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ABSTRACT

The Aqua-Quad is a quad-copter desid to float on the ocean, deploying an
acoustic sensor at depth, in support of ambirsarine warfare operatis, filling the same
role as a sonobuoy but with added air mojilit uses a solamrey for power production
to gain energy independence, but the amagrades cruise flight performance. The
addition of horizontal side-thrusters is exq@d, with the objective of improving cruise
flight efficiency, increasing both speed araahge. A subscale quad-copter, representative
of Aqua-Quad, is flight tested to prove tFeasibility of the side-thruster concept. A
secondary controller is designed to autonomowglgrate the additi@h motors using
ArduPilot's Lua scripting capability. Final flight tests are conducted on the subscale
model configured with a nok solar array. The implementation of side-thrusters
effectively regulates the pitobf the vehicle to zero in crse flight, reducing the pitch
angle required at the maximum cruise spbgdnore than 20 deges. The vehicle is
more efficient when using sieglrusters at high cruisspeeds, reducing the required
power by about 20% at the maximum testadse speed, and higher cruise speeds were
possible with the addition of side-thrustedrsa scripting within ArduPilot proved to be
an effective means of implementing an autonomous secondary controller as the vehicle
maintained proper control authority during all tests.
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CHAPTER 1:
Introduction

1.1 Obijective

The Aqua-Quad is a long-endurance small unmanned aerial system (UAS) developed by
the Naval Postgraduate School. The UAS is designed to oat on the ocean surface while
deploying a payload designed to act as a drifting sonobuoy in support of anti-submarine
warfare (ASW) operations. A CAD model of Aqua-Quad is displayed in Figure 1.1.

Figure 1.1. Aqua-Quad CAD Model

Aqua-Quad is envisioned to operate within a swarm concept of multiple Aqua-Quads
to successfully track a target. Rapid repositioning of the vehicle is desired in order to
ensure continuous tracking as the target moves. A single repositioning ight may span 5-10
kilometers and, as such, the vehicle cruise performance and endurance is of importance.

Aqua-Quad is also designed to be a long endurance, low-maintenance (or no maintenance,
if treated as an expendable) platform. The vehicle will be launched from a ship or shore and
then must sustain itself for the duration of its operational life. The primary challenge these
design requirements pose is on-board power production and storage. This challenge has been
addressed through the addition of a solar array to Aqua-Quad, which will charge the vehicle's
battery while the unmanned aerial vehicle (UAV) sits passively on the ocean's surface. A
multi-copter con guration is desirable to integrate the solar array and maintain stability
while on the ocean's surface and during ight. However, this comes at a cost of cruise

1
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endurance. A quad-copter has lower cruise endurance performance than a conventional
xed-wing aircraft due to the lack of the lift-over-drag leverage o ered by a wing in cruise
ight. Like helicopters, multi-copters can bene t from translational ight, but that bene t
diminished rapidly above a relatively low cruise speed due to an increasing pitch angle
required to overcome side-force drag on the copter body.

This research explores the addition of horizontal side-thrusters to multi-copters with an
application to Aqua-Quad. The addition of side-thrusters is theorized as a means to signi -
cantly reduce quad-copter pitch angle in cruise ight, using the side thrusters to overcome the
majority of the side-force drag. This research was conducted using a primarily experimental
approach.

1.2 Background and Motivation

1.2.1 Operational Relevance and Need for Aqua-Quad

Antisubmarine operations are a major mission focus of the United States Navy. Currently,
U.S. Navy ASW operations are primarily carried out through an integrated e ort between
large platforms such as the P-8 Poseidon xed-wing aircraft, the MH-60 S/R helicopter,
guided missile destroyers and cruisers, and submarines. Sonobuoys have been proven to be
an e ective means of tracking submarines. These expendable sonar-sensing devices can be
deployed from aircraft, ships, and submarines. In U.S. Naval Aviation, sonobuoy deployment
is tasked to the P-8 and MH-60 aircraft. While e ective, this means of submarine tracking

is expensive and can be made more e cient with emerging technologies. Sonobuoys are
estimated to cost anywhere from $800 to $10,000 per sonobuoy [1]. In 2022, the U.S.
Naval Air Systems Command awarded a $182-million contract for 126,000 sonobuoys,
pricing each sonobuoy at $1,444 [2]. Sonobuoys are rated to last for 8 hours [3] once
deployed. The cost of sonobuoys is greatly increased when considering the cost to operate
the vehicles which deploy them. Lockheed Martin estimates each ight hour of a MH-60R
costs $5,000 [4], while a Government Accountability Report lists the cost as $14,555 [5].

A typical MH-60 mission lasts 2-3 hours which costs $10,000 conservatively. A MH-60R
can carry up to 25 sonobuoys at once [6], and assuming all sonobuoys are dropped during
a 2 hour mission, the total cost of a single mission would be $46,100. This cost can be
drastically decreased through utilizing a reusable small Unmanned Aerial System (SUAS)
such as Aqua-Quad.

2
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The Aqua-Quad vehicle is roughly estimated to cost $3,000 and the directional-sensor
payload as much as $20,0@@Vhile this is far more expensive than a single sonobuoy,

the cost over an Aqua-Quad's lifetime must be considered. Aqua-Quad is designed to last
the lifetime of its motors, as the motor bearings are the limiting component of the vehicle.
Speci c life-cycle testing has not yet been conducted on the vehicle, but the motors are
expected to last weeks to months without re-servicing. Each Aqua-Quad would need to
complete only 16 missions to achieve the same cost as a single sonobuoy. Assuming the
vehicle lasts as long as predicted, the cost per use of Aqua-Quad could be well under half
that of a sonobuoy. This does not include the cost to operate and maintain supporting assets.
Eliminating the need for even just one helicopter to conduct ASW operations would save
thousands of dollars every mission. With scale and time, each Aqua-Quad is predicted to be
cheaper per unit than current sonobuoys being used. Perhaps most importantly, the use of
Aqua-Quad eliminates the need for an aircrew to enter a contested environment, increasing
overall mission safety. The cost saving, compounded with the reduction in ight hours,
aircraft maintenance, and human operators validates the need and use of Aqua-Quad.

In addition to blue-water navy antisubmarine operations, Aqua-Quad may also be used
for ASW missions previously infeasible by traditional means. The emergence of high tech
submersibles used in narco-terrorism has produced a need beyond the traditional ASW
mission set of tracking large submarines. The U.S. Coast Guard does not have the means to
constantly deploy the assets the Navy uses to conduct ASW operations. Aqua-Quad, being
deployable from a ship or light boat, could serve as an e ective alternative, reducing the
need for air assets or larger systems.

Inordertotruly be a eetdeployable asset, the performance of Aqua-Quad must be improved.
As previously discussed, the cruise e ciency and speed are severely limited in the current
design of Aqua-Quad. Enhancing the performance of Aqua-Quad is tactically relevant and
worth pursuing in a research capacity.

Note that this is an initial cost for a highly-specialized payload prototype. This cost is expected to be
signi cantly lower as it is produced in scale or if a non-directional sensor is used.
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1.2.2 Technical Challenges of Aqua-Quad

A quad-copter operates with six degrees of freedom; however, it only has four actuators
and thus under-actuates two degrees of freedom. To obtain the full six degrees of freedom
desired, the vehicle couples translational motion to pitch and roll. A quad-copter achieves
forward ight through pitching the aircraft, which rotates the total lift vector of the vehicle.

A simple diagram of this is depicted in Figure 1.2. As the thrust vector rotates, more power
is required from each quad motor to maintain the same altitude and lift, as a component of
the lift vector is converted into forward velocity. This causes the velocity and pitch of the
vehicle to become coupled in that, given the same wind conditions, a speci ¢ vehicle pitch
attitude directly corresponds to a speci ¢ velocity in steady level unaccelerated ight. This
coupled pitch-velocity relationship creates a power penalty. As the vehicle must pitch more
to y a faster airspeed, there is an increase of side-force drag acting on the quad-copter
due to a larger planform area being exposed to the freestream, requiring even more power
to overcome. Furthermore, in forward ight, the aft propellers do not see 'clean’ air. The
forward propellers disrupt the air ow which becomes the inlet ow of the aft propellers.
The forward ight performance su ers from this phenomena as the aft motor e ciencies
decrease.

Figure 1.2. Basic Quad-Copter Cruise Force Diagram. Source: [7, Figure 45].

The power penalty experienced in conventional quad-copter ight is exacerbated when
operating Aqua-Quad. As mentioned previously, Aqua-Quad will use a large solar array to
collect energy. While the solar array is bene cial in power production, it severely hurts the
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cruise ight performance of Aqua-Quad through additional drag. Not only does the solar
array increase the planform area, the array acts as a at-plate wing at a negative angle of
attack. This generates lift in the wrong direction and acts almost as a parachute or car-
spoiler during forward ight. The e ects of the negative lift will be developed further with

a at-plate theory analysis in the next chapter.

The performance of Aqua-Quad is severely limited as signi cant power in forward ight
must be dedicated to neutralizing the negative e ects of the solar array, in addition to the
previous mentioned ine ciencies of conventional quad-copter cruise ight. A dichotomy in
the design space exists where e ciency and speed are tasked with being optimized, but both
are coupled negatively with the other, posing a di cult design challenge. The solar array,
while a large power penalty, is necessary for power production. Proposed solutions have
been suggested to fold the solar array during ight or gimbal it to a more desirable attitude;
however, these solutions increase the mechanical complexity of the vehicle. Moreover,
additional mechanical components in an oceanic environment increases the risk of failure
due to corrosion or substantially increases the cost of the vehicle if the risk of corrosion is
to be mitigated. For these reasons, the current solar array is deemed to be the most desirable
con guration of the vehicle

It is intuitive that the addition of the solar array will decrease cruise performance, butitis not
necessarily obvious the magnitude the a ect has on the vehicle. A comparison to similarly
sized commercial vehicles demonstrates the e ciency penalty Aqua-Quad experiences.
The DJI Inspire 3 is an aerial photography quad-copter with a similar vehicle weight and
propeller size [8]. It is rated to cruise at a maximum speed of 26 m/s and does so at a
maximum pitch angle of 40 degrees. A previous thesis researching Aqua-Quad determined
the relationship between pitch and ground speed for a sub-scale Aqua-Quad model, which
is displayed in Figure 1.3 [7].
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Figure 1.3. Aqua-Quad Pitch Airspeed Relationship

Source: [7, Figure 54].

The model predicts an approximate pitch angle of 30 degrees required to cruise at a
maximum speed of 11 m/s. Assuming the linear relationship between pitch and speed holds
at higher pitch angles, Aqua-Quad would need to be pitched roughly 65 degrees in order to
reach this same speed as the DJI Inspire. This pitch angle is not feasible during forward ight
as the thrust to maintain lift would be too great. The DJl inspire is 81% faster than Aqua-Quad
and does so with a signi cantly lower pitch angle. It is important to consider that the DJI
vehicle has most likely been optimized for performance through perfecting propeller-motor
matching, optimizing propeller pitch for desired ight conditions, and streamlining its body.
The DJI Inspire may also feature more favorable disk loading. Despite these considerations,
there is still a signi cant performance di erence between the Aqua-Quad and representative
commercial platforms.

This then raises the question of the possibility of bridging the performance gap between
conventional quad-copters and Aqua-Quad. A potential solution is to decrease the pitch angle
of Aqua-Quad while somehow maintaining the thrust required for higher cruise speeds. The
physics of quad-copter ight dictate that horizontal cruise speed must be reduced to achieve
lower pitches, given the same power input, but if the relationship were to be decoupled,
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high-speed, low-pitch cruise ight could be achieved. Decoupling pitch and velocity is only
possible through adding an extra actuator to the system. In the case of a quad-copter, this
may be obtainable through an additional motor or motors.

Adding side-thrusters to a conventional quad-copter provides an extra means of producing
forward thrust, eliminating the need for the vehicle to pitch forward and rotate the lift vector,
signi cantly reducing the side-force drag generated in forward ight. The vertical motors
would still be used to maintain lift and control, but it is expected that they would operate
at reduced power as they would no longer be tasked with forward propulsion. There is also
a potential bene t of an increase in the e ective translational lift of the vehicle which will

be discussed further in Chapter 2. Additional side-thrusters will result in the vehicle having
more control authority as it will reduce the under-actuated degrees of freedom.

In terms of ow quality, the aft propellers will still see disrupted ow at a less aggressive
pitch angle; however, the quad-motors will not be required to generate nearly as much power
to produce forward ight. As this power requirement decreases, so will the work done by
the forward propellers. Less work done on the air ow could theoretically result in cleaner
air ow being passed to the aft propellers, but testing is required to con rm this phenomena.
Theory also suggests, in contradiction, that there may be a negative e ect from leveling the
forward and aft motors as the wake from the forward motors may degrade the incoming ow
guality of the aft motors. A theoretical development of the expected twin rotor interference
is contained in Chapter 2.

1.2.3 Historical Attempts to Increase Rotary Cruise Speed

The increase in cruise speed performance of rotary aircraft has been attempted through
additional pusher propellers in some helicopter variations. The Lockheed AH-56 Cheyenne
and the Piasecki X-49 SpeedHawk both implemented a form of a pusher propeller or vectored
thrust to increase cruise speed. They are depicted in Figures 1.4 and 1.5, respectively. An
AIAA paper by Raymond Prouty and Albert Yackle from 1992 explores the lessons learned
from the AH-56 Cheyenne [9]. The paper notes the successful increase in cruise speed
provided by the pusher propeller. The paper also mentions controllability degrading at higher
speeds. Another paper from the Warsaw institute of Aviation by Jaros®aw Stanis?awski,
explores the ight envelope increase of light helicopters with pusher propellers [10]. The
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paper analyzes swashplate pitch angles, collective control forces, and vibrational frequencies
in addition to ight speeds. It concludes that an additional pusher propeller can improve
ight speeds up to 15% without increasing the power unit. These e orts, while applied to
much larger systems than a quad-copter, are the closet examples to what this research is
attempting to achieve and demonstrate a proof of concept for rotary vehicles.

