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Abstract

Design, Integration, and Experimental Validation
of a Lifting-Body Quadrotor

Jason S. K. Zhou

Chair of the Supervisory Committee:
Professor Behcget Acgikmege
William E. Boeing Department of Aeronautics & Astronautics

This thesis describes the design, integration, and experimental validation of a lifting-body
tailsitting quadrotor intended to retain vertical takeoff and landing capability while gen-
erating meaningful aerodynamic lift in forward flight. The work is divided into four ar-
eas. The first covers a PX4 Autopilot firmware port onto a custom flight controller with
software-defined hardware, validated through manual and autonomous flight on a conven-
tional quadrotor platform. The second presents the aerodynamic design of the tailsitter
airframe through parametric modeling, vortex-lattice simulation, and wind tunnel testing.
The third addresses mechanical design, covering structural reinforcement, manufacturabil-
ity, and electronics packaging for an airframe manufactured entirely by FDM. The fourth
presents hover flight results and a longitudinal transition simulation. The results establish a
baseline for future work on multirotor vehicles that combine hover capability with efficient

high-speed flight.
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GLOSSARY

Variables and Coefficients

a:  Angle of attack, degrees
B: Sideslip angle, degrees
5 Control surface deflection angle, degrees
p: Air density
é: Mean aerodynamic chord
Cp: Drag coefficient
Cp,: Zero-lift drag coefficient
Cp: Lift coefficient
Cr,: Lift coefficient at zero angle of attack
. Lift-curve slope, per degree
Rolling moment coefficient derivative with respect to sideslip angle, per degree

Cn: Pitching moment coefficient

Cp...: Pitching moment coefficient slope with respect to angle of attack, per degree
Chn,: Yawing moment coefficient derivative with respect to sideslip angle, per degree
Cy,: Side force coefficient derivative with respect to sideslip angle, per degree

D:  Aerodynamic drag force

vi



e: Oswald efficiency factor

L:  Aerodynamic lift force

S:  Reference wing area

T:  Thrust

V:  Freestream velocity

W:  Vehicle weight

rac: Aerodynamic center location, mm from nose
z.: Center of gravity location, mm from nose
Tnp: Neutral point location, mm from nose

zr.r: Moment reference center location, mm from nose

Acronyms and Abbreviations

AC: Aerodynamic Center

AOA: Angle of Attack

CG: Center of Gravity

COTS: Commercial Off-The-Shelf
DDS: Data Distribution Service

DOF: Degree of Freedom

ESC: Electronic Speed Controller
FAA: Federal Aviation Administration

FDM: Fused Deposition Modeling

vil



FPGA: Field-Programmable Gate Array

GPIO: General-Purpose Input/Output

GPS: Global Positioning System

HSE: High-Speed External

HSI: High-Speed Internal

12C:  Inter-Integrated Circuit

L/D: Lift-to-Drag Ratio

LFS: Low Force Stereolithography

LIPO: Lithium Polymer

MAC: Media Access Control (networking); Mean Aerodynamic Chord (aerodynamics)
MAVLINK: Micro Air Vehicle Link

MCU: Microcontroller Unit

NACA: National Advisory Committee for Aeronautics
NSH: NuttX Shell

PCB: Printed Circuit Board

PDB: Power Distribution Board

PHY: Physical Layer Transceiver

PID: Proportional-Integral-Derivative

PLA: Polylactic Acid

RMIL: Reduced Media-Independent Interface

viil



RTOS: Real-Time Operating System

RTV: Room Temperature Vulcanizing

SM: Static Margin

SPI:  Serial Peripheral Interface

UART: Universal Asynchronous Receiver-Transmitter
UORB: Micro Object Request Broker

USB: Universal Serial Bus

UXRCE-DDS: Micro XRCE Data Distribution Service
VLM: Vortex-Lattice Method

VTOL: Vertical Takeoff and Landing
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Chapter 1

INTRODUCTION

1.1 Motivation

Conventional quadrotors rely entirely on rotor thrust for lift and propulsion. In forward
flight, the vehicle must pitch nose-down to produce a horizontal thrust component, reducing
the vertical force available to support the vehicle weight. The central body and exposed arms
present a large bluff frontal area, and the resulting parasitic drag scales with the square of

airspeed. Together, these factors impose a low speed ceiling and poor cruise efficiency.

Several approaches exist to combine vertical takeoff with efficient forward flight. Tilt-
rotor systems mechanically redirect rotor thrust for wing-borne cruise but add complexity
and are typically optimized for forward flight rather than hover agility. Configurations
with separate hover and cruise actuators carry mass that is inactive in each flight regime.
Within the quadrotor design space, faired platforms such as the Red Bull Drone 1 and the
Peregreen V2 have reduced drag through aerodynamic shells [35, 4], but these airframes

generate no meaningful lift, and the rotors remain the sole source of vertical force.

Tailsitter configurations offer a different compromise. The vehicle takes off vertically and
transitions to forward flight by rotating its body, allowing fixed aerodynamic surfaces to
generate lift during cruise. All actuators are used in both flight regimes. The challenge for
small, low-cost platforms is that the aerodynamic geometry and internal electronics layout
are tightly coupled, and design changes in one domain propagate to the others. This thesis
addresses that integration problem through the design, build, and staged validation of a

custom hybrid quadrotor.



1.2 Project Overview

The work presented in this thesis resulted in two platforms. The first is Firelight, a conven-
tional agile quadrotor used to validate the custom flight control stack under demanding flight
conditions, including autonomous execution of externally generated reference trajectories.
The second is Raven, a tailsitting quadrotor with a lifting-body fuselage, four wing-mounted

pusher rotors, and actuated forward canards.

The flight control electronics use a custom board called Sparkie, developed in the Au-
tonomous Controls Laboratory (ACL) at the University of Washington. Sparkie integrates
an STM32H745 MCU, an iCE40HX FPGA for configurable signal routing, and a Raspberry
Pi CM4 companion computer. A full PX4 Autopilot port was implemented, including RTOS

configuration, peripheral integration, and system validation.

The Raven airframe was designed from the aerodynamic shell inward. The external
geometry was defined first through parametric modeling in OpenVSP and evaluated using
VLM, and the internal structure and electronics were subsequently packaged within that
shell. The airframe was manufactured entirely using FDM with PLA filament on a desktop
3D printer. Two airframe configurations were analyzed: the wind tunnel configuration, which
was fabricated and tested in the University of Washington 3 x 3 ft wind tunnel, and the
flight configuration, which was modified for electronics integration and flown. Aerodynamic
characteristics were evaluated using vortex-lattice simulation and wind tunnel testing, and

a static stability and control authority analysis was performed.

The Raven vehicle was flight tested in the VTOL regime. The flight demonstrated that
the custom avionics, FDM airframe, and PX4 integration function as a flyable system. For-
ward cruise flight was not attempted due to incomplete canard integration, insufficient tran-
sition controller tuning, and the absence of validated aerodynamic data across the angle-of-
attack range required for transition. A longitudinal simulation with simplified physics was

developed to evaluate the feasibility of the transition maneuver.



1.3 Thesis Organization

Chapter 2 details the PX4 Autopilot port onto the Sparkie flight controller, including FPGA
firmware, companion computer infrastructure, and flight validation on the Firelight platform.
Chapter 3 presents the aerodynamic design of the Raven airframe and its evaluation through
vortex-lattice simulation, wind tunnel testing, and stability analysis. Chapter 4 describes
the mechanical design, covering structural reinforcement, manufacturability, and electron-
ics integration. Chapter 5 presents the hover flight results and the longitudinal transition

simulation. Chapter 6 discusses contributions, limitations and areas of future work.



Chapter 2

FLIGHT FIRMWARE

2.1 Introduction

This chapter describes the firmware architecture and PX4 porting process for the custom
Sparkie flight controller board. Sparkie is the most recent custom flight controller developed
at the Autonomous Control Laboratory at the University of Washington. The board is built
around the STM32H745IIK6 MCU [38] and integrates an iCE40HX FPGA for hardware
routing and peripheral abstraction [36], as well as a Raspberry Pi CM4 companion computer
[21]. This architecture separates real-time flight control tasks on the MCU from higher-level

tasks such as networking, messaging, and trajectory generation on the companion computer.

