent interference on the current channel from
disrupting communication

Denial-of-service by monopolizing WiFi system is configured to find a clear channel at startup.
WiFi radio channel

Figure 9: Cyber Security Possible Attack Responses

3. Test and Evaluation Plan

A. Developmental Testing

During the construction of the aircraft, multiple tests were conducted to explore the structural integrity of the
aircraft, the center of gravity with and without mounting equipment, flight capabilities, and component deformation.
For instance, the structural integrity of the vertical motor mounts was tested by loading CAD models into SolidWorks
experimenting with different thrust calculations to find maximums deformation and see how the plane would interact
with the forces it will undergo. For flight tests, two aircraft were use. A smaller foam aircraft was used to test the
autonomous flight controller, and the actual airframe itself was flight tested to accumulate some flight hours and to
tune the PIDs of the vertical motors. Other tests included three point bending tests on the underwing mounts to find
their breaking point, and deflection testing with the booms using twice the weight of the craft on both sides of the
fuselage. These two tests helped with understanding how the aircraft would perform when faced with certain loads
and forces.

B. Individual Component Testing

Extensive component-level testing was done before the airframe was flown. The cost of the airframe, both
in dollars and man-hours, has made the team extremely protective. The power system, airframe, flight controller,
obstacle avoidance system, and payload components (imaging, geolocation, communications, air delivery) all have
been tested independently. The following table describes the component-level tests that have been performed:
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Subsystem

Method of Testing

Airframe

Airframe

Power & Drive

Power & Drive
Flight Controller
Flight Controller
Flight Controller
Obstacle
Avoidance
Imaging

Imaging

Imaging

Imaging

Geolocation

Communications

Communications

Fixed-wing Frame

Quadcopter
Conversion

Pusher Motor &
Propeller, Ailerons,
Elevator, Rudders

Quadcopter Motors
& Propellers
Fixed-wing
Autonomous Flight
Quadcopter
Autonomous Flight
VTOL Transitions

Route Planning
Module

Camera Gimbal &
Mounting

Camera triggering
& downloading
Manual Image
Processing

Automatic Image
Processing
Image pixel ->
geographic
coordinates
equation
Encrypted XBee

Encrypted 802.11

Installed lead weight to match expected weight of full UAS. Flown
via RC remote control, checking for controllability and body
flex. After landing, checked frame for signs of stress.

Used stress-testing rigs and machinery to determine the breaking
points of the carbon fiber rods and the wing and motor mounting
plates.

During fixed-wing test flights, ESC logged motor RPMs and power
consumption.  Verified that power consumption is within
specifications. Verified that motor temperature is not hot after running
at full throttle.

Static thrust rig built and used to record motor power vs. output thrust
curves.

Software-in-the-loop and Hardware-in-the-loop simulations using
FlightGear
Software-in-the-loop  (SIL)
simulations using FlightGear
A smaller, foam VTOL aircraft was built and flown for flight
controller testing.

Prototype included a built-in simulator, final version tested with HIL
flight simulation.

Wooden frame used to hang gimbal while being adjusted and
calibrated in the lab.

Tested extensively in flight configuration while stationary in the lab.

and Hardware-in-the-loop  (HIL)

Our image database can be reset to “replay” any previous missions as
if they were new images. This feature was used extensively to feed
images into the image processing software while under development.
Same comment as Manual Image Processing, above.

Tested using logfiles from flights containing GPS, Altitude, Gimbal
angles, and camera trigger times. Visually confirmed that the terrain
at the computed coordinates, as seen in Google Earth, matches the
captured image.

Bandwidth and latency tests have been done of the 900 MHz XBee
controllers

Our full communication network including the aircraft router, ground
router, and ground computers runs constantly in the lab. Distance tests
on the 802.11 link have been done by powering the routers off of 12v
batteries and walking them apart while having laptops communicate
over the link.
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Air Delivery Water Bottle Tested by dropping from a 4-story parking garage.
Packaging

Air Delivery Triggering Tested through simulated flight.
Algorithm

Figure 10: Individual Component Testing

C. Mission Testing Plan

On April 10, 2017 members of the team completed initial testing of the airframe’s VTOL capabilities, proving
the basic flightworthiness of the large Naja airframe. On that date initial testing was also done for the vertical flight
control system on a smaller airframe previously developed by the team as part of other projects. Initial testing of
camera systems has begun, and gimbal hardware is being developed. By April 31st, the team plans to conduct a full
mission test with the airframe and all systems. The team will test airdrop system accuracy and waypoint flight, and
verify that obstacles can successfully be avoided using the system software and algorithms. The team will also test
optical target location and recognition. In the event reliable autonomous transition from stationary hovering flight to
forward flight proves unattainable, the team will likely substitute a similar airframe without VTOL capabilities.
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4, Safety, Risks, & Mitigations

VCU continually evaluates the safety of its UAV systems. Even very small UAVs are dangerous, and it is
not lost on the team that larger, substantially heavier vehicles with considerably more energy onboard present safety
risks. Team flight testing occurs at an isolated airfield, where AMA best practices are followed, including separation
of pilots, guest, and aircraft. Additionally, specific risk factors have been identified and mitigation methods were
tailored to ensure the safety of all personnel, and, as much as possible, equipment, including the aircraft. The following
tables list the risks identified, their likelihood and impact, and VCU’s response to them.

i Developmental Risks & Mitigations

Risk Risk Description Likelihood, Mitigation Strategy

Category Impact

Human Injury — Motors & Propellers Medium, Normally, the motors are only
Running the motors and propellers, for High powered at the airfield. If run in the
purposes such as thrust testing or lab, situation-specific precautions
balancing, could lead to injury. are taken to shield personnel from

any accidental contact.