)

Figure 1.4. Tail-Rotor View of Lockheed
AH-56 Cheyenne Figure 1.5. Piasecki X-49

1.2.4 Current Known Research E orts of Desired Motor Architecture

Due to the novel nature of this project, scholarly articles which addressed implementing
the motor architecture desired are scarce; however, one group from the Purdue Multi- Scale
Robotics and Automation Lab built a UAS as a tri-copter, plus a single pusher/tractor motor.
They called this the 'I-BoomCopter'. The group has produced several papers under the titles
of 'Design of the I-BoomCopter UAV for environmental interaction’ [11], '‘Design of the I-
BoomCopter Unmanned Aerial Vehicle for Remote Sensor Mounting' [12], and 'Autonomous
Control of the Interacting-BoomCopter UAV for Remote Sensor Mounting' [13] outlining
the design, performance, and control of the I-BoomCopter. These papers will be used as
references for the Aqua-Quad Project. The I-BoomCopter UAS is designed for a slower
speed than intended for Aqua-Quad, but a separate hobbyist (the original inventor of the
BoomCopter) has posted YouTube videos depicting the BoomCopter cruising at faster
speeds with a signi cantly smaller pitch angle while maintaining control [14], thus proving
some e ectiveness of a pusher motor architecture at higher cruise speeds.

A hobbyist group under the name of RotorRiot on YouTube created a quad+pusher drone
to increase the speed of the drone [15]. While they did not publish papers regarding the
performance of the drone, they did qualitatively show the motor architecture's e ectiveness.
The group claimed that the lift throttle on the quad-controls was reduced to idle during high-
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speed ight with the pusher engaged. If this can be replicated, Aqua-Quad could expect
signi cant energy savings during a mission. The RotorRiot project was the closest example
found to what will be attempted for Aqua-Quad.

The improvement of multi-copter control authority was addressed by two Swiss engineers
with their vehicle, the 'Omnicopter' [16]. Omnicopter is a six degree of freedom aerial rotor-
powered vehicle achieving actuation in all axes through the use of eight motors and novel
motor angles. Their paper addresses the control logic strategy implemented on the vehicle,
which was ultimately insu cient in completely decoupling translational and rotational
dynamics; however, their work used a simpli ed dynamics model and they believe with

a higher delity model, decoupling will be achieved. Omnicopter shows the potential for
the use of additional motors to achieve better actuation of Aqua-Quad as well as provides
lessons in the control logic that must be implemented to the vehicle.

1.2.5 Previous Work on Aqua-Quad

Two previous Naval Postgraduate Students have conducted Master's thesis research on
Aqua-Quad relevant to this study. Their research serves a foundational knowledge for this
work. Lieutenant Colonel Sean Yang's thesis studied the in- ight power consumption of
Aqua-Quad [7]. He provides drag and lift models, CFD results, and experimentation of
the power requirements in all phases of ight. Lieutenant Chase Dillard's thesis develops
the conceptual operational capabilities of Aqua-Quad [17]. He additionally explored the
tracking functionality of Aqua-Quad and the power-energy demands of the system. The
initial research paper written on the Aqua-Quad UAS by Dr. Kevin Jones et al. is listed in
the references [18]. This provides context to the energy-dominated mission requirements of
Aqua-Quad and will be considered when evaluating any performance optimization metrics.
Additionally referenced, is the U.S. patent of Aqua-Quad which provides the structural
speci cations of the UAS [19].

1.3 Research Approach

This thesis conducted an experimental approach to addressing the objective of improving
guad-copter cruise ight performance through the addition of side-thrusters. A smaller
guad-copter, representative of Aqua-Quad, was fabricated and used for initial ight testing
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and concept validation. Once the pusher/side-thruster architecture was deemed feasible, a
secondary controller was designed to autonomously operate the additional motors. This
was achieved using the Lua scripting capability in the Ardupilot rmware environment,
introduced relatively recently in 2019 with the Copter-4.0 rmware release. Further ight
testing was conducted to tune the controller to satisfactory standards. After the controller
was successfully tuned, ight tests were once again conducted to determine the performance
of the motor architecture. In all ight testing, the quad-copter was own with and without

the side-thrusters engaged to provide control data.
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CHAPTER 2:
Theory

The addition of side-thrusters to the conventional quad-copter con guration yields several
theoretical bene ts. This chapter explores a at plate theory analysis of the solar array to
provide an idealized theoretical model which can be used to compare against the results
from experimental test ights detailed in the following chapters. Additionally, the potential
bene ts of translational lift theory are explored. Adding side-thrusters also poses theoretical
challenges that may decrease some aspects of the vehicle's performance. Primarily, it is
expected that there will be twin rotor interference in forward ight between the forward and
aft lifting motors. The theoretical implications of this phenomena are developed at the end
of the chapter.

2.1 Aqua-Quad Dynamics Modeling

A simpli ed 2-D dynamics model of Aqua-Quad was produced for theoretical development
for another on-going thesis [20]. The free body diagram representing Aqua-Quad and its
scaled-down variants without the addition of side-thrusters is shown in Figure 2.1. Note
thatWrepresents the pitch angle of the vehicle and in the non side-thruster case is directly
coupled to thrust. The thrust terms represent the total thrust that both forward or both aft
motors would be providing.
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Figure 2.1. Aqua-Quad Model Free Body Diagram (conventional quad-
copter). Source: [20].

The free body diagram of the pusher-motor(s) architecture of the vehicle is displayed in
Figure 2.2. As with the thrust terms, the pusher thrust term is the total thrust output of
all the pusher motors combined. It is foreseen that canting the side-thrusters may improve
performance through ying the vehicle at some positive pitch and as duchpresents
mounted tilt angle of the pusher motors.
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Figure 2.2. Aqua-Quad Model (Pusher Con guration) Free Body Diagram.
Source: [20].

2.2 Cruise Flight Flat-Plate Analysis

The solar array of Aqua-Quad can be modeled using a at-plate theory approach to provide
initial estimates and an idealized model for the vehicle's performance. The array was
modeled as two separate nite rectangular wings displayed in Figure 2.3 (note the gure is
not to scale), where the area of the array in blue represents one wing, and the area in red
represents the other. The dotted region was accounted for by subtracting the lift due to that
area from the lift produced by the smaller aspect ratio wing as the higher aspect ratio wing
will closer approximate the downwash at the center of the array.
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Figure 2.3. Flat-plate Wing Diagram

Flat-plate theory allows for the array's lift coe cient and resultant lift force to be determined
analytically. The theory alone cannot analytically determine the parasitic drag coe cient;
however, if a vehicle pitch-speed relationship is known, the thrust of the vehicle can then be
determined and the drag can be solved for, due to the coupled relationship between thrust
and pitch.

The following provides a summary of the key ndings from the full at-plate derivation
found in John AndersonBundamentals of Aerodynamif&l]. The lift acting on the array
is given by Equation (2.1). The lift coe cient () is given by Equation (2.2), whe@is
the lift curve slope.

= San % - (2.1)

| =W Oe (2.2)
The lift curve slope of the 2-D in nite at-plate wing is given axZper radian). Equation
(2.3) gives the conversion of the lift curve slope from an in nite to nite wing, given the
aspect and taper ratios are known.
14
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0=—>"_ . (2.3)

In the case of the rectangular wing, the taper ratio is equal to zero. Applied to the solar array
model, the two at plate wing lift coe cients were determined in terms of the pitch angle:

-1 = 0.428Nand ,_» =4.870N These were then combined for a total array lift coe cient
of | =5.294N The total lift-curve of the array is displayed in Figure 2.4, where a positive
pitch down is shown to better visualize the vehicle pitch in forward ight.

Figure 2.4. Flat-plate Lift Curve

The free body diagram in Figure 1.2 from Chapter 1 displays the coupling of the thrust and
pitch of the vehicle. Using this model as a free body diagram, the thrust required can be

calculated as follows: |
) = 258w’ (24)

The relationship between cruise thrust required and airspeed, across various constant vehicle
pitch angles for the at-plate solar array model, is displayed in Figure 2.5. This was modeled
for a vehicle weighing 1 N to show the magnitude of the thrust required compared to the
weight. The dotted line represents a unique solBiwhen pitch and speed are coupled, as

3A linear relationship of 2 degrees pitch per m/s of airspeed was chosen. While not exact, this value is
representative of previous ight data.
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is the case in the convectional quad-copter. The addition of the pusher motor to Aqua-Quad
will decouple the thrust pitch relationship, and therefore, allow the vehicle to operate along
any of the colored curves assuming a constant pitch is achieved. The end objective isto y
the vehicle at a near-zero pitch attitude. The thrust saving can then be seen by taking the
di erence between dotted line and the zero degree pitch angle line at each airspeed.

Figure 2.5. Flat-plate Lift Curve

The drag force acting on the array is given by Equation (2.5) and the drag coe cient is
given by Equation (2.6), where _gand _g are the pro le and induced drag coe cients,
respectively [21].

1.2
=Zdh 2 - 25
2d 1%( (2.5)
2
= _0, 8= -—0, ——1'1, X (2.6)

C 1
The induced drag factoK, quanti es the ellipticity of the lift distribution. For a perfectly
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elliptic distribution,X= 0. Figure 2.6 displays the relationship between the taper ratio and
induced drag factor at di ering aspect ratios.

0.16

0.12

0.08

0.04

0 |
0.2 0.4 0.6 0.8 1.0

Taper ratio, ¢, /c,

Figure 2.6. Induced Drag Factor as Function of Taper Ratio. Source: [21,
Figure 5.20].

Once the thrust and lift coe cients are known, the drag and parasite drag coe cient can be
determined using Equation (2.7). At the current state without a pitch-speed relationship, the
parasitic drag coe cient cannot be determined. Once an empirical pitch-speed relationship
is found, the drag may then be estimated.

1 2
:)BSiWZEdﬂZ( 0. = L1l X0 . (2.7)

2.3 Translational Lift Theory

The addition of side-thrusters to the conventional quad-copter architecture allows the vehicle
to cruise at a zero or near-zero pitch attitude. As the pitch gets driven to zero, the lifting
motors experience a ow regime most analogous to what a helicopter experiences while
transitioning from takeo to cruise. In this ight regime, the rotor is still relatively at while
forward airspeed is slowly gained. Helicopters exhibit a phenomena where the required
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power decreases with increasing airspeed until the rotor must pitch over to maintain forward
airspeed. The increased rotor e ciency caused by directional ight is called translational
lift [22, Chapter 2]. In normal hover ight, the vortices shed by the blades get recirculated
through the rotor, causing the rotor to see 'dirtier' ow which results in a power penalty. This

is depicted in Figure 2.7. As the forward airspeed becomes faster than that of the angular
rotor speed, the vehicle will outrun the shed vortices, and each blade will see clean air during
its rotation, e ectively reducing the power penalty incurred during hover [22, Chapter 2].
This is shown in Figure 2.8. From a pilot's perspective, it feels as if there is more lift being
produced at the same power setting, resulting in an upward pitch of the helicopter if no
additional controls are input. The bene t of translational lift is constrained to a range of
forward airspeeds as the helicopter must eventually pitch the vehicle forward and increase
power to produce enough thrust required at high speeds, resulting once again in less e cient
ight.
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Figure 2.7. Hover Regime Air ow Figure 2.8. Translational Lift Air ow

Source: [23]. Source: [23].

Translational lift has been explored extensively in helicopters, but much less so in multi-
copters. Multi-copters typically can accelerate much faster than heavily loaded helicopters
and thus transition quicker from takeo (or hover) to cruise. Additionally, the lack of a
collective mechanism requires the conventional quadcopter to pitch more aggressively in
forward ight than a helicopter. These factors result in the quadcopter rarely operating
for prolonged periods in a ight regime bene ting from translational lift. The addition of
side-thrusters, however, should allow the vehicle to maintain a level pitch at high speeds
and thus cruise in a perpetual state bene ting from translational lift.

Translational lift can be modeled mathematically through applying a 2D momentum theory
analysis to determine the rotor induced power. The following derivation closely follows
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that which is found in Johnsonidelicopter Theorytextbook [24]. Momentum theory, also
called actuator disk theory, models the propeller of a rotor as an in nitely thin disk with

a circular area, , corresponding to the propeller's swept out area. A control volume is
then applied to a streamtube surrounding the disk, above and below the rotor plane, where
an initial velocity and pressure are known. A pressure jump is imposed across the disk to
produce an induced velocity, resulting in thrust. A resultant velocity, including terms of
the freestream velocity and induced velocity, exists just below the disk. A wake-induced
velocity exists in nitely far downstream as conservation of momentum dictates that the ow
will continue to accelerate after passing through the disk. The traditional control volume
depicted for vertical ight and hover features an almost purely vertical streamtube. That
model can be adjusted to capture forward ight. The control volume diagram for actuator
disk theory applied to forward ight is displayed in Figure 2.9, whenepresents the angle

of attack and corresponds to the previously udéd

| TThrust N Actuator Disk
Rz “.. (areaA)

LV sina + vy
N o4
.

V cos a

Figure 2.9. Cruise Flight Control Volume Diagram

In forward ight, the actuator disk may be represented as a circular wing, and consequently,
xed-wing theory can then be applied. The minimum induced drag is given by Equation
(2.8), where = 01%20.

)2
8= d+2 (2.8)
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The induced velocity can be calculated by dividing the induced power by the total thrust,
which can then be put in terms of the induced drag as follows:

{8: — = =7 . (29)

According to actuator disk theory, the induced wake is equal to twice the induced velocity
and assumed to be parallel to the thrust vector of the rotor. Applying the conservation of
momentum gives the induced wake speed, thrust, and mass ow rate as the following:

| =2 (2.10) ) =<2z (2.11)  «w=d *e (2.12)

Where the mass ow rate contains the resultant velogitywhich is de ned by Equation
(2.13).