An MCU plus companion computer architecture is present in some COTS flight con-
trollers, such as the CM4-based Holybro Pixhawk variant [16]. However, the use of the
STM32H745 and the inclusion of the iCE40HX FPGA increase Sparkie’s computational ca-
pability and flexibility but introduce substantial challenges in hardware bring-up and PX4
porting.

A new board definition was implemented within the PX4 file structure [42]. The RTOS
configuration was validated, peripheral buses and devices were integrated, and the system was
tested to ensure deterministic execution during flight. The firmware development extended
beyond parameter configuration or driver modification and required full-stack integration,
from FPGA firmware and MCU bootloader configuration to PX4 estimation and control

modules.



2.2 System Architecture

The Sparkie architecture is partitioned into three firmware domains. The STM32H74511K6
MCU executes the real-time flight stack as a custom PX4 Autopilot port [38, 42]. The
iCE40HX FPGA implements configurable signal routing and peripheral interfaces [36]. The
Raspberry Pi CM4 runs embedded Linux and manages networking, MAVLink routing, mo-
tion capture input, and external communication [21, 41, 29]. Figure 2.1 shows the three

domains and the connections between them.

[ Real-time ]

[ Sensors ] [ Actuators ] [ Debug Pins ] [ Non-deterministic ]
N N N [

Peripheral ]

12C

/ N\ SPI Direct Direct
MCU UART
NuttX RTOS

PX4 Autopilot

CM4

| Mavlink |
Estimator < >
\\ J Debug | uXRCE-DDS |

4 )

Programming

Device Drivers | ¢ FPGA

Control Loop

uORB Bus

(RN

Ethernet

Figure 2.1: System architecture of the Sparkie flight controller

2.3 Microcontroller

The STM32H745 contains two computational cores: a Cortex-M7 and a Cortex-M4. Only
the M7 core was used in this implementation. Enabling the M4 would have introduced inter-
core communication, synchronization, and shared-memory management requirements that
would have complicated bring-up for a custom board with no established procedures.

Initial bring-up used the MCU’s HSI clock at 64 MHz. This bypassed hardware issues with



the external clock source during early debugging. The limitations of the internal oscillator,
particularly its drift and reduced precision, became apparent as development progressed.
The MCU was then reconfigured to use a 25 MHz HSE oscillator, which provided greater
stability and enabled reliable bring-up of the Ethernet and USB buses. Peripheral device
clocks were derived from the HSE through the MCU clock tree.

2.4 FPGA

The iCE40HX FPGA serves as a configurable hardware abstraction layer between the MCU
and the other peripherals. Rather than hard-wiring all electrical paths on the PCB, the
FPGA provides programmable routing of serial buses, interrupts, resets, debug signals, and
auxiliary interfaces. Signal routing and interface behavior can be modified through Verilog
source and pin constraint definitions without physically altering the PCB. During bring-up

and development, this flexibility accelerated debugging and validation.

2.4.1 Serial Protocol Routing

Three serial protocols are used for onboard communication: UART, SPI, and I2C , listed
here in order of increasing implementation difficulty through the FPGA.

UART and SPI use actively driven, push-pull signaling with fixed direction per signal
line [45]. For these protocols, the FPGA maps pins directly to the device input and output
buffers on either side. The timing is edge-based and the electrical behavior is straightforward,
so the FPGA routes the correct signal paths without additional protocol handling. These
signals could also be routed to exposed debug pins and analyzed with a logic analyzer or
oscilloscope.

Routing I?C through the FPGA is more involved because both the data and clock lines
require bidirectional open-drain behavior [27]. The FPGA pins must actively drive the line
low and release it to high impedance so that an external pull-up resistor defines the high
logic level. A wire-level I?C repeater was implemented in Verilog to permit the clock signal

to pass through while conditionally bridging the data line in one direction at a time. The



bidirectional and partially passive nature of the bus made it impractical to break I*C signals
out to debug pins as the additional path length and capacitance can degrade signal integrity.
The FPGA also addressed cases where the required pull-up resistors were not present in
hardware. The internal pull-ups on the FPGA pins provided sufficient pull-up resistance to

ensure valid logic levels on the I?C data and clock lines.

2.4.2 Debug Routing and Console Access

The FPGA pins can be routed to the GPIO pins of the CM4, enabling direct observation of
the NSH output from the MCU using serial monitoring tools on the CM4 [8]. By routing the
MCU console through the FPGA to the CM4, boot logs and debug output could be captured
without requiring additional debug hardware. This allowed PX4 porting and debugging to

occur using the Sparkie board itself, accelerating incremental development.

2.4.8  Programming the FPGA

The iCE40HX was configured at each power cycle from a binary image. The intended
programming routine uses an SPI connection with the HSE oscillator as the clock source.
However, much of the initial implementation occurred while the board operated from the
HSI clock, and an alternative programming method was required.

Following the programming logic in the iCE40HX documentation [37], a bit-bang routine
was compiled and stored on the CM4. This routine used the CM4 GPIO pins to emulate a

clock source and SPI interface, then wrote the binary file directly onto the FPGA fabric.

2.5 Companion Computer

The Raspberry Pi CM4 [21] serves as a companion computer responsible for networking,
telemetry routing, motion capture integration, and communication with external systems.
The CM4 runs embedded Linux and connects to the MCU via Ethernet. This architec-
ture keeps flight-critical real-time computation on the MCU and delegates inherently non-

deterministic communication and networking tasks to the CM4.



The CM4 functions as the gateway between the flight controller and the external de-
velopment environment. All external telemetry, ground control interaction, and trajectory
commands pass through the CM4. Each CM4 operates as part of a Kubernetes cluster [2],
which allows it to pull software from GitHub and to program and configure the other onboard
components. Because the CM4 can connect to wireless networks and operate independently

through a full operating system, it is the first major configuration step in board bring-up.

2.5.1 FEthernet Communication

The MCU contains an integrated Ethernet MAC but requires an external PHY for standard
Ethernet signaling [38]. On Sparkie, a Microchip KSZ8081RNA provides the 10/100BASE-
T physical layer and connects the MCU MAC to the CM4 network interface via the RMII
protocol [18]. The PHY registers were configured through PX4 to establish link speed, duplex
mode, and auto-negotiation.

Since Ethernet routing is implemented directly on the PCB rather than through the
FPGA, the link could not be probed or routed to debug pins. Initial failures were challenging
to diagnose because the error occurred at the physical configuration layer and was effectively
silent; the MAC layer appeared functional even though no link had been established. Once
configured correctly through PX4 and NuttX parameters, the Ethernet connection was re-
liable and consistent. The resulting link operated at 100 Mbps full-duplex, compared to 1
Mbps or less for the other serial protocols in the system. This bandwidth supported high-
rate motion capture data and telemetry streaming without imposing excessive processing
overhead on the MCU. The CM4’s Linux networking stack managed routing and multiple

concurrent connections independently of the MCU firmware.

2.5.2 uwORB and uXRCE-DDS Communication Bridge

Within PX4, inter-module communication uses the uORB publish-subscribe messaging bus
[43]. Sensor drivers, estimators, controllers, and other flight subsystems publish and sub-

scribe to uORB topics for asynchronous message passing.



To allow the companion computer to interact with PX4, the firmware was configured to
use the uXRCE-DDS client [44]. This component exposes selected uORB topics through
a DDS-compatible interface over the Ethernet link. The uXRCE-DDS client starts on the
MCU as part of the PX4 startup procedure. The CM4 runs the corresponding DDS agent,
which bridges messages into the Linux networking environment where other devices on the
network can access them.

