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restoration effects of the IDMP. . . . . . ... ... ... L.,
Horizontal wind speed (left) and direction (right) profiles of the Copter-
Sonde, DWL, and radiosonde up to a height of 1500 m AGL. The 10 m
wind measurement of WOMT at takeoff time was included as a refer-
ence. The offset seen on the DWL wind direction is due to the poor
measurement of the true heading of the DWL using an external com-

PASS. . e e e e e

Example skew-T log-p plot of temperature (red line) and dewpoint
(green line) generated from a single CopterSonde flight. The surface-
based parcel process curve is also included (black line). A hodograph in
the upper right corner shows the wind speed and direction over height.
Also included are some basic thermodynamic air parcel properties and
a map of where the profile was measured. The map was generated us-
ing the open-source Basemap package, which references the Generic
Mapping Tools dataset for state borders [134]. . . . . .. .. ... ...
Example plot of the temperature evolution over time with contour lines
up to a height of 914 m. Each CopterSonde profile was separated by
about 15 min and denoted by vertical dashed lines. The contours and
color fill were produced by interpolating each observation level in time,

resulting in a rectangular time-height cross-section. . . . . . . . . . ..
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5.3

54

5.5

Left image: OU-CASS team in the island of Hailuoto, Finland, show-
casing the UAS equipment used for the ISOBAR field campaign in
February 2018. Right image: Front view of the CopterSonde 2 de-
ployed outside in the freezing environment. This platform was the im-
mediate successor of the CopterSonde-1 and the first design attempt
toward the CopterSonde-3D concept. The custom integration of the
WVEM and weather sensors into the autopilot were first introduced in
thisversion. . . . . . . . . . . L
Left image: OU-CASS member flying the CopterSonde-2.5 in the San
Luis Valley, Colorado, and capturing atmospheric observations for the
LAPSE-RATE field campaign in July 2018. The platform successfully
flew in an altitude range of 2300-3210 m AMSL for 5 consecutive days.
Right image: Front-side view of the CopterSonde-2.5 developed after
ISOBAR and first deployed during LAPSE-RATE. The CopterSonde
shell was substantially redesigned and streamlined in this version while
adding modularity to the payload and other components. . . . . . . ..
Time-height profiles of wind speed collected using a CopterSonde-2.5
UAS and CLAMPS Doppler wind lidar during an uninterrupted 24 hrs
operation at KAEFS on 5 October, 2018. The colored background
corresponds to wind data from CLAMPS DWL, whereas the vertical
lines represent CopterSonde profiles, and green dots denote the maxi-
mum altitude reached. It can be seen that the maximum height of the
CopterSonde decreased as the low-level jet stream intensified through
the night. A post-analysis revealed that the CopterSonde withstood a

maximum wind speed of 22.5 m s~ 1. The image was taken from [110]. .
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5.6 Picture of the CopterSonde-3D and the PIC in action nearby an on-
coming squall line of thunderstorms taken during PERILS 2022 field
campaign. Three CopterSonde-3Ds were deployed during PERILS, and
each was strategically located at a different site in the southern region of
the United States. The flight ceiling approved by the FAA and NOAA-
OMAO was 1524 m (5000 ft). However, the maximum altitude reached

by the CopterSonde-3D was just below 1000 m due to extremely high
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Abstract

The call for creating new innovative meteorological instruments to help fulfill observa-
tional gaps in the atmospheric sciences has been gaining strength in the past few years.
This comes along with the urgent need to increase the understanding of fast-evolving
atmospheric processes to subsequently provide accurate and reliable weather forecasts
in a timely manner. The increased interest in obtaining atmospheric observations with
higher spatio-temporal resolution pushed scientists to begin exploring and harnessing
new leading-edge engineering technology. For instance, affordable and accessible Un-
manned Aircraft Systems (UASs) technology emerged within this timeframe and has
since evolved rapidly. Many researchers and institutions have agreed that UASs are
promising technology candidates for targeted in situ weather sampling, which has the
potential to meet the stringent meteorological measurement requirements. However,
the current market has shifted and shaped UASs for other applications that may be un-
suitable or suboptimal for weather sampling. Special considerations were examined in
this study to conceptualize a specialized weather UAS (WxUAS) capable of collecting
reliable thermodynamic and kinematic measurements. While also performing similarly
to conventional weather instruments, such as radiosondes, Doppler wind lidars, and me-
teorological towers, as well as providing a complementary role whenever measurement
limitations arise.

Therefore, given that the exploration of integrating weather instrumentation into

UAS is rare, it is hypothesized that atmospheric measurements of a modified multi-
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copter UAS that minimizes platform-induced errors can fill the thermodynamic and
kinematic data gap in the planetary boundary layer (PBL). The proposed solution is
a UAS-based in situ vertical profiler system, dubbed the CopterSonde, with necessary
weather instrumentation, adequate sensor placement, and useful flight functions for
optimal sampling of undisturbed air. This solution attempts to provide a holistic Wx-
UAS design where the UAS itself was adapted to become not just a payload carrier but
also part of the weather instrumentation system. Flow simulation studies backed with
observations in the field were used to address sensor siting and mitigate sources of ther-
modynamic errors. Moreover, techniques for thermodynamic measurement correction,
adaptable flight behavior, and 3D wind estimation were implemented using the experi-
mental CopterSonde concept with results comparable to widely accepted conventional
weather instruments. Additionally, the platform reliability was successfully demon-
strated in different challenging environments, from freezing temperatures in Hailu-
oto, Finland, to high elevations in Colorado, USA. A robust concept of operation and
decision-making algorithms were established to ensure safe flights during demanding
field campaigns. As a result, the National Oceanic and Atmospheric Administration
(NOAA) in the USA has recognized the CopterSonde as part of the approved UAS fleet
for NOAA-related missions.

Overall, the engineering advances shown in this work helped to produce an op-
timized UAS capable of collecting targeted and reliable weather observations. Even
though the CopterSonde is an experimental design, this work can be used as a guide-

line to define future standards for WxUAS development and deployment.
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Chapter 1

Introduction

1.1 Motivation

There has been growing interest in the development of unmanned aircraft systems
(UAS), also informally known as drones or remotely piloted aircraft systems (RPAS),
for academic research and industrial applications. This is mainly due to the emergence
of a new commercial sector focused on UAS applications driven by recent advances
in the automation of robots, affordable construction materials, and new building tech-
niques specifically for UAS. Consequently, it increased the quality and speed of UAS
prototyping for a large number of applications. As a result, new opportunities have
emerged to explore novel solutions in different fields such as agriculture, land survey-
ing & surveillance, package delivery, and others [3]. These types of applications seem
to be predominant in the UAS market, which, as a result, made manufacturers pro-
duce UAS designs optimized for such applications. Whereas UAS focused on weather
applications was found to be extremely rare.

In the meteorology field, severe thunderstorms with hail and wind, tornadoes, ex-
treme rainfall and floods, tropical storms, ice storms, heavy snowstorms, and blizzards
cost billions of dollars every year to the U.S. economy alone [4-6]. Severe weather

aggravated by climate change [7, 8] impacts biodiversity [9], food production [10, 11],



supply chain [12], and public health [13], particularly for vulnerable populations [14].
To reduce negative repercussions on society and infrastructure, weather researchers
have been insisting on and encouraging the development of novel methods of mon-
itoring Earth’s atmosphere [15]. For instance, the introduction of UAS for weather
studies which many scholars believe is a suitable candidate technology to fill the exist-
ing in situ observational gap present in the lower atmosphere. Recent advances in UAS
technology have enabled researchers to perform controlled and targeted atmospheric
soundings, which helped create momentum in the community to initiate further devel-
opments and studies [16]. Moreover, the National Weather Service (NWS) released a
strategic plan in 2019 encouraging weather scientists to begin harnessing new cutting-
edge science, technology, and engineering to provide the best possible observations,
forecasts, and warnings [17]. Even the National Severe Storm Laboratory (NSSL) has
envisioned the integration of large amounts of weather data from multiple sources and
scalable to future measurement techniques, a project known as Multiple Radar/Multiple
Sensor (MRMS) [18, 19].

With the advent of weather data acquisition using UAS together with the newly es-
tablished challenge in modern meteorology research, several recent collaborative field
experiments have encouraged researchers and engineers to start characterizing and as-
sessing UAS for measuring weather parameters and identify the challenges for improv-
ing weather measurements using UAS [20-23]. This initiative led to the development
of many innovative UAS designs for weather sampling [24, 25], and to start envision-
ing future concepts of operations [26] and research communities [27, 28] with a focus
on the application of UAS for meteorological studies. Despite presenting attractive
and unique features, UAS must still undergo several studies and evaluations before
their data get fully integrated and assimilated into the weather forecast models [21, 29,

30]. Moreover, the World Meteorological Organization (WMO) is planning a global



demonstration campaign starting in early 2024 with the purpose of showing the current
capabilities of UAS and measuring their capacity in contributing to meeting operational
requirements, besides analyzing the impacts of UAS data in relevant weather applica-
tions and forecast systems [31].

Nowadays, developing a fully autonomous UAS that can operate with little to no
human intervention seems to be the next big step in the field. However, the airspace over
the United States is regulated by the Federal Aviation Administration (FAA), and their
main mission is to deconflict the airspace and keep the airways safe for air travel [32].
Nonetheless, there is a strong interest from the industrial and scientific communities in
collaborating with the FAA to provide safe solutions with appropriate risk mitigation

for unattended UAS operations in the future [28].

1.2 Problem Statement

The National Academies has initiated and overseen two “Decadal Surveys” over the last
20 years with the goal of generating “recommendations from the environmental moni-
toring and Earth science and applications communities for an integrated and sustainable
approach to the conduct of the U.S. government’s civilian space-based Earth-system
science programs.” [33]. Among these recommendations, it was concluded that vertical
profiles in the planetary boundary layer (PBL) of the Earth are inadequately observed in
both space and time. The 2017-2027 Decadal Survey, released in January 2018, states
“Earth science and derived Earth information have become an integral component of
our daily lives, business successes, and society’s capacity to thrive. Extending this soci-
etal progress requires that we focus on understanding and reliably predicting the many
ways our planet is changing.” [34]. This second Decadal Survey further reinforces

the first one by recognizing boundary layer processes as key to improving weather and



climate models.

The PBL is a dynamic region of the Earth’s atmosphere that experiences rapid
and significant changes in its thermodynamic and kinematic states. Understanding
the atmospheric structures is key for improving numerical modeling, simulations, and
weather forecasts [29]. However, a combination of fine-scale domain models and
higher resolution observations in space and time must be achieved first to advance such
understanding [21]. In 2019, the National Research Council stressed the importance
of creating a nationwide mesoscale network to address the limitations in sampling the
atmosphere [35]. The National Oceanic and Atmospheric Administration (NOAA) has
also released a strategic plan in 2020 where it states the overarching goal is to provide
accurate, reliable, and timely weather forecasts through the development and applica-
tion of fully coupled prediction models [36].

A significant in situ observational gap exists in the lower atmosphere, particularly
in the PBL [33, 37]. While ground-based weather instruments continue to fulfill sci-
entific needs near the surface and provide data with good spatio-temporal resolution,
it is not enough to correctly infer the state of the atmosphere aloft [15]. Radioson-
des are used to complement ground-based measurements; however, these are launched
only twice per day and spaced over hundreds of kilometers apart due to operating costs,
given their lack of reusability. By contrast, UAS are reusable tools that may perform
several vertical profiles in a single day, allowing for increased temporal resolution. It is
known that radiosondes alone are far from ideal for resolving the fast mesoscale evo-
lution and diurnal variability of the atmosphere [21]. Particularly for the prediction
of convection initiation (CI) where the potential instability, moisture, wind shear, and
other atmospheric parameters manifest large spatio-temporal variability [38]. Radar
networks, Doppler lidars, and satellite observations help mitigate the data gap using

remote sensing methods, but at the expense of a few limitations. In general, these
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Figure 1.1: Schematic showing the in situ data gap present in the lower atmosphere.
Conventional meteorological instruments are illustrated with their respective measure-
ment type and range. ABO stands for Airborne Observations using manned aircraft.
Image was taken from [29].

remote-sensing instruments require the presence of scatterers for the estimation of ve-
locity and other limited thermodynamic information. Moreover, satellite observations
of the atmosphere are hard to obtain at a few kilometers above the surface, often even
getting blocked by the presence of clouds and, hence, data sampling becomes coarse
[39]. Figure 1.1 shows a graphical representation of the observational gap together with
the limitations of the aforementioned weather instruments.

To overcome these limitations and remain on the cutting edge, the NWS decided
that the community must sustain and improve the observing system infrastructure with

the implementation of new technologies and measurement techniques while keep ex-



ploiting the current instruments [17]. Therefore, several studies and reports have rec-
ommended that profiles of wind, temperature, and humidity should be obtained with
higher temporal (< 15 min) and spatial (< 100 m in the vertical and < 10 km in the
horizontal) resolutions up to 3 km, or more, into the atmosphere in order to fill up
the “observational data gap” [21, 37, 40]. Moreover, it is clearly stated in [41] that
the full benefit of improved weather forecast models will not be achieved until higher-
resolution meteorological observations become available, along with improvements in
data assimilation.

Consequently, the meteorology community has started considering UAS as a pos-
sible candidate technology for solving the in situ observational gap and fulfilling the
desired and more stringent measurement requirements. In particular, multicopter UAS
offer certain advantages over other types of UAS, as discussed in Chapter 2. Their ca-
pacity for vertical take-off and landing, reusability, and adaptability makes them suit-
able for vertical profiles of the PBL and, thus, obtain weather variables at desired lo-
cations with reduced costs. However, the current UAS market has targeted the UAS
design for other applications that may be suboptimal for weather sampling. The accu-
racy of the weather measurements is subject to several factors, many of them coming
directly from the UAS itself [23, 42]. Therefore, the weather-purposed UAS must be
substantially different from the standard UAS design to meet desired meteorological

observation requirements and mitigate sources of weather measurement errors.

Therefore, this research hypothesizes that the UAS of the multicopter type optimized
for atmospheric sampling is capable of filling in the observational gap with high-

quality in-situ thermodynamic and kinematic measurements comparable to widely

accepted conventional meteorological instruments.




1.3 Literature Review

The idea of unattended and autonomous machines can be associated with Nikola Tesla’s
works which are reflected in his proposals and patent “Method of and apparatus for
controlling mechanism of moving vessels or vehicles” [43]. Tesla deserves credit not
just for inventing the notion and concept of robots but also for predicting a future in
which autonomous flying machines would have extraordinary impacts on commercial
applications. Tesla even describes the potential uses for such concept in the following
excerpt: “Vessels or vehicles of any suitable kind may be used, as life, despatch, or
pilot boats or the like, or for carrying letters packages, provisions, ... for establishing
communication with inaccessible regions and exploring the conditions existing in the
same, ... for many other scientific, engineering, or commercial purposes ...”.

The first recorded attempts at using UAS for atmospheric research go back to the
1970s when Konrad introduced the idea of using hobby-level radio-controlled aircraft
to measure weather parameters in convective days [44]. However, efforts to achieve this
goal diminished at that time due to the bulky and heavy meteorological sensors, besides
the non-existence of autopilot-assisted flights. Despite the extreme technological lim-
itations of the time, their work was a significant step to demonstrate the feasibility of
the concept, show the unique advantages over other conventional instruments, and lay
down operating procedures using UAS.

Since then, new materials and fabrication technologies for weather sensors have
started to surge, allowing for gradual miniaturization of sensors over time [45]. Along
with advances in weather sensing, the development of UAS hinged on the confluence
of critical technologies like flight propulsion, autopilot systems, and autonomous nav-
igation. Consequently, the effort to create UAS with integrated atmospheric sensors

has seen a resurgence in the 1990s [46]. Researchers worldwide have begun modifying



UAS to sample the atmosphere [47—49]. Each had different design characteristics de-
pending on the application, but none truly described the reasons and considerations for
their weather sensor placement onboard the UAV.

One of the first UAS designed for PBL measurements is the Small Unmanned Me-
teorological Observer (SUMO), an autonomous fixed-wing aircraft developed at the
University of Bergen as a cost-effective atmospheric measurement system [25]. The
SUMO was first deployed in 2007, during the FLOHOF field campaign in Iceland, pro-
ducing comparable atmospheric measurement results to conventional radiosondes. The
SUMO is also known to be one of the first open-source UAS to record weather and
flight data through the autopilot. The main disadvantage of the SUMO is its highly
demanding operational requirements, like the need for an ample, open, clear space for
take-off and landing and skillful operators to fly the UAS. Nonetheless, the capabilities
of the SUMO for estimating atmospheric parameters in the PBL were demonstrated to
greatly support the importance of UAS in weather studies [22, 50, 51].

Several other weather UAS concepts for PBL measurements made their appearance
afterward, with more focus on the integration of atmospheric sensors on board UAS and
extensive studies with different configurations [24, 52-54]. This literature collection
is evidence of the many prototypes created in the past few years, which contributed
substantially to advancing the state of the art. Even though many of these works provide
partial solutions to the demands discussed in the problem statement, many questions
remain unanswered regarding the mitigation of platform-induced errors.