* 2 — 1+2>BU002 4+ B8P , {802 =42 , 2+{8885L'U0 s {82° (213)

This expression can be substituted into Equation (2.12) to give the mass ow rate in terms
of the velocity, induced velocity, and pitch angle. This resulting mass ow rate expression
is then substituted into Equation (2.11), yielding:

p
) =2d {g +2, 2+{gB8HL  {P* (2.14)

The conservation of energy can be applied to the control volume where the power added to
the control volume is equal to the control volume's increase in kinetic energy. This is shown
as the following:
1 2_1 2 2 L2
%= éo + ZEQ +B8HLL | | %9, 1+2>BUPO +° . (2.15)

The induced velocity at the disk can be substituted for the induced wake velocity term using
Equation (2.10) and Equation (2.11) can be manipulated to determine the mass ow rate in
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terms of thrust. These two results can be substituted into the previous equation (Equation
2.15) to yield an equation for the rotor power, given by Equation (2.16).

%=) 1+B8HL  {f- (2.16)

This equation contains a useful conceptual result in that{tgeerm represents the induced
power and th¢+ B8P term is the power required to climb and provide forward propulsion.
As the pitch angle gets driven closer to zero, only the induced power term remains in the
power expression.

The relationship for the induced velocity in hover is given{a$ = Ed)—. This can be
rearranged and substituted into Equation (2.14), which then can be solved for the cruise
ight induced velocity. The nal result is given by Equation (2.17). It is apparent that the
cruise- ight induced velocity term is contained on both sides of the equation, but a unique
solution for{gexists at a given thrust, pitch angle, and forward velocity.

~ )
2d | 1+BBEP {2, 1+ 2>BILP2

{s= (2.17)

A MATLAB script was developed to iterate the induced velocity and induced power as
functions of forward airspeed. The at-plate lift model from Section 2.2 and assumed pitch-
speed relationship of Zitch per m/s of airspeed was then used. The vehicle weight was
kept as 1 N and the propeller area was chosen as 0.037% model appropriate disk
loading. The script is included in Appendix A. Figure 2.10 displays the induced velocity
as a function of forward airspeed without the inclusion of lift as to depict the conventional
rotor. Figure 2.11 shows the induced velocity as a function of airspeed when including the
e ects of the at-plate.
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Figure 2.10. Induced Velocity as a
Function of Airspeed (No Array)

Figure 2.11. Induced Velocity as a
Function of Airspeed (Includes Array)

In both cases, there is an initial decrease in the induced velocity as airspeed increases.

Figure 2.12 displays the total power required as functions of forward airspeed with the plate
included, modeled using Equation (2.16).

Figure 2.12. Power Required as a
Function of Airspeed

This gure demonstrates the performance bene ts of translational lift. The induced velocity
and total power exhibit a 'bucket’ where there is a minimum induced velocity and power
before seeing an increase. The increase is due to the need for the vehicle to pitch over at
higher speeds and a subsequent increase in thrust to maintain level ight. Implementing
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side-thrusters to Aqua-Quad should place the vehicle's performance within the 'bucket' for
the entire duration of the ight. The vertical motors will be tasked with maintaining lift
and intuitively must produce enough thrust to counter the vehicle's weight and maintain
control. Translational lift theory indicates that this may actually be possible at a much lower
power setting than what is expected in hover, which would be an overall e ciency increase
in Aqua-Quad.

2.4 Twin Rotor Interference in Forward Flight

In multi-rotor systems, each rotor can potentially produce a wake which a ects the in ow

of the other rotors, depending on the placement of each individual rotor. This is particularly
apparent when rotors are placed behind one another or side-by-side, such as the rotor
con guration in a quad-copter. In the case of the rotors placed behind one another, the wake
of the leading motor interferes with that of the rear motor, increasing the induced velocity of
the rear motor, which degrades the performance of the system. A momentum theory analysis
can be applied to a quad-copter to determine the performance decrease. This derivation,
once again, closely follows Johnson's derivation in his text [25].

Consider two motors, forward and aft, of the quad-copter. The side view of the half-body
rotor system is displayed in Figure 2.43’he wakes of each rotor can be projected as a
circle of radius' (corresponding to the propeller radius) in the front plane, depicted in
Figure 2.14. The center plane of each rotor wake is separated by some distafiis can

be achieved through a physical vertical displacement of the rotors or by the pitch angle of
the vehicle. The model assumes that each propeller has the same' radndssame wake
area .

4Notice that the rear rotor has a longer arm to the shared connecting plane. This development originally
treated tandem helicopter con gurations, such as the Chinook, where it was common for the rear rotor to
placed higher than the front due to the performance decrease which will be shortly discussed.
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Figure 2.13. Side View of
Wake Interference Model.
Source: [25, Figure 4-7(a)]. Figure 2.14. Front View of
Wake Interference Model.
Source: [25, Figure 4-7(b)].

The mutual interference of the multi-rotor system can be expressed by writing the total
induced velocity at the th rotor as:

@)
{< =" {8—<, ] <={8_£- (2.18)

=<

Where{g_dis the induced velocity of the th rotor,{g_4s the induced velocity of the isolated
=th rotor, ~< is a correction factor for the additional losses of a real rotor system, and
| <= Is the interference downwash at théh rotor due to the thrust of theth rotor. Using
the expression for induced velocity in terms of thrust developed in the previous section
(Equation 2.9), the total induced power can then be expressed as:
! j<=)<)
< =< <=)<)=
. 2.19
2d + ( )

A i
O_O _ <A<)<2>
o= )<{< =
<

< /\<)<2

The power of the isolatesdtth rotor is equal td = —55—. The total power expression
can be divided by this term to give Equation (2.20), where the rst term represents the
induced power of the th motor and the second term represents the interference power.
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Y%B>:0c43 n) <2

% 1 < =f:<< J <=)<)=.

(2.20)

If the rotor areas are assumed the same, and 1 as to only capture the interference losses,
then the total induced power of the desired rotor of a two-rotor system can be represented
as:

% _., Yz, j2191)2,

= 2.21
Y%B>0c43 ~ )1, )22 (2.21)
For equal thrusts from both rotors the previous equation simpli es to:
% Y12, j21° :
=1 2227120 =1 e 2.22
%B>0c43 2 ) (2.:22)
The inference factor can then be solved for as follows:
. % % Y8B>: %
= 0 1= 0 8B>,0C43 o . (2.23)

YB>:0c43 YB>:0c43 YB>:0c43 YBB>:0C43

In the case of the tandem rotor, or the half-body quad-rotor, it is assumed that the rear rotor
wake does not in uence the front rotor. When there is no lateral displacement between the

two rotors, it can then be assumed that the rear wake operates fully in the developed wake
of the front rotor. The induced velocities of each rotor are:

{5a>=8 {5~ paos= {a, A5

Using the general expression for induced velodiy; ) #12d + ©, the total induced power
then becomes:

2 .2 2 , 1 .02
%=) {5,) Ya, 2{5°=) ’)2d’+) ) - )zal * (2.24)
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The interference factor then becomes:

% 2 )
Y%B>;0c43 ) 2, )2

(2.25)

This can be generalized to include cases where the twin rotors are not completely in the
same plane (i.e., while the quad is pitched). Referring back to Figure 2.14, when there is
a vertical distance between the two wakes, only some overlapping area of the rear wake is
in uenced by the front. A separation functios;, can be de ned as:

2 A A A
<~ = — > —_— —_— —_— (] .
. 2>B > 3 1 > (2.26)

Where the total rear induced velocity becorfigsoa= {a, 2{s<. The expression for the
total induced power and interference factor then becomes:

)2,)2,2 ) <.
B 2d +

% (2.27)

. % 2 )
= = <o 2.28
: %B>0c43) 2, )2 (2.28)

When thrust of each motor is held constant then the interference fadtis €qual to<-.

At zero separation the interference factor is equal to 1. Substituting this result into Equation
(2.27) shows that the total system induced power is equd) fe'd + © as opposed to

) %e1d + ©°, indicating that the worse-case expected increase in total induced power is
double the case with no wake interference. Due to no wake interference being assumed at
the front rotor, this is expected to manifest in an increase in power of the rear motors to
achieve the same thrust.

Recall from Equation (2.16) in Section 2.3, that the total power in cruise has a parasitic term
and induced term. At low angles the parasitic power term gets driven to zero and all that
is left is the induced term. While the e ect of twin-rotor interference on induced power is
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predicted to be unfavorable, it is mitigated in two primary ways. First, the induced velocity
signi cantly decreases at higher speeds and thus the induced power term, even if double
that of full wake separation, will reduce with increased speed. Secondly, as the pitch angle
of the vehicle gets driven to zero, wake interference will increase; however, the decrease of
the parasitic power term could result in a net e ciency saving.

2.5 Theoretical Performance Ine ciencies

Momentum theory captures the induced power loss of the ideal rotor system, but if fails
to account for other losses exhibited in real rotor systems. Table 2.1 lists the percentage
of power losses of the real rotor in hover [26]. In forward ight, the distribution of these
losses may not be exact; however it is expected that similar categorical losses occur. The
theoretical development of translational lift is expected to relate closer to these gures of
merit as the hover-induced velocity term was included in the cruise formulation. There is less
of a connection between hover and cruise ightin the formulation of twin-rotor interference,
as no hover term was used directly in the derivation. The performance parameters will be
monitored to see if the predicted momentum theory parameters match experimental data.

Table 2.1. Distribution of Hover Power Losses

Loss Mechanism  Percentage

Induced Power 60%

Pro le Power 30%

Nonuniform In ow 5-7%

Swirl in the Wake Y1%

Tip Losses 2-4%
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CHAPTER 3:
Experimentation Background and Outline

Three phases of ight testing were conducted over the course of this research. The rst
phase of testing sought to determine the feasibility of the proposed side-thruster quad-
copter architecture. Once deemed feasible, the second phase attempted to automate the
pusher motors using Lua Scripting within ArduPilot. The nal phase of testing sought to
determine the performance of the new motor architecture, speci cally while modeling the
solar array of Aqua-Quad. This chapter provides important background information about
the test vehicles and rmware used, which was common across all three testing phases. This
chapter then will outline the primary objectives of each test phase and detail the work ow

in which the research was conducted.

3.1 Aqua-Quad and Mosquito-Hawk Vehicle Overviews

Flight tests were conducted with a subscale model of Aqua-Quad, named Mosquito-Hawk,
S0 as to not damage the Aqua-Quad prototype if the side-thrusters or control logic were to
fail. A subscale model was also used for its low cost, ease of manufacturing, and ability
to be rapidly altered. Mosquito-Hawk was modeled to closely replicate the ight systems
on-board the Aqua-Quad prototype and was scaled to be 7/15ths the size of Aqua-Quad.
Prior to describing the full test setup and results of Mosquito-Hawk, it is appropriate
to introduce both the Aqua-Quad and Mosquito-Hawk vehicles and their components to
better provide context for component choices made in regards to Mosquito-Hawk. The most
current prototype of Aqua-Quad is displayed in Figures 3.1 and 3.2.
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Figure 3.1. Aqua-Quad Prototype Figure 3.2. Aqua-Quad Prototype
ISO View (Resting on Stand) Top View

Two con gurations of Mosquito-Hawk were tested: one featuring a streamlined body cowl
and one including a mock solar array. Initial testing was conducted on the streamlined
body as to isolate the e ects of the pusher motors (this would help limit any complications
due to vibrations or adverse performance e ects of the mock-solar array). The streamlined
con guration of Mosquito-Hawk is pictured in Figures 3.3 and 3.4. The mock solar array
con guration of Mosquito-Hawk is displayed in Figures 3.5 and 3.6. The same vehicle was
used in both con gurations, with the only di erence being a change in the outer cowl of
the vehicle. Mosquito-Hawk was fabricated using a custom design for its frame and pusher
motors were added to the conventional quad-copter, placed longitudinally aft of the center
of the vehicle and laterally in-between the rear lift motors.
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Figure 3.3. Streamlined Mosquito-Hawk _ . '
’ ISO View a Figure 3.4. Streamlined Mosquito-Hawk

Top View

Figure 3.5. Mosquito-Hawk with
Mock Solar Array
ISO View

Figure 3.6. Mosquito-Hawk with
Mock Solar Array
Top View

The components of both Aqua-Quad and Mosquito-Hawk are listed in Table 3.1. The
speci ¢ hardware used and technical speci cation are provided where possible. The pusher
motors and propellers of Aqua-Quad have not been chosen yet as that choice depends on
the results of this study. The primary di erences component-wise between Aqua-Quad
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and Mosquito-Hawk (besides a smaller airframe) is Mosquito-Hawk's smaller motors and
propellers sized to its frame. Similar performing ESCs were chosen, with Mosquito-Hawk
featuring a 4-in-1 ESC for the four vertical motors. The same autopilot, GPS, RC transmitter,
telemetry modem, and airspeed sensor is used on both vehicles. The airspeed sensor will be
used on developmental Aqua-Quad vehicles, but is not intended for the production vehicle
as the sensor will not survive being submerged in the ocean. Using the same autopilot
between the vehicles provides a signi cant bene t in that the control logic embedded in the
autopilot and rmware does not have to be altered from Mosquito-Hawk to Aqua-Quad.

Table 3.1. Aqua-Quad Components

Component Type Aqua-Quad Specs Mosquito-Hawk Specs
i 2204, 1700kyv, for T-mount
Lift Motors 4006, 380kv
props
Lift Propellers 15 x5 T-mount 7 x 3.5
1204, 5000ky, for T-mount
Pusher Motors TBD
props
Pusher Propellers TBD T-mount 65mm x 1.6

Lift ESCs
Pusher ESCs
Battery

Autopilot

GPS/Compass

RC Transmitter
Telemetry Modem

Airspeed Sensor

Airframe

Kiss 32A singles
Kiss 32A singles
6S 8000 mAh, 25 C
PixRacer Pro

mRobotics full-size SAM
module

Spektrum DSMX
RFD900
3DR 12C module (future)

Custom fabrication

Fettec 35A 4in 1
Kiss 25A singles
3S 4500 mAh, 6C, HV
PixRacer Pro

mRobotics full-size SAM
module

Spektrum DSMX
RFD900
3DR 12C module

Custom; 7/15th scale
Aqua-quad layout
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The total mass of Mosquito-Hawk streamlined body con guration was 610 grams (weighing
5.98 N). The total mass of the vehicle with the solar con guration was 670 grams (weighing
6.57 N). The vehicle is operated on a 3S lithium polymer battery.