Configuring this interface required defining which uORB topics would be exported and
ensuring correct network parameters. During early integration, an issue arose when opening
multiple NSH consoles. One console was maintained on a UART port through the CM4
for debug access, and a second became accessible through QQGroundControl. Opening the
second console caused the uXRCE-DDS client to lose connection because NuttX reinitialized
the network stack whenever a new NSH console opened. A modification to NuttX’s network
management resolved this by allowing a configurable number of shells to open before network

reinitialization.

2.5.8 Systems Integration and External Interfaces

The CM4 serves as the primary interface between the embedded flight controller and external
systems.

A Kubernetes cluster integrates the CM4 into a distributed compute infrastructure [2].
When new firmware or onboard software is committed to the project repository, any wire-
lessly connected CM4 can retrieve the updated code and deploy it onboard. This resolved a
recurring issue on older hardware, where the installed firmware version was often unknown
and updates required manual transfer. Over-the-air updating improved configuration trace-
ability and accelerated the development workflow.

The CM4 handles MAVLink telemetry and command communication [41]. MAVLink data
from PX4 on the MCU is transmitted over the Ethernet link to the CM4, which distributes
it to ground-control software on an external laptop. MAVLink routing was implemented

through Linux tools and scripts rather than within the real-time firmware environment.
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For indoor flight experiments, the OptiTrack motion capture system provided high-
precision position measurements through the NatNet SDK [29]. The CM4’s Linux networking
stack acquired this data and passed it to the MCU over the Ethernet link.

Trajectory commands from external development systems also pass through the CM4.
Research software transmits reference trajectories to the CM4, which forwards them to
the MCU. This allows experimental trajectory-generation software to be developed indepen-
dently and tested on the vehicle through a network connection, separate from the real-time

control loop on the MCU.

/ Kubernetes \
Cluster

Built flight software
(GitHub)

Motion Capture

Offboard (ROS, MAVLink) systems

Trajectories \ J

Figure 2.2: Infrastructure and communication architecture

“\ Middleware Real-time

2.6 Flight Validation

The first completed version of the firmware was validated on the Firelight platform shown
in Figure 2.3. Firelight is a conventional quadrotor with a thrust-to-weight ratio of 14:1 at
a flight weight of 500 g, making it highly agile and requiring the firmware to be efficient and
correct for reliable flight.

The platform was test-flown manually both indoors using motion capture and outdoors
using its onboard sensor suite and GPS. Once manual tuning produced stable flight, various
trajectory-generation frameworks commanded the drone autonomously [13, 14]. An embed-

ded controller using the Julia programming language [7] was also implemented and tested.
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These tests verified the firmware’s ability to accept trajectory and control inputs from a

range of external software stacks and perform adequately during demanding trajectories.

Figure 2.3: Firelight quadrotor platform with the Sparkie flight controller
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Chapter 3
AERODYNAMIC DESIGN AND ANALYSIS

3.1 Introduction

A conventional quadrotor places four rotors in an X planform on arms extending from a
central fuselage, as illustrated by the Firelight platform in Figure 2.3. The central body
houses flight electronics, battery, and payload. Motors are mounted at the arm tips at
approximately equal radii from the center of mass, producing relatively symmetric inertial
properties and simplifying the control allocation problem. This geometry is the dominant
choice in both research and commercial platforms because it offers low design and manu-
facturing complexity, and because common multirotor flight-control stacks, including PX4,
ArduPilot, and Betaflight, provide mature support for this arrangement.

However, this baseline configuration is optimized for hovering efficiency and mechanical
simplicity, not for forward flight. Two characteristics limit its high-speed and long-range
capability. The first is the thrust penalty inherent to forward flight: because the rotors
are the sole source of both lift and thrust, the vehicle must pitch nose-down to produce a
forward component, reducing the vertical thrust available to support its weight. The second
is high parasitic drag: the central body and exposed arms present a large frontal area of
bluff, unshaped surfaces. Together, these factors reduce forward-flight efficiency and limit
practical cruise performance, even on racing-oriented platforms.

Prior high-speed quadrotor projects addressed the drag problem through aerodynamic
fairing. The Red Bull Drone 1 enclosed a quadrotor within an aerodynamic canopy and
exceeded 350 km/h while tracking a Formula 1 car [35]. The Peregreen 2 reached a top
speed 480 km/h using a streamlined and ducted fuselage [4]. These vehicles demonstrated

that shaped airframes can dramatically reduce drag and increase top speed.
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More recently, several projects indicate that lift generation is considered along with drag
reduction. The FastBoy FPV drone achieved 557.64 km /h by generating lift through an asym-
metric planform with a streamlined fuselage [12]. The Peregreen V4 achieved 657.59 km/h
using a shaped fuselage that generates lift while reducing drag [5].

The vehicle presented in this chapter draws from these designs and from non-quadrotor
aircraft, combining cruise-oriented aerodynamic shaping with the VTOL and low-speed ma-
neuverability of a quadrotor propulsion system. This chapter presents one iteration of a
multi-cycle design process (discussed further in Chapter 6). An airframe was parametrically
designed in OpenVSP, analyzed using vortex-lattice simulation, fabricated, and wind tun-
nel tested. It was subsequently revised for electronics integration and re-analyzed. Two

configurations are documented: the wind tunnel configuration and the flight configuration.
3.2 Design Requirements and Constraints

The Raven vehicle has two distinct flight regimes: VTOL (including hover and low-speed
maneuvering) and forward cruising flight. The vehicle must perform vertical takeoff and
landing, stationary hover, and transition to cruise in which aerodynamic lift substantially
offloads the rotors. The initial design is not optimized by any single metric; the goal was to
meet preliminary aerodynamic requirements and form a baseline for subsequent refinement.

A cruising speed was selected to enable both wind tunnel verification and outdoor flight.
The governing constraints were the University of Washington 3 x 3 wind tunnel speed limit
(135 mph) [46] and the FAA Part 107 ground speed limit (100 mph) [11]. The cruise speed
was set at Mach 0.118 (90.54 mph, 40.47 m/s), within both limits and high enough for
conventional airfoil profiles to operate in a well-characterized regime.

The initial geometry prioritized minimizing frontal cross-sectional area to reduce para-
sitic drag, with electronics packaging treated as secondary. The fuselage cross-section was
constrained by the battery dimensions (Tattu R-Line 5.0, 1550 mAh 6S, 37x52 mm). The
7-inch propeller diameter constrained the nacelle spacing and wingspan. The diameter of the

T-Motor F100 brushless DC motor (33.4mm) constrained the minimum nacelle diameter.
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3.3 Configuration Rationale

The starting point is a tailsitting quadrotor with four rotor-mounted lifting surfaces and
a central fuselage. The decisions in this section are informed configuration choices for a
first-pass design rather than uniquely optimal solutions. The Piaggio P.180 Avanti served
as a reference because it combines a lift-generating fuselage, forward lifting surfaces, and

aft-mounted pusher propulsion [32, 9].

3.3.1 Rotor Configuration

For a tailsitter, an X configuration produces an X-wing planform with all four surfaces
canted at 45° in cruise, creating aerodynamic interference that is difficult to model at this
design stage. A plus (+) configuration was selected instead: in cruise, two horizontal wings
generate lift while two vertical wings serve as stabilizers. This also simplifies control mapping,
with differential thrust between upper/lower rotors controlling pitch and left/right rotors
controlling yaw.

The propellers are in a pusher configuration, preventing blockage behind the propeller
disks. As Raven has no control surfaces on the wings, the benefits of blown wing surfaces

are limited, and the absence of them simplifies aerodynamic analysis and simulation.

3.3.2  Component Design

Lifting-body fuselage. Piaggio reports that the Avanti’s fuselage contributes approxi-
mately 20% of total lift [32]. Raven’s fuselage takes inspiration from this and is symmetric
only about the vertical plane, with greater curvature on the upper surface. In forward flight,
this fuselage shape can create faster flow over the curved upper surface, producing a pressure

difference and generating a net upward force.

Canards. Forward-mounted actuated canards provide additional lift, pitch, and yaw con-

trol authority ahead of the CG. They shape the pitching-moment characteristics and, when
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designed to stall before the main wing, provide a nose-down tendency that helps prevent

full-wing departure.