Commercially available UAS-based solutions exist today; Meteomatics AG is a
company located in Switzerland that has been developing and offering the weather
UAS “Meteodrone” since 2012 [55]. The company claims that Meteodrone achieved
most of the meteorological measurement specifications required by the community,

and they are en route to becoming global providers. However, the functionalities are



limited to what the company offers, and access to the raw data may not be possible due
to the manufacturer’s trade secrets. This can end up hindering users in their studies,
particularly for research.

Concerning the weather UAS products, there were several documented field cam-
paigns where numerous participants from different Universities and research institu-
tions collaborated in collecting data using various UAS in different weather conditions
[20, 21, 56, 57]. The outcome of these large-scale experiments showed the potential
benefits of using weather data collected with UAS. Especially for data assimilation into

weather models and evaluating the impacts in weather forecasting [30].

1.4 Research Scope

After defining the motivation and problem statement and going over the current litera-
ture. It was found that there are a few aspects in the development of UAS-based weather
instruments that still need proper solutions to better fulfill the atmospheric measurement
requirements and fully exploit the UAS characteristics for optimal weather sampling.

This leads to defining the main goals for this research as follows:

1. Develop a robust UAS-based observation system that minimizes platform errors

for observations of thermodynamic fields in the planetary boundary layer.

2. Develop an affordable UAS-based wind field estimation technique that is not

reliant on expensive, heavy, and cumbersome wind sensors.

3. Expose and analyze the performance of the weather UAS under a variety of

weather conditions.

The preliminary stages of this research involve investigating enhancements to the

standard UAS design that favors the acquisition of high-quality and reliable weather



data. Modifications of the autopilot software and evaluations with simulations were
performed to derive the best flight behaviors for weather sampling. Parallel to this,
the investigation of the best possible location for the weather sensors onboard UAS,
on top of the overall design of the UAS, was conducted using computer-aided design
(CAD) and flow simulation software. The combination of these two analyses creates
a framework that provides the means for evaluating the impact of potential sources of
error, such as heat advection.

Following this, an extensive study on the dynamical model of the UAS body was
performed to estimate three-dimensional (3D) wind fields based solely on aerodynamic
properties and forces acting on the UAS body. This is done in post-processing through
MATLAB scripts, and the algorithm’s performance was validated with comparisons
against Doppler wind lidar measurements.

After establishing the groundwork, the experimental platform underwent several
iterations for design streamlining and improvements. After finalizing a design iteration,
the prototype was evaluated and revised thoroughly during extensive field campaigns
and presented to the community [58—60]. Preliminary results of flight tests and multiple
field experiments with different weather conditions were provided as proof of concept.
The final goal was to give the researchers a UAS platform that can deliver reliable,
consistent, and rich weather products by taking advantage of the design flexibility of
the open-source UAS and fully exploiting its characteristics.

Given that the proposed solution is based on an experimental prototype, there may
be minor weaknesses that could not be fully addressed. Therefore, the last stage of
this research attempts to provide a guide for future work. This includes discussions on
limitations and additional strategies to improve the current weather UAS concept and

operations.
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1.5 Contribution

The main contribution of this work was the thorough study of a UAS-based meteoro-
logical instrument optimized for observing thermodynamic and kinematic weather pa-
rameters. Even though other UAS-based platforms for weather applications exist, the
presented state-of-the-art weather UAS, dubbed the CopterSonde, has unique custom
features specifically designed to exploit the UAS characteristics for acquiring reliable
weather observations. The CopterSonde stands out from the rest thanks to the following

individual contributions:

1. Engineering field:
(a) The integration of weather sensor data and custom flight functions into the
autopilot code opens opportunities for adaptive weather sampling.

(b) The proposal of a localized and modular thermodynamic sensor compart-

ment with a dedicated aspiration system.
(c) The development of reliable 3D wind estimations tailored to the presented
CopterSonde UAS design.
2. Meteorology field:
(a) Introduction of mobile and in situ meteorological UAS instrument for de-
ployment in multiple test sites.

(b) Participation and support in multiple field campaigns exploiting the Copter-

Sonde design.

(c) Facilitation for weather researchers to explore a new paradigm and produce

scientific contributions using weather UAS.
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The overall combination of these contributions makes the CopterSonde UAS be-
come a novel and holistic design for weather sampling. In other words, integrating
weather sensing capabilities into the UAS is becoming seamless. Hence, the system
can only produce the best possible results when working as a whole. The results of this
work helped to create a scrutinized and exemplary UAS platform for weather sampling

that meets desired requirements of the meteorology community.

1.6 Dissertation Overview

The work documented in this dissertation is divided as follows. Chapter 2 provides
an insight into the theoretical background of the standard UAS. This includes a few
design choices for multicopter UAS, such as autopilot systems, types, and geometries,
as well as flight performance analysis and environmental limitations. The chapter also
reviews the goals, requirements, and desired meteorological measurement specifica-
tions for UAS established by the meteorology community, which this work attempts to
achieve. In addition, it also discusses a few basic theoretical concepts of the PBL to
help understand the thermodynamic and kinematic products of the CopterSonde UAS.
An introduction to the weather sensors used and their mathematical models are also
presented.

Chapter 3 presents the conceptualization and design process of the CopterSonde
UAS. It describes each of its components as well as some of the important decisions
made to create a UAS focused on weather sampling. Consequently, optimal weather
sensor placement considerations are discussed using results from flow simulation soft-
ware and supported by observations in the field. Lastly, characterization of the Copter-
Sonde in extreme flight conditions is presented, which led to establishing the design

specification and limitations of the platform.
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Chapter 4 introduces the weather-specific features developed specifically for the
CopterSonde UAS. Techniques for thermodynamic measurement correction, adaptable
flight behavior, and 3D wind estimation were tailored to the CopterSonde design and
implemented. Thorough comparisons against conventional weather instrument mea-
surements, like radiosonde, Doppler wind lidar, and meteorological tower, were con-
ducted.

Chapter 5 shows the results of some field campaigns in which the CopterSonde was
involved and where important enhancements and achievements were made. The chap-
ter summarizes the CopterSonde performance in different field campaigns describing
achievements and design flaws. A few studies are cited as evidence to show the sci-
entific relevance of the CopterSonde during these experiments. A description of the
general concept of operation of the CopterSonde UAS is also shown.

Finally, Chapter 6 summarizes the achievements made using the CopterSonde UAS
since its creation and presents the final remarks and conclusions. A discussion of the

foundation for future work closes this work.
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Chapter 2

Foundational Background

To understand the problem and, subsequently, the proposed research scope presented
in Chapter 1, a description of the concepts and principles involved in UAS design and
meteorological sensor selection must be provided. This is particularly true when asso-
ciated with meteorological applications such as thermodynamic measurements of the
PBL. Therefore, this chapter summarizes the key principles needed to comprehend the
topic better. The following section presents the basic design principles of UAVs, cov-
ering kinematics and dynamics for the multicopter architecture, and describes compo-
nents to create a functional UAS. Subsequently, brief fundamentals of small thermo-
hygrometer sensors are introduced for sensor characterization and measurement cor-
rection. Finally, a short description of the PBL where the proposed UAV was designed

to operate.

2.1 Unmanned Aircraft System Overview

2.1.1 Clarification of Terminology

Recently, there have been several names found in the literature that are being used inter-

changeably to describe unmanned aviation and aircraft. The term “drones” has become
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a standard for flying robots or vehicles controlled remotely or by onboard autopilot
systems. This term is commonly used in the industrial and defense markets and is a
popular term among users worldwide.

However, Unmanned Aerial Vehicle (UAV), Unmanned Aircraft System (UAS),
Remotely Piloted Aircraft (RPA), and Remotely Piloted Aircraft System (RPAS) are
other technical terms typically used in the scientific literature. Throughout this disser-
tation, UAV and UAS are used as the preferred terms. It should also be stated that UAV
and UAS have different meanings and should be clarified to avoid confusion. The term
UAV implies a pilotless aircraft or, in other words, a flying machine without a human
pilot or passengers on board. As a result, the term “unmanned” refers to the absence of
humans who actively control the aircraft, where the control functions can be onboard
or offboard. The term UAS was first introduced by the U.S. Department of Defense
(DoD) and was quickly adopted by the Federal Aviation Agency (FAA) and the Eu-
ropean Aviation Safety Agency (EASA). UAS indicates systems like ground control
stations, communication networks, launch and recovery devices, and the UAV itself.

Given that this work is related to atmospheric studies, the terminology proposed
by [61] has been adopted, which includes the word “weather” (Wx) as an adjective
for UAS to discern other UAS from those explicitly meant for weather sampling. To
be clear, the phrase UAV or WxXUAV refers to the aircraft itself, and UAS or WxUAS
refers to the whole system described above. It is also assumed that the term “weather”

includes clear atmosphere.

2.1.2 Classification

As with any other aircraft, UAVs can be classified according to their design configura-

tion, flight ceiling, degree of autonomy, type of payload, etc. Different entities, such
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as the DoD, FAA, and EASA, have their own classification tables that differ from each
other. There is no unique convention about the classification and guidelines around
these systems, but rather regulations that users must abide by depending on the UAV
flights’ location. Since this project was mainly carried out in the United States, the
FAA regulations were adopted, which define a few UAV design parameters and flight
planning procedures primarily intended for safety. The FAA’s primary mission is to
deconflict the airspace and keep the airways safe. Hence, it is imperative that UAS
operations always comply with the FAA rules. When this document was written, the
FAA Part 107 and Certificate of Authorization (COA) regulations, both issued by the
FAA [62], have been complements to the engineering challenges of this project.

UAVs can be classified in several ways; however, one common separator is the
structure of their lift-producing surfaces. UAVs are divided into fixed-wing and rotary-
wing aircraft based on the most commonly used propulsion and flight methods. Fixed-
wings UAVs, as the name implies, have wings that do not move and are attached to the
body of the UAV. They typically have control surfaces that can rotate, such as ailerons
and rudders, to produce a change of attitude and orientation. Under this arrangement,
lift is created by the aircraft’s forward thrust combined with the aerodynamic shape of
the wing, which produces pressure differential and, hence, lifting force. For rotary-
wing UAVs, the rotor blades rotate at high speed around the central mast, pushing
air downwards and generating vertical lift to keep the aircraft airborne. Rotary-wing
UAVs may have either a single rotor (helicopter) or multiple rotors (multicopter) gen-
erating thrust. One of the main advantages of multicopter UAVs is their simpler rotor
mechanics. This significantly reduces the overall size, weight, and cost of the UAV.
Unlike helicopters with bulky and complex pitch rotors using mechanical linkages,
multicopters have fixed-pitch blades [63]. This allows them to control the flight by

varying the relative speed of their rotor blades. From an economic standpoint, multi-
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copters are more affordable and accessible technology compared to helicopters making

multicopters more attractive for prototyping and research.

2.1.3 Building Blocks of a Multicopter

The many components of a multicopter UAS can be both basic and sophisticated. The
multicopter UAS is often built using numerous modularized components that are gener-
ally highly compatible. On the other hand, it can also be a complicated process because
each component is not completely independent since they link and interact with others
in a complex fashion altering the behavior of the multicopter. Though there are several
ways to construct a multicotper UAS, only a few configurations may be functional for

a given application [64]. As illustrated in Figure 2.1, a typical UAS includes:

1. Autopilot system: The autopilot of a UAS is a combination of hardware and
software that work together to stabilize and navigate the UAV with little to no
intervention from human operators. In general, the autopilot code is run by a sin-
gle microprocessor that handles and operates all data from sensors and command

inputs to produce desired flight behaviors.

2. Sensors and Inertial Measurement Unit (IMU): The autopilot must get informa-
tion about the state of the UAV to run the flight algorithms. The IMU com-
bines the readings of onboard sensors like the global navigation satellite system
(GNSS), accelerometers, and gyrometers, which then supplies the autopilot with

best-possible estimates of the position and orientation of the UAV.

3. Payload: This is the load carried by the UAV, which, in general, is not crucial
for flight functions but for the purpose of the application. Some commonly used

payloads found in the UAS market are cameras and lidars.

17



4. Propulsion: This component is an essential part of the multicopter UAV for mo-
tion. It produces the necessary lifting thrust to keep the UAV aloft. It typically
consists of propellers, actuators (or motors), drivers (or electronic speed con-

trollers), and fuel cells (or batteries).

5. Airframe: The airframe houses all essential components that enable flight, in-

cluding the body’s frame and propulsion. It also gives support to the payload.

6. Ground control station (GCS): the GCS is used to generate flight plans, send
commands to the UAV, and monitor the flight status of the UAV in real-time. It
typically consists of computers, joysticks, and radios. These radios work at one
or more frequencies and are used to communicate with the UAV and take control

if necessary.

7. Communication System: this consists primarily of the wireless link between the
UAV and the GCS. The UAV gathers telemetry data about the vehicle status,
which is sent to the GCS. The GCS displays the received telemetry data and
reports it to the human operator. Besides this, it can also send commands to the

UAV.

8. Launch and Recovery System: Some UAS requires special methods and devices
to launch them into the air and recover after the flight. These systems vary in
complexity based on the desired level of autonomy and human intervention, in-

cluding battery charging, UAV inspection, diagnosis, data distribution, etc.

Figure 2.1 provides a breakdown of the UAS structure into its basic building blocks.
These are the minimum required components to build a functional UAS that can fulfill

the desired application with some degree of autonomy [64].
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Figure 2.1: Diagram of UAS structure and basic building blocks. Each of these el-
ements is crucial for the overall functionality and operation of the UAS. This com-
bination also enables autonomous capabilities in outdoor conditions. The dash lines
represent wireless links.

2.2 Fundamentals of the Atmosphere

To correctly undertake the engineering challenges of this project and address solutions
to the atmospheric measurement needs, it is important to have some basic knowledge
of the atmosphere. At its core, meteorology is Newtonian physics for the atmosphere,
where Newton’s second law governs motion, whereas heat obeys thermodynamic laws,
while pressure and moisture concentration follow equilibrium and conservation laws,
respectively. These known physical processes are used to describe the fluid mechanics

of the atmosphere [65].
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The atmosphere is a complex fluid system that generates chaotic motions and mi-
crophysical processes that are referred to as weather. This chaos and complexity are
caused by the interactions between air masses and various physical processes at dif-
ferent Earth locations. For instance, temperature differences can cause winds to move
around and create pressure differences that can affect the flow and, consequently, trans-
port water vapor and other atmospheric constituents. These processes are known to
be highly nonlinear, contributing to the complexity of the governing equations of the
atmosphere. Despite the complexity of the atmosphere’s behavior, there is still a signifi-
cant understanding of its physical properties thanks to theoretical studies and empirical
relationships found after extensive observations. Field observations are an important
component in weather studies.

The Earth’s atmosphere is divided into layers, each with its unique set of charac-
teristics. By defining H as the geopotential height, these layers are classified as the
troposphere (H < ~11 km), stratosphere (~11 km < H < ~47 km), mesosphere (~47
km < H < ~85 km), and thermosphere (~85 km < H) in this order starting from
the ground and going up to the free atmosphere and interplanetary space [65]. These
values are based on global averages, and local conditions can vary with latitude and
weather conditions. Figure 2.2 depicts the different layers of the atmosphere based on
the vertical temperature distribution. The temperature structure is an accepted way to
differentiate each layer due to the noticeable temperature maximas and minimas that
occur at the transition of each layer. The temperature maximas result from signifi-
cant solar radiation absorption at those heights. Ozone absorbs ultraviolet light at the
stratopause, visible light is absorbed in the ground, and most other radiation is captured
in the thermosphere.

The troposphere is the Earth’s innermost layer of the atmosphere, containing ~80 %

of the entire mass of the planetary atmosphere, ~95 % of the total mass of water vapor
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Figure 2.2: Plot of the different layers of the Earth’s atmosphere based on the vertical
distribution of temperature for typical weather conditions. Image was taken from [66].

and aerosols, and is where most weather developments occur that directly affect life
on Earth. The name troposphere was derived from the Greek words tropos (rotation)
and sphaira (sphere), hinting that rotational turbulence mixes the air, mainly caused by
interactions of the Earth’s surface. The troposphere is generally characterized by its

decreasing temperature over height with a slope of ~6.5 °C km~!, commonly known

as the moist adiabatic lapse rate. The troposphere also has shallow

temperature rises with height instead (or negative lapse rate). Vertical

be significantly restricted inside these so-called temperature “inversions,” giving place

to the formation of a sub-region of the troposphere known as the PBL.