Mosquito-Hawk (and Aqua-Quad) is currently operated using the ArduPilot suite of software
and rmware. ArduPilot is an open-source autopilot system which integrates all levels
of vehicle control, providing an interface between the ight controller, rmware, ground
control station, and in- ight datalogging. ArduPilot's well documented history and extensive
network of users make it an ideal platform for conducting research for which troubleshooting
is expected. ArduPilot Mission Planner was chosen as the ground control station software
to create waypoint mission plans and monitor the vehicle during ight.

3.2 Phase | Testing: Side-Thruster Validation. Motivation

and Description
Initial experimental ight tests were conducted to determine the feasibility and e ectiveness
of the proposed side-thruster motor architecture. The initial tests sought to satisfy the
following objectives:

1. Could the pusher motor be driven without altering the autopilot or quad-copter
rmware?

2. Are side-thrusters viable solutions to e ectively drive the pitch of the vehicle lower
during ight?

3. Would the vehicle maintain control authority at high speeds?

4. Could the use of side-thrusters increase the maximum speed of the vehicle?

One of the main objectives of the initial tests was to determine the e ects of the additional
pusher motors on the control of the vehicle. No known rmware variants supporting the
pusher+quad motor architecture were found, and thus a control logic implementing the
pusher motors was required. The two strategies for integrating the pusher was to either
sandbox an existing quad-copter rmware and operate the additional motors outside of it
(this could be automated or done manually) or produce new rmware code to operate the
motors. The latter is intuitively undesirable as modifying the source code governing the
control logic of the autopilot could produce an incredible number of additional challenges.
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Years of testing and development have gone into producing existing rmware, to include
developing robust control laws which stabilize the vehicle and which respond to embedded
safety functionality. Furthermore, the rmware interacts well with the respective ground
control station and is able to execute user-de ned ight plans. It is ultimately desirable
to develop rmware supporting the proposed motor architecture as a specialized rmware
would yield better vehicle performance, but the e ort to produce such rmware is incredibly
high and not ideal for rapid prototyping. For these reasons, the preferred method of operating
the pusher motors is to run the motors externally of a well-established quad-copter rmware.

Another potential means of integrating the pusher motors was to run a quad-plane rmware
and disable the functionality of the control surfaces so that only the lift motors and pusher
motors would be the control actuators. The end goal would be for the vehicle to operate
in the control regime of transitioning ight. To achieve this, the parameters dictating when
the quad-plane would switch to full xed-wing ight mode would need to be set to a gain
which would never be reached (such as the transition airspeed to be higher than the vehicle's
capability). This was attempted in the ArduPilot Mission Planner simulator and produced
inconsistent results. In some instances the vehicle would operate normally as if the settings
had never been altered and in other instances, the vehicle would lose control authority and
spiral into the ground. The simulations dissuaded pursuing this integration means further.

If initial tests proved the side thrusters to be functional, the next objective was to determine
if the side-thrusters could drive the pitch to a near zero attitude during cruise ight. From
theory, the pusher motors should have the control authority to achieve this, but unmodeled
phenomena such as undesirable ow interaction may in uence the e ciency of the rotors
to levels where control authority is lost. From a practical standpoint, the vehicle is geomet-
rically constrained in the size of pusher motors and propellers it may use. Testing needed
to be conducted to see if these motors could control the pitch before saturating, while still
maintaining the desired speed.

It was noted in some of the hobbyist videos implementing similar motor architectures that
control authority was degraded or lost while operating at high speeds. The loss of control
authority at high speeds was a primary concern of initial testing as the goal of the additional
motors is to raise the maximum speed of Aqua-Quad.

Lastly, the initial tests sought to determine if there was an indication that the additional
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motors could increase the maximum cruise speed of the vehicle. Given that all other initial
objectives were satis ed, this would give the rst insight into a performance benet or
disadvantage of the proposed motor architecture.

3.3 Phase Il Testing: Side-Thruster Automation. Motiva-

tion and Description
Once the side-thrusters were deemed feasible, the next phase of testing attempted to automate
the functionality of the additional motors. Manual control of the side-thrusters proved to
be a su cient means to validate their use, but is not practical for production-level vehicle
operation. The need then arose to integrate the additional motors with the rest of the vehicle
in order to maintain the vehicle's autonomous functionality. The design focus then shifted
to developing a secondary controller which would regulate the pitch of the vehicle through
actuating the side-thrusters. The Lua Scripting environment within ArduPilot provided a
potential means of implementing such a controller.

3.3.1 Lua Scripting Background

Lua scripting is a functionality of ArduPilot introduced in 2019 and is compatible with
ArduCopter Firmware. Lua scripting enables users to implement their own software scripts
to introduce additional functionality to the autopilot, while sandboxing the core quad-copter
autopilot, meaning that changes made by a user's script will not augment the key ight-
sustaining functionalities of the autopilot. The Lua programming language is known for
being lightweight and e cient, making it ideal for implementation where system memory
(such as a small autopilot) may be constrained. The Lua scripting environment runs in
the background of the ArduCopter rmware and is allocated whatever system RAM the
rmware does not use. More information and examples of Lua Scripting can be found on
the ArduPilot documentation page contained in [27].

3.3.2 Phase Il Testing Objectives

The primary objective of the second phase of testing was to determine if Lua scripting
could be used to implement a secondary controller capable of operating side-thrusters and
regulating vehicle pitch. Most of the Lua scripting examples posted by ArduPilot altered
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functionalities tangentially related to ight operations such as changing the vehicle's ight
mode, home location, or operating accessories such as payload doors. There was no academic
literature found researching vehicle performance when implementing Lua scripting. It was
unknown whether the computing demands of a controller would saturate the autopilot's
RAM. It was also foreseen that a secondary control process may incur too much lag causing
the controller to be ine ective. Aqua-Quad does not need to regulate the pitch quickly as a
transient time spanning up to seconds will be inconsequential on a mission lasting minutes;
however, the controller does obviously need to be fast enough to properly regulate the pitch.
The last unknown factor sought to be determined in testing was the failure functionality of
scripting. ArduPilot claims that the scripting functionality is sandboxed, but did not specify
what would happen if a script failed. This was of concern for safety considerations.

3.4 Phase lll Testing: Side-Thruster Performance Evalu-

ation. Motivation and Description
Once the quad-copter side-thruster motor architecture was proven feasible and could be
automated, the nal phase of testing was conducted to determine the performance of the
new controller and motor architecture on the scaled Aqua-Quad vehicle. This phase of
testing sought to evaluate the e ectiveness of the pitch attitude controller, determine if the
new motor architecture was more e cient in cruise than a conventional quad-copter, and to
determine if the maximum cruise speed of the vehicle could be increased.
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CHAPTER 4:
Testing Phase [: Side-Thruster Feasibility

Initial ight tests were conducted using the streamlined (no mock solar array) body of
Mosquito-Hawk. The objective of the testing was to determine the feasibility of adding
side-thrusters to the quad-copter architecture. The background and motivation of this testing
is discussed in Chapter 3. This chapter will cover the testing methodology and results of the
rst phase of Mosquito-Hawk ight tests.

Aqua-Quad, operating on the open ocean, conducts its standard mission ight pro le as a
point-to-point straight line maneuver, where little directional maneuverability is required as
obstacle avoidance is not necessary. Aqua-Quad's payload is slung on a 100 foot tether. The
tether cannot withstand high loading in addition to its payload, and as a result, a forward
speed constraint is placed on the vehicle while the payload is submerged. The current ight
pro le is depicted in Figure 4.1.

Figure 4.1. Aqua-Quad Flight Pro le Source: [7, Figure 8].

The initial testing of Mosquito-Hawk was designed to capture the ight conditions in which
the side-thrusters will be operating. The additional motors will not be red during takeo

or landing due to the forward velocity constraint as the vehicle reaches its cruising altitude.
The nature of the point-to-point maneuver also ensures that extended periods of lateral or
vertical movements will not occur during cruise. Each Aqua-Quad ight lasts up to minutes
at a time and consequently Aqua-Quad spends the majority of each ight in cruise. The
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performance during its transition from hover to cruise is of little signi cance. As such, the
test setup only needed to capture stable cruise ight.

4.1 Test Setup and Methodology

4.1.1 Flight Plan

Flight tests were conducted at the Monterey Bay Academy Air eld in Watsonville, CA.
ArduPilot Mission Planner was used to implement an autonomous GPS waypoint mission.
The ight path and waypoints as shown in Mission Planner are displayed in Figure 4.2.

Figure 4.2. Testing Flight Path

The vehicle took o at waypoint 1 and climbed to the speci ed cruise height of 40 meters
as it reached waypoint 2. It then cruised at a constant altitude until waypoint 3, where it
executed a turn from waypoint 3 to 4. Shortly after waypoint 4, a jump waypoint (5) was
de ned where the vehicle would change its next waypoint to waypoint 2 and continue along
its previous path once (repeating waypoints 2-4). After the vehicle reached waypoint 4 a
second time, it would then travel to waypoint 6 and land. This track yielded three usable
test legs for cruise ight consisting of waypoints 2 to 3 twice and 4 to 2 once. This provided
two ight legs in the same wind direction and one opposite to mitigate the e ects of
headwinds and tailwinds. While the opposing leg was not perfectly in the opposite heading,
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the length of the cruise leg was su ciently longer than the base leg and thus by a small
angle approximation the di erence in crosswinds between a perfectly opposing leg and the
leg tested is negligible.

4.1.2 Testing Procedure

The same ight plan above was used in all ights, with variations only in the cruise-leg
length. A cruise-leg duration of roughly 40 seconds was desired to ensure there would be
su cient time for the speed and attitude of the vehicle to stabilize. The length of the cruise
legs was adjusted for each speed tested to meet the desired ight time. Prior to each ight,
a constant cruise-leg ground speed and track length was speci ed. Ground speed was used
instead of airspeed as ArduCopter rmware only supports GPS navigation using ground
speed measurements. Airspeed during each ight was logged, but not used in mission
planning. All three usable cruise legs of the same ight were own at the same ground
speed. Ground speeds of 10 m/s, 12 m/s, 14 m/s, and 16 m/s were tested. Each speed was
rst own through one ight without engaging the pusher motors. The same ight was then
repeated while operating the pusher motors.

4.1.3 Side-Thruster Implementation Procedure

Flights were conducted running the ArduCopter rmware. As mentioned in Chapter 3, it
was unknown how the additional side-thrusters would in uence the controllability of the
vehicle or how they would interact with the autopilot. Pusher motors were red manually
through a separate RC channel mapped to a control wheel located on the RC transmitter.
This ensured that if the system showed signs of failure, the pusher motors could quickly
be turned o . The control wheel only had roughly 30 discrete positions which mapped to
PWM signals ranging from 1000 to 2000. Each input to the control wheel caused a fairly
signi cant change in throttle setting, creating an imperfect pitch control. The e ects of this
will be discussed shortly in the results. Each ight was own in the ‘Auto’ ight mode. The
pusher motors were engaged once Mosquito-Hawk began each cruise ight leg and then
turned o prior to turning. The thrust of the pusher motors was gradually increased until
the HUD displayed a near-zero pitch attitude. An example of the HUD output is displayed
in Figure 4.3. This was a crude approach to driving the vehicle pitch to zero; however, for
concept validation of the side-thrusters, high delity performance was not necessary.
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Figure 4.3. Mission Planner HUD

4.2 Results

4.2.1 Data Processing

A MATLAB script was developed to process the ight data. Transient periods existed at
the beginning and end of each ight leg where Mosquito-Hawk would accelerate to cruise
speed and slow to a stop. These transients created a need for a metric in which stable ight
would be de ned. This was done through analyzing GPS speed. For each leg, MATLAB's
smoothdatdunction was used to Iter noise from the ground speed data, utilizing a lowess
smoothing function. A lowess function was preferred to maintain variations in the ground
speed, while still reducing sensor noise. Stable ight was then de ned as when the measured
ground speed reached within 5% of the desired ground speed. The times at which this rst
and last occurred were recorded as the beginning and end of the cruise leg. A two second
bu er was added to the beginning and subtracted from the end of this period to ensure that
the transients were su ciently killed. This yielded the time period from which all other
data to include pitch, power, airspeed, and ESC parameters were extracted. The process was
iterated through every leg of every ight. Examples of the results of the process is shown in
Figures 4.4 and 4.5 for the cases of the side-thrusters disengaged and engaged, respectively.
GPS speed is plotted as a function of time for all speeds tested across one speci ¢ ightleg.
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The solid line represents the raw data for each speed, while the dotted line represents the
Itered data over the time period extracted. Appendix B contains the results of this process
for each ight leg.

Figure 4.4. Processed Ground Speed Example (Side-Thruster Disengaged)

Figure 4.5. Processed Ground Speed Example (Side-Thruster Engaged)
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4.2.2 Pitch-Airspeed Relationship

Airspeed as a function of vehicle pitch angle is displayed in Figure 4.6. The data are un Itered
and represent every cruise sensor measurement taken for all ights, to include when the
pusher motors were engaged and disengaged; data are grouped in colors corresponding
to the desired GPS speed. Note that the pitch is being displayed as a positive pitch down
(opposite of the dynamics) for visual clarity.

Figure 4.6. Mosquito-Hawk Pitch-Speed Measurements

A pitch-airspeed relationship was determined for each ight case (pusher engaged and
disengaged). A second order polynomial was t to the non-pusher data. The origin was
enforced when tting the trend lines as at hover, there should be no vehicle pitch. Equation
(4.1) gives the pitch speed relationship for the non-pusher case.