Boattail. The aft fuselage is tapered to reduce base drag. For axisymmetric conical boat-

tails, minimum drag occurs at 14° [17]. This value was used as the design point.

Nacelles. Wing-tip nacelles house the motor mounts with a parabolic nosecone profile

selected for low subsonic drag [25].

3.8.83  Airfoil Selection

All airfoils are from the NACA four-digit series, chosen for simple parameterization, pre-

dictable behavior, and available low-speed data.

Lift wings: NACA 4412. 4% camber at 40% chord, 12% thickness. The camber produces
a zero-lift angle of approximately —4°, meaning the wing generates lift at zero vehicle AoA. At
the operating Reynolds number, the NACA 4412 has a gradual stall onset with a maximum
C'p, of approximately 1.2 to 1.3 [1]. The 12% thickness provides volume for structure and

printed walls.

Vertical stabilizers: NACA 0012. Symmetric profile producing zero side force at zero
sideslip and zero pitching moment at zero AoA [1], both desirable for a passive stabilizer.

Thickness matches the lift wings.

Canards: NACA 0015. Symmetric, 15% thick. Zero lift at zero AoA simplifies trim
analysis. The NACA 0015 has a lower maximum C}, [1] than the NACA 4412 main wing,
which favors canard-first stall. When the canard stalls before the wing, it produces a nose-
down pitch break that reduces the o and protects the main wing from full stall [34]. Validated

as a canard airfoil in ARL projectile studies [10].
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3.4 Wind Tunnel Configuration

3.4.1 Parametric Design

The geometry was developed in OpenVSP [23]. The model consists of a central fuselage,
two horizontal lift wings (NACA 4412), two vertical stabilizers (NACA 0012), two horizontal
canards (NACA 0015), two vertical canards (NACA 0015), and four nacelles. The fuselage
upper surface follows a cambered profile with the lower surface kept flat. The nose fuses
smoothly from a point into the body, and the aft tapers into a 14° boattail. Propellers are
not modeled. The moment reference center was placed at the CG assuming homogeneous

solids. Table 3.1 lists the parameters and Figure 3.1 shows the model.

Figure 3.1: OpenVSP model of the wind tunnel configuration

3.4.2 VSPAERO Analysis

VSPAERO provides a VLM solver integrated into OpenVSP [22]. VLM models lifting sur-
faces as thin vortex sheets under inviscid, incompressible, irrotational flow assumptions and
does not capture boundary layer effects, flow separation, or skin friction drag [26].

Two consequences are relevant to this geometry. First, VLM cannot model stall or



Table 3.1: Wind tunnel configuration geometric parameters
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Component Parameter Value
Length 672 mm
Max width 84 mm
Fuselage
Max height 56 mm
Boattail angle 14°
Root chord 112 mm
Tip chord 56 mm
Total wingspan 280 mm
Rear wings
(NACA 4412 and NACA 0012) Reference area 23520 mm?
Aspect ratio 3.33
Incidence angle 0°
Location (in ) 420 mm
Span 91 mm
Reference area 15288 mm?
Canards (NACA 0015)
Incidence angle 0°
Location (in x) 130 mm
c 87.11 mm

Reference quantities

Moment ref. center (z,y, z)

(388.0, 0.0, —1.9) mm
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separation drag, so results at high « are unreliable. At the operating Reynolds number
(2.4 x 10°), skin friction drag dominates over induced drag at moderate o, meaning VLM
substantially underpredicts total drag. Second, VLM models the fuselage as a thin-surface
approximation of a thick body, which does not capture its pressure-based lift contribution.
The fuselage design relies on physical reasoning and reference aircraft, and it is validated

through wind tunnel testing.

Tables 3.2 and 3.3 list the freestream conditions and solver settings. Settings were cho-
sen per OpenVSP developer guidance [31] and a study on VSPAERO wing simulation [22].

Higher iteration counts caused numerical instability and large outliers during simulation.

Table 3.2: VSPAEROQO freestream conditions

Parameter Value

Freestream velocity 40.47 m/s

Air density 1.225 kg/m?

Mach / Reynolds number — 0.118 / 2.4 x 10°

S /e 23520 mm? / 87.1 mm
Moment ref. center (x,y,z) (388.0, 0.0, —1.9) mm
AoA range / increment —5% to 30° / 1°

B 0°

Table 3.3: VSPAERO solver settings

Parameter Value
Solver mode VLM
Wake nodes 64

Wake iterations 7
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Aerodynamic lift and drag are computed from the VLM-predicted coefficients as:
L= %pV2SCL, D = %pVZSCD (31)

For a tailsitter in forward flight, the rotors are oriented along the body axis rather than
vertically. At «, horizontal equilibrium requires 7" = D/ cos«, and vertical equilibrium
requires:

L+ Dtana =W (3.2)

This calculation uses vehicle mass 1.8 kg (W = 17.66 N), p = 1.225 kg/m3, V = 40.47 m/s,
and S = 0.02352 m?. Vehicle mass is based on the flight configuration discussed in sec-
tion 3.5. The thrust-to-weight ratio of 5:1 based on measured thrust data. The « that
satisfies Equation 3.2 is referred to as the force trim angle of attack throughout this chapter.
This calculation is detailed in Section 3.5.2.

Figure 3.2 presents the VLM predictions. The predicted C7_ is 0.073, minimum C)p is
0.041, and maximum L/D is 7.9 at v = 6°. The force trim « is 7.7°.

3.4.3 Wind Tunnel Validation

A full-scale PLA model was tested in the University of Washington 3 x 3 foot open-loop
wind tunnel [46]. Forces were measured using an aft sting balance (Figure 3.3). Table 3.4
summarizes test conditions. Measured forces were gravity-compensated using static tare runs,
rotated to wind axes, and the pitching moment was transferred from the sting to the model
CG. Coefficients use the same reference quantities as the VSPAERO analysis. Blockage
correction was not required as model frontal area ~3.5% of test section [15].

Figure 3.4 overlays VLM predictions and tunnel measurements. Figure 3.5 provides a
focused comparison of the (), slope. Table 3.5 summarizes key parameters. All slope fits
are computed over a = 0° to 10°.

Both sources confirm positive lift at zero a and peak L/D near o = 6°. VLM under-
predicts drag by approximately 43% (Cp, of 0.041 vs. 0.072), as expected because VLM

computes only induced drag and does not capture skin friction or pressure drag from the
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Wind Tunnel Configuration: VSPAERO VLM
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Figure 3.2: VSPAERO VLM predictions for the wind tunnel configuration. The force trim

« 1s indicated.



Figure 3.3: Wind tunnel configuration model mounted on the sting balance

Table 3.4: Wind tunnel test conditions

Parameter

Value

Facility

Freestream velocity
Dynamic pressure
Reynolds number
AoA range

&
Balance / Model scale

UW 3 x 3 ft wind tunnel
40.6 m/s (90.8 mph)
21.1 psf

2.4 x 10°

—5° to 30°

0°

Aft sting / 1:1

21
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Wind Tunnel Configuration: VLM vs Experiment
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Figure 3.4: VSPAERO VLM predictions and wind tunnel measurements for the wind tunnel
configuration. Force trim « from VLM (blue) and tunnel (red) indicated.
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Pitching Moment Slope: VLM vs Experiment
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Figure 3.5: C,,, comparison (o = 0-10°).

a (deg)

VLM predicts a positive slope (unstable); the

tunnel measures a negative slope (stable). Shaded region indicates nose-up (destabilizing)

moment.