21

0.001

0.01

0.1

Pressure (hPa)

10

100
300

1000

layers in which

mixing seems to



2.2.1 Planetary Boundary Layer

The atmosphere begins at Earth’s surface, the bottom boundary that affects the air im-
mediately above it. The planetary boundary layer is defined as the region of the at-
mosphere in which interactions with the surface are the main influence on atmospheric
properties. The contact between the surface and the air is extremely turbulent, allowing
the air to rapidly absorb properties of the surface underneath it. In fact, the boundary
layer can experience changes within 30 min or less. Depending on the season and the
location on the Earth, the PBL thickness may vary from tens of meters to 4 km or more,
and, in general, it occupies the lowest ~20 % of the troposphere [65, 66].

Over a diurnal cycle, the PBL processes can evolve rapidly, mainly driven by solar
radiation heating the surface of the Earth and modulated by the rotation of the Earth.
This natural mechanism generates intense thermodynamic variations in the lower atmo-
sphere and, consequently, creates a variety of atmospheric structures. The conceptual
model of the PBL depicted in Figure 2.3 is a particular case that shows the different sub-
regions of the PBL: mixed layer (ML), capping inversion (CI), stable boundary layer
(SBL), entrainment zone (EZ), and residual layer (RL) [26]. The free atmosphere (FA)
can be considered decoupled from the PBL because the effects of the Earth’s surface
friction on the air motion are negligible in this region. A sequence of distinguishable
structures or states of the idealized PBL is illustrated and labeled (A-E). The initial state
is (A), which forms at night and has a stable boundary layer and well-mixed residual
layer. Soon after sunrise, the Earth’s surface warms up, and, as a result, it creates and
feeds the ML. The PBL then transitions from the state (B) to state (C) in a matter of
a few hours. As the ML continues to grow, the SBL rises and shrinks, generating the
EZ. However, the short-lived EZ disappears extremely fast, and the RL merges with the

ML, which marks the transition to state (D). The PBL stays as a well-mixed layer for
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the remaining of the day. At sunset, solar radiation diminishes, and the Earth’s surface
begins to cool down, generating the conditions for the development of the SBL. This
marks the end of the diurnal cycle at state (E).

The description of the diurnal cycle helps to visualize the many interactions and
intricacies of the PBL processes, which develop quickly throughout the day. Moreover,
longer timescale variations associated with changing weather patterns are superimposed
on these diurnal cycles. For example, the PBL becomes unstable due to the displace-
ment of cold air mass over warmer regions as a result of a cold front or heat convection
from the ground. These weather phenomena are called frontal and thermal inversions
(FTD), respectively. Regarding storm formation, the PBL supplies a significant portion
of the moisture, instability, low-level wind shear, and force required to create severe
storms with tornadoes, hail, lightning, and high winds. When contemplating the likeli-
hood of convection initiation, forecasters constantly examine moisture advection, and
moisture gradient trends [67]. The storms’ outflows inside the PBL may govern the
severity and duration of severe storms or even create new storms. Observing and un-
derstanding these factors is essential for improving forecasts of severe and high-impact
weather. However, as mentioned in the previous chapter, the PBL properties evolve
rapidly, which makes it difficult to capture its dynamics with existing meteorological
instruments. Therefore, to fully characterize the PBL, it is necessary that measurements
of the atmospheric parameters have sufficient temporal and spatial resolution to capture

the rapid development of the structures [26].

2.2.2 Basic Turbulence Theory

The atmosphere is in a perpetual state of horizontal and vertical motions while con-

stantly evolving day and night. This constant motion in the atmosphere produces nat-
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Figure 2.3: Schematic illustrating the different sub-regions of the idealized PBL during
a diurnal cycle (left). Idealized vertical soundings of temperature at five different times
within the cycle, each presenting discernible structures (right). Image was taken from
[26].

ural thermodynamic variations that usually have a high degree of complexity in time
and space [68, 69]. However, interesting turbulence patterns were discovered through-
out the history of atmospheric sciences, which led to the formulation of methods to
describe these complex variations statistically. For instance, the energy cascade theory
formulated by Kolmogorov is a classic example [70]. This technique can be used to es-
timate the turbulence energy distribution of thermodynamic and kinematic parameters
over a range of spatial scales under locally isotropic conditions.

One technique is Kolmogorov’s turbulence spectra (KTS), which was adopted in
this study as another way of validating results besides the measurement comparisons
with conventional meteorological instruments. The KTS requires particular atmo-
spheric conditions so that the assumptions hold true. Therefore, for the demonstrations
of this study, the selection of PBL conditions was narrowed down to one particular
case: a well-mixed convective boundary layer (CBL) during windy conditions. The
CBL has special atmospheric conditions for evaluating weather sensors on UAVs be-

cause of several theoretical assumptions that can be made when running experiments
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Figure 2.4: Illustration of Kolmogorov’s energy cascade process. The large-scale mo-
tion of air masses injects energy into the atmosphere, which then breaks down into
turbulent eddies transferring energy to a smaller scale. The cascade ends when small
eddies reach the viscous region, dissipating the energy into heat.

and simulations.

The CBL condition is ideal for studying small-scale turbulence and the high-
frequency response of the sensors by means of the power spectrum and the structure-
function analysis. In one of the most extensive experiments conducted by [71], it was
shown that in a turbulent atmosphere with a high Reynolds number R., in the order
of R, > 105, the energy cascade decreases with a -5/3 slope in a logarithmic scale
and then tails off downwards in the viscous dissipation region (Figure 2.4). The ap-
proximate relation between the turbulence energy ®; of temperature and the spatial

wavenumber k of the temperature signal is given by [72]:

Oy (ky) = 0.25C2k~/3, (2.1)

where Cr is the structure-function parameter for temperature. The humidity also has

a similar expression as Equation (2.1) but with a different proportionality constant.

25



Assuming the volume of air sampled by the UAS is locally isotropic, the thermo-
hygrometers should observe a pattern where the spectra approximate the -5/3 slope
line. Assuming that the frequency content of the turbulent eddies is larger than the fre-
quency range of the sensor, then any deviation in the measurement spectra is considered
to be influenced by undesired sensor dynamics or external perturbations.

Moreover, the ratio between large and small spatial scales is approximately given
by I/n = Re** [73]. Consequently, the large separation of scales allows for the
inertial subrange (ISR) of turbulent fluctuations to extend for hundreds of meters in
length, which would be quite difficult to capture with a UAS within a reasonable time.
A workaround to this issue is to assume horizontally homogeneous CBL conditions.
Consequently, turbulence can be assumed to be “frozen” as it travels across a stationary
UAV at a constant speed. This assumption is the so-called Taylor’s hypothesis of the
frozen-field, and it is of great use in calculating the structure-function parameters by
converting temporal measurements into spatial measurements.

The definition of the structure-function can be found in the literature [74—76]. The
physical interpretation of structure-function is the distribution of turbulent energy over
different spatial scales, and it is mathematically defined as a two-point spatial correla-

tion as follows:

D2(r) = (T(x) — T(x +1))% = C2r3, (2.2)

where the overbar represents ensemble averaging, x is the position vector in meters,
and r is the separation distance between two samples in space, also called distance
lag. If the distance lag r is within the ISR, then the structure-function is reduced to
the rightmost expression of Equation (2.2). In the ISR region, the structure-function
follows a 2/3 slope line law in a logarithmic scale. The computation of the structure-

function is straightforward and has relatively fewer theoretical assumptions than the
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conventional spectral analysis [74]. The presented KTS theory and structure-function
analysis were used as an extra validation step of the thermo-hygrometer observations

and technique discussed in Chapter 4.

2.3 Weather Sensors Principle and Modeling - Specific Example

The performance optimization of thermo-hygrometers starts with the available manu-
facturing technologies [45]. Nowadays, the fabrication of sensors is driven by low-cost
circuits, new sensing materials, advances in miniaturization techniques, and modern
simulations. Even though a great part of the sensor’s performance can be optimized
at a hardware level, they still come with limitations. Post-processing algorithms can
partially overcome these limitations in performance, modeling techniques and digital
signal processing being the most popular. For instance, [77] showed encouraging first
results using a simple first-order differential equation to restore signals from a ther-
mocouple and even describing calibration procedures. [78] used non-linear differential
equations based on the Stein-Hart equation for negative temperature coefficients (NTC)
thermistors [79]. Their equations consisted of a lumped formulation for temperature,
which included other factors like thermal radiation and power dissipation. Despite its
high accuracy, the complexity of the model makes it impractical for real-time imple-
mentation, especially on microcontrollers with low computational resources, like some
used for autopilots. Moreover, another study has shown that having a good solar radia-
tion shield around thermo-hygrometers and adequate sensor placement on the UAV can
greatly prevent thermal energy from contaminating the air being sampled [42]. There-
fore, assuming that the external sources of contamination were mitigated, the following
sections provide basic knowledge to start exploring methods for sensor measurement

correction.
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Table 2.1: Technical specifications of the thermodynamic sensors used in this work
according to their respective manufacturers [80-82].

Sensor iMet-XF bead thermistor HYT-271 MS5611
Type Temperature Rel. humidity = Absolute pressure
Sensing element Bead thermistor Capacitor film MEMS?
Dimensions 0.4 mm & 5x10x2 mm 5x3x1 mm
Weight 10 gr 7 gr —

Range -90-50 °C 0-100 % 10-1200 mb
Response time’ <2s <5s < 8.22 ms
Resolution 0.01 °C 0.1 % 0.065-0.012 mb
Accuracy’ +0.3 °C +0.1 % +1.5mb
Sampling rate 10 Hz 10 Hz 10 Hz
Protocol I>C I>C SPI

"at 5 m s~! airflow across and Standard Ambient Temperature and Pressure (SATP).
2 Micro Electro-Mechanical System.

2.3.1 Description of Thermo-Hygrometer Sensors

There was no engineering selection process for this work for the thermo-hygrometer
sensors. Due to legacy decisions and cost constraints, a set of bead thermistors from
InterMet (iMet) [80] systems and HYT-271 capacitive humidity sensor from Innovative
Sensor Technology (IST) [81] were provided as a payload requirement for the develop-
ment of the WxUAS. Table 2.1 shows a summary of the specifications for each sensor,
including the pressure sensor used, which comes with the autopilot board. A useful
feature of the iMet bead thermistor and HYT-271 humidity sensor is their capability
to stream digital data through a communication protocol known as the inter-integrated
circuit (I2C). The I12C protocol is a popular data transfer method among digital micro-
controllers, and it enables communication with peripherals on a single data bus. This is
advantageous when the end goal is to have a more integrated and holistic system, which
will be discussed in the following chapter.

Despite the absence of a formal sensor selection process, these types of sensors are
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considered payload friendly for small UAS, given their compact size and lightweight
characteristics. Commonly used temperature and humidity sensors for UAS are mainly

variants of the bead thermistor type and capacitive type sensors [20, 22].

2.3.2 Thermo-hygrometer Dynamical Model

The key assumption of the models presented in this Section is that temperature and
humidity differences inside the sensing element are comparable to the differences be-
tween the element’s surface and the fluid in direct contact. This means that the internal
geometries of the sensing element can play a significant role in the transient response
of the sensor and, thus, are considered a cause of slow sensor dynamics.

Both temperature and humidity sensors work under similar principles. Basically,
the heat flux (diffusion) inside the sensor’s material will lead to a thermal (water vapor
concentration) equilibrium with the surrounding medium after a finite time. In fact, the
differential equation that describes a great part of their behavior has the same form for

both sensors, which is given by [83]:

(2.3)

8—U—k 82U+82U+82U
ot ox?2  Oy2 022 )

This is called the heat equation for the case of temperature and the diffusion equation
for the case of water vapor concentration. Numerous parameters have an influence on
the response time of a sensor, such as the geometry of the sensing element, the inherent
thermal/water diffusivity of the sensing element, the thickness of the protective layers,
and even the ambient temperature and humidity itself [45]. Equation (2.3) encompasses
most of these characteristics and factors and can be effectively used as a model to
compensate for errors.

In the simulation of solid bodies, the finite difference method is a commonly used
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numerical solution for differential equations involving geometries. Finite difference
equations are powerful tools that can be used to create mathematical models and de-
scribe the behavior of physical systems. The method uses an approximation to the total
derivative given by the slope of a finite interval around a given point. Additionally,
assumptions must be made to reduce the complexity of the model and work within a
linear regime. The dynamics of the sensor can be further studied after deriving the
mathematical model. It can be used to trace back and restore the original signal that
produced the sensor measurements as long as the inverse of the model exists and is

stable [84].

Forward Model of Temperature Sensor

The shape and dimensions of the chosen iMet-XF bead thermistor are shown in Fig-
ure 2.5. The probe’s tip was assumed to be spherical with a radius R = 0.4 mm, ignor-
ing the electrical wires. Given that heat fluxes can propagate in any direction around
the sensor, the problem becomes three-dimensional in space. The spherical symmetry
helps to reduce the degree of complexity of the model significantly, and the equations
simplify to a one-dimensional case along the radius [85]. It was also assumed that
heat energy only propagates radially, being the positive direction from the surface of
the sphere, in contact with the air, to the core where the sensing element is located.
Therefore, the problem can be seen as a heat transfer problem with spatial temperature
gradients inside the thermistor. Applying these assumptions to Equation (2.3) and ex-
pressing the result in spherical coordinates, then the differential equation for the bead

thermistor is given by:

L 0<r<R,t>0, (2.4)

o) (PT 207
ot -« or2  ror
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where the internal temperature 7" is a function of time ¢ and space r, which is the radial
distance from the center to a given point within the sphere, and « is the thermal diffu-
sivity of the material. In order to implement computational algorithms, Equation (2.4)
must be transformed to a discrete system by dividing the sphere into N layers with
thickness Ar = R/N. Then, finite difference method, as defined in Section 2.3.1, was
applied to the spatial derivatives of Equation (2.4), knowing that the boundary condi-
tions are given by T'(R,t) = T, and T'(0,¢). The latter condition is a singularity that
was resolved by applying the L’Hopital rule. Finally, solving for the temporal deriva-

tives, the following system of finite difference equations in space was obtained:

oT N -1 N+1
i B (—QTN + N TN—I) + BTT(W r =R,
(2.5)
T + 1 , — 1
8—=B(LTZ~+1—2TZ'+Z. 71-_1) 0<iAr<R,i=2,..,N—1
ot 7 1
(2.6)
or
— =38(T, =T -0
ot B (T 1) r ,
2.7

where 3 = o/ Ar?. The resultant set of equations is a linear time-invariant (LTT) system

that can be transformed into the state-space representation of the form:

% = Azx + Bu (2.8)
y = Cx + Du, (2.9)

where x is the state variable vector (each element representing the temperature at each

layer), u is the input signal (the temperature at the surface), and y is the output signal
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Figure 2.5: Close-up of the iMet-XF bead thermistor with dimensions and composition.
This the sensing element of the temperature sensor installed on the proposed WxUAS.
Image provided by International Met (InterMet) Systems.

(temperature measurement at the core). The elements of the matrices A and B were

obtained by examining the finite difference equations.

Forward Model of Humidity Sensor

In the case of the HY'T-271 capacitive humidity sensor, the dynamics are mainly pro-
duced by the diffusion of water vapor from the surface in contact with the air into the
sensing element made of a polymer. Figure 2.6 shows the sensing element configura-
tion and the boundary conditions around it. In contrast with the bead thermistor, the
capacitive sensor can be treated as a one-dimensional problem since the water vapor
only exists above the surface of the sensing element, and it propagates in the direction
normal to the surface (inwards is positive).

Horizontal water vapor concentration gradients were considered negligible given
that the thickness of the polymer is small enough to prevent horizontal propagation
[84]. Similar to the bead thermistor case, the differential equation for the capacitive hu-

midity sensor was derived from Equation (2.3) expressed in one-dimensional Cartesian

32



51 mm

Polymer-based capacitive
sensing element

W z'ol

I:I{ eme Boundaries

Figure 2.6: Close-up of the IST HYT-271 capacitive sensor with dimensions (left) and
sensing element configuration (right). The left image was taken from the IST HYT-271
datasheet.

coordinates:
dc(x, t) D¢
! =D——(0<ax< L t>0 2.10
at 8:]:2’ — '/'C — bl - ) ( )

where c is the water vapor concentration in parts per million volume (ppmv), D is the
diffusivity coefficient of the water vapor in the polymer, and L is the thickness of the
polymer. Applying finite difference to Equation (2.10) and following similar proce-
dures as shown in the bead thermistor case, the system of finite difference equations for

the capacitive humidity sensor is:

00 — M2+ exor) + A =L @11
% :)\(CiH—ZCZ-—l—ci_l) O<iAx<L,i=2,..N—-1 (2.12)
dc

E :)\(02—61) x =0, (2.13)

where A = D/Az. Again, the resulting system of equations is an LTI system that can

be transformed into state-space representation. The matrices A and B were determined
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by inspection of the resultant set of finite difference Equations (2.11-2.13).