+ = 0 02594 , 13260/ ¢ (4.1)

The pusher-engaged case was t with a rst order polynomial, but is not listed as the
correlation was too poor for any equation to be of signi cance. The pitch-speed relationship
determined for when the pusher was disengaged is displayed in Figure 4.8. The dashed lines
represent a 95% prediction interval of the data.
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Figure 4.7. Mosquito-Hawk Pitch-Speed Fit

There is an obvious correlation between pitch and speed when the side-thruster is disen-
gaged. The coe cient of determination @) for the curve twas 0.836, indicating a good
second-order t. The coe cient of determination for the side-thruster case was 0.224, in-
dicating a weak correlation in the data. This can be attributed to the manual control error
when visually driving the pitch to zero, but also to a decoupling of pitch and airspeed. A
small' 2 value and greater range in prediction bands of the pusher-engaged pitch-speed
relationship supports mathematically that the relationship was successfully decoupled as
a weak correlation exists. While there is not a perfect decoupling of pitch and airspeed,
this is more likely due to inaccuracies in the method of manually controlling airspeed. Due
to each step in the manual control wheel signi cantly increasing the throttle, the throttle
was not increased at near zero pitch-down attitudes to avoid being pitched upwards. This
likely results in some of the spread exhibited in the pusher-engaged data. Additionally, the
side-thrusters may have been too small to support higher speeds.

The data show that the implementation of side-thrusters is a viable means of driving the
pitch of the conventional quad-copter toward near-zero attitudes, especially at higher ight
speeds. At 15.8 m/s the side-thrusters were able to reduce the pitch angle from 18.6 degrees
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to 2.9 degrees. The pitch error from 2.9 degrees to O degrees is likely attributed to the
lack of precision on the manual control wheel (rather than insu cient power available to
regulate the pitch). At all ight speeds tested, the pusher motors successfully reduced the
pitch required to y the same speed.

4.2.3 Power-Airspeed Relationship

The vehicle power sensor was calibrated using a load cell test. The load cell was connected
in series to the sensor and a constant amperage was demanded. A comparison was then
made between the measured and demanded data to compute a correction factor. The power
draw of the vehicle subsystems was subtracted so that the power measured only captured
the power required for propulsion. The power correction is given by Equation (4.2), with
units of Watts.

%= 1217704 CVQ4OBDA43 Be (4.2)

The corrected power as a function of airspeed is shown in Figure 4.6. The data are un ltered
and represent all cruise sensor measurements for all ights, to include when the pusher
motors were engaged and disengaged; the shading corresponds to the desired GPS speed
tested, with the darkest shade representing 16 m/s.

44



Figure 4.8. Mosquito-Hawk Raw Total Power (Vertical and Pusher Motors)
vs. Airspeed

A third order polynomial was tted to the data to obtain the power curve for each ight case.
Equations (6.3) and (6.4) give the resulting tted power equations for when side-thrusters
are disengaged and engaged, respectively.

%> 2p ap= 0 02443 128572 16348+ , 12415 (4.3)

Ypp ap= 0 06613 2016242 3601+ , 222074 (4.4)

The ' 2 for when the pusher was engaged was 0.865, indicating a strong third-order t.
The coe cient of determination for the non side-thruster case was 0.728, still providing
indication of a good t; however, slightly worse than with the pusher engaged. The power
curves from each test case are displayed in Figure 6.13. The dashed lines represent a 95%
prediction interval of the data. The prediction bands are slightly larger than that of the
pitch-speed relationship due to more senor noise being present in the power measurements.
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Figure 4.9. Mosquito-Hawk Fitted Power vs. Speed

An average of 29.47% (26.5 W) more power was demanded while the pusher motors were
running, and a higher power was demanded at every airspeed while operating the pusher
motors. The minimum power to sustain cruise ight when the pushers were disengaged was
63 W and the minimum-power cruise airspeed was 8.30 m/s. The minimum cruise power
required when the side-thrusters were engaged was 86 W and the minimum-power cruise
airspeed was 8.79 m/s.

It was not expected that there would be signi cant power savings on the streamlined
Mosquito-Hawk. The vehicle operated two additional motors and the results do not re ect
the in uence of the solar array. The power increase when operating the side-thrusters could
also be attributed to poor component e ciencies. The motors and propellers were chosen
primarily to satisfy geometric constraints and have not been optimized. It is known that
the small motors and propellers have poor e ciencies due to their size. The manufacturer
suggests that a similar 3" diameter propeller has an e ciency of 28%. While no data
was published for a 2.5" propeller, the e ciency is likely worse than the 3" propeller.
Furthermore, these propellers are designed for micro-drones operating as quad-copters. As
such, the propellers have a low pitch needed for maneuverability in hover. The propeller
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pitch likely matches poorly to the higher advance ratio achieved at high speeds and thus
further ine ciencies were incurred. The available selection of propellers and motors tting
the size requirements of Mosquito-Hawk is scarce; however, the larger Aqua-Quad vehicle
can be tailored much better for performance. Previous tests of the Aqua-Quad vehicle
suggest that the motor-propeller e ciency is 52%, almost double that of Mosquito-Hawk.

It is possible that if the components were more e cient in Mosquito-Hawk, there would be
less of a power penalty while operating the side-thrusters. Regardless, preliminary results
suggest that the addition of side-thrusters are not e ective in decreasing the overall power
of a streamlined quad-copter.

4.2.4 \Vertical Motor Power Results

An analysis was conducted on the individual vertical motors to better understand the power
distribution of the system. The previous subsection demonstrates an overall higher power
draw while operating the side-thrusters, but does not reveal whether the increase in power
was solely due to powering more motors or an increase in general ine ciencies of the
system. RPM was chosen to analyze power due to the power sensors on each individual
motor not having high enough resolution to make reliable conclusions from their readings.
The RPM sensor measurements exhibited signi cantly less noise. Motor RPM is not a
perfect means of representing the actual power consumed by each motor, given that power
is function of RPM and torque (and torque is dependent on current draw); however, there
was no indication of a signi cant increase in the average current demanded when ring the
pusher motor, suggesting validity in using RPM as an indirect measure of motor power.
In addition, the PWM signals of each motor's ESC were checked to determine the throttle
demand, and no ndings supported a di erent behavior than what the RPM measurements
exhibited.

The raw cruise- ight RPM as a function of airspeed for the front-right and back-right
motors of the vehicle are shown in Figures 4.10 and 4.11, respectively. This data captures
both the upwind and downwind leg so any di erence in RPM due to the vehicle adjusting
for crosswind is uniformly represented as the vehicle rolls slightly into the wind to maintain
stability. Testing revealed bias in the RPM sensors between each motor so only a single
motor was used for analysis. While a di erence in readings existed between the two front
motors, there was common trends between the front-right and back-right motors as what is
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shown in the gures. The shading in the gure corresponds to the ground speeds tested.

Figure 4.10. Raw Cruise-Flight RPM  Figure 4.11. Raw Cruise-Flight RPM
as function of Airspeed as function of Airspeed
(Front-right Motor) (Back-right Motor)

The raw data show that there was a decrease in RPM while engaging the pusher motor for
both the front and rear motors. The back right motor demanded a higher average RPM than
the front in both test cases. The curve- tted RPM vs airspeed relationship for both the front
and back right motors (while the side-thrusters were engaged and disengaged) is displayed
in Figure 4.12. The curve for when the side-thrusters were disengaged was t using a second
order polynomial and the curve for when the side-thrusters were engaged was t using a
third order polynomial. RPM measurements are expected to be noisy as rapid changes occur
to maintain stability. Noise within the measurements ranged 1500 RPM so the exact values
of RPM are of less importance than the general trends displayed.
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Figure 4.12. Fitted Mosquito-Hawk Cruise RPM vs. Airspeed Relationship

The trends exhibited yield promising results. At all airspeeds, both vertical motors required
lower RPM when the pusher motors were engaged. When the side-thrusters were disengaged,
both vertical motors displayed a positive relationship between airspeed and RPM. This is
expected as the lifting motors must work harder to produce higher thrusts atincreased speeds.
When the pusher motors were engaged, the RPM of each motor stayed relatively constant
until decreasing with increased speed. This supports translational lift theory developed in
Chapter 2. Furthermore, itappears that the lift motors do indeed operate within a translational
lift regime for all airspeeds tested. The decrease in RPM that occurs when engaging the
pusher motor indicates that the lift motors are unloaded and require less power. It is possible
that in cruise, the vertical motors required less power than in hover; however this must be
validated through a hover test of the vehicle (addressed in Chapter 6). The unloading of
the lift motors also suggests that for a given speed, there is more power available while
the pusher is ring. If the vehicle was then to pitch slightly, there would be more power
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available to increase the cruise speed. This indicates that the maximum speed of the vehicle
can be increased through the use of side-thrusters.

From theory, it was expected that twin rotor interference may degrade the performance of
the aft motor when the pitch is driven to zero. The RPM data show that there is higher RPM
required for the rear vertical motor at all ight speeds, supporting the argument of twin
rotor interference, but the di erence between the forward and aft motors when the pusher
was engaged (and pitch driven to zero) was not signi cantly greater than when the pusher
was disengaged. There is a power penalty in the rear motor, but unlike theory, this penalty
is not signi cantly exacerbated with a decrease in pitch.

4.2.5 Qualitative Results

Perhaps the most important discovery from these initial tests is that the pusher motors were
successfully operated externally to the existing ArduCopter rmware. No error messages
or system malfunctions occurred during any of the ights. The vehicle was stable while the
pusher motors were engaged, indicating that the control laws of the vehicle were su cient
even when running the additional motors. The vehicle was quick in response to wind
disturbances, and while ying in a slight cross-wind the vehicle oriented itself similar to
what it would without the pushers engaged. There was no indication of a loss of control
authority with an increase in speed as some of the hobbyist videos suggested. It is possible
that this may still occur at higher speeds not tested, but for those tested, this was not an
issue.

4.3 Initial Conclusions

The side-thrusters were successfully operated manually without any modi cation to the
ArduCopter rmware. Control authority was maintained during all ights and no error
messages were produced in- ight. The primary objective of the initial testing phase was
achieved in that the feasibility of adding side-thrusters to a convectional quad-copter was
proven. The addition of side-thrusters also proved to be a viable means of decreasing the
pitch of the vehicle in cruise ight as the pitch was signi cantly reduced at all airspeeds.
The predicted pitch required when ying the maximum tested airspeed of 15.8 m/s was
reduced from 18.6 degrees to 2.9 degrees when the side-thrusters were engaged.
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The addition of side-thrusters proved to be unsuccessful in reducing the total power required
for ight. On average, the side-thrusters required 29.47% more power than regular quad-
copter ight. These results were achieved, however, with ine cient, small propellers and
motors not optimized for the desired ight speeds. A better component selection, available
for the larger Aqua-Quad vehicle, should yield higher e ciencies and better performance.
The evidence suggests that less power is required from the vertical motors while the pusher
is engaged. Both the rear and front vertical motors exhibited lower RPM while the side-
thrusters were engaged. Furthermore, the RPM exhibited a positive quadratic relationship
with airspeed when the pusher was disengaged, but remained relatively constant with
airspeed until decreasing at higher speeds while the pusher was engaged. These ndings
suggest that if the pusher motors were more optimal, there could potentially be a power
savings when using side-thrusters.
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CHAPTER 5:
Testing Phase II: Side-Thruster Automation

A secondary controller automating the operation of side-thrusters was developed and imple-
mented using the ArduPilot Lua Scripting environment. The controller script was ashed to
Mosquito-Hawk's autopilot and ight tests were conducted to determine the e ectiveness
of the controller. The testing objective was to determine the feasibility of using Lua script-
ing to automate and integrate side-thrusters within Mosquito-Hawk. A background on Lua
Scripting as well as the motivations behind this phase of testing was included in Chapter 3.
This chapter will describe how the controller was designed and safety measures considered
in the design. The chapter will then discuss the setup and results of Mosquito-Hawk ights
testing and tuning the controller script.

5.1 Secondary Controller Design

A basic PID controller was designed to regulate the pitch of the vehicle. The Lua script
implementing the controller is located in Appendix C. Integral and proportional control
were primarily desired as it was suspected that the refresh rate of the system would be
too slow to properly implement derivative control; however, the functionality of derivative
control was still added in case the scripting refresh rate could be improved upon in the
future. Vehicle pitch angle was chosen as the controlling parameter as it could be directly
measured by on-board sensors. The pitch rate would have to be discretely calculated, which
would introduce additional numerical error, and thus was not considered as a desired control
parameter. The script was designed so that the user would specify a desired pitch attitude
and an acceptable error tolerance. If the error measured was greater than the desired pitch
plus tolerance, the PID would be initiated. The tolerance was included to account for sensor
noise.

The block diagram of the controller is depicted in Figure 5.1. Initial ight tests were used

to determine a linear relationship between the pitch required to y a given airspeed without
side-thrusters and the demanded side-thruster PWM signal required to regulate the error to
zero. This was used to convert the control signal from degrees to PWM, as the controller
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actuated motor PWM. The control signal was then checked to see if it exceeded the maximum
allowable PWM (2000) or fell below the minimum allowable PWM signal (1000). In either
case, the control signal was set to the maximum or minimum PWM signal, respectively

Figure 5.1. PID Controller Block Diagram

5.1.1 Script Safety Functionality

Adding su cient safety features to the script was a primary design concern to ensure the
script would only run when and as expected. The script implemented a quadruple redundant
safety check before engaging side-thrusters. A separate switch on the RC transmitter was
mapped as an arming switch for the side-thrusters (di erent from the vehicle arming switch).

In order for the side-thrusters to be turned on, the vehicle had to be armed, in the proper
ight mode, traveling faster than a user-de ned ground speed, and the side-thruster arming
switch needed to be engaged. If any of these parameters were not met, the pusher motors
would not re. Furthermore, the motor arming switch allowed for the pusher motors to be
shut down mid- ight if required.