Table 3.5: Comparison of VSPAERO predictions and wind tunnel measurements

Parameter VSPAERO Wind Tunnel  Difference
CrL. 0.073 0.103 -30%
aat Cr =0 —2.7° -1.3° —

Cp, (polar fit) 0.041 0.072 —43%

e 0.97 0.80 -
(L/D)max 7.87 5.90 +33%

a at (L/D)max 6° 6° 0

Cm., +0.043 —0.065 sign reversal
Cnat a=0° —0.296 —0.351 +16%
Force trim o 7.7° 5.6° +2.1°
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printed model surface. At this Reynolds number and moderate «, skin friction is the dom-
inant drag component, making this underprediction expected. The 30% underprediction of
Cp, is attributed to VLM’s inability to model the thick-body lift contribution of the fuselage,
as the higher experimental slope is consistent with meaningful fuselage lift generation.

The most significant disagreement is C,,, (Figure 3.5). VLM predicts C,,, = +0.043
(unstable) while the tunnel measures C,,,, = —0.065 (stable). The likely cause is the fuselage
lift acting at a location that produces a stabilizing moment increment with «, shifting the
neutral point aft. The C,, values at o = 0° agree within 16%, indicating the discrepancy is
in the slope rather than the moment level.

Figure 3.6 shows the AC computed from both sources. The AC is the point about which

the pitching moment is independent of lift, computed as:

dC,, _
TAC = Tpef — . c (3.3)

For the VLM data, VSPAERO computes this internally from its influence coefficient matrix.
For the wind tunnel data, dC,,/dC| was evaluated by central finite differences between
adjacent a data points. VLM places the AC ahead of the CG (unstable) while the tunnel
data places it behind the CG (stable), consistent with the sign reversal in C,,, .

The force trim « differs by 2.1° between VLM (7.7°) and tunnel (5.6°), a direct conse-
quence of the higher experimental C'y_ . VLM is therefore not a reliable predictor of absolute
stability or absolute trim conditions for this geometry, but it can be used for comparative

analysis and canard control authority assessment.
3.5 Flight Configuration

Electronics integration constraints (Chapter 4) required three modifications: the vertical
canard fins were removed as there was insufficient space for canard actuators and passive
fins would only add drag, the fuselage was lengthened from 672 mm to 722 mm, and the
nose-to-body transition was made more abrupt for increased internal volume. Table 3.6

summarizes the changes and Figure 3.7 shows the revised model. The moment reference
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Aerodynamic Center: VLM vs Experiment (WT Config)
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Figure 3.6: AC from VLM (.stab file) and from wind tunnel data (Equation 3.3), with CG
indicated. VLM predicts AC ahead of CG; tunnel data shows AC behind CG.

center was measured on the assembled vehicle at x = 430 mm.

The flight configuration was not wind tunnel tested. VLM results are therefore used for
comparative analysis and control authority assessment, not for absolute stability determina-

tion.

3.5.1 VSPAERO Analysis

The flight configuration was analyzed with the same VSPAERO setup, geometry updated
per Table 3.6, and moment reference center at 430.0 mm. Figure 3.8 compares the two

configurations, and Table 3.7 presents parameter changes.

Lift and drag characteristics are nearly unchanged. The small drag reduction is consistent
with removing the vertical canard fins. The increase in C),, from +0.043 to +0.061 and the
less negative (), at a = 0° both reflect the aft CG shift.
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Figure 3.7: OpenVSP model of the flight configuration

Table 3.6: Geometric differences between configurations

Parameter Wind Tunnel  Flight
Fuselage length 672 mm 722 mm
Vertical canard fins Present Removed
Nose transition (in z) 168 mm 80 mm
Moment ref. center (in x) 388 mm 430 mm
Rear wings (in ) 420 mm 470 mm

All other dimensions Unchanged
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WT Config vs Flight Config (VSPAERO)
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Figure 3.8: VSPAERO comparison of wind tunnel and flight configurations
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Table 3.7: VSPAERO parameters: wind tunnel vs flight configuration

Parameter Wind Tunnel Flight A

Cr, 0.073 0.071  —0.002
aat Cp, =0 —2.7° —-2.5° +0.2°
Cp, (polar fit) 0.041 0.039 —0.002
e 0.97 0.92 —0.05
(L/D)max 7.87 7.83 —0.04
Cin, +0.043 +0.061 +0.018
Cpnata=0° —0.296 —0.224 +40.072

3.5.2 Vertical Force Balance

The force trim condition (Equation 3.2) is evaluated using the VLM-predicted Cy, and Cp
curves for the flight configuration. The VLM-predicted force trim « is 8.1°. At this condition,
the aerodynamic lift is 17.34 N, the vertical thrust component contributes 0.32 N, and the
required thrust of 2.26 N is 2.6% of the maximum available thrust. The L/D at force trim
is 7.7.

Figure 3.9 shows the vertical force balance as a function of a. The aerodynamic lift
dominates the vertical force budget; the rotor thrust contribution is small at the moderate
a near force trim.

Even at a well below force trim, the aerodynamic surfaces carry a large fraction of W
with L/D between 6.3 and 7.8 for o = 2° to 6°. The thrust required at all operating points

remains below 6% of maximum available thrust.

3.6 Stability and Control Analysis

This section evaluates static stability and control authority of the flight configuration. Dy-

namic stability analysis is omitted: the vehicle operates under closed-loop control which
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Vertical Force Balance (Flight Config, VLM)
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Figure 3.9: Vertical force balance for the flight configuration: aerodynamic lift, vertical
thrust component, and their sum against W. Force trim « indicated.

Table 3.8: Force balance at representative « (flight configuration, VLM)

a (deg) L (N) Vertical Rotor Force (N) Tieq (N) T/Thax L/D

0 3.98 0.00 0.97 1.1% 4.1
2 7.16 0.04 1.14 1.3% 6.3
4 10.38 0.10 1.39 1.6% 7.5
6 13.70 0.18 1.76 2.0% 7.8
8.1 17.34 0.32 2.26 2.6% 7.7
10 20.65 0.49 2.82 3.2% 7.4

15 29.33 1.23 4.74 5.4% 6.4
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alters the plant dynamics, and the rotational damping derivatives required are not reliably

produced by VLM for this geometry. Closed-loop approaches are discussed in Chapter 6.

3.6.1 Longitudinal Stability

Static pitch stability requires C),, < 0. The SM and neutral point can be respectively found

with:
SM = Lnw — Teg (3.4)
c
Cn,
Tnp = Tref — CL: c (35)

Table 3.9 summarizes the VLM-predicted parameters. VLM predicts static pitch insta-
bility, with the CG 75.2 mm aft of the neutral point. As established in Section 3.4.3, VLM
is biased toward predicting instability for this geometry; the wind tunnel configuration was
also predicted unstable by VLM but measured stable in the tunnel. The flight configuration

may be less unstable than predicted, but this cannot be confirmed without further testing.

Table 3.9: Longitudinal stability parameters (VLM, flight configuration)

Parameter Value

Cr, 0.071

Cm., +0.061
Neutral point 354.8 mm from nose
CG location 430.0 mm from nose
SM —86.4% ¢

Cp = 0 crossing a=3.9°

Figure 3.10 shows the pitching moment curve. The C,, shape has operational relevance
for a tailsitter: negative C,, below a =~ 3.9° opposes pitch-up perturbations from cruise,

while positive C,, above this crossing assists cruise-to-VTOL reversion (pitching up against
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gravity). While this was not a deliberate design target, it can be operationally compatible

with a tailsitter cruise-to-VTOL transition strategy.

Pitching Moment: Flight Configuration

1.25 1
1.00 A
0.75 1
g 0.501
)
0.25
0.00
—0.254 —— Flight config
® Cp=0(a=3.9°
—0.50 Bl Force trim (@=8.1°)
-5 0 5 10 15 20 25 30
a (deg)

Figure 3.10: C,, vs « for the flight configuration, with C,, = 0 crossing and force trim «
marked

Figure 3.11 shows the VSPAERO-computed AC (Equation 3.3) for both configurations
over the linear range (o« = —2° to 12°). The AC is computed internally by VSPAERO as the
point about which (), is locally insensitive to «, so it is shown only where this computation

is well-conditioned.