Human Injury — Flight Testing Low, These are covered in detail section
Flight testing contains a variety of risks. High entitled “Operational Risks &
Mitigations”
Human Injury — Shop Tools and Processes Medium, Tools used on this project are
Shop tools present a variety of risks. Low generally hand tools or small power
Commonly used tools include saws, drills, tools. Soldering equipment presents
and soldering equipment. a burn risk, but is kept in confined

areas with air cleaners. Protective
eyewear is required when using
equipment.

Figure 11: Developmental Risks & Mitigations

ii. Mission Risks & Mitigations

Many safety issues apply to flight in general, and are listed in the subsequent section, “Operation Risks &
Mitigations.” The following risks and mitigations are directly related to mission activities.

Risk Risk Factor Mitigation Strategy

Category

Human Airdrop Collision Low, The airdrop capsule requires two
If released at the wrong time, the airdrop Medium  simultaneous physical latch
capsule could strike a person. activations — one human controlled,

and one software.
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Human

Equipment

Risk
Category

Human

Human

Human

Equipment

Collision due to auto-takeoff or auto-landing
failure.

The takeoff and landing operations are the
flight components performed nearest to
personnel. A software failure causing the
aircraft to deviate from its desired path
could be dangerous during these periods.

Crash due to intended failsafe operation
If the aircraft loses contact with the safety

pilot’s radio, it must crash itself.

Medium,
High

Low,
Medium

GPS signal quality and
magnetometer calibration are
checked before takeoff. The safety
pilot is ready to take over control
during takeoff and landing.

A second aircraft and hardware set is
available.

Figure 12: Mission Risks & Mitigations

iii. Operational Risks & Mitigations

Risk Factor

Injury - Loss of Aircraft Control
Loss of aircraft control during flight could
lead to the aircraft striking a person.

Injury - Accidental Aircraft Activation
Activating any of the aircraft motors
unexpectedly could cause the propellers to
strike a person.

Injury - Fallen / Throw Aircraft Parts
A mechanical failure in mid-air or on the
ground could throw parts towards a person.

Injury from Electrical Shock
When powered, the aircraft canopy contains

50-volt lines, which could be a shock hazard.

Aircraft Damage — Loss of Power

If the aircraft’s power system were to fail or

Impact

Low,
High

Low,
High

Low,
High

Low,
High

Low,
Medium

Mitigation Strategy

Flight testing is done on a rural
airfield to limit exposure to the
general population. During flight
testing, the aircraft, pilot, and other
crew have designated areas designed
for separation.

The aircraft contains power supply
interlocks for all of the motors.
These interlocks are only inserted by
the safety pilot immediately before
takeoff, and are removed
immediately upon landing.

Crew generally works under a metal
roof, behind the flight line. The
airplane is not operated in close
vicinity with the safety pilot or crew,
except during takeoff and landing.

Power supply lines are completely
covered in insulating material,
including connectors.

Battery voltage is monitored
remotely. Additionally, the safety
pilot has a flight timer, and the crew
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Equipment

Equipment

Equipment

Equipment

become depleted, the aircraft would crash to
the ground.

Aircraft Damage — FCS Software Error

If the aircraft’s Flight Control System were
to fail, the safety pilot would need to
recognize this and take over control,
creating the safety pilot risk listed below.

Aircraft Damage — Weather Beyond
Maximums

If the wind speed aloft exceeds the
airframe’s capabilities, the aircraft may
become uncontrollable or physically
damaged in flight.

Aircraft Damage — Safety Pilot Error
If the safety pilot makes an error, the aircraft
may be damaged in a crash.

Aircraft damage — Wiring Fault
Incorrectly wiring the aircraft during field
assembly may result in control surfaces or
motors working incorrectly.

Medium,
Medium

Low,
Medium

Medium,
Medium

Medium,
Low

tracks checks the batteries’ state-of-
charge before each flight. If the
battery becomes to low to power the
aircraft’s motors, the aircraft’s
control surfaces will remain active
and under control.

FCS (Flight Control System) changes
are tested in smaller, more
dispensable vehicles before being
approved for the AUVSI vehicle. If
the FCS fails, the safety pilot can
take over control.

Weather reports are checked before
making a go/no-go decision for flight
testing. During flight, excessive
wind is evident in the aircraft’s
handling, and will trigger a decision
to land.

The aircraft is balanced and trimmed
for manual flight before engaging
any automatic modes, in order to
give the safety pilot the best chance
of success. The safety pilot is also in
constant communication with GCS
(Ground Control Station) operators.

The safety pilot tests all control
surfaces and motors before each
takeoff.

Figure 13: Operational Risks & Mitigations
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5. Conclusion

This year’s submission to the AUVSI competition by the VCU UAYV team represents the beginning of what
will be a long-term development process. Initial steps have been taken in areas ranging from the development of the
VTOL airframe to the development of the software and algorithms needed to allow the airframe to autonomously take
off, land, and transition to and from vertical and forward flight. Much has been learned by all involved with respect
to the development process and the concept of such development as part of an integrated, multi-disciplinary team.
More will be learned in future years, as members matriculate and new members step into positions on the team.

Figure 14: VCU’s AUVSI Competition Aircraft
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