5.1.2 Lua Scripting Challenges

Memory allocation was the primary challenge in using Lua Scripting. Due to the script

running on the RAM leftover from the autopilot, the script needed to be kept light from a

memory perspective. This restricted how fast the controller could run without overloading
system memory. As mentioned previously, an incredibly responsive controller was not
required due to the mission nature of Aqua-Quad, but it was unknown how slow the
controller could update and successfully run. An initial refresh rate of 2 Hz was speci ed

in the script.
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Memory allocation also in uenced parameter logging. Lua scripting allows users to build
parameter tables with a maximum of 30 entries to store variables. If system memory cannot
allocate a table of that size the script will crash and stop running. Originally, the PID design
was going to average pitch values to Iter noise in attempts to reduce controller overshoots,
but storing these values would quickly saturate the limited parameter storage and cause the
system to fail. This drove the controller design to only operate on the current and previous
measurements taken.

5.2 PID Tuning Flight Tests

5.2.1 Test Setup and Procedure

PID tuning ight tests were own using the streamlined Mosquito-Hawk as the test vehicle.
The testing location and track setup was the same as the initial tests as described in Section
4.1.1. Flight data was stored on logs only accessible in post-processing and unfortunately
could not be used in real-time to inform tuning decisions. As a result, a relatively qualitative
process for tuning the PID was followed.

The in- ight pitch angle and side-thruster PWM values were observed in real-time on the
ground station HUD. These were the only parameters which informed changes made to the
PID gains. PID gains were changed according to the observed response time and steady
state error. Slow-speed ight was targeted for testing rst. A cruise-leg ground speed of 6
m/s was speci ed and ights were repeated at this speed until the PID controller achieved
satisfactory results. The ground speed was then increased to 8 m/s and the PID was tuned
once again. Finally the vehicle was own at ground speeds of 10 m/s and 12 m/s with the
updated PID gains to observe the controller's e ectiveness at increased ground speeds. The
gains were rst set to zero and then iteratively increased, beginning with the proportional
gain. The derivative gain was not used and kept at zero. Table 5.1 contains the gains tested
at each speci ed cruise-leg ground speed. Every desired pitch tested was set to zero. The
pitch tolerance refers to the user-speci ed acceptable error in pitch attitude.
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Table 5.1. PID Tuning Gains

Test Number| Ground Speed Tuning GainsPitch Tolerance
(m/s) ? 8 (deg)
1 6 0.05 0 3
2 6 0.1 0.05 3
3 6 0.15 0.1 1
4 6 0.2 0.15 1
5 6 0.2 0.15 0.5
6 8 0.2 0.15 0.5
7 8 025 0.2 0.5
8 8 0.3 0.2 0.5
9 10 0.3 0.2 0.5
10 12 0.3 0.2 0.5

5.2.2 Tuning Test Results

The controller successfully operated, proving Lua scripting as an e ective means of im-
plementation. The nal PI gains chosen for the vehicle were = 0.3 and g = 02.

These gains were deemed satisfactory through visual observation of the pitch angle during
ight. The pitch angle time history of the eighth test from Table 5.1 is displayed in Figure
5.2, where the nal gains were rst chosen. The results in the gure were Itered using
MATLAB's smoothdatdowess smoothing function to maintain integrity of the data, but
reduce sensor noise. Each color represents a separate cruise leg own during the same
ight (upwind and downwind). Note that the safety turn-on speed was speci ed as 4 m/s.
This degrades the transient performance of the controller as the vehicle begins pitching as
a quad-copter would, and the controller must drive a larger angle to zero. At lower safety
speeds, however, it was observed that the pusher motors negatively a ected vehicle turning
as a pitching moment was introduced while the vehicle attempted to yaw. The transient per-
formance penalty induced by setting the script turn-on ground speed higher was necessary
to maintain predictable control while turning.
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Figure 5.2. PID Tuning Pitch Angle Time History, Test 8

The rise time of the controller is relatively slow, with it taking roughly 20 seconds for the
pitch to be driven to the desired pitch. The controller was marginally successful in regulating
pitch at steady state. There is noticeable oscillatory behavior in the pitch attitude of each
cruise-leg. This is most likely due to 1) the PID gains of the quad- rmware were not tuned
with the controller and the two control laws may be out of phase, 2) the refresh rate of the
controller script (2 Hz) was insu ciently slow, or 3) the error tolerance was too large, in
addition to the refresh rate being slow, and caused the controller to over compensate and
lag. Other factors most likely contribute to this behavior; however, these are deemed to be
the most in uential.

The time history of pitch angle using the same gains at cruise-leg ground speeds of 10 m/s
and 12 m/s is displayed in Figures 5.3 and 5.4, respectively. Similar gures detailing the
pitch-time results of all tuning tests may be found in Appendix D.
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Figure 5.3. PID Tuning Figure 5.4. PID Tuning
Pitch Angle Time History, Test 9 Pitch Angle Time History, Test 10

The controller behaved similarly at ground speeds of 10 m/s and 12 m/s. There was a slight
increase in the rise time, but slightly less steady state error. It should be noted that the
increase in ground speed caused a larger initial pitch to be regulated, thus an increased
rise time is expected. This time could be shortened by reducing the forward safety speed;
however, the safety functionality ensuring that the side-thrusters only red when in cruise
(and not hover) was deemed more important.

5.2.3 Qualitative Results

The script ran as expected in all ights. The side-thrusters disengaged at all turns and
reengaged when cruise ight was entered. A primary concern before testing was that the
autopilot memory would be insu cient to run scripts. Originally, a Pixracer R15 Autopilot
was used, which proved to not have enough memory for scripting. The script would errat-
ically load or fail to load with no pattern of when it worked. It was discovered that when
the script failed due to insu cient memory, the core functions of the autopilot operated
semi-regularly as it would not allow the vehicle to arm. Moreover, features such as loading
terrain data were not possible due to a lack of memory on the autopilot. The insu cient
memory forced the test team to upgrade the autopilot to a PixRacer Pro which was used in
all ight tests. The script was then ground tested with the new autopilot. On one speci c test,
the vehicle was physically walked around without propellers to observe motor actuation. A
typo in the script caused the script to fail after the pusher motors had been throttled high.
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When the script failed, normal autopilot functions were still operable (like disarming the
vehicle), but there was no way to shut down the motors, producing a potential safety risk.
This test proved that Lua Scripting is "'sandboxed' in that the autopilot will still function
properly; however, there is concern that functions of the vehicle altered by scripting fail to
terminate, which can be a potential safety hazard. It is recommended that all scripts are rst
ground tested prior to ight to ensure safe ight operations.

5.3 Test Conclusions

The Mosquito-Hawk side-thrusters were successfully automated using Lua Scripting to
implement a secondary controller. The Pl controller itself was deemed marginally successful
in regulating pitch. There was a signi cant rise time ( 15-20 seconds) and an oscillatory
behavior existed in steady state. Steady error was regulated relatively well. The controller
will be su cient for AQua-Quad operations, but will need to be re-tuned when implemented
onboard Aqua-Quad. The failure mode in early development of the script proved to be
a nonfactor in ight operations, ensuring the "sandboxed' nature of Lua scripting. Lua
scripting proved to be an e cient means of secondary control as it could be injected directly
onboard the system's autopilot without utilizing intermediate software to implement control.

Despite the performance of the controller being deemed marginal, it was still e ective
in regulating vehicle pitch for mission requirements. Aqua-Quad does not require a fast
transient response nor is it necessary for the pitch to be perfectly regulated. This would be
ideal, and should be improved upon in the future, but for a preliminary proof-of-concept
controller, the performance is satisfactory.

5.3.1 Future Test Recommendations

Due to time constraints on testing, there were some proposed improvements which could
not be made to the controller. Future tests, if this research is to be continued, should
experiment with reducing the sampling time of the controller. There was no indication that
the system memory was saturated with a 2 Hz sampling time. It is likely that the marginal
behavior was partially caused by an insu cient sampling rate. The minimum sampling
time achievable while using Lua Scripting should be determined through experimentation.
Another improvement which should be explored is to determine if a pitch tolerance is
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necessary. This was included to account with sensor noise as the proportional controller was
scaled only to an instantaneous pitch attitude. The pitch oscillations observed at steady state
may be due to a lagging response caused by too large of pitch tolerance. It is recommended
that ights should be conducted without a tolerance and then slowly increase the tolerance
to achieve desirable controller performance. Perhaps obvious, but the means of tuning the PI
gains was done qualitatively with low delity instrumentation (the Mission Planner HUD).
Because this was a proof of concept ight test, the actual performance of the controller was
a secondary priority. A full controls analysis of the pitch controller should be conducted to
determine appropriate gains and further tuning of the gains will yield a better performing
controller.
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CHAPTER 6:
Testing Phase lll: Side-Thruster Performance

Evaluation

The nal phase of experimentation conducted ight tests to evaluate the e ectiveness of the
new pitch attitude controller, and to test the performance of the new motor architecture. The
ight tests were conducted using Mosquito-Hawk con gured with the mock solar array as
the test vehicle, depicted in Figure 3.5. These results may be scaled to the full-body Aqua-
Quad. The side-thrusters were operated using the pitch attitude control script developed in
Chapter 5. The primary objectives of these tests were to determine if the vehicle pitch could
be e ectively regulated with the addition of the mock solar array, if the use of side-thrusters
reduced the required power for cruise ight, and if the maximum speed of the vehicle could
be increased. This chapter details the test setup and methodology, and then will discuss the
results of the ight tests.

6.1 Test Setup and Procedure

The testing location and track setup was the same as the initial tests described in Section
4.1.1. It should be noted that signi cantly higher winds were experienced on this test day
than previous tests. The airspeed sensor was calibrated upon vehicle startup. A cruise-
leg duration of roughly 40 seconds was targeted and track legs were scaled according to
the speci ed ground speed of each test. Each test followed an automated ight plan and
the secondary control script was used to operate the side-thrusters. The same PI gains,
as determined in Chapter 5, were used whese= 0.3 and g=0.2. The pitch tolerance

was set to 0.5 degrees. Each ight test rst ew a complete ight track with the side-
thrusters disengaged at a constant speci ed cruise-leg ground speed. The same ight was
then repeated with the side-thrusters engaged. At higher ground speeds, ights were only
own with the side-thrusters engaged as the vertical motors became saturated when the
vehicle was own as a conventional quad-copter. Three usable cruise legs were own each
ight, with two in the same wind direction and one opposing. Table 6.1 summarizes the
cruise-leg ground speeds tested and speci es at which ground speeds the vehicle was own
with only side-thrusters engaged.
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Table 6.1. Summary of Tested Ground Speeds and Vehicle Mode

Flown as Flown with
Cruise Leg Ground Speed Conventional Side-Thrusters
Quad-Copter Engaged
6 Yes Yes
8 Yes Yes
9 Yes Yes
10 Yes Yes
11 Yes Yes
12 Yes
13 Yes
14 Yes

6.2 Results

6.2.1 Data Processing

Cruise-leg data were extracted from the total ight data using the same means detailed in

Section 4.2.1. As a summary, cruise-legs were de ned as the rst and last times where the

measured GPS ground speed came within 5% of the speci ed ground speed. Two seconds
were then added to the beginning of this period and subtracted from the end to reduce

transient behavior. The resulting time interval was used to de ne the usable cruise-leg data.

When the side-thrusters were engaged, the rst time where the vehicle reached the desired
pitch was used as the beginning of the cruise ight time interval.

6.2.2 Vehicle Pitch Attitude Control E ectiveness

A primary objective of testing was to determine the e ectiveness of the secondary controller
in regulating the cruise ight pitch attitude of the mock-solar-array con gured Mosquito-
Hawk. There was noticeable pitch oscillations observed during all ights, even when the
pusher motors were not engaged. The vehicle pitch angle as a function of time (positive
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pitch up) when the pusher motors were disengaged is depicted in Figures 6.1 and 6.2. The
gures show results for all cruise-legs, tested at the minimum and maximum ground speeds
of 6 m/s and 11 m/s, respectively.

Figure 6.1. Pitch Angle Time History  Figure 6.2. Pitch Angle Time History
at 6 m/s at 11 m/s
Pusher Motors Disengaged Pusher Motors Disengaged

The oscillations present in regular quad-copter operations suggest that the vehicle needed
to be re-tuned with the addition of the mock solar array. It is suspected that this behavior
of the normal quad-copter in uenced the results for when the side-thrusters were ring.
These results were only available after all tests were conducted as ight-data could not be
observed in real-time. As a result, the vehicle was not re-tuned prior to further testing.

The cruise-leg vehicle pitch attitude time histories, while side-thrusters were engaged, are
displayed in Figures 6.3-6.6. The gures show data obtained from tested ground speeds of
6 m/s, 9 m/s, 12 m/s, and 14 m/s.
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Figure 6.3. Pitch Angle vs. Time, 6 m/s Figure 6.4. Pitch Angle vs. Time 9 m/s

Figure 6.5. Pitch Angle vs. Time, 12 m/sFigure 6.6. Pitch Angle vs. Time, 14 m/s

The rise time for the controller to regulate pitch at all ground speeds tested, besides 14 m/s,
was approximately 15-20 seconds. This is relatively slow for a controller, but satisfactory
for the Aqua-Quad mission as a fast transient response is not required. Furthermore, it is
undesirable to re the pusher motors aggressively as the vehicles turns, as this negatively
in uences the yaw-behavior of the vehicle. Slower rise times in pitch control may actually
bene t Aqua-Quad when the vehicle maneuvers laterally. The steady state pitch error was
regulated relatively well for all ground speeds tested besides 14 m/s. There is noticeable
oscillatory behavior in vehicle pitch, indicating that the side-thruster controller should be
re-tuned or the script be improved in accordance with proposed methods found in Section
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5.2.2. This may also be a result of the oscillations present in regular quad-copter operations.
It appears that oscillations get worse at speci ¢ ground speeds tested, such as 9 m/s,
indicating a resonate oscillatory mode. The pitch was unsuccessfully regulated to zero
degrees at a test ground speed of 14 m/s. The side-thrusters were saturated at this test point
and could provide no additional thrust. Overall, the secondary control script was successful

in regulating vehicle pitch attitude at speeds up to 13 m/s; however, improvements can likely
be made to improve the steady-state response of the controller.