The finite difference model only takes water vapor concentration as the input signal,
whereas the output of the humidity sensor is relative humidity expressed as a percent-
age. Therefore, the relative humidity must be converted to water vapor concentration

before using the model. The following equations for the conversion were taken from

[86]:

P
—10*H= 2.14
c P (2.14)
Psat = Pa exp(13.3185¢t — 1.9760t% — 0.6445t> — 0.1299t), (2.15)

373.15

t=1-— 2.16
Tair ’ ( )

where H is the relative humidity in percentage, ps,; 1S saturation vapor pressure in
millibars, p, = 1013.25 mb is the standard atmospheric pressure, 7;;, is the tempera-
ture of the surrounding air in Kelvin. The numerical error is less than 0.5 % within a

temperature range of -50 °C and 50 °C.

2.4 Chapter Summary

The call for creating innovative techniques for sampling the atmosphere at high spatio-
temporal resolution has been increasing in recent years. However, performing in situ
atmospheric measurements is a complex problem that spans comprehensive aspects
such as sensor characterization, design of the instrument, and the understanding of
atmospheric processes. A method gradually gaining traction is using UAS as a platform
to carry atmospheric sensors at desired locations for targeted sampling. This work
attempts to bring design enhancements to the conventional UAS and specialize it for

accurate atmospheric measurements. UAS definitions, thermo-hygrometer models, and
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basic knowledge of the PBL were presented in this chapter to show the intricacies
of each subject. Establishing these fundamental concepts should provide links for a

better understanding of the aspects involving atmospheric measurements useful for the

subsequent chapters.
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Chapter 3

Multicopter UAS Design for Atmospheric Sampling

In this work, the conceptualization and initial design of the WXUAS resulted from
a much larger and more ambitious project attempted by the Center for Autonomous
Sensing and Sampling (CASS) of the University of Oklahoma (OU) from 2016 to 2021.
This larger project was referred to as the “3D Mesonet” and revolved around the idea of
expanding thermodynamic and kinematic measurements of the atmosphere above the
Earth’s surface [26]. The ability to capture vertical wind, temperature, and moisture
profiles in the lower troposphere with high spatial and temporal resolution has long
been a desirable feature of operational observing systems worldwide.

Consequently, the proposed solution was to use WxUAS with the capacity of sam-
pling the vertical structure of the PBL and, possibly, the rest of the troposphere as well.
In other words, 2D surface measurements from existing tower-based sensors would
be augmented with profile data from instrumented UAVs launched from a network of
ground stations capable of supporting these activities. As a result, this innovative tech-
nology promises to fill data gaps in the PBL that conventional instruments cannot easily
or economically achieve. It would also detect mesoscale properties unseen before that
are inherent in weather systems. These sounding or profile data may be used to inves-
tigate thermal stratification as well as atmospheric static and dynamic stability, all of

which influence storm genesis and maintenance [29].
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In this chapter, the main topic of discussion is the design process, the implemen-
tation of custom features, and component selection and arrangement to create an ap-
propriate UAV for thermodynamic and kinematic profiling. The latest developments
of an innovative multicopter UAV, henceforth referred to as the CopterSonde, are pre-
sented. Flow simulation results and real measurement comparisons against conven-
tional weather instruments were used to show evidence of the data quality produced
by the proposed WxUAYV design. The flight performance of the UAV is also discussed
based on the design calculations and results from stress flights performed in outdoor

scenarios.

3.1 The CopterSonde Conceptualization

The overall operating concept for the 3D Mesonet imposed specific design constraints
on the WxXxUAV to be employed. Flights should be carried out autonomously or semi-
autonomously, with as little human intervention as possible. Since the focus is on
atmospheric soundings, the CopterSonde must execute a vertical ascent and descent in
a straight line. Therefore, the CopterSonde should include vertical take-off and landing
(VTOL) capabilities, which was accomplished by utilizing a rotary-wing UAV.
Additionally, the CopterSonde design has been driven by meteorological sampling
requirements. These meteorological sampling requirements include the type of mea-
surement and the accuracy of the observations. The 3D Mesonet project was mainly in-
tended to characterize the thermodynamic and kinematic state of the lower atmosphere.
The desired atmospheric parameters were pressure, temperature, humidity, and wind,
with high spatio-temporal resolution compared to other similar instruments, such as ra-
diosondes. Therefore, the CopterSonde must be able to carry the weight of additional

sensor packages for atmospheric sampling in a modular fashion.
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Regarding the desired maximum altitude above ground level (AGL) to be attained
using the CopterSonde, part of the 3D Mesonet project was to do preliminary stud-
ies to examine the potential improvement and impacts that a WxUAS network could
have on Numerical Weather Predictions (NWP) [26]. For this, an Observation System
Simulation Experiment (OSSE) was performed over the state of Oklahoma, assuming
that 110 WxUAS stations were distributed and conducting atmospheric soundings with
a desired flight cadence and maximum altitude. Four study cases, each of them with
WxUAV flights up to 120 m, 1 km, 2 km, and 3 km AGL, respectively, were compared
against the no-WxUAS flight study case. The study concluded that the addition of Wx-
UAV flights up to 1 km was adequate to reliably resolve the vertical structure of the
PBL, and flights up to 3 km were preferred when focusing on severe storm predictions
[87].

For reference, Table 3.1 summarizes the desired variables to be observed using the
CopterSonde with their respective target accuracy and operating ranges. It has to be
mentioned that many of these desired goals were agreed upon by an informal consen-
sus of atmospheric scientists, National Weather Service (NWS) staff, and other experts
in the subject [21, 26]. The specifications of the thermo-hygrometers provided in this
work already claim that such sensors almost fully meet the above-desired requirements
(see Table 2.1 for comparison), provided that they are working within appropriate op-
erating conditions. On that account, a goal of the CopterSonde design is to keep the
onboard thermo-hygrometers working within a nominal regime and prevent unwanted
sources of data contamination from interfering with the sensor measurements. Before
even conceiving the first CopterSonde prototype, it was known that these problems
could arise. Therefore, it was necessary to explore ways to provide adequate ventila-
tion to the sensors, minimize the effects of solar radiation exposure, and make sure that

the sensors were not being impacted by the effects of the UAV itself. However, not all
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Table 3.1: Desired meteorological measurement specifications and operating range
used as a reference for the CopterSonde design. Many of these desired targets were
agreed upon by an informal consensus of atmospheric scientists, National Weather Ser-
vice (NWS) staff, and other experts in the subject [21, 26].

Meteorological variables and accuracies

Parameter Measurement accuracy
Temperature +0.2°C
Relative humidity +5.0%

Wind speed +05ms™!
Wind direction + 5.0° azimuth
Sensor time response < 5 s (preferably < 1 s)

Operational and environmental conditions

Parameter Range
Temperature -30-40 °C
Relative humidity 0-100 %
Max wind speed 0-35ms !
Max altitude AGL > 1000 m

of these problems could be addressed immediately at the beginning of this work due
to the initial low resources, lack of adequate facilities, and the high demand for quick
solutions so that CASS could join and participate in scheduled field campaigns. Conse-
quently, the CopterSonde design approach was initially taken in a provisional manner,
where the first few field campaigns were primarily for identifying engineering chal-
lenges, testing solutions by trial and error, sharing experiences with other institutions,
and making improvements based on empirical observations. From this point forward,
the skills and techniques for design and construction significantly improved throughout
the CopterSonde development years, which led to the formation of a robust engineering
workflow.

Even though the initial research and development approaches were mainly attempts
without much scientific support while also trying to find inspiration from existing so-

lutions at the time [24, 25, 55], there were efforts in investigating some fundamental
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questions related to the integration of thermo-hygrometers into UAVs. Finding an ad-
equate location for the weather sensors on the UAV was and remains one of the most
debated topics among experts in the subject [23, 53, 88]. In an effort to help to address
the problem, simple experiments to learn about the effects of the UAV on weather sen-
sors were conducted at the Advanced Radar Research Center (ARRC) of the University
of Oklahoma [89]. The tests were carried out in a reasonably homogeneous chamber to
find optimal locations for the thermodynamic sensors clear of systematic biases. The
sensors were gradually displaced under the rotor wash of a mounted multicopter UAV,
as shown in Figure 3.1. This study concluded that when trying to monitor the ambient
temperature with a standard multicopter UAYV, there is no particular location under the
propellers that guarantees contamination-free measurements. These types of platforms
are prone to changing their own surrounding environments in unpredictable ways.

This led to a period of brainstorming and thinking about feasible solutions and
roadmaps that could lead to improvements in the quality of the measurements using a
multicopter UAV. In order to satisfy short-term and long-term goals, it was decided to
take two different paths. For reasons explained above, the short-term solution involved
assembling a UAS that could be mission-ready in a short time. This meant opting for
a standard multicopter UAV design with a symmetrical distribution of weather sensors
around the UAV. This design was known as the CopterSonde-1 shown in Figure 3.2 and
was first fabricated in early 2017 using an ad hoc design structure. On the other hand,
the long-term solution consisted of a richer list of desirable custom features on the UAV
to meet the overarching goals of this work and start moving towards a fully integrated
airborne weather instrument system.

For the long-term solution, a combination of desired interrelated features was en-
visioned primarily for reducing platform errors on thermodynamic observations of the

atmosphere. The main one being the implementation of a wind tracking algorithm for
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Figure 3.1: Experimental setup for evaluating temperature sensor location on a UAV.
The test was conducted inside the anechoic chamber of the ARRC. (a) Position of the
linear actuator arm below the rotors of the multicopter UAV mounted on a pedestal.
The temperature probe is shown inside the white box. (b) Close-up side view of the
temperature probe. (c) Close-up front view of the temperature probe and the actuator.
Images were taken from [89].

the CopterSonde dubbed the wind vane flight mode (WVEM). This method would al-
low the CopterSonde to quickly estimate wind direction and continuously turn itself
into the wind. The resultant orientation was initially thought of as a way to favor sam-
pling undisturbed air, given that the sensors are placed at the most downwind section
of the UAV body, which will be demonstrated further in the chapter. Consequently,
this envisioning of features gave a first idea of arranging the internal components of
the next CopterSonde iterations as shown in Figure 3.3. The elongated airframe fa-

cilitated positioning the UAS electronics behind the payload and effectively hide them
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Figure 3.2: CopterSonde-1 concept made in early 2017. An octocopter UAV with
temperature and humidity sensors distributed in a symmetrical arrangement around the
UAV. The sensors were housed and protected inside plastic tubes and mounted on the
UAV’s arms below the rotors.

from the wind. The idea of having the payload located at the most downwind section
of the CopterSonde would result in undisturbed air flowing across the weather sensors.
Directly behind the sensors is the autopilot system for ease of wiring and connections,
followed by the battery, which is the heaviest component in the CopterSonde. The bat-
tery was conveniently placed close to the center of mass of the CopterSonde, allowing
for increased maneuverability and overall flight performance. Lastly, the communica-
tion system was placed on the other end of the airframe, far away from the electronics,
in order to reduce potential RF interference.

The full list of additional features for the long-term solution is as follows:

1. Modular and interchangeable payload compartment for ease of calibration and

maintenance purposes.
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2. Solar shield and ventilation system to force air across the sensors and mitigate
measurement errors caused by solar radiation and sensor self-heating, respec-

tively.

3. Custom wireless data stream to the GCS for live monitoring of weather parame-

ters and distribution of products.

4. Decision-making and adaptive behavior capabilities based on sensed environ-
mental conditions to eliminate human errors and move toward a fully automated

system.

Moreover, the shape of the enclosure (or shell) of the subsequent CopterSonde revi-
sions drastically changed compared to the CopterSonde-1. The new shell design takes
advantage of the aerodynamic benefits made possible by using the WVEFM. To give the
reader an idea of how the resultant UAV platform looks like, Figure 3.4 shows a close-
up of the latest CopterSonde model produced in early 2022, dubbed the CopterSonde-
3D.

Lastly, given that the CopterSonde must reach high altitudes to achieve the science
goals, this also means that it must share the airspace with other crewed aircraft. The
FAA must unavoidably intervene in this situation and set rules to deconflict air traffic
and prevent accidents. Consequently, in addition to the above-mentioned requirements,
the CopterSonde must carry navigation and anti-collision lights, communication links,
and aircraft avoidance capabilities to fulfill current and future FAA rules. Nonetheless,
predicting the amount of risk mitigation necessary to satisfy the FAA is challenging
because regulations governing access to and operations in the National Airspace System
(NAS) are constantly changing (see Appendix B).

With the presented context, the following sections are dedicated to describing the

engineering solutions applied to the most recent CopterSonde model, the CopterSonde-
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Figure 3.3: Illustration of the desired component distribution onboard the CopterSonde
under the assumption that the system automatically orients itself into the wind by us-
ing a custom wind tracking function. The payload was located at the most downwind
section of the CopterSonde, followed by the autopilot system for ease of connection.
The battery was conveniently placed close to the center of gravity of the platform to
increase maneuverability. The communication system was placed far away from the
electronics to reduce potential RF interference.

3D. The proposed solutions aim to comply with the desired atmospheric measurement
requirements and design constraints. From this point, the CopterSonde-1 is considered
an unmodified standard UAS design re-purposed for weather sampling and used as a

reference for comparisons in this study.

3.2 Autopilot System

The CopterSonde-3D is equipped with a Pixhawk CubeOrange autopilot board devel-
oped and manufactured by CubePilot company located in Moolap, Australia [90]. The
Pixhawk is an open-hardware project that provides users with a readily available, eco-
nomical, and high-end autopilot board solution for academic, hobby, and industrial
communities. It contains a powerful ARM® STM32H7 Cortex®-M7 micro-controller
capable of executing complex flight operations, including autonomous missions. Be-

sides having a powerful microcontroller, it also comes with a redundancy of IMUs
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Figure 3.4: CopterSonde-3D concept made in early 2022. A quadcopter UAV specifi-
cally designed to collect high-quality thermodynamic observations of the atmosphere.
Its peculiar shape is due to the unique arrangement of internal components to improve
airflow aspiration across the atmospheric sensors thanks to the addition of a wind vane
function to the flight control system.

housed in a small form factor with a built-in temperature control system using heating
resistors. This is ideal since the CopterSonde must be able to fly within a large tem-
perature range without losing performance. The CubeOrange supports several commu-
nication protocols commonly found in off-the-shelf peripheral devices like 12C, SPI,
UART, and CAN protocols. This way, the CubeOrange has access to a wide range
of compatible devices that can be used for flight assistance or other desired applica-
tions. From the wide selection of compatible peripherals, the following list describes
the chosen hardware for autopilot assistance. Although the listed components belong to
the latest CopterSonde-3D design, this combination of components (ignoring the make

and model) is a common factor among all the CopterSonde revisions. Therefore, it is
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considered to be the baseline for attitude control, flight stabilization, and navigation

support of the CopterSonde.

1. Here3 Global Navigation Satellite System (GNSS) unit: The GNSS unit is a nec-
essary component for outdoor flight navigation. It estimates and tracks the global
positioning of the UAV using different satellite constellations (GPS, GLONASS,
Beidou, etc.). The accuracy varies from 1 m to 3 m depending on the atmospheric
and space weather conditions. However, if desired, the Here3 GNSS is capable
of estimating position in the order of a few centimeters. This can be enabled
using supplementary ground-base GNSS for real-time kinematic (RTK) correc-
tions. The Here3 GNSS unit also comes with a magnetic compass that measures

the heading of the CopterSonde with respect to True North.

2. Lightware LW?20/C range finder: The range finder is placed on the CopterSonde,
pointing downwards, continuously measuring the distance to the ground. This
component helps the autopilot to estimate altitude with higher accuracy in the
order of a few centimeters up to 120 m. Besides assisting the autopilot in detect-
ing the ground for autonomous take-off and landing, it allows for precise altitude
lock when required. For instance, the range finder prevents the CopterSonde
from experiencing unwanted altitude variations when hovering by a meteorolog-

ical tower.

3. RFD900X telemetry radio (915 MHz): this long-range ISM band radio modem
can hold a stable link up to 5 km in ideal weather conditions using the default
antennas. The autopilot uses the radio modem to exchange flight parameters and

commands with its paired radio located at the GCS.

4. FrSky RX4R radio control (2.4 GHz): this small-size radio receiver is used to
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fully control the UAV through the operator’s inputs. The extra communication
channel provides link redundancy to the UAS. The FrSky radio is paired with a
hand-held radio with joysticks, switches, and a monitor that allows the operator to

manually maneuver the UAV, switch flight modes, and monitor flight parameters.

5. mRo Zero power module: the main power distribution board for all the devices
onboard the CopterSonde. It can precisely measure voltage and current through

its hall effect sensor for power consumption estimation.

6. Buzzer: the speaker produces audible errors, warnings, and other information
about the status of the UAV to immediately alert the operators during flight oper-

ations.

Figure 3.5 shows the hardware arrangement of the CopterSonde-3D with their re-
spective connections to the Pixhawk CubeOrange microcontroller.