3.6.2 Airframe Variation Effects on Stability

Two airframe variations were simulated in VLM to isolate their effects on longitudinal stabil-
ity. As these results carry the same thick-body fuselage limitations discussed in Section 3.4.3,
they are useful for studying relative effects rather than absolute values.

The first variation moved the CG to 300.0 mm, retaining canards. VLM predicts C,,, =
—0.049 and SM = +68.7% ¢. The second variation removed canards entirely at the actual
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Aerodynamic Center (VSPAERO, linear range)
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Figure 3.11: AC for both configurations (VLM, a = —2° to 12°), with CG locations indicated

CG. VLM predicts C,,, = —0.012 and SM = +23.4% ¢. Figure 3.12 and Table 3.10 present

the results.

Table 3.10: Airframe variation stability results (VLM)

Configuration Crm, SM (% ¢) Stable?
Flight (baseline) +0.061  —864 No
Forward CG (300 mm) —0.049  468.7 Yes
Canardless -0.012  +234 Yes

The canards provide beneficial control authority for the tailsitter configuration, but their
forward placement shifts the neutral point forward, driving the VLM-predicted instability.
The forward CG study confirms stability is recoverable with appropriate mass placement.

The canardless study confirms the wing and fuselage alone produce a stable configuration.

3.6.3 Lateral and Directional Stability

A sideslip sweep at o = 8.1° (force trim) with § = —2° to +2° yields the derivatives in

Table 3.11. Figure 3.13 shows the variation. VLM predicts directional instability (C,, < 0)
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Airframe Variation Effects on Stability
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Figure 3.12: C,, vs « for baseline, forward CG, and canardless configurations (VLM)

and no restoring dihedral effect (Cj, > 0). With the vertical canard fins removed, the
NACA 0012 vertical stabilizers alone are insufficient. Directional stability therefore depends
on active yaw control based on the simulation. However, as VLM fails to accurately model
forces on the fuselage, this result may not be representative of the actual vehicle’s lateral

and directional stability.

Table 3.11: Lateral/directional derivatives (VLM, a = 8.1°)

Parameter Value  Requirement

Cy, —0.054 -

5
Chns —0.014 > 0 (not met)
Ci, +0.005 < 0 (not met)
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Lateral/Directional at a=8.3°
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Figure 3.13: Lateral/directional coefficient variation with § at a = 8.1° (VLM)

3.6.4 Canard Control Authority

VSPAERO runs at canard deflections of +5° and £10° assess pitch control authority. Fig-
ure 3.14 shows the effect on C,, and C}p, across a. Figure 3.15 shows how Cp, Cp, and C,,

vary with 0 at several representative a values. Table 3.12 gives values at the force trim

a = 8.1°.

Canard Control Authority
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Figure 3.14: C,, (left) and Cf, (right) vs « at five canard deflections (VLM)

At force trim, 6 = —5° shifts C),, from +0.273 to —0.177, providing a nose-down restoring
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Figure 3.15: Cp, Cp, and C,, vs § at representative o (VLM)

Table 3.12: C,, and Cp, at force trim o = 8.1° vs 6 (VLM)

Canard ¢ Ch Cr,
—10° —0.659 0.450
—5° —0.177 0.588
0° +0.273  0.735
+5° +0.622  0.805
+10° +0.992 0.941
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moment. The control effectiveness 0C,, /09 = 0.084 is approximately linear across the £10°
range. The trimmable o range spans —2.7° (0 = +5°) to 22.6° (0 = —10°), covering the

entire operating envelope. Figure 3.16 summarizes the stability picture.

Table 3.13: Moment trim « (C,,, =0) vs §

Canard 4 Trim «

—-10° 22.6°
—5° 11.0°
0° 3.9°

+5° —2.7°
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Stability: Problem, Control Fix, and Design Fix

1.5 :
1.0
0.5 - -
0.0 -
~.- _,,’E’ —— Baseline (unstable)
E _05- * "~ =TT —-—- Canard 6 = —5° (control fix)
O ’ . ,f—’x'\.\_ —-= Forward CG = 300 mm (design fix)
-7 \"'\,_L. <=-- Force trim a=8.1°
—].0 T N \'\
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. .\'
—1.54 : \’—\\\
~.—.
. ~.
_ ] : NN\,
2.0 : ./ \ .
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~N
—2.5-
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a (deg)
Figure 3.16: Baseline flight configuration (unstable), § = —5° canard (control fix), and

forward CG at 300 mm (design fix). Force trim « indicated.

3.7 Summary of Results

VLM comparison against wind tunnel data showed qualitative agreement in lift behavior but
quantitative discrepancies: 30% underprediction of Cp_, 43% underprediction of drag, and a
sign reversal in C,,,. These are attributed to VLM’s thin-surface assumption, which cannot
model fuselage thick-body lift or skin friction drag.

The flight configuration modifications had minimal effect on VLM-predicted lift and drag.
Airframe variation studies showed the VLM-predicted pitch instability is driven by canard
placement forward of the CG; both forward CG placement and canard removal produce
stable predictions. Canard authority analysis showed 6 = —5° produces negative (), at force
trim, with a trimmable range of —2.7° to 22.6°.

At cruise speed, force trim occurs at o = 8.1° (VLM) with L/D = 7.7, requiring only
2.6% of available thrust. The flight configuration is the geometry equipped with electronics



and flight tested in Chapters 4 and 5.
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Table 3.14: Summary of aerodynamic and stability parameters

Parameter WT Config Flight Config
Cr.. (VLM) 0.073 0.071
C'p, (experiment) 0.103 —
Cp, (VLM polar fit) 0.041 0.039

e (VLM) 0.97 0.92
(L/D) e (VLM) 7.87 7.83
Con (VLM) 10.043 +0.061
Chn,, (experiment) —0.065 -
SM (VLM) - —86.4% ¢
C, (VLM) - —0.014
Ci, (VLM) - +0.005
Force trim o (VLM) 7.7° 8.1°
Force trim « (experiment) 5.6° -
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Chapter 4
MECHANICAL DESIGN

4.1 Introduction

The mechanical design of the Raven airframe introduced challenges not typically encountered
in conventional quadrotor systems. In most multirotor platforms, the airframe is developed
from the electronics outward. The internal layout is defined first, and the external geometry
is built around it. Aerodynamic refinement is then performed within those constraints. For
Raven, the process was reversed. The design began with the parametrically defined outer
mold line from Chapter 3, and the internal structure was designed to fit within that shell.
The design needed to preserve the aerodynamic geometry while packaging flight electron-
ics, maintaining structural integrity under aerodynamic and inertial loading, and remaining
practical to manufacture and assemble. Figure 4.1 shows an exploded view of the complete

airframe.
4.2 Manufacturing Considerations

The entire airframe was manufactured using a Bambu Lab P1S FDM printer with PLA
filament. FDM builds parts layer by layer, with overhangs beyond approximately 45 degrees
generally requiring support structures. The build volume of the P1S imposed a hard limit on
individual part size and influenced how the vehicle was divided into printable components.
Within the ACL workspace, machining, injection molding, and other subtractive or
tooling-based methods were not available. Two printers were accessible: a Formlabs Form 3+,
which uses LF'S, and the Bambu Lab P1S. LFS produces higher dimensional accuracy and
smoother surfaces, but requires longer print times, a more involved post-processing workflow

(washing, UV curing), uses resins that are generally more brittle and more expensive per
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Figure 4.1: Exploded view of the Raven airframe showing all structural components

unit volume, and has a smaller build volume. The P1S was selected for its faster iteration

cycle, lower cost, and larger build volume.

Two filament materials were considered: PLA and PA6-CF20, a carbon-fiber-reinforced
nylon. PAG6-CF20 offers higher specific strength and heat resistance but requires longer
print times, tighter process control, rougher surface finishes, higher extrusion temperatures,
stricter humidity management, and costs more per kilogram. PLA was selected for this
iteration. For a more mature design with fewer expected revisions, PA6-CF20 would be a

reasonable upgrade.