Side-Thruster Throttle Percentage

The raw side-thruster throttle percentage as a function of airspeed is shown in Figure 6.7.
The linear t of the data is displayed in Figure 6.7. The dotted lines represent a 95%
prediction interval of the data.

Figure 6.7. Mosquito-Hawk Figure 6.8. Mosquito-Hawk
Raw Side-Thruster Throttle Fitted Side-Thruster Throttle
Percentage vs. Airspeed Percentage vs. Airspeed

The side-thruster throttle became saturated at approximately 18.9 m/s, indicating the max-
imum speed in which side-thrusters are able to maintain pitch control. The speed of the
vehicle may increase past this airspeed, but will do so by increasing the vertical motor
thrust while pitching forward. The trend line determined from the rst order tis listed in
Equation (6.1), where V is the forward airspeed (in m/s). TRealue of the twas 0.907,
indicating a strong linear t.
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%DB 4A) A>C%;4 000453+ | 01448 (6.1)

Pitch-Airspeed Relationship

The raw cruise-leg airspeed as a function of vehicle pitch angle is shown in Figure 6.9 for
all test cases. The data corresponding to when the pusher is disengaged are in two distinct
groupings representing the upwind and downwind legs tested. The pitch is displayed as a
positive pitch down (opposite of the dynamics) for visual clarity.

Figure 6.9. Mosquito-Hawk Mock Solar Array
Pitch-Speed Measurements

When compared to conventional quad-copter ight, it is clear that the automated side-
thrusters were successful in decreasing the pitch of the vehicle for all airspeeds. There
is more spread in the data at high speeds when the pusher was engaged as it became
saturated and could no longer maintain the desired pitch. At airspeeds below 10 m/s, the
controller performed well in regulating the pitch. The side-thrusters proved to be e ective in
reducing the cruise- ight pitch attitude of the mock-solar-array con gured Mosquito-Hawk.

The maximum airspeed reached when the side-thrusters were disengaged was 17.12 m/s,
requiring a pitch attitude of 22.27 degrees. At the same airspeed, the side-thrusters were
able to e ectively drive the pitch to zero, decreasing the pitch angle required for the regular
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guad-copter to y its maximum airspeed by 200%.

A pitch-airspeed relationship was determined for both ight cases (pusher engaged and
disengaged). A second order polynomial was t to the non-pusher data and yielded a
coe cient of determination { ?) value of 0.8981. This trend was enforced through the
origin to re ect zero pitch at hover. There was no curve t tested which accurately captured
pusher data, with 2 values being on the order of magnitude of 0.0037. This indicates
that the side-thrusters were successful in decoupling pitch and airspeed as no correlation
between the two existed. Equation (6.2) gives the pitch speed relationship for the non-pusher
case.

+ = 0 0255/ , 1:2606//¢ (6.2)

The tted non-pusher pitch-speed relationship determined is displayed in Figure 6.9. The
dashed lines represent a 95% prediction interval of the data. The trend line corresponding
to when the side-thrusters were engaged is not depicted as the t was too poor to be of any
meaning.

Figure 6.10. Mosquito-Hawk Mock Solar Array Pitch-Speed Fit
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6.2.3 Cruise Flight Total System Power Required Results

The vehicle power sensor was calibrated prior to ight. The power draw of the vehicle
subsystems was approximately 7 Watts, which was subtracted from the measured power
values to ensure that the power used for analysis only captured the power required for
propulsion. The corrected electrical power as a function of airspeed is shown in Figures
6.11 and 6.12. The data are un ltered and represent every sensor measurement taken for
all ights, to include when the pusher motors were engaged and disengaged; the coloring
represents the desired GPS speed tested, with two distinct groupings corresponding to
upwind and downwind cruise legs. Electrical power was chosen for representation as motor,
propeller, and ESC e ciencies were unknown and highly dependent on specic ight
conditions.

Figure 6.11. Mosquito-Hawk Figure 6.12. Mosquito-Hawk
Raw Power vs. Airspeed Raw Power vs. Airspeed
Pusher Disengaged Pusher Engaged

A third order polynomial was tted to the data to obtain the power curve for each ight case.
Equations (6.3) and (6.4) give the resulting tted power equations for when side-thrusters
are disengaged and engaged, respectively.the forward airspeed in m/s aftis in units

of Watts.
%> opg 4s= 0 *0134+3 14185+2 124668+ , 106208 (6.3)

Y%pp as= 0 *0088+3  0660+2 64479 . 105091 (6.4)
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The' 2 value for when the pusher was disengaged was 0.660, indicating a marginal third-
order t. This was the closest trend achieved and the weakness in the trend is most likely due
to power and air sensor noise, especially when the vehicle was at increased pitch attitudes.
The ' 2 value of the non side-thruster case was 0.776, providing a slightly better trend
approximation than the pusher case. The air sensor noise was expected to be lower in this
case as the vehicle was pitched signi cantly less at higher speeds. Figure 6.13 displays the
power curves from each test case. The dashed lines represent a 95% prediction interval of
the data.

Figure 6.13. Mosquito-Hawk Solar Array Power vs. Speed

The minimum predicted cruise- ight electrical power required was 69.97 W when the
side-thrusters were disengaged, occurring at a minimum-power airspeed of 6.0 m/s. The
minimum pusher-engaged power required was 87.95 W, occurring at an airspeed of 5.5 m/s.
The vehicle is predicted to require more power while using side-thrusters until reaching
an airspeed of 13.1 m/s. At airspeeds higher than 13.1 m/s, less power is required to
use side-thrusters. At the maximum airspeed tested without the use of side-thrusters (18
m/s), the pusher-disengaged power required was 184.034 W and the pusher-engaged power
required was 150.73 W, representing a power savings of 19.9% while using side-thrusters.
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Furthermore, these results were achieved without any testing conducted to optimize motor
or propeller e ciency. It is suspected that an ine cient pairing was used as the design
decision was only driven by geometric sizing constraints. If this e ciency is increased, it

is expected that even more power saving may be achieved when using side-thrusters and
perhaps the speed at which it becomes more bene cial to use side-thrusters can decrease.
The objective in adding side-thrusters to Aqua-Quad was to increase the top-speed capability
and e ciency. These results prove that the additional motors reduce the power required for
cruise ight at higher speeds.

6.2.4 Vertical Motor Power Results

An analysis of the individual vertical motors yields better insight to the motor power

distribution in cruise ight. The theory discussed in Chapter 2 indicates that the vertical
motors should experience an e ciency increase when driving the pitch to zero due to
an increase in e ective translational lift. Twin rotor interference theory also predicted a
large power penalty in the rear motors from front-rotor wake interference. Studying the
individual vertical motors can provide better insight to inform design decisions, such as
motor placement, for future iterations of Aqua-Quad.

A hover test was conducted prior to cruise ight operations to provide comparative data
to cruise ight. Sensors on each motor provided low delity measurements of voltage and
current, and thus hover PWM values were analyzed as benchmark performance parameters.
Table 6.2 lists the average hover PWM value of each vertical motor.

Table 6.2. Hover PWM Values

Motor Location | Average Hover PWM
Front Right 1362
Front Left 1412
Back Right 1415
Back Left 1416

The hover test revealed a bias in the front right motor, requiring signi cantly less PWM
than the others. In hover, all motors should demand the same PWM to balance the vehicle.
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Originally it was thought that this may be due to a slight wind encountered during the
hover tests, but the hover test was repeated indoors and yielded similar results. The center
of gravity was also thought to possibly bias the motors, but is relatively in the center of
the four motor-arms and thus would not in uence the bias to the magnitude exhibited. It is
believed that the motor may be mounted at a slight angle requiring more torque in hover, or
that the sensors of the front right motor are faulty. Not knowing the exact cause of bias is
relatively inconsequential, but yields that only the left motors should be compared against
one another. The front left and aft right motor will be used in all further analysis.

RPM was chosen to analyze power due to the power sensors on each individual motor not
having high enough resolution to make reliable conclusions from their readings. A deeper
explanation for using RPM as a power parameter is found in Chapter 4. The raw cruise-
ight RPM as a function of airspeed for the front-left and back-left motors of the vehicle is
shown in Figures 6.14 and 6.15, respectively. The data displayed captures both the upwind
and downwind legs, accounting for headwinds and tailwinds. Crosswinds are inherently
averaged by reciprocal legs.

Figure 6.14. Raw Cruise-Flight RPM Figure 6.15. Raw Cruise-Flight RPM
as function of Airspeed as function of Airspeed
(Front-left Motor) (Back-left Motor)

The raw data show agreeable RPM values between the two test conditions (pusher engaged
and disengaged) up to airspeeds of approximately 10 m/s. As the vehicle ies faster than 10
m/s, the RPM of the pusher-engaged ights is noticeably lower than the RPM of the pusher-
disengaged ights. As expected, the back left vertical motor demanded more RPM than
the front at all airspeeds. The curve- tted RPM vs airspeed relationship for both the front
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and back left motors (while the side-thrusters were engaged and disengaged) is displayed
in Figure 6.16. All trends were tted using a third order polynomial. Noise within the
measurements ranged 1500 RPM so the exact values of RPM are of less importance than
the general trends displayed.

Figure 6.16. Fitted Mosquito-Hawk Mock Solar Array Cruise RPM vs.
Airspeed Relationship

The RPM for both motors was predicted to be lower when side-thrusters were engaged at all
airspeeds above 8 m/s. The e ects of translational lift are apparent in both test cases with
a visible power 'bucket’; however, it appears that the bene t of e ective translational lift

is extended to higher airspeeds when the pusher is engaged. The pusher-disengaged RPM
follows an exponential relationship with an increase in airspeed. This severely degrades
power performance at high speeds. The theory in Chapter 2 suggested that twin rotor
interference should increase the induced power of the rear motors by a factor of 2 to
produce the same thrust. At the maximum airspeed tested of 20 m/s, while the side-thrusters
were engaged, the RPM of the rear motor was 6614 and the RPM of the front motor was
4895, yielding a di erence of 29.87%. The rear motor still must work harder than the
front, but the performance was not degraded as much as theory suggests. These ndings
indicate that o setting Aqua-Quad's rear motors vertically from the front may improve the
performance of the rear rotors as there would be less wake interference.

The decrease in vertical motor RPM supports the total system power decrease exhibited at
high speeds. The streamlined Mosquito-Hawk tests in Chapter 4 exhibited similar behavior
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in the vertical motors, but there was no power savings when using the pusher motors at any
airspeed. Unlike the streamlined Mosquito-Hawk tests, the vertical motors in these tests
bene t from not counteracting the negative lift on the mock solar array and are unloaded
more in cruise.

6.2.5 Normalized Cruise PWM

Analyzing the cruise- ight PWM signal values of each vertical motor provides further in-
sight to the loading of each motor, speci cally in showing how much throttle was demanded
of each motor. The motors did not have sensors capable of measuring torque, which would
be the best parameter for analysis. While PWM is not the a perfect means of capturing
motor loading, it still provides useful insight to the cruise- ight demands of each motor.
The hover ight PWM values from Table 6.2 were used to normalize the cruise ight PWM.
Through dividing the cruise ight PWM by the average hover ight PWM, a gure of merit
was then created where the cruise throttle demanded could be shown as a percentage of the
hover demanded. The cruise- ight normalized PWM as a function of forward airspeed for
the front-left and back-left vertical motors is modeled in Figures 6.17 and 6.18, respectively.
The dotted lines display the 95% prediction interval of the tted data. When the normalized
PWM is equal to 1.0, the same PWM value was demanded in hover and cruise. When the
normalized PWM was greater than 1.0, the vertical motors required more throttle in cruise
than hover.

Theoretically, each curve should pass through a normalized PWM equal to 1.0 on the y-axis
of each plot. The trend lines predict y-intercepts near this value but do not align perfectly.
Explicitly enforcing the y-intercept of the curve- t could potentially yield a more accurate
zero-airspeed predicted normalized PWM value; however, it would inaccurately bias the
data obtained at low-speeds as little ight data was recorded at these speeds. As a result,
only airspeeds of 4 m/s and above are displayed and were used for analysis.
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Figure 6.17. Normalized PWM Figure 6.18. Normalized PWM
as function of Airspeed as function of Airspeed
(Front-left Motor) (Back-left Motor)

The front-left motor, on average, required less PWM than hover at almost all airspeeds
tested. This supports that the front motor operates in a perpetual regime bene ting from
translational lift. At the maximum airspeed achieved without engaging the pusher motors
(18 m/s), the front-left motor required 1.22 times the PWM as hover. This decreased to
0.998 when ring the side-thrusters. It can be concluded that at high cruise speeds, the
front vertical motors will require the same throttle percentage as in hover, indicating that
they only need to produce enough lift to counteract the weight of the vehicle. The back-left
motor requires slightly higher PWM than hover at most airspeeds. At airspeeds of 11.1 m/s
to 13.8 m/s slightly less PWM is required in cruise than hover. Despite, not necessarily
decreasing the required PWM of the aft motor to levels below hover, a similar trend to
the front motor was exhibited at the maximum cruise speed achieved (18 m/s). When the
side-thrusters were disengaged the aft motor required 1.24 times the PWM of hover, and
while the side-thrusters were engaged, it only required 1.07. The aft motor exhibited a lower
normalized PWM while using the pusher motors at airspeeds above 6 m/s. These results
suggest that the addition of side-thrusters is successful in reducing the loading required in
cruise to levels required to sustain hover ight, and at most speeds, operating side-thrusters
reduces the vertical motor loading to levels slightly below hover. These results have been
produced with a vehicle not fully optimized for e cient propeller-motor combinations. It

is expected that even higher e ciencies in cruise could be achieved with better propulsion
components.
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6.3 Performance Conclusions

The Lua secondary controller script proved to be successful in regulating the vehicle pitch
attitude up to ground speeds of 13 m/s (approximately an airspeed of 18-19 m/s), where
the side-thrusters then became saturated. The controller exhibited behaviors which may be
improved, such as improving the average rise time of 15-20 seconds and reducing steady-
state pitch oscillations. Steady-state oscillations were present when the side-thrusters were
disengaged so the oscillations exhibited while the side-thruster was engaged may be a result
of poor vehicle tuning rather than poor secondary controller performance. Further analysis
should be conducted in future research to better tune the vehicle and controller. Despite
these known improvements, the controller's performance is satisfactory for the Aqua-Quad
mission set and is recommended to be integrated on-board Aqua-Quad.