The Pixhawk CubeOrange board runs the ArduPilot autopilot code [91], which is
one of the most popular free software autopilot packages that can be modified and redis-
tributed under the terms of the GNU General Public License version 3 (GPLv3). This
means anyone is free to use all of the provided code and tools available online on the
ArduPilot Github repository without authorization or involvement from the ArduPilot
team. However, it is the responsibility of anyone using the code to inform the end-user
that open-source software was used, and the source must be provided. Therefore, in
accordance with ArduPilot’s GPLV3 license, the code source history and release made
during the development of the CopterSonde series are accessible to the users in [92].
Besides this, given that the ArduPilot repository is managed by a code hosting platform
for version control and collaboration (GitHub), this means that the official releases from

ArduPilot can be easily tracked and merged to the cloned code on CASS’s repository.
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This feature allows developers to continue harnessing the power of the ArduPilot code
for future integration and optimizations for any desired application.

The motivation behind the decision to modify an existing open-source autopilot
code was the flexibility of incorporating additional desired features and not depending
on proprietary codes from companies, which do not usually follow the same research
lines and are prone to become discontinued. By having full access to the UAS’s autopi-
lot code and being able to modify it as desired, it facilitates the integration of custom
functions and extra data handling through a single processing unit. Consequently, it
enabled the confluence of weather data with flight data allowing for the creation of al-
gorithms that exploit the merging of new information. For instance, the development
of adaptive flight behaviors such as onboard wind estimation to command the autopilot
to turn the UAV into the wind. Also, separate data loggers are no longer needed for
weather sensors, as the CubeOrange autopilot board has sufficient computing power to
accommodate the extra data and transmit it to the GCS. This also came with the benefit
of weight reduction, which is crucial for improving flight performance and endurance.

The post-CopterSonde-1 models exploited the open-source capabilities of the Pix-
hawk and ArduPilot the most, which led to the final CopterSonde-3D revision after
successive code improvements and the addition of custom features. On the other hand,
the CopterSonde-1’s autopilot code was not modified whatsoever, and it used the orig-
inal ArduPilot code instead. As opposed to the CopterSonde-3D, the data from the
weather sensors were recorded using an external data logger and broadcast to the GCS

with a separate radio transmitter.

48



— Data bus
cch % — 17V power line
@ — 12V power line
— — 8-5V power line

Electric brushless motor GNSS unit

N

@R
Weather sensors =

RC recerver Vi
I2C splitter ~ Voltage regulator 7 Smart battery
{ / L /
. — % CubePilot autopilot 4 % /
\ ]
Voltage regulator l l
N
?‘:.:.' - \ RFD900 telemetry radio
b -
) 1 Main motor’s
12C splitter electric speed
~ \ controller Infrared cam (optional)
Fan’s electric A -
\ speed controller b\ ’ N
- \

Ducted fan Power module

=

Range finder

Payload ‘ ‘ Autopilot system

Figure 3.5: Schematic of the electronic components onboard the CopterSonde-3D. It
shows how the different devices are connected and powered. The location of the com-
ponents follows the proposed concept shown in Figure 3.3.

3.2.1 Custom Feature Integration and Benchtesting

Even though the Pixhawk and peripherals have communication protocols in common,
the original ArduPilot code does not have the code libraries to read the meteorological
sensors used in this work, nor the features that were thought could help enhance weather
sampling. Therefore, the ArduPilot code had to undergo modifications to incorporate
custom sensor drivers and functions to adapt it to the desired weather sampling appli-
cation. Nonetheless, code modification is not a trivial process, and extreme care must
be taken when manipulating functions and algorithms related to the flight system of the
UAS. On top of this, running and testing experimental code directly on the intended
hardware is a dangerous task, particularly when the hardware is a flying device. In gen-
eral, UAVs carry great momentum and gravitational potential when flying, and hence,

crashing the UAV can result in severe airframe damage. This could, consequently, trig-
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ger tedious and expensive repairs, which is not economically sustainable in the long
term.

To avoid these scenarios, ArduPilot’s software-in-the-loop (SITL) simulator was
used for code debugging and testing. SITL allows developers to run a build of the
autopilot code using ordinary C++ compilers on a computer, producing a native ex-
ecutable where the developer can visualize the expected behavior of the UAV with
the new functions. The sensor data in SITL originates from a built-in flight dynamics
model with adjustable parameters to approximately match those of the real UAV. SITL
also comes with a very simple atmospheric environment simulation to visualize the ef-
fects of wind and turbulence on the virtual UAV. In addition, SITL provides access to
a large set of development tools available for C++ programming, including interactive
debuggers, static analyzers, and dynamic analysis tools [91]. This simplified the devel-
opment and testing of custom ArduPilot features without running extensive tests in the
field.

The introduction of SITL simulation environment and related programming tools
was a tipping point in the development of the CopterSonde that drastically changed
post-CopterSonde-1 design process. As a result, this allowed for the subsequent Copter-
Sonde iterations to be thoroughly planned in advance and gradually trend away from the
ad hoc design structure. From this point onward, it was not necessary to fully produce
and assemble the UAV hardware beforehand, as was the case with the CopterSonde-
1. Instead, SITL helped verify that the desired software function was feasible before
adopting the new hardware concept. After the evaluations using SITL, the new hard-
ware/software combination was tested in the field to determine its overall effectiveness
and identify real-world problems to be addressed in the following design iteration. Fig-
ure 3.6 shows a diagram of the steps taken to integrate custom hardware and software

into the CopterSonde.
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Figure 3.6: CopterSonde engineering design workflow that was formed after the
CopterSonde-1 generation and adopted for new hardware and code integration with
subsequent iteration loops.

3.2.2 Code Integration Examples

The current version of the CASS-ArduPilot code executed by the latest CopterSonde-
3D can be found in [92], where the reader can learn about the full history of code
modifications and releases. Custom code functions were added on top of the original
ArduPilot code and tested following the integration process described in the previous
section (Figure 3.6). The additional functions are itemized below with their motivation
and description as follows.

Weather sensor integration: C++ code libraries were incorporated into the autopilot

code to read the iMet-XF bead thermistors and IST HYT-271 humidity sensors. The

51



datasheet of each sensor comes with a detailed description of the binary language used
to exchange information over I2C communication protocol. As a result, the Copter-
Sonde is capable of handling the extra data from the weather sensors and storing it in
the onboard SD card along with the flight data. A total of eight I2C addresses or slots
were reserved for this type of weather sensor in case of future expansions. Tests were
conducted to determine if the additional peripherals would impact the computational
performance of the Pixhawk; however, the built-in task manager in ArduPilot showed
no noticeable increase in system load.

Custom sensor message for wireless streaming: Given that the autopilot software is

internally handling the weather data, it is advantageous to also include it in the data
stream that is sent to the GCS through the onboard telemetry radio. ArduPilot encodes
the message packets using the Micro Air Vehicle Link (MAVLink); a light messaging
protocol specifically meant for long-range UAS operations. A custom message defini-
tion was added to the list of MAVLink messages in ArduPilot (Table 3.2) with special
fields to tag the type and size of the measurement being sent. This means that the
proposed message definition can be re-used several times to transmit different types
of sensor measurements without conflict. This enabled remote monitoring of weather
sensor data in real-time while in flight.

Wind vane flight mode: A wind vane function was not available as part of the orig-

inal ArduPilot autopilot when the CopterSonde was first used in 2017. However, it was
known from the beginning that this was a crucial function in order to get the Copter-
Sonde hardware concept working within the desired operating window. Therefore, a
custom wind tracker, the WVFM, was developed and implemented on the ArduPilot
code. The method works by taking and filtering a few elements of the attitude’s ro-
tation matrix to produce a “tilt” vector from which the wind speed and direction can

be computed. A more detailed mathematical derivation of the WVFEM can be found in
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Table 3.2: Custom MAVLink message definition in XML language that was added to
the wireless data stream of the CopterSonde. It has two special fields to identify the size
and type of measurement being sent. Therefore, this message definition can be used for
several types of sensors simultaneously.

<!—-— CASS Mavlink Message ——>
<message 1d="227" name="CASS_SENSOR_RAW">
<description>Contains raw sensor data for CASS
application.</description>
<field type="uint32_t" name="time_boot_ms">Timestamp (
milliseconds since system boot)</field>
<field type="uint8_t" name="app_datatype">Data type
indicating what data is being sent. 0 = iMet temp, 1
= RH, 2 = temps from RH, 3 = wind data</field>
<field type="uint8_t" name="app_datalength">Length of
raw data array</field>
<field type="float[5]" name="values">Raw data</field>
</message>

the following chapter. For the WVFM to work correctly, the CopterSonde must stay
horizontally stationary while compensating for wind by leaning towards it. This guar-
antees that the tilt vector is produced only by the effects of wind and not by intentional
displacements of the CopterSonde. Therefore, the CopterSonde is limited to vertical
profiling or hovering flights.

High wind failsafe: It is not convenient to rely solely on the operator to judge the

severity of winds affecting the CopterSonde. This is because the CopterSonde will be
flying at high altitudes where the wind may be significantly different than where the
human operator is located. Based on the telemetry data, different operators may per-
ceive the effects of wind on the CopterSonde differently. Therefore, having the capacity
to estimate wind speed internally, a logical function was included on the autopilot to
constantly assess wind conditions around the platform. If the threshold is breached, the
CopterSonde will immediately alert the operator about it, abort the flight, and initiate

the landing sequence. If desired, the operator can override the failsafe and continue
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with the mission.

Battery charge level and range failsafe: Although the Pixhawk and ArduPilot come

with hardware and functions to estimate the energy drawn from the battery, it does
not have a way to determine if the remaining energy is enough to return home safely
and land. Moreover, the range estimation depends on the wind conditions since the
CopterSonde must use more power to compensate for wind. Again, this represents a
difficult task for the operator to calculate, judge, and take action in a timely manner.
For this reason, the range estimation has been automatized by introducing a method to
compute the energy needed to descend and land the CopterSonde from a given height
safely. The method takes into account the wind profile measured throughout the vertical
sounding, and it triggers the failsafe once it reaches a defined threshold. The threshold
was determined by trial and error after several flight tests in extreme wind conditions.

Automatic waypoint mission generator: Knowing that the desired main flight path

for the CopterSonde is a vertical profile (or straight vertical line), it was convenient to
make the process of generating the waypoint mission automatic. At the flip of a switch
from the GCS, the CopterSonde registers its current location and uses it to create a
waypoint directly over the platform at an altitude previously defined by the operator.
This user-friendly method prevents the operator from spending valuable time manually
creating the mission and potentially introducing human errors.

Smart fan for sensor aspiration: Given that the chosen weather sensors must have

constant air flowing across them, there is a high risk that their delicate structures get
damaged by dust and debris. In general, the CopterSonde encounters small particles
floating in the air close to the ground that were blown off by propeller wash or wind. A
small code to control the sensor fan was added to the autopilot code as a solution to this.
It toggles the fan’s power at defined heights after take-off and before landing, reducing

the chances of permanently damaging the sensors and increasing their lifespan.
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3.3 CopterSonde Airframe

3.3.1 Frame Selection

In 2017, propulsion redundancy was a priority in the design of the CopterSonde-1 be-
cause there was doubt about the quality and reliability of the chosen off-the-shelf elec-
tronics. For this reason, the CopterSonde-1 took the shape of an easy-to-assemble
“hashtag” octocopter UAV which has the ability to stay in the air even with one mo-
tor failure. The CopterSonde-1 frame is not commercially available, and it was made
entirely in-house by CASS engineers using carbon fiber rods and plates fastened to-
gether with aluminum clamps. The CopterSonde-1 had a total of eight rotors, each one
attached to one end of the hashtag frame. The hashtag-shaped airframe facilitated the
mounting of a flat plate in the center of the frame, where the battery, sensors, and autopi-
lot system were placed in a symmetrical and centralized manner. The electronics were
covered and protected with a pyramid-shaped aluminum enclosure. The CopterSonde-
1 was extremely large and bulky compared to the size and weight of its payload. The
CopterSonde-1 spent most of its propulsion power on staying aloft, and, therefore, it
had to use large and expensive batteries to compensate for the loss of flight time. Ta-
ble 3.3 sums up the specifications of the CopterSonde-1 airframe, and Figure 3.7 shows
the top, front, and isometric views of the computer-aided design (CAD) model.

On the contrary, a different airframe design approach was taken for the
CopterSonde-3D, where simplicity and economy formed part of the priorities. As time
passed, new and more reliable components hit the UAS market, which led to removing
redundant hardware from the CopterSonde. During the selection of the new airframe
in late 2017, the CASS team was preparing for a field campaign in Hailuoto, Finland.
This imposed a strict requirement for the size of the new CopterSonde so that it could

be fitted inside a container for air travel. Besides this, a highly modular airframe was
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Table 3.3: Technical specifications of CopterSonde-1 (CS1) airframe.  The
CopterSonde-1 frame is not commercially available, and it was made entirely in-house
by CASS engineers using carbon fiber rods and plates fastened together with aluminum
clamps. The CopterSonde-1 had a total of eight rotors, each one attached to one end of
the hashtag structure.

CS1 airframe

Type Rotary-wing octocopter UAV
Materials Aluminum and Carbon fiber
Layout configuration Hashtag
Dimensions 710x710%x250 mm
All-up weight 7 kg
Payload weight 450 gr

also thought convenient to allow for design scalability for future iterations. For this
reason, the commercially available Lynxmotion HQuad500 (LHQS500) quadcopter air-
frame [93] was selected (Figure 3.8). The default LHQS500 setup was meant for long-
range flights able to carry a small action camera, like a GoPro Hero camera, with a
small gimbal stabilizer system. This camera payload is similar in weight to the weather
sensor payload used in the CopterSonde-1. Therefore, the weather sensor package de-
veloped for the CopterSonde-1 falls within the weight tolerance of the LHQS500, making
it a suitable airframe candidate. Similar to the CopterSonde-1, the LHQ500 consists of
carbon fiber rods, fiberglass plates, and aluminum clamps. However, the LHQ500 is
an elongated H-shape airframe that comes with three different plate heights. This gives
more room to arrange the hardware and comply with the initial desired electronic dis-
tribution requirements (see Figure 3.3 for reference). Table 3.4 shows a summary of
the airframe specifications of the CopterSonde-3D.

A few structural modifications were made to the LHQS500 airframe to accommodate
some of the electronics. Besides purchasing commercially available parts, CASS had
access to 3D printers using polylactic acid (PLA) material to produce custom parts.

These additional parts were designed using SolidWorks® CAD software. The texture
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Figure 3.7: Top view (left), front view (top-right), and isometric view (bottom-right)
of the CAD model of the CopterSonde-1 showing the hashtag octocopter layout with
dimensions. The symmetric distribution of the weather sensors is visible around the
main body as little white tubes below the rotors. Model and images were generated
using SolidWorks® from Dassault Systeémes Corporation.

quality and strength of the 3D-printed parts were acceptable for fast prototyping, but
it is not typically seen in UAS with industrial-grade standards. Figure 3.9 shows the
structural modifications, including the fabricated 3D-printed parts. Originally, the main
battery goes in between the top and middle plate of the LHQS500, and it is installed by
sliding it horizontally. However, the 3D Mesonet project required the CopterSonde-
3D’s battery to be installed and removed vertically from the top. This is because the
3D Mesonet included the construction of an automated UAV launch box with a built-in
crane for battery swapping. Therefore, a hole was made in the top and middle plates
of the LHQ500 airframe to fit the battery vertically. A 3D-printed base was made to
hold the battery from the bottom, which is also where the battery connects to the power
distribution system. Given that such holes may weaken the structure, the middle plate
was reinforced by adding an extra 3D-printed layer. Lastly, 3D-printed mount support
for the range finder was made to keep the range finder in a fixed position pointing

downwards.
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Figure 3.8: Lynxmotion HQuad500 (LHQS500) is a commercially available quadcopter
airframe that was selected for the main structure of CopterSonde revisions. The
LHQS500 consists of carbon fiber rods, aluminum clamps, and 3 different height lev-
els of fiberglass plates that are highly customizable [93].

3.3.2 Design and Construction of the Shell

In general, the most wanted weather observations are during harsh atmospheric condi-
tions, which are usually associated with precipitation, high wind, and freezing temper-
atures. This means that the CopterSonde must be able to endure and withstand chal-
lenging environments as much as possible while flying. The primary shield protecting
the internals of the CopterSonde against extreme weather conditions is the shell. The
shell of the CopterSonde covers the main body of the airframe leaving only the arms
and rotors exposed to the environment. In general, the most worrying hazards are water
drops and flying particles hitting the CopterSonde from the top and sides. This is well
protected by the shell; however, the shell does not cover the bottom of the platform.
This leaves the bottom and internals of the CopterSonde exposed to advecting moisture
from the air and ground. A solution was to coat the electronics with a silicone film to
prevent moisture from potentially short-circuiting the board.

As described earlier in this chapter, the CopterSonde-1 had a shell shaped like a

pyramid and made of aluminum. Aluminum was chosen because folding a flat sheet
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Table 3.4: Technical specifications of CopterSonde-3D (CS3D) airframe. The
commercially-available LHQ500 quadcopter airframe [93] was selected. The LHQ500
is an elongated H-shape airframe made of carbon fiber rods, fiberglass plates, and alu-
minum clamps.