FDM introduces anisotropic mechanical behavior: loads normal to the layer planes are
resisted primarily by interlayer adhesion rather than by continuous deposited material. This
creates a tradeoff between aerodynamic surface quality and structural strength. Printing a
part in an orientation that produces smooth external surfaces may place aerodynamic loads
across the weaker interlayer bonds. Orienting for structural strength instead often degrades

surface quality through layer stepping [3]. These effects influenced the mechanical design.
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4.3 Component Design

4.3.1 Wings and Rear Fuselage

Other high-speed quadrotor designs typically split the wing chordwise into two halves bonded
or fastened to a carbon fiber X-frame [4]. This simplifies assembly but introduces adhesive
failure modes and produces surface discontinuities at the wing-frame junction. Printing
orientation also presents tradeoffs: printing from split upwards towards the trailing edge
produces stair-stepping or material rolling, while printing with the trailing edge facing the
build plate places support interfaces where they can damage edge geometry.

To prioritize aerodynamic surface quality at the wing root, the rear wings were printed
root-to-tip with motor wiring routed through an internal channel. Due to the fuselage
outer surface curves aggressively near the wing root, separating the wings at their geometric
intersection was not practical for printing or for maintaining surface continuity. The solution
is shown in Figure 4.2, where a tab structure on each wing nests into a matching recess in

the fuselage.

Figure 4.2: Wing-fuselage tab interface exploded view

The tab provides a flat printing base, ensures the wing is located properly during assembly,
and allows M4 socket head cap screws to clamp the wing to the fuselage. This design also

makes the wing attachment modular, allowing wings with different airfoils or planforms to be
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substituted without modifying the fuselage provided that their root width does not exceed
the tab width. The assembled junction is shown in Figure 4.3.

Figure 4.3: Assembled wing-fuselage junction

4.3.2  Nacelles and Motor Mounts

The nacelles are streamlined pods placed near the wing tips to maximize exposed wing area
while providing propeller clearance. The junction between nacelle and wing is geometrically
thin, and the FDM layer lines are oriented unfavorably with respect to the loads on the
nacelle. In the initial geometry taken directly from the OpenVSP model, this junction failed
under a qualitative hand-applied bending load even with increased wall thickness and infill.

Additional material was added by uniformly scaling the local wing cross-section and
lofting the scaled profile into the wing-nacelle intersection. This approximately preserves
local airfoil character while increasing the structural cross-section. The reinforced junction
passed subsequent load testing.

As the vehicle does not use a conventional quadrotor X-frame, the motors mount directly
to the aft face of each nacelle. The nacelle had to remain hollow for wire routing while
providing a structurally adequate motor interface. The aft end of each nacelle was therefore
separated into a removable motor seat.

A button-head screw entering from the nacelle tip provides axial clamping, while anti-
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O D

Figure 4.4: Nacelle-wing junction reinforcement. Left: original geometry from the OpenVSP
model. Right: reinforced geometry with lofted cross-section fillet.

Figure 4.5: Nacelle motor mount assembly exploded view
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rotation tabs extending from the nacelle body into recesses in the motor seat react motor
torque. A later increase in motor size required thicker wires, and the original wire-routing
holes in the motor seat began to interfere with the motor mounting holes. The design was
revised so that wires enter through a slot cut into the aft face of the nacelle body, partially
exposing them. This was a concession relative to the original fully enclosed routing but

resolved the packaging conflict without a nacelle redesign.

Figure 4.6: Assembled nacelle with motor mount

4.3.3 ESC and Power Distribution Integration

The aerodynamic design assumed that a custom ESC could be packaged inside each nacelle.
Due to project time constraints, COTS power electronics were used instead. The Flycolor
X-Cross HV3 80A ESC and the MATEK FCHUB 12S VS PDB were selected for voltage and
current compatibility with the motor and power architecture.

Integrating these components introduced a packaging problem. The aft fuselage volume
was reserved for the wing attachment structure and motor wiring. The ESCs needed to
be close to the motors to limit wire length and resistive losses, and their heatsinks needed
external airflow exposure for thermal management. These requirements placed the ESCs
in the fuselage section immediately forward of the rear fuselage, with heatsinks oriented

outward.
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This problem illustrates the cost of designing from the aerodynamics inward. The fuselage
cross-section had already been set by the aerodynamic design and by the LiPo battery volume.
There was no way to package the ESCs and PDB without either increasing the fuselage cross-
section or accepting thermal and assembly compromises. The concession was to elongate the
fuselage; the aerodynamic consequences are discussed in Chapter 3. The ESC mounting
slots were staggered to accommodate asymmetric filtering capacitors and distribute motor
wires between the left and right sides without crossing. Figure 4.7 shows the designed layout.

The ESCs were bonded into the fuselage using insulating, heat-resistant RTV silicone, which

Figure 4.7: ESC and PDB integration bay without cap

provided retention and vibration damping while keeping heatsink faces exposed to airflow.
The PDB was mounted above the ESCs to shorten signal and power wiring. Figure 4.8 shows

the installation before closure.

The assembly process was designed so that components could be installed and wired
before the fuselage was enclosed. The fuselage section was split along a horizontal parting
line, and a removable cap was installed after wiring was complete. This maintained access

for assembly, soldering, and maintenance.
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Figure 4.8: ESC and PDB installation in the mid-fuselage bay prior to cap installation

4.8.4 Fore Fuselage, Active Canards, and Avionics Integration

The fore fuselage houses the canard actuation system, LiPo battery, and flight avionics. A
rectangular pocket was cut into the fuselage interior to accommodate the battery. Because
this created the thinnest shell region on the airframe, vertical support members were added
at the pocket boundaries. The battery section was otherwise kept open to allow the power
and signal harness to pass between the aft power electronics and forward avionics sections.

Each horizontal canard is actuated independently by a servo motor aligned with the
canard rotation axis, avoiding the need for linkage mechanisms. A custom 3D-printed servo
horn connects the servo output spline to a D-profile shaft. The shaft passes through a
self-lubricating bushing pressed into the fuselage wall and inserts into the canard root with
an interference fit. Set screws prevent axial displacement; the D-profile prevents relative
rotation at both the horn and canard interfaces. A HobbyPark 5.5 N-m rated servo was
selected as its torque rating exceeds the aerodynamic hinge moment at design conditions by
a large margin.

The avionics section used the same removable-cap approach as the power electronics
section. The Sparkie flight controller and its carrier board were placed forward of the canard
servos. The GPS module was mounted on top of the removable cap, with structural material

separating it from the avionics boards below. This separation was found during integration
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testing to be necessary for reliable GPS performance due to electromagnetic interference

from the avionics. Because GPS was flight-critical, the aerodynamic penalty of the external

mount was accepted. An exploded view of the assembly is shown in Figure 4.9.

W

Y

Figure 4.9: Avionics bay with Sparkie flight controller, canard mechanism, and GPS module

4.3.5 Complete Vehicle Assembly

The fully assembled vehicle is shown in Figure 4.10.

Figure 4.10: Fully assembled Raven vehicle
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Chapter 5
FLIGHT EXPERIMENTS

5.1 Real-World Experiment

The Raven vehicle was tested in outdoor untethered flight only in the VTOL regime. Forward
cruise flight was not attempted due to incomplete electromechanical integration of the canard
control surfaces, insufficient controller tuning for the transition maneuver, and the absence
of validated aerodynamic data for the flight configuration across the a range required for
transition, as discussed in Chapter 3.

The flight was conducted in PX4 position mode using the cascaded PID control archi-
tecture described in Chapter 2. In this mode, stick inputs command velocity setpoints; the
position controller generates attitude setpoints, which the attitude and rate controllers track.
All gains were tuned by hand with conservative values that prioritized stability over respon-
siveness. The flight lasted approximately 59 seconds, reached a maximum altitude of 3 m,
and covered a maximum horizontal distance of approximately 10 m from the takeoff point.
The vehicle was manually commanded through several planar maneuvers and yaw rotations.