The addition of side-thrusters and integration of the controller proved to signi cantly reduce
the pitch required in forward cruise ight when compared to regular quad-copter ight. At
an airspeed of 17.12 m/s, the maximum airspeed achieved in convectional quad-copter
ight, the side-thrusters reduced the pitch attitude required in cruise from 22.27 degrees to
zero.

At high airspeeds, it was more e cient to operate the vehicle while using side-thrusters.
Flying the vehicle with side-thrusters yielded a power savings at airspeeds above 13.1
m/s. Operating the vehicle with side-thrusters, at the conventional quad-copter's maximum
speed, required 19.9% less power than while ying conventionally. It is expected that the
small pusher propellers and motors used on the vehicle operate at low e ciencies. These
results were achieved despite the predicted low e ciencies and the power savings when
implemented on-board Aqua-Quad are expected to be signi cantly greater.

The addition of side-thrusters and reduction of pitch attitude enabled the vertical motors
to operate in a state perpetually bene ting from translational lift. At almost all airspeeds
tested, the front motors required slightly less throttle in cruise than while in hover. The
vertical motor RPM required was signi cantly reduced at higher airspeed while operating
the side-thrusters. Itis recommended that the aft vertical motors are displaced laterally from
the front to reduce the e ect of twin rotor interference.

The maximum vehicle cruise speed was slightly increased while using side-thrusters; how-
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ever, testing was only conducted slightly past the operating point of pusher saturation. The
maximum airspeed is expected to be signi cantly increased if the vehicle is allowed to pitch
forward and use the available power of the vertical motors in addition to the pusher motor.
Findings show that the vertical motors were nowhere near saturation while the pusher was
engaged and have signi cant available power.
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CHAPTER 7:
Conclusions and Follow-On Research

Recommendations

7.1 Conclusions

This research was conducted to determine the feasibility of adding side-thrusters to the con-
ventional quad-copter motor architecture with an application to the Aqua-Quad unmanned
aerial vehicle. The goals of implementing side-thrusters were to reduce the cruise- ight
pitch attitude required, reduce the cruise- ight power required, and increase the vehicle's
maximum cruise speed. These goals were successfully achieved for a sub-scaled version of
Aqua-Quad and the results of this study yield the following primary conclusions:

1.

Side-thrusters were successfully integrated onboard a conventional quad-copter and
could be operated externally of the existing quad-copter rmware without any modi-
cations being made to the rmware; the existing quad-copter rmware was able to
maintain control authority through all ights.

The side-thrusters were successfully operated autonomously, in conjunction with nor-
mal ight operations, through a secondary controller implemented using ArduPilot's
Lua Scripting capability. Lua Scripting proved to be an e cient means of rapidly
prototyping and testing the side-thruster control law.

The side-thrusters e ectively controlled and eliminated vehicle pitch during cruise
ight until the pusher motors became saturated at an airspeed of 18.9 m/s. At the
maximum cruise speed achieved by the conventional quad-copter, the side-thrusters
reduced the cruise- ight pitch attitude required from 22.27 degrees to zero degrees.
Side-thrusters provided no power bene t when being operated on a streamlined quad-
copter; however, when operated on the vehicle con gured with a mock-solar array, the
use of side-thrusters enabled the vehicle to require less power at high airspeeds (above
13 m/s). At the maximum airspeed achieved in conventional quad-copter ight, the
side-thrusters reduced the power required for cruise ight by 19.9%.

The maximum cruise airspeed of the vehicle was successfully increased with the use
of side-thrusters.
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7.2 Recommendations
The recommendations for future related research are as follows:

1. Hobbyist-grade components, such as motors and ESCs, were used for testing. The sen-
sors onboard these components are known to exhibit signi cant measurement noise.
It was determined in testing that the individual motor voltage and current sensors
yielded results with too low delity from which to draw accurate conclusions. It is
highly recommended that secondary sensors or other means of measuring individual
motor parameters are implemented on board the vehicle in future tests.

2. The performance of the controller was satisfactory for Aqua-Quad mission require-
ments, but marginal from a controller performance standpoint. Testing in this study
was mostly concerned with the feasibility of the controller, rather than its performance.
A full control engineering analysis of the controller performance is recommended to
ensure the controller is optimized.

3. Further testing should be done to properly tune the mock-solar-array con gured
vehicle to reduce steady-state pitch oscillations. The secondary controller should then
be re-tuned to meet desired performance metrics.

4. Lua Scripting operates as a secondary process on the vehicle's autopilot. The refresh
rate of the controller script was left intentionally longer (2 Hz) to not saturate system
memory. Tests should be conducted to determine the minimum allowable sampling
rate of the controller.

5. The controller featured a user-de ned pitch tolerance to account for measurement
noise. It is suspected that the pitch tolerance may introduce lag into the system and
poorly in uence controller behavior. The inclusion of the pitch tolerance parameter
or magnitude of what it is set to should be further explored.

6. The desired pitch attitude of the vehicle was set to 0 degrees. Further research should
be conducted to determine if this is the optimal pitch attitude or if a slight pitch up or
down yields more e cient cruise ight.

7. Tests were conducted on a sub-scale version of Aqua-Quad with a mock solar array
that is smaller than what will ideally be used on the nal vehicle. Testing should
be conducted to determine the e ects of implementing a larger array onboard the
sub-scale vehicle.

8. The full scale Aqua-Quad has not yet been tested with additional side-thrusters or the
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associated controller. It is recommended that these components should be integrated
onboard and tested on the full-scale vehicle.

. Lua Scripting proved to be a reliable means of rapidly prototyping additional vehicle
capabilities. It is recommended that quad-copter rmware be augmented to add the
secondary pitch controller on the production grade Aqua-Quad vehicle. Lua scripting
is e ective in rapid prototyping, but due to its known limitations, it is not ideal for

use on a nal product.
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APPENDIX A:
Induced Power Script

The following MATLAB script was used to calculate the induced cruise speed power found
in Chapter 2.

% Written by ENS Sam Nafus
% Script Models the cruise power prediction of Aqua-Quad

%% Workspace Clean Up
close all

clear all

clc

%% Constants
load data.mat

T = data(3,:);

AOA = 1l1l.*data(1,:);

V = data(2,:);
constants.rho = 1.225;
constants.A = 0.0375;

for i = 1l:length(V)
[vi(i)] = fsolve(@(vi) evalFunction(vi, constants,T(i),AOA(i

), V(i), 1);
P() = T@)*(V(Q)* sin(AOA(i))+vi(i));

end

figure(1);

hold on

plot(V,vi, " LineWidth ' ,2)

xlabel( ' Forward Airspeed (m/s) ', FontSize=13); ylabel(
Induced Velocity (m/s) ', FontSize=13)
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figure(2);

hold on

plot(V,P, ' Color" ["#A2142F", ' LineWidth ' ,2)

ylim([0 10])

xlabel( ' Forward Airspeed (m/s) ', FontSize=13); ylabel( ' Total
Power (W), FontSize=13)

function [evalFun] = evalFunction(vi, constants,T,AOA,V)
rho = constants.rho;
A = constants.A;

evalFun = T / (2*rho*A*sqrt( (V * sin(AOA)+vi)"2 + (V*cos(
AOA))"2)) - vi;
end
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APPENDIX B:
Phase | Testing Data Extraction

The data used for analysis in Chapter 4 was extracted according to the following gures,
where the ltered cruise leg is the extracted data.

Figure B.1. Processed Ground Speed Figure B.2. Processed Ground Speed
Leg 1, No Pusher Leg 2, No Pusher

Figure B.3. Processed Ground Speed Figure B.4. Processed Ground Speed
Leg 3, No Pusher Leg 1, Pusher
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Figure B.5. Processed Ground Speed Figure B.6. Processed Ground Speed
Leg 2, Pusher Leg 3, Pusher
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APPENDIX C:
Pitch Attitude Controller Lua Script

The secondary controller used to autonomously operate the vehicle side-thrusters was
implemented using the following Lua script:

local gains = {

Kp = 0.30,
Ki = 0.2,
Kd = 0.0

}

local throttle = {

chanl = 4; -- changes channel +1 in ardupilot sim and pixRacer
Pro

chan2 = 5; -- changes channel +1 in ardupilot sim and pixRacer
Pro

chanlPWM = 0;

chan2PWM = 0;

}

local turnOnSwitch = {
chan = 7;
onPWM = 1600;
currentPWM = 0;
}
-- safety parameters
local speed_TurnOn = 4-- m/s
local minPWM = 1000
local maxPWM = 2000

-- desired parameters

local desiredPitch = 0.00 -- deg
local pitchTolerance = 0.5 -- deg
local sampleTime = 0.5 -- sec

-- PID initial parameters
local integralError = 0
local prevError = 0
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local deg2pwm = 32.357
local controlPWM = 1000

local first = {
script = true ;
PID = true ;
turnOn = false ;

}

local wasSaturated = false

-- Reoccuring function to run PID
function update()
local ground_speed = gps:ground_speed(0)
-- ground_speed = ground_speed - O
-- gcs:send_text(5, "Ground Speed: ".. ground_speed)
local modeNum = vehicle:get_mode()
-- modeNum = modeNum-0
-- gcs:send_text(5, "mode:

. modeNum)
turnOnSwitch.currentPWM = rc:get_pwm(turnOnSwitch.chan)

if turnOnSwitch.currentPWM > turnOnSwitch.onPWM and

first.turnOn == false then -- sends text for turn on
switch being flipped
first.turnOn = true
gcs:send_text(5, "Turn On Swich: Engaged")
elseif  first.turnOn == true and turnOnSwitch.currentPWM <
turnOnSwitch.onPWM then
first.turnOn = false
gcs:send_text(5, "Turn On Swich: Disengaged")
end
-- checks for arming, velocity threshold, and auto mode to be
turned on
if (arming:is_armed() == true ) and (ground_speed>=
speed_TurnOn) and (modeNum == 3) and (first.turnOn == true
) then
if first.script == true then
gcs:send_text(5, "Pusher Script Entered" )
first.script = false
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end

local pitch = math.deg(ahrs:get_pitch())
local pitchError = desiredPitch - pitch
-- gcs:send_text(5, "Pitch Error: ".. pitchError)

throttle.chanlPWM
throttle.chanl)

throttle.chan2PWM
throttle.chan?2)

SRV_Channels:get_output_pwm(

SRV_Channels:get_output_pwm(

-- Initiates PID if pitch error is outside accepted

error
if math.abs (pitchError) > desiredPitch + pitchTolerance

then

if first.PID == true then

gcs:send_text(4, "PID Running")
first.PID = false

end

-- PID errors

integralError = integralError + (pitchError *

sampleTime)

-- gcs:send_text(5, integralError)

local derivativeError = (pitchError - prevError) /
sampleTime

local controlSig_deg = (gains.Kp * pitchError) + (
gains.Ki * integralError) + (gains.Kd *
derivativeError)

prevError = pitchError

-- Control Signal

local controlPWM = math.floor (controlSig _deg *
deg2pwm + 1000)-- floor function rounds down to
nearest int value

-- Check if motor is saturated or off and cap upper
limit to 2000 PWM or lower limit to 1000 PWM
if controlPWM >= maxPWMhen
if wasSaturated == false then
gcs:send_text(4, "Pusher Saturated" )
wasSaturated = true
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end

controlPWM =

maxPWM

elseif controlPWM < minPWNMhen
controlPWM = minPWM
gcs:send_text(4, "Pusher off" )

end

-- Sets the Pusher motors to control signal

SRV_Channels:set_output_pwm_chan(throttle.chanl,

controlPWM)

-- gcs:send_text(5,
SRV_Channels:set_output_pwm_chan(throttle.chan2,

controlPWM)

-- gcs:send_text(5,

end -- end of PID

else -- else if safety

SRV_Channels:set_output_pwm_chan(throttle.chanl,

"Output PWM set (PID)")

"PWM set at: ".. controlPWM)
if statement

checks are NOT met

minPWM)

SRV_Channels:set_output_pwm_chan(throttle.chan2, minPWM)

integralError = 0

if first.PID == false then
gcs:send_text(5, "PID: Disengaged" )
end
wasSaturated = false
first.PID = true
first.Script = true
end -- if arming on
return update, 500
end

gcs:send_text(5,

-- Call update function periodically

return

update, 500
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APPENDIX D:
PID Tuning Pitch vs. Time Figures

The pitch-time results of the PI tuning tests from Chapter 5 are displayed in Figures D.1-D.8.
Each gain, pitch tolerance, and ground speed is shown on the gures. Each line corresponds
to a cruise-leg in a given ight. The data have been smoothed using MATLAB's lowess
smoothdatdunction.

Figure D.1. PID Tuning Figure D.2. PID Tuning
Pitch Angle Time History, Test 1 Pitch Angle Time History, Test 2
Figure D.3. PID Tuning Figure D.4. PID Tuning
Pitch Angle Time History, Test 3 Pitch Angle Time History, Test 4
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Figure D.5. PID Tuning Figure D.6. PID Tuning

Pitch Angle Time History, Test 5 Pitch Angle Time History, Test 6
Figure D.7. PID Tuning Figure D.8. PID Tuning
Pitch Angle Time History, Test 7 Pitch Angle Time History, Test 8
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