CS3D airframe

Type Rotary-wing quadcopter UAV
Materials Aluminum, carbon fiber, PLA
Layout configuration H-shape
Dimensions 300%x390x 152 mm
All-up weight 2 kg
Payload weight 205 gr

into a pyramid was not a complicated task. However, this added unnecessary weight
to the CopterSonde-1, knowing that other lighter materials could be used. On the other
hand, the CopterSonde-3D has a more elaborated shell design (Figure 3.10), and its
fabrication was possible thanks to the acquisition of 3D printers and CAD software.
Digital 3D models of the shell and flow simulations were produced using SolidWorks®
CAD software. Taking advantage of the WVFM function, the CopterSonde-3D shell
was designed to have less resistance to the air when pointing into the wind. This allowed
the CopterSonde-3D to achieve higher speeds while also reducing power consumption.
The vertical fin on the CopterSonde-3D is there to increase the side surface. As a
result, the resistance to the air on the side of the CopterSonde-3D is greater, increasing
the sensitivity of the WVFM for better response.

The CopterSonde-3D shell was made modular and versatile, particularly the pay-
load section. The payload has its own detachable compartment capable of operating
independently from the main body of the CopterSonde-3D. This feature is particularly
useful for calibration and maintenance purposes. As a consequence, the CopterSonde-
3D shell was divided into two pieces: the front shell and the back shell, as shown in

Figure 3.11. The back shell supports the vertical fin and holds the battery using latches.
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Figure 3.9: Illustration of the modifications made on the LHQ500 airframe to accom-
modate all the necessary electronics of the CopterSonde-3D, including the fabricated
3D-printed parts shown on the right side. From top to bottom, the parts shown here are
the telemetry radio mount, reinforcement plate, and lidar mount. The shown parts are
not to scale.

Whereas the sensor compartment is located in the front shell of the CopterSonde-3D.
The front shell is exchangeable, which gives the option of having a variety of front
shells with different sensor configurations for a broad range of experiments. The con-
struction and testing of a different front shell and sensor package have not been done,
but it is feasible as long as the payload weight and size are similar to the original front
shell. The dimensions of the compartment are approximately 100x95x70 mm and
can carry a maximum payload weight of 205 gr and a minimum of 90 gr (not includ-
ing the shell). The CopterSonde’s center of gravity (CG) without the whole shell is
slightly rear-shifted with respect to its center. Under the minimum payload weight con-
figuration, the CG is located at the center of the CopterSonde-3D, whereas the CG is
slightly forward under the maximum payload weight configuration. None of these con-
figurations seem to compromise the CopterSonde-3D’s stability or performance to any

noticeable degree.
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Figure 3.10: Top view (left), front view (top-right), and isometric view (bottom-right)
of the CAD model of the CopterSonde-3D with dimensions. Model and images gener-
ated using SolidWorks® from Dassault Systeémes Corporation.

3.4 Propulsion System

The propulsion system of the CopterSonde consists of propellers, electric brushless mo-
tors, electronic speed controllers (ESC), and a power source. Different combinations
of these elements produce a wide variety of configurations that involves a trade-off pri-
marily between flight speed and flight endurance. These two qualities were necessary
to be maximized on the CopterSonde, given that it needed to reach high altitudes while
enduring high winds. However, it was decided to lean more towards top speed to give
the CopterSonde-3D sufficient power headroom when fighting against extreme wind
gusts.

In general, the design of the propulsion system starts with the propeller selection us-
ing the desired airframe configuration and other estimated specifications as constraints.
Propellers are mechanical devices that convert rotational motion into linear force or
thrust. Multicopter propellers produce lift for the aircraft by spinning and producing
airflow, resulting in a pressure differential between the propeller’s top and bottom sur-

faces. This accelerates the mass of air in one direction, creating lift that counteracts the
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Figure 3.11: View of the CopterSonde-3D highlighting the 3D printed front shell (solid
blue) where the weather sensor package is located, and the back shell (solid gray) that
holds the battery and vertical fin. The arms were made transparent in the image to
distinguish them from the shell.

force of gravity. There are three main design parameters for the selection of propellers

which are as follows:

1. Blade configuration: This refers to the number of individual blades on the pro-
peller and their shape. A higher number of blades usually correlates to higher
thrust, but it also comes with higher aerodynamic drag and power consumption.
If the propeller has dimension constraints, increasing the number of blades is an
alternative to increasing the diameter. The shape of the propeller is all about
extracting maximum efficiency, and there is a wide variety of concepts in the
market. The most commonly known are APC, T-style, Slow-Flyer, Tapered, Bull-

nose, and others.

2. Propeller diameter: This is the diameter of the circumference swept by the tip of

the propeller with the center on the hub of the propeller. A larger diameter means

62



a larger circumference area and, thus, a larger air volume is displaced. Disk
loading is a way to measure the lift thrust efficiency equal to the ratio between
the UAV weight and the circumference area. However, the maximum diameter is

limited by the physical dimensions of the UAV and the motor’s specifications.

3. Propeller pitch: The pitch is the propeller’s theoretical traveling distance in one
complete revolution, measured in inches. High pitch increases top speed, but ex-
cessive pitch can stall the propeller and lose performance. Low pitch increases
efficiency and, thus, flight endurance at the expense of top speed. For multi-
copters, in general, the propeller pitch is fixed, and it cannot be changed during
flight. Propellers are generally balanced and tested during the manufacturing

stage for a specific operating range.

The electric brushless motors are the only actuator and moving part in the Copter-
Sonde. The general design rule is to choose a motor capable of keeping the propeller
within its optimal operating range without overheating under extreme loads. The ESC
controls the voltage supplied from the battery to the motor to adjust the speed of the
propeller. The right signal is given to the ESC by the drone’s flight controller, which
depends on inputs from either the human pilot’s controller or the autopilot, as well as
information from an IMU, GPS, range finder, and other peripherals. The ESC uses
pulse width modulation to transmit the desired power to the motors, and thus, it must
be able to do it synchronously based on the speed of the motor. Although the ESC
can adjust the timing automatically, the range of compatible motors is limited, and care
must be taken when selecting them. If the ESC is not selected correctly, it can become
a power bottleneck and limit the overall performance of the rotor. Lastly, the battery
is a critical component that must have a high energy density, low weight, and be ca-

pable of delivering high power to the motors when required. The main parameters of
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Figure 3.12: Flight performance and efficiency predictions of the CopterSonde-3D us-
ing the online Ecalc calculator tool. Each gauge indicates the predicted operating range
for the given parameter, where the colors represent levels of risk. Green is ideal, yellow
is acceptable, and red is inadequate and may produce unwanted results. Image was
taken from Ecalc [94].

the battery are cell chemistry, nominal voltage, energy capacity, and C rate. The C rate
is a measure of the maximum continuous electrical current that the battery can safely
supply.

In the UAS market exists a large number of propellers with pre-defined combina-
tions of these design parameters from which the users can choose. The manufacturer
usually provides a table of performance data showing the thrust and torque produced
by the propeller at different speeds [95]. Furthermore, there is an online multi-platform
UAV calculator, known as Ecalc, that has an extensive list of propulsion components
that can be found in the UAS market [94]. The developers of Ecalc claim that its ac-
curacy is =15 % in estimating the propulsion performance of the desired combination

of elements. It outputs estimations of power consumption, temperature, and thrust effi-

64



ciency for typical scenarios like hovering, forward, and ascent flight. Besides selecting
the desired propulsion combination, Ecalc requires a few other input parameters that
must be known beforehand, such as all-up weight, motor layout, and dimensions. How-
ever, these parameters are usually unknown when designing a UAV for the first time. In
particular, it is difficult to make an initial guess of the all-up weight because different
propulsion, payload, and other custom arrangements may change it significantly.
Therefore, the expected performance of the first CopterSonde design was actually
unknown until it was constructed. The subsequent CopterSonde designs had more prior
information for the performance estimation based on what was learned from previ-
ous iterations. For example, the CopterSonde after the CopterSonde-1, dubbed the
CopterSonde-2, was fabricated without much knowledge of its expected performance.
The CopterSonde-2 had a weight of 2.5 kg, and even though the CS2 was flyable, the
propulsion system was noticeably underpowered. Later, the CopterSonde-2.5 had a
power unit improvement and a weight reduction to 2.3 kg thanks to improved build-
ing techniques. However, the CopterSonde-2.5 motors turned out to be unnecessar-
ily bulky with excessive cooling material, thus, operating outside its optimal range.
Lastly, the CopterSonde-3D had a weight of 2 kg with a propulsion system that gave a
balanced compromise between UAV weight, motor temperature, thrust efficiency, and
flight endurance. Figure 3.12 shows the predicted CopterSonde-3D performance plots
generated using Ecalc. The selected propulsion components are listed in Table 3.5, and

airframe specifications are described in Section 3.3.1.

3.5 Thermodynamic Sensor Package Design

Acquiring precise measurements of the air temperature and humidity is particularly

challenging due to uncertainties arising from multiple sources around the UAS. Insuf-
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Table 3.5: List of selected propulsion components for the CopterSonde-3D (CS3D).
These components were chosen based on performance estimations calculated using
Ecalc [94].

CS3D propulsion components

Battery DJI PH4 HV-Lipo 5870 mAh—-45C -4 S
ESC Lumenier 32 bit 35 A 4-in-1 BLHeli_32
Motor T-Motor Brushless MN3110-780
Propeller T-Motor Carbon Fiber 11x5.5 in

ficient radiation shielding, exposure to mixed turbulent air from the propellers, and
electronic self-heating are the main factors contributing to temperature, and humid-
ity data contamination [42, 53, 89]. In this section, a complete description and some
performance indicators of the current thermodynamic sensor package of the latest
CopterSonde revision, the CopterSonde-3D, are presented. As a reference to visual-
ize the advantages of the CopterSonde-3D design, the sensor package concept of the
CopterSonde-1 is also briefly described and treated as a standard UAV without heavy
modifications for weather sampling. The CopterSonde-1 was designed to carry four
iMet-XF thermistors and four HYT-271 humidity sensors symmetrically distributed
around the main body of the CopterSonde-1 (see Figure 3.2). A symmetrical sensor
layout was chosen because the chances of measurement contamination by heat advec-
tion from the CopterSonde-1 body are high regardless of the wind direction. A sym-
metrical sensor distribution made it possible to discard the sensors located downwind
of the CopterSonde-1 main body. However, this reduces the number of effective mea-
surements while the sensors become useless passengers. Each sensor was mounted on
one arm inside cylindrical plastic solar shields below the propellers. The location of the
sensors underneath the propellers was determined based on considerations from [89].
On the other hand, the CopterSonde-3D’s front shell was outfitted with a set of three

iMet-XF thermistors and three HYT-271 humidity sensors to guarantee redundancy of
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Figure 3.13: Section-cut of the front shell of the CopterSonde-3D CAD model illus-
trating the solar shield and compartment design, in addition to the location of the ther-
modynamic sensors and other components relevant to the sensor package. the dotted
rectangle represents the plane of the cut made to the shell.

thermodynamic sampling, thus reducing measurement error and potential down-time.
As opposed to the CopterSonde-1, the thermodynamic sensors of the CopterSonde-3D
were all situated closely together at one particular location inside the front shell in order
to approximately sample the same volume of air. Figure 3.13 shows the location of the
weather sensors inside the duct and other components relevant to the sensor package
incorporated into the front shell. The sensors were placed in an inverted “V” shape
pattern to prevent the sensors from sampling heated and disturbed air produced by the
wake and self-heating of the upstream sensors. The intake of the duct was molded into
an inverted “L” shape with the intention of hiding the sensors from solar radiation as
much as possible. This design resembles a scoop and, hence, is nicknamed after it. It
was also considered to boss-extrude the intake away from the main body of the UAS
and draw air outside the turbulent air created by the CopterSonde-3D. However, there

were concerns that such a design could increase the resistance to rotation and exposure
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to strong aerodynamic forces that could produce flight instability. In this case, priority
was given to flight stability over the quality of air samples. Therefore, the scoop intake
was kept short and close to the CopterSonde-3D body. A small ducted fan was installed
on the other end of the scoop to force air inside the duct and across the sensors. The
fan was calibrated to draw air across the sensors at a constant speed of 10 m s~1. The
autopilot was programmed to automatically toggle the fan’s power on and off after
takeoff and before landing, respectively, to protect the sensors from dust close to the
ground. The electronics of the front shell were connected to the main body of the
CopterSonde-3D through 3 different cables: a power supply, a command signal for the
ducted fan, and an I12C bus for sensor configuration and data logging. The front shell
can be easily detached from the CopterSonde-3D and run separately for testing and

calibration purposes, provided that an external power source and data logger are used.

3.5.1 Flow Simulation Analysis

To assess and compare the performances of these two sensor placement concepts, a
series of parametric flow simulation analyses were conducted using SolidWorks® CAD
software. The simulation aimed to measure the spread in temperature measurements of
the sensors mounted on the UAS. Inside the simulated environment, this discrepancy
was expected to result from heat being advected from the main body of the Copter-
Sonde and across the sensor. Solar radiation was not included since, at the time of
the experiments, it was not supported in the simulation software. The method used to
determine the spread in the measurements among the sensors was by computing the

mean of the absolute differences (MAD). For instance, the CopterSonde-3D has three
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Figure 3.14: Color-map plots of air temperature distribution around the CopterSonde-1
model result of flow simulations using SolidWorks® CAD software. The shell and each
motor were defined as the main sources of heat. The simulation did not include the
effects of solar radiation. Different wind incidence angles, (a): 45 deg, (b): 30 deg,
(c): 15 deg, and (d): 0 deg, were tested to visualize the effects of heat advection on the
thermodynamic sensor using a standard UAV design.

temperature sensors and, therefore, the MAD equation is given by,

[Ty — To| + |11 — Ts| + |15 — T3]
3

MAD =

3.1

where 77, 15, and 75 are the fluid temperature measurements at the location of each
sensor. The MAD equation for the CopterSonde-1 case is an extended version of Equa-
tion (3.1) given that it carries 4 sensors. It takes the difference of each pair of sensors
obtained by permutation without repetition. The CopterSonde-1 and CopterSonde-
3D CAD models were slightly modified to include dummy sensors with ideal trace
points that collect air temperature after the simulation convergence. The simulated

ambient temperature and wind speed were set to 293.2 K and 7 m s~ *

, respectively,
which are typical conditions for an average day in Oklahoma, USA. The wind direction

was defined as a parametric variable that spans from 0 deg to 45 deg. Since both the
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CopterSonde-1 and CopterSonde-3D airframes are symmetrical with respect to their
longitudinal plane, then the range of 45 deg is enough to fully visualize the airflow
behavior around them. Simple propeller CAD models were also included in the UAV
models rotating at half the motor’s top speed to simulate the prop wash. Lastly, the
walls of each motor and the exterior of the shell were assumed to be the main sources
and conductors of heat with the surrounding air. The heat transfer coefficients of alu-
minum 5052 and PLA plastic were used for the motors and shell, respectively. Motor
temperature strictly depends on the power demand during a flight. However, based
on data from stress flights, the worst-case scenario, it was observed that the motors
and shell reached temperatures of 325 K and 305 K, respectively. Therefore, the wall
conditions on the motors and shell were set to these measured temperatures.
Regarding simulation results, Figure 3.14 and 3.15 show examples of air tempera-
ture distribution around the platform for different wind directions as indicated by the
green arrow. In these figures, it can be seen that the CopterSonde-1 produces a larger
turbulent wake footprint, noticeable by the stagnant air and longer hot air trail down-
wind of the CopterSonde-1 compared to the CopterSonde-3D. This is a good indicator
that the CopterSonde-3D presents less aerodynamic resistance, which helps improve
high wind tolerance. Besides this, the turbulent wake close to the CopterSonde-1 rotors
seems to be unpredictable, and, in some cases, it is visible that disturbed air flows near
the sensors. On the other hand, the CopterSonde-3D exhibits a cleaner wake that stays
behind the CopterSonde-3D for every wind direction step. Additionally, no visible dis-
turbed air streams were found close to the scoop located opposite the wake. However,
small temperature differences were detected after computing the MAD of the temper-
ature measurements, which is included in Table 3.6. The localized sensor placement
on the CopterSonde-3D exhibits a small spread in temperature, which stays consis-

tent regardless of wind incidence angle. By contrast, the CopterSonde-1 presents large
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Figure 3.15: Color-map plots of air temperature distribution around the CopterSonde-
3D model result of flow simulations using SolidWorks® CAD software. The shell and
each motor were defined as the main sources of heat. The simulation did not include
the effects of solar radiation. Different wind incidence angles, (a): 30 deg, (b): 20 deg,
(c): 10 deg, and (d): 0 deg, were tested to visualize the effects of heat advection on the
thermodynamic sensor using the proposed CopterSonde-3D UAV design for weather
sampling.

measurement discrepancies among the sensors, evidenced by the large MAD values

compared to the CopterSonde-3D.

3.5.2 Steady State Calibration

Every new build of the CopterSonde undergoes a series of calibration and validation
steps. Taking advantage of the CopterSonde’s modularity, the front shell was detached
and configured for calibration inside an environmental chamber. The chamber used
for the thermodynamic calibrations was the commercially-available Thunder Scientific
Model 2500 (TSM2500) [96]. The TSM2500 is a reference instrument certified by the

National Institute of Standards and Technology (NIST) and owned by the Oklahoma
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Table 3.6: Comparison of mean of the absolute difference (MAD) for different wind
incidence angles. MAD measures the spread in the temperature measurements among
the thermodynamic sensors onboard the CopterSonde. If the sensors were correctly
calibrated, MAD could be used as an indicator to determine the presence of sources of
error, such as unwanted heat advection.

MAD Wind incidence angle
Platform 0 deg 15 deg 30 deg 45 deg
CopterSonde-3D | 0.344 K 0.362K 0313 K 0.322K
CopterSonde-1 | 0.397 K 0.664K 1876 K 1.869K

Mesonet Lab located in the National Weather Center of the University of Oklahoma.
A description of the Oklahoma Mesonet, its facilities, and operations can be found in
[97]. The hardware setup for calibration is illustrated in Figure 3.16, where it can be
seen that the entire front shell was fitted inside the chamber together with the ther-
modynamic probes of the TSM2500 and a calibrated Vaisala HMP155 probe [98] for
redundancy. This configuration allows for the sensors to be tested and calibrated in
their final fixed positions under similar thermodynamic conditions found in the field.
The TSM2500 probes were placed as close to the intake of the scoop as possible in
order to get similar aspiration conditions as the sensors inside the scoop. The front
shell’s ducted fan was left running during the whole calibration process to continually
aspirate the sensors, besides also helping to mix the air more rapidly inside the cham-
ber. One limitation of the TSM2500 is that it cannot condition the air below freezing
temperatures, and thus, the sensors had to be left uncorrected under freezing conditions.
Offset correction was applied to temperature and relative humidity measurements for
above-freezing temperature conditions, which was the case for the majority of the flight
operations conducted with the CopterSonde.

The TSM2500 can take up to 30 min to modify the air inside the chamber before

settling down at desired temperature and humidity set-points. For this reason, it was
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opted to hold the air conditions for an hour long and only use the steady state por-
tions for comparison and computation of the offsets. Hence, this calibration process
only aims to correct steady-state biases of the sensors over a defined range [42, 99].
A method for correcting measurement errors due to fast sensor dynamics is discussed
in the next chapter. Accordingly, the TSM2500 was programmed to automatically fol-
low a defined temperature pattern and, subsequently, a relative humidity pattern. For
temperature, chamber temperatures ranged from 10-30 °C by increments of 10 °C ev-
ery hour at a constant relative humidity of 50 %. For relative humidity, the chamber
was held at a constant 25 °C while varying relative humidity for an hour at each level.
These levels were 15, 35, 55, 75, and 95 %. The calibration process took approximately
8 hours in total. Individual linear temperature and relative humidity sensor offsets were
then obtained by comparing 1 min averaged measurements to the reference chamber’s
traceable sensor temperature and relative humidity in a steady state and computing
their average differences or offsets. When applying the correction offsets to the sensor
measurements, polynomial interpolation is used to determine the offset between the

computed average differences.

3.5.3 Observations in the Field

In order to complement and give validation to the results obtained through flow simula-
tions, real experiments were conducted in the field using the CopterSonde-3D. A windy
day was chosen to give prominence to the heat advection effects on the thermodynamic
sensors. Also, flights were conducted around solar noon to minimize temperature bias
on the sides of the CopterSonde-3D due to solar radiation effects. Taking advantage of
the WVFM, two special flight patterns were performed nearby a meteorological tower,

used as a reference, to gather temperature data in an effort to resemble the results found
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Figure 3.16: Experimental setup adopted for the calibration of the thermodynamic sen-
sors inside the detached front shell of the CopterSonde-3D. The chamber used was a
Thunder Scientific Model 2500 Benchtop Humidity Generator, a NIST-certified refer-
ence instrument from the Oklahoma Mesonet Lab of the University of Oklahoma. The
chamber was programmed to condition the air and hold it for a period of 1 hour for each
temperature and relative humidity step. The ducted fan was on during these calibrations
to continually aspirate the sensors.

in the flow simulations. For both flights, the CopterSonde-3D was programmed to hover
at the same height as the temperature probe on the tower with a horizontal separation
of approximately 10 m.

For the first flight, the CopterSonde-3D maintained its orientation facing into
the wind, assisted by the WVEFM. This is the normal flight configuration of the
CopterSonde-3D, where the thermodynamic sensors are placed downwind of the
CopterSonde-3D. Halfway through the flight, an offset of 180 deg was sent to the
WVEM, making the CopterSonde-3D rotate and align with the wind vector, effectively
placing the sensors upwind of the CopterSonde-3D. Figure 3.17 illustrates the nega-
tive impact on the temperature measurements of the CopterSonde-3D caused by heat

advection as a result of the 180 deg rotation. The observed temperature step is quite
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Figure 3.17: Temperature time series observed using the CopterSonde-3D while hov-
ering near a meteorological tower for reference. Initially, the CopterSonde-3D was
programmed to maintain its orientation into the wind to keep the sensors in undisturbed
air. Halfway into the flight, the CopterSonde-3D was commanded to rotate 180 deg
with respect to the wind vector and place the sensors upwind of the CopterSonde-3D.
The increase in temperature is evidence of heat being advected from the CopterSonde-
3D’s body and across the sensors.

consistent with the flow simulation results and puts in evidence the flaws of the sensor
layout of the CopterSonde-1.

For the second flight, the CopterSonde-3D was programmed to rotate about its ver-
tical axis with a constant angular speed of 2 revolutions per minute. By doing this,
the localized sensor-placement design behaved approximately like a distributed sensor-
placement concept around the UAV. The CopterSonde-3D completed 15 revolutions
during the flight while taking thermodynamic measurements in every azimuth direction,
effectively measuring the air temperature distribution around the CopterSonde-3D. As
a result, a point cloud of temperature observations was generated and plotted over head-
ing as depicted in Figure 3.18. The mean ambient temperature and wind direction were
computed using observations from the meteorological tower during the flight. The blue

line represents the best fit curve using Fourier curve fitting, assuming the data follows a
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Figure 3.18: Point cloud of temperature observations over heading collected with the
CopterSonde-3D while rotating with a constant angular speed of 2 revolutions per
minute. The mean ambient temperature and wind direction were computed using obser-
vations from a nearby meteorological tower during the flight. The vertical dashed lines
represent 3 times the standard deviation of the measured wind direction. The blue line
represents the best fit curve based on Fourier curve fitting, assuming the data follows a
sinusoidal pattern.

sinusoidal pattern. This clearly shows the maxima and minima of the temperature field
around the CopterSonde-3D. More interestingly, the lowest temperatures, which are al-
most perfectly in agreement with the mean ambient temperature, are flattened out over
a significant azimuth range centered close to the mean wind direction. This not only
confirms the high effectiveness of the CopterSonde-3D sensor package design but also
gives the WVFM some wiggle room to operate in without substantially affecting the
thermodynamic measurements. Based on this observed flat region, a range of 50 deg
on either yaw direction is set as a design constraint for the WVFM, which is discussed
in the next chapter. The left-shifted mean wind direction over the flat region may be
attributed to solar radiation since it was observed that the sun was located on the left
plane with respect to the mean wind vector. As a consequence, the measured tempera-

ture on the left region (< 200 deg) had a slight bias, while the opposite is seen on the
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right region (> 200 deg).

Push-up flights, or vertical profiles, were also conducted to examine and compare
the thermodynamic measurements between the ascent and descent portions of the flight.
It was observed that both portions exhibit different temperature and relative humidity
observations, assuming that the PBL has not significantly changed its properties within
the ~15 min flight time. Particularly, the descent-leg measurements presented an in-
crease in oscillations and a significant shift or lag compared to the ascent-leg mea-
surements, as evidenced in Figure 3.19. The explanation for this mismatch is mainly
due to the prop wash of the CopterSonde. When the platform is descending, the in-
duced airflow of the propellers goes against the general motion of the air relative to
the CopterSonde. This pushes the disturbed air from the propellers back to the Copter-
Sonde, creating a temporary volume of stagnant and turbulent air around the platform.
This volume of stagnant air takes longer to cycle, which drags and mixes air from higher
layers down to the lower layers. This effect is seen as a “delay” or lag in the thermo-
dynamic measurement with respect to the ascent leg. This effect is more pronounced
when the CopterSonde is flying with little to no wind. The descent-leg measurement
may be more consistent at higher wind speeds since the wind would help to push the
prop wash away from the scoop. However, given the unpredictable nature of the prop
wash, it was opted to prioritize and optimize the ascent-leg sampling and discard the

descent-leg observations completely.

3.6 Operational Envelope and Energy Budget

The operational envelope defines the flight limits for the aerial platform with respect
to maximum speed and structural loads given particular atmospheric conditions. This

operational envelope is the region where the platform can operate safely and under con-
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Figure 3.19: Three examples of vertical profiles taken with the CopterSonde-3D show-
ing temperature measurement differences between the ascent and descent portions of
the flight. The descent-leg measurements present a significant lag with respect to the
ascent leg due to the effects of the prop wash of the CopterSonde-3D when descending.

trol in a stable manner. Any attempt to fly outside this region may cause damage to the
platform and put the flight mission at risk. Given that the CopterSonde is an exper-
imental platform, it is imperative to learn about its limits in order to establish safety
procedures to avoid operating beyond its nominal design specifications. Additionally,
since the CopterSonde is property of the University of Oklahoma, it must be insured
through OU Risk Management department [100]. According to the university’s guide-
lines, the CopterSonde was required to obtain an internal airworthiness certification
before conducting field operations. Accordingly, flight tests were established to show
OU’s evaluators the system’s capabilities, safety features, and ground crew manage-
ment in order to comply with risk mitigation requirements.

Every new CopterSonde must first pass a series of flight tests to examine its struc-
tural integrity and system readiness. These flight tests were designed to put the Copter-

Sonde through its paces and determine the boundaries of the flight envelope. Some

78



Table 3.7: Measured flight envelope and technical specifications of the CopterSonde-
3D after examining a compilation of several flight tests done throughout the years of
development.

Technical parameter Measurement
Max. all-up weight 2.36 kg
Max. hover time 18 min
Max. forward speed 284 ms!
Max. sideways speed 223 ms!
Max. mean wind speed 22ms!
Max. wind gust speed 26ms!
Max. climb rate 122ms™!
Max. descent rate 6.5ms™!
Max. input voltage 17.5 Volts
Min. input voltage 12.5 Volts
Max. peak current 94.4 Amps
Max. constant current 61.5 Amps
Max. mechanical vibration 27 ms 2
Max. motor temperature 52 °C
Max. operating altitude 3210 m AMSL
Max. altitude above ground 1800 m AGL
Max. operating temperature 40 °C
Min. operating temperature -20 °C
Max. operating humidity 100% (light rain)

of the parameters, however, were learned after subjecting the CopterSonde to ex-
treme weather conditions, such as arctic weather conditions in Finland and low air
density in Colorado, USA. Moreover, the CopterSonde-3D successfully completed ev-
ery flight where one of these parameters was topped, and post-inspections revealed
that the CopterSonde-3D was still structurally sound. Table 3.7 lists all the measured
flight envelope parameters and other important technical specifications that apply to the
CopterSonde-3D, which were obtained after collecting flight data from several stress
flight tests. Many of these parameters were then used as thresholds in custom algo-
rithms for self-diagnosing. These algorithms were designed to trigger failsafe mech-

anisms automatically upon any extreme weather circumstance. Some of the custom
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Figure 3.20: Scatter plot of the instantaneous power and vertical velocity of the
CopterSonde-3D, which was fitted using a quadratic curve. The resultant function
P, = f(Vp) is shown in the top left corner together with the cross-correlation. Mul-
tiple vertical flights were conducted using the CopterSonde-3D with different ascent
and descent speeds each time. Meanwhile, instantaneous power drawn from the battery
was recorded using the internal power module of the CopterSonde-3D. An extremely
windy day (> 10 m s~1) was chosen for these flight tests to account for the high power
demands of the worst-case scenarios.

failsafe mechanisms were described in Section 3.2.2.

Besides establishing the limits and specifications of the CopterSonde-3D design,
studying the energy budget needed to successfully perform a single vertical profile and
safely complete the flight was necessary. The parameters involved in the calculation
of the energy budget are battery capacity Ep, required energy for ascent £, and de-
scent F/;, instantaneous power used P, in flight, vertical velocity V of the UAV, the
flight ceiling h;, and the time ¢, it takes to reach to the target altitude. Some of these
parameters are known, like the battery capacity 'z = 89.2 Wh per manufacturer spec-
ification and the flight ceiling h; = 1524 m AGL. This is because it was the highest

flight ceiling that CASS got approved by the FAA. For this reason, the energy budget
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Figure 3.21: Proposed energy budget for the CopterSonde-3D assuming only vertical
profiles with a flight ceiling of 1524 m are conducted. The energy for the descent leg
was defined as a fixed value for safety reasons and obtained from flight tests in extreme
wind conditions. Additionally, it was decided, out of precaution, to reserve 30% of the
energy in the battery to prevent the battery from fully depleting in an unexpected event
while flying. The remaining energy in the battery is used for the ascent leg, which can
be managed within a range of ascent speeds.

Available ascent energy = 44.4 Wh

ax wind

of the CopterSonde-3D had to be tuned and adjusted to this specific height limit. Due
to limitations in the autopilot software, the vertical velocity V), can only be modified
before takeoff and stays constant throughout the vertical profile. However, if desired,
the ascent and descent vertical velocities can be different in magnitude. Since priority
is given to the ascent-leg measurements, as explained in Section 3.5.3, it is convenient
to spend as little energy as possible in the descent leg. Therefore, the CopterSonde-3D
was programmed to descend at a constant speed of 5 m s~!, leaving a safe margin with
respect to the maximum descent speed. As good practice and for extreme precaution,
a safety factor Sy = 1.3 was applied to the energy budget calculation from this point
forward. This safety factor considers possible errors in the computation and unforeseen
events that require extra energy to endure, like high winds, battery degradation over
time, or unexpected maneuvers to avoid air traffic.

To begin with the calculation of the energy budget, the power used by the
CopterSonde-3D must be characterized to determine its relationship with the vertical
velocity. For this, multiple vertical flights were conducted using the CopterSonde-

3D with different ascent and descent speeds each time. Meanwhile, instantaneous
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Figure 3.22: Plot of the ascent energy F, required to reach a target altitude of 1524 m
AGL as a function of vertical velocity V. A range of climb speeds was defined for
the CopterSonde-3D, which meets the energy budget required to complete a vertical
profile.

power drawn from the battery was recorded using the internal power module of the
CopterSonde-3D. An extremely windy day (> 10 m s~!) was chosen for these flight
tests to account for the high power demands of the worst-case scenarios. The recorded
data was used to produce Figure 3.20, a scatter plot of power against vertical velocity,

which was fitted using a quadratic curve with resultant function P, = f(Vp) given as,
P, = 1.172V3 +21.06Vp + 242.2  [W] (3.2)

Using Equation (3.2), the energy E, required for the CopterSonde-3D to descend from

1524 m at 5 m s~ ! was calculated as follows,

~ SP(Vp)hy

= ~ 18 Wh 3.3
4 73600|Vp| (3-3)

Therefore, this was defined as the minimum amount of energy that must be reserved
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from the CopterSonde-3D battery to make its way back to the launch point safely.
Subsequently, an energy budget for the CopterSonde-3D is proposed in Figure 3.21
where the battery capacity and the descent energy are known. Additionally, it was
decided, out of precaution, to reserve 30% of the energy in the battery to prevent the
battery from fully depleting in an unexpected event while flying. The energy left in the
battery (44.4 Wh) is used for the ascent leg, which can be managed by adjusting the
ascent speed of the CopterSonde-3D. To visualize this, Equation (3.2) was modified to
show the total energy consumption for the ascent leg after multiplying it by the time
it takes to reach flight ceiling, or ¢, = "}—; This math operation gives the following

energy equation as a function of vertical velocity,

hy 1
Pt =E,=— (1.172h,Vp + 21.06h
Vi 3600 ( A et

242.2h,

D

) Wh]  (3.4)

which produced the plot illustrated in Figure 3.22. It can be seen that as the V) in-
creases, the I/, decreases up to a certain minimum point. Although the power required
to move faster is greater, the reduced time to reach the target altitude compensates for
the extra power demand on the energy budget. From Equation (3.4), a range of climb
speeds was deduced which meets the energy budget requirements for a vertical profile
up to 1524 m AGL. The limits of the ascent speed range are defined as Vp = 7.94 ms™!
for maximum speed, and Vp = 3.1 m s~! for minimum speed. Although it is intuitive
to choose the maximum ascent speed for minimum energy consumption, several other
factors must be considered before selecting a climb rate. First, the spatial resolution
of the atmospheric measurements gets more coarse as the velocity increases. Second,
fast ascents require high power, which renders less available power to withstand high

winds. Lastly, fast climb rates produce high stress on the propulsion system as a result

of high power demands that can degrade the electronics faster. With these trade-offs
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in mind, a low ascent speed of 3.8 m s~! was selected on the additional reasoning that
the CopterSonde-3D is an experimental platform, and caution was taken not to wear
out the instrument. It was opted to do more science with the CopterSonde-3D in a safe

manner over exploring its limits and risking high expenditures.

3.7 Chapter Summary

The CopterSonde series rotary-wing WxUAV was developed in-house by a team of en-
gineers and meteorologists from the University of Oklahoma. It was designed to be
both robust and optimized for sampling the thermodynamic and kinematic state of the
lower Earth’s atmosphere, with a focus on vertical profiles in the planetary boundary
layer. It provides the same information as the radiosondes but with much more control
of its sampling location and the advantage of being reusable. The initial design, the
CopterSonde-1, underwent considerable modifications that led to the latest version, the
CopterSonde-3D. The current CopterSonde is capable of adaptive atmospheric sam-
pling, real-time data processing, and data dissemination while offering significantly
superior methods for mitigating thermodynamic measurement errors.

The design evolution of the CopterSonde platform and the proof of concept were
thoroughly discussed in this chapter. It summarized the engineering challenges en-
countered from the concept of the UAV-based atmospheric measurements system to
the current state and the decisions taken to continue improving the crucial components
that conform to the WXUAYV system. An intricate balance between autopilot software
integration, airframe selection, and propulsion design had to be understood to create
a platform capable of satisfying the desired atmospheric measurement requirements
while complying with imposed safety protocols. On top of this, the sensor package

and shell design were a challenge in and of itself that must work in harmony with the
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rest of the UAV components to produce satisfying results. By modifying the autopilot
code, the chosen thermodynamic sensors were integrated into the CopterSonde system
enabling the confluence of weather data streams with flight data streams. CAD models
of the CopterSonde-3D and CopterSonde-1 were created and subjected to flow simula-
tion to learn about the heat footprint of each platform over a range of wind incidence
angles. This facilitated rendering visual images and producing statistics that helped to
compare the two proposed sensor siting concepts. Based on the outcomes presented in
Section 3.5, it is apparent that the localized sensor placement of the CopterSonde-3D
combined with the WVFEFM is more successful than the distributed sensor layout of the
CopterSonde-1 at mitigating effects from heat advection.

Moreover, field experiments were conducted to characterize the temperature field
around the CopterSonde-3D and validate the flow simulation results. These experi-
ments consisted in taking temperature measurements in different directions with re-
spect to the wind field by manually introducing offsets in the WVEM estimation. The
flights were carried out nearby a calibrated meteorological tower used for reference.
The results of these experiments helped to define the range of angles in which the ther-
modynamic measurements are unaffected by heat advection. Additionally, it was shown
that the prop wash is a source of large thermodynamic errors when the CopterSonde-3D
is descending. As a result, priority was given to the optimization of weather sampling
in the ascent leg over the descent leg.

Lastly, the flight envelope of the CopterSonde-3D was presented in Section 3.6
and defined after analyzing a collection of flight records where the CopterSonde-3D
was subjected to extreme events. This helped to establish the design specifications
of the CopterSonde-3D, which were then used as thresholds in custom algorithms for
automatic self-diagnosing while in the air. These decision-making algorithms are able

to trigger failsafe mechanisms and quickly alert the user about the issue. This greatly
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assists the user to quickly identifying ongoing extreme events and taking action to avoid
pushing the CopterSonde-3D outside its operating range. Moreover, a thorough study
of the energy budget required to complete a vertical profile successfully was discussed.
Safety was kept as a top priority, and generous energy reserves were made available to
the CopterSonde-3D in case of unexpected events while still being able to complete its

mission.
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Chapter 4

Weather-Specific Feature Developments

In this chapter, the major add-on features that contributed to enhancing the thermody-
namic and kinematic measurement of the CopterSonde are described.

First, advanced modeling techniques and signal processing algorithms were inves-
tigated to compensate for slow sensor dynamics. For this study, dynamic models were
developed to characterize and assess the transient response of commonly used tem-
perature and humidity sensors. Consequently, an inverse dynamic model processing
(IDMP) algorithm that enhances signal restoration was presented and demonstrated on
simulated data. This study also provides contributions to analyzing the model stability
necessary for proper parameter tuning of the sensor measurement correction method.
Several case studies were discussed where the application and results of the IDMP
through strong thermodynamic gradients of the PBL were provided.

Second, the design and implementation of the WVFM on the autopilot code were
introduced, adding an extra flight function to the CopterSonde. The WVFM method
allowed the CopterSonde to estimate wind direction and continuously turn itself into the
wind. As demonstrated using flow simulations in Section 3.5.1, the resultant orientation
was advantageous for sampling undisturbed air if the sensors were placed at the most
downwind section of the UAV body. Moreover, the elongated shape of the CopterSonde

body and shell took advantage of the aerodynamic benefits made possible when using
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the WVFM.

Third, given that the UAV significantly alters its immediate surrounding air to stay
aloft, measurements can be affected by several sources of bias and uncertainties if
these alterations are not considered. Three-dimensional (3D) wind sensing using UAV
presents a particularly great challenge, as the induced airflow produced by the UAV
must be decoupled from the desired wind measurements. Correctly placing the wind
sensors on the multicopter UAV without compromising flight stability is one viable
solution presented in the literature [101]. However, this approach requires significant
modification of the multicopter UAV configuration, given that a great part of the sensor
hardware must be exposed to moving air. This not only reduces valuable payload avail-
ability in terms of space and weight limitations but also increases air resistance which
may lower the wind speed tolerance. The approach taken in this work was to discard
as many protuberances from the UAV as possible to produce a sleek shell design with
low air resistance. For this, it was opted not to use a dedicated wind sensor and, in-
stead, exploit UAV characteristics to estimate wind in an indirect way. This chapter
presents a method to estimate 3D winds simply by using the CopterSonde body with-
out any dedicated wind sensor mounted. In other words, the entire CopterSonde acts as
the wind-sensing element to produce wind estimations while trying to remove external
disturbances through modeling techniques.

Finally, a brief discussion summarizing the contributions of these developments is

provided at the end of the chapter.

4.1 Method for Correcting Thermo-Hygrometer Measurements

The aim of this section is to lay the foundations for exploring measurement restoration

techniques suitable for weather sensors onboard WxUAS. The CopterSonde offers a
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unique way of mitigating measurement bias that can be exploited to improve the quality
of the weather measurements further. The mitigation of slow sensor dynamics and the
removal of sensor noise using low-cost weather sensors is challenging, but their impacts
can be reduced using the right tools. The IDMP techniques have traditionally been used
in control theory to design controllers to influence the system’s behavior. This modern
technique uses known physical properties of the sensor to restore the original signal
given a sensor reading. To ensure the proper functioning and reliable results of the
IDMP, it is important to mitigate sources of error around the UAS by applying the
strategies discussed in Section 3.5. The IDMP is sensitive to noisy inputs and may
produce divergence in the output if the system is close to being unstable.

Slow transient responses in sensors are commonly associated with amplitude atten-
uation and phase delay of the output signal (measured weather signal) with respect to
the input signal (actual weather signal). These effects can be appreciated in the Bode
diagram in Figure 4.1, which shows the frequency response of the forward model of the
HYT-271 humidity sensor. The dynamics of the sensor are similar to that of a lowpass
filter. The continuous model is the approximation to the analog behavior of the sen-
sor, useful to simulate the “real” sensing element. The discrete system is a “sampled”
version of the continuous system with a sample rate equal to that of the real sensor or
the analog-to-digital converter (ADC). The truncation effect that comes with sampling
a system produces a mismatch in the frequency response at high frequencies, which is
also discernible in Figure 4.1.

While the impact of sensor dynamics can largely be neglected when considering
static scenarios, measurements should not be considered co-located in space and in-
stantaneous time when the sensor moves through strong gradients [88]. Several studies
have proposed ways to reduce the impact of the sensor transient response for tempera-

ture [77, 78] and humidity [84] sensors.
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Figure 4.1: Example of Bode diagram of a continuous (blue line), or analog, sensor
model and two discrete sensor models with different sampling rates (red and yellow
lines). This shows the mismatch in the frequency response product of the truncation
effects. Magnitude and phase are shown on the top and bottom plots, respectively.

Two mathematical models were introduced in Section 2.3, one describing the bead
thermistor sensor dynamics and another describing the capacitive humidity sensor dy-
namics. The following sub-sections show the implementation of the IDMP measure-
ment correction technique using these models. In an effort to reinforce the CopterSonde
design concepts shown in the previous chapter, the results of the IDMP show evidence
that the CopterSonde design effectively mitigates measurement biases compared to the

standard UAS design.

4.1.1 Sensor Dynamics Characterization

In an effort to establish considerations and guidance for the sensor characterization on
UAS, some studies conducted experiments where WxUAS were flown across a pseudo-
step change in temperature and humidity from an air-conditioned room to the outdoor

environment [23]. Although their goal was to measure the sensor time response with
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the effects of UAS altogether, the study only describes the qualitative results with few
considerations to mitigate slow sensor dynamics. Therefore, a different approach was
taken for this study, where the problem was divided into two parts. First, the sensors
were isolated and characterized independently of the UAS body through experimenta-
tion. Second, sensor siting on the UAS and sampling techniques were investigated to
minimize the external effects on the measurements.

The geometry and boundary conditions were defined in the forward sensor models
presented in Section 2.3.1. The sampling period of the sensor for both iMet-XF and
HYT-271 is known and equal to At = 0.1 s. The remaining parameters to be defined
in the models are the thermal (water vapor) diffusivity o (D), the width of the sens-
ing material R (L), and the thickness of the layers Ar (Ax). These parameters are
usually unavailable in the sensor’s datasheet and sometimes kept as a trade secret by
the manufacturers. However, they are associated with the time response of the sensor,
and, hence, the models can be adjusted to approximate the time response of the real
sensor [84]. This way, the remaining parameters were obtained empirically through ex-
perimentation within a controlled environment. Ideally, the time response is measured
by stimulating the sensor with an ideal step function (e.g., thermal shock). However,
step functions of temperature and humidity are not possible in real-world conditions.
Instead, [102] assumed a ramp function to model the thermodynamic shock and found
that the error of assuming an ideal step function is less than 10% if the transition time
from the initial to the final state is less than the time response of the sensor. Figure 4.2
shows the experimental configuration used to measure the step response of the weather
sensors through the thermal shock. This included using an environmental chamber able
to modify the temperature and humidity of the air to desired states. The environmen-
tal chamber used was a Thunder Scientific Model 2500 humidity generator provided

by the Oklahoma Mesonet Lab located in the National Weather Center (NWC) of the
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University of Oklahoma as described in Section 3.5.2.

Temperature and humidity shock experiments were conducted separately to deter-
mine the step response of each sensor. In these experiments, the shock was produced
by rapidly inserting the sensors into the chamber through the side hole and allowing the
sensor output to settle. The resulting shock was characterized by a sudden change in
temperature and humidity over a distance of less than 10 cm, which translates to less
than 1 s of sensor measurement time. Calibrated and validated sensors inside and out-
side the chamber were present on both sides of the shock for reference. The described
shock experiment is a smaller scale of the experiments used to evaluate the sensor re-
sponse in U-tube shields for mobile Mesonet [103], which were used as guidance in
this study.

The data collected were then used to adjust the sensor models (see Section 2.3.2)
using an iterative learning process called Differential Evolution (DE) [104]. The DE
method optimizes the sensor model by adjusting the model parameters until finding a
solution that closely matches the observations with regard to a given quality measure,
such as the root-mean-square error (RMSE). Table 4.1 shows the resulting model pa-
rameters obtained for this particular experiment, while Figure 4.3 illustrates the step
response comparison between the real sensor and the optimized sensor model. The re-
sponse time, or rise time, is commonly defined as the time taken by the model’s output
to change from an initial state to 63.1% of the final value. Based on a step response
analysis, the resulting temperature and relative humidity sensor models exhibit ~ 0.7 s
and ~ 4 s rise time, respectively, which fall within the specifications of the sensors (see
Table 2.1). The results of the presented sensor characterization process were used to
develop and test the IDMP correction technique in the following sections.

It must be emphasized that the presented sensor characterizations are for a par-

ticular set of sensors within specified operating conditions. Several external factors
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Figure 4.2: Experimental configuration used to measure the step response of the
weather sensors. The air temperature and humidity inside the chamber were set to
308 K and 75 %, respectively. Whereas the room ambient was approximately 20 K
and 20 % lower than the chamber, respectively. The thermal shock was performed by
rapidly inserting the sensors into the chamber through the hole on the chamber’s side.
The environmental chamber used was a Thunder Scientific Model 2500 humidity gen-
erator provided by the Oklahoma Mesonet Lab in the National Weather Center (NWC)
of the University of Oklahoma.

influence the physical aspects of weather sensors that must be considered to properly
characterize the sensors for a wide range of temperatures and humidity. In particular,
the capacitive humidity sensor is primarily affected by the ambient temperature [45].
This is because the porosity and thickness of the sensor’s polymer significantly change
with temperature. This means that there is no universal water vapor diffusivity D that
can be effectively used for a wide range of ambient temperatures. Therefore, the shock
experiments for the humidity sensor must be performed under multiple air temperature
conditions to create a lookup table of values. Conversely, the thermal diffusivity « of
the bead thermistor does not significantly change with humidity [105]. Consequently,

only one shock experiment should be enough to compute a universal thermal diffusivity
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Table 4.1: Resulting model parameters for temperature and humidity obtained using
thermal shock observations with an environmental chamber and sensor model opti-
mization with a Differential Evolution method.

Sensor aorD Ror L N RMSE
iMet-XF | 3.72x107"m?s™'  1.1x1072m 2 0.3853K
HYT-271 | 9.01x1072 m?s™ ! 1.01x10°m 23 0.7035%
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Figure 4.3: Step response comparison between real sensor measurements and sensor
model outputs after optimizing the sensor models using thermal shock observations.
The data collected from the shock experiment were used to adjust the sensor mod-

els (see Section 2.3.2) using an iterative learning process called Differential Evolution
[104].

« for the bead thermistor.

4.1.2 General Procedures and Limitations of the IDMP

From this point forward, real weather signals are referred to as “actual” weather sig-
nals, whereas the output signals from the sensors and forward models are labeled as
“measured” signals, and the restored signals using the IDMP are called “corrected”

signals. In order to detail and formulate the IDMP restoration technique, a summary of
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the general procedure inspired by [84] is listed below:

1. Identify the sensor noise floor from the sensor measurements by inspecting its
power spectral density (PSD) and suppress the noise using a zero-phase lowpass

filter.

2. Apply the inverse sensor model to the filtered measurements after adjusting the

model parameters based on the weather conditions and sensor characterization.

3. Re-apply the filter from step 1 to the restored signal to filter out any amplified

noise.

4. Quantify the improvement by inspecting the time series and spectral response of

the signal before and after applying the inverse sensor model.

5. Validate the correction by comparing the structure-function with the theoretical

2/3 slope for locally isotropic turbulence in the ISR.

Given the assumed Taylor’s hypothesis for frozen field, the CopterSonde flights
were limited to steady hovers in CBL and windy conditions. This enables converting
temporal measurements into spatial measurements, which is necessary for the compu-
tation of the KTS and the structure-function. Step 5 in the procedures is feasible if and
only if the atmosphere is assumed to be horizontally homogeneous and locally isotropic
without any rapid atmospheric evolution [71].

The initial signal conditioning of the measured signals is necessary to avoid feeding
the IDMP with noisy signals that could produce divergence. Therefore, the measured
signals were first run through a digital lowpass filter. The cut-off frequency of the filter
was manually tuned on a case-by-case basis by inspecting the PSD of the measured sig-
nal. The cut-off frequency was defined as the frequency where the PSD has a noticeable

increase in its slope greater than -5/3. Additionally, a logic to identify distortions and
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contamination in the PSD was formulated by taking advantage of KTS. The reasoning

is as follows:

* Based on KTS, the natural trend of the PSD should be a slope of -5/3 on a log
scale. Accordingly, if the slope of the PSD is greater than -5/3 at high wavenum-
bers, the region is considered to be contaminated by external perturbations and/or
sensor noise. Therefore, it must be removed using a lowpass filter before the

restoration phase and prevent undesired signals from getting amplified.

* Otherwise, if the slope is less than -5/3, then the measured signal is considered
to be attenuated and distorted by slow sensor dynamics. This indicates that the
sensor cannot keep up with the fast variations and fails to capture the turbulence
dynamics. With proper sensor characterization and modeling, the IDMP should
be able to correct this bad trend and produce a corrected signal with a PSD ap-

proximating the theoretical -5/3 slope line.

The next step is to run the conditioned signal through the core of the IDMP method,
the inverse model of the sensor. To obtain the inverse model