Figure 5.1 presents the flight telemetry. The position trace shows that the vehicle main-
tained altitude within approximately 3 m while drifting laterally in response to stick com-
mands. The roll and pitch traces show attitude amplitudes of +32° in roll and +41° in
pitch. These are large for a hover flight and reflect the difficulty of stabilizing this airframe:
the CG sits approximately 15 cm above the rotor plane, creating an inverted pendulum ef-
fect that the attitude controller must continuously correct. The actual attitude follows the
commanded setpoints but with noticeable oscillation, consistent with the conservative gain
selection.

The motor command plot shows persistent high-frequency activity across all four motors,
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Figure 5.1: VTOL hover flight telemetry. From top to bottom: position versus time, roll
and pitch attitude with commanded setpoints, yaw with commanded setpoint (unwrapped),
and normalized motor commands.
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with normalized commands ranging from 0 to 0.60 and a mean of 0.22. The vehicle operated
well below motor saturation, indicating adequate thrust margin. However, motors 1 and 3
exhibit roughly twice the variance of motors 2 and 4, suggesting that one diagonal motor pair
carried the majority of the attitude correction workload. This asymmetry suggests either a
CG offset or a difference in the roll and pitch inertia axes.

The flight demonstrates that the custom avionics stack from Chapter 2, the FDM airframe
from Chapter 4, and the PX4 autopilot integration function together as a flyable system. The
vehicle maintained controlled hover throughout the flight without any loss-of-control events
or system failures. The oscillatory behavior and attitude deviations indicate that further

gain tuning is necessary before more aggressive flight testing.

5.2 Simulated Experiment

5.2.1 Setup

A 3-DOF longitudinal simulation was developed as a preliminary proof of concept for the
transition and detransition maneuvers [6]. The vehicle is modeled as a rigid body in the z-z
plane (two translational and one rotational DOF') with no rotor or actuator dynamics, and
with passive canards. Aerodynamic lift and drag are computed from linear fits to the flight
configuration VSPAERO results presented in Section 3.5. The model does not include stall,
and (7, is linearly extrapolated beyond the VLM simulated « range.

Aerodynamic pitching moment is omitted, as Section 3.4.3 showed that the VLM-predicted
C,, for the initial configuration disagreed with wind tunnel measurements in both magnitude
and sign. Since the flight configuration was not wind tunnel tested, its VLM-derived C,, is
likely incorrect, and including it would introduce error without improving model accuracy.
Pitch control is provided entirely through differential thrust.

A state-machine controller sequences the vehicle through seven phases: vertical ascent,
initial pitch-over, gravity turn, cruise acceleration to 100 m/s, cruise deceleration, pitch-up

detransition, and vertical descent. Within each phase, a velocity PID commands total thrust
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along the body axis based on the speed error, and an attitude PID distributes that thrust
between fore and aft motor groups to track the phase-specific pitch setpoint. During cruise,
an additional PID holds vertical speed near zero by adjusting the pitch setpoint, which
maintains level flight and results in the vehicle trimming at the « required to balance lift
and weight at the current airspeed. All gains were tuned by hand. The transition speed is set
to 37 m/s, corresponding approximately to the minimum airspeed at which the aerodynamic

surfaces can fully support W at moderate o (o &= 10°).

5.2.2 Results

Figure 5.2 presents the simulated maneuver. The vehicle completes the full transition, cruise,
and detransition cycle successfully, taking approximately 62 seconds from takeoff to the
beginning of vertical descent and covering roughly 3.3 km of horizontal distance.

During cruise (t ~ 8.6 to 13.5 s), the vehicle reached 100 m/s with a mean « of —0.4°.
The negative « is expected: at 100 m/s, the zero-a lift (Cr, = 0.169) exceeds W, so the
vehicle trims slightly nose-down to reduce lift. At the design cruise speed of 40.47 m/s,
zero-a lift is well below W, and the vehicle would trim at a positive a.

The « reaches approximately —15° during the gravity turn and +15° during the detran-
sition. Both values are slightly outside the VLM simulation range, though the linear model
does not capture the early stall behavior that could occur at these angles.

This simulation demonstrates the geometric and kinematic feasibility of the transition
maneuver concept, but it is not a validated prediction of flight performance. A higher-
fidelity simulation with validated aerodynamic data across the full a range, measured inertia
properties, and a closed-loop transition controller would be required before attempting the

maneuver in flight.
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Chapter 6
CONCLUDING REMARKS

6.1 Summary of Contributions

This thesis developed two quadrotor platforms and the supporting systems required to fly
them. Firelight validated the PX4 port onto the custom Sparkie flight controller through
manual and autonomous flight, including execution of externally generated reference tra-
jectories from multiple software stacks. Raven, a tailsitting quadrotor with a lifting-body
fuselage, was designed from the aerodynamic shell inward, fabricated entirely by FDM, and
flown in the VTOL regime.

The firmware implementation produced a working PX4 port for a flight controller with no
prior software support. The aerodynamic exploration produced a parametric airframe, VLM
analysis of two configurations, and wind tunnel validation that quantified the limitations of
VLM for this geometry. The mechanical design effort completed physical integration and
resolved the packaging conflicts inherent to the aerodynamics-inward design approach. The
VTOL flight test confirmed that the integrated system is flyable, and a longitudinal simula-
tion demonstrated the geometric feasibility of the transition maneuver. While the system is
not ready to explore its full flight envelope, it establishes a baseline with documented design

choices and identified gaps.
6.2 Future Research

6.2.1 Aerodynamic Validation and Full-Envelope Control

Wind tunnel testing of the flight configuration is the highest-priority task because it gates
transition controller development and cruise flight attempts. With validated aerodynamic

data, a closed-loop transition controller with airspeed-scheduled pitch control can be devel-
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oped. As tethered testing is impractical to explore cruise and full-envelope flight, mounting
a powered vehicle in the wind tunnel integrated with an airspeed sensor to observe responses
over a range of airspeeds and vehicle attitudes would provide a lower-risk path to controller
validation.

The full-envelope problem is also a candidate for learning-based [30] or measurement-
based control methods [33, 40]. These approaches could reduce the need for scheduled gains

or discrete control modes, and remove reliance on an accurate aerodynamic model.

6.2.2  Firmware and Manufacturing

Several of the firmware solutions described in Chapter 2 are hard-coded for specific hard-
ware configurations, and future work could generalize them for reuse. PX4 modules could
be reworked or rewritten to improve computational efficiency and runtime performance. Ad-
ditional sensors and peripherals could be integrated, and the networking and distributed-
systems layer could be improved, moving the firmware closer to production-level robustness.

FDM manufacturing with PLA constrained the Raven airframe design, resulting in ineffi-
cient internal fuselage volume usage. This led to removed features, aerodynamic compromises,
and electronics assemblies that are difficult to service. Alternative manufacturing methods
and materials could improve aerodynamic quality, structural strength, and ease of assembly.
Alternative designs and internal component arrangements can improve stability and control

through CG variation.

6.2.3  Firelight Controller Optimization

Firelight was tuned within the PX4 control architecture with only gains changed. More
advanced controllers, such as the 6-DOF controller described in [39] through frequency-
domain characterization could maximize bandwidth while maintaining disturbance rejection.
Firelight’s validated firmware and high thrust-to-weight ratio make it a capable platform to

explore robust and optimal controllers.
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6.3 Integrated Co-Design

This thesis developed each Raven subsystem sequentially, and the interactions between them
were addressed reactively. The fuselage was elongated to fit ESCs, vertical canards were
removed for packaging, and the CG ended up where the hardware placed it. A coordinated
approach that considers airframe geometry, structural layout, mass distribution, and control
allocation simultaneously is a research problem because the design space is high-dimensional,
the objectives compete, and the coupled physics and system dynamics span aerodynamics,
structures, mechanics, and control.

The Raven baseline and its OpenVSP parametric model provide the platform and geom-
etry for an integrated co-design study. Such a study could quantify the tradeoffs between
forward-flight efficiency, hover controllability, transition robustness, structural mass, and

acoustic signature, and identify optimal configurations for specific mission requirements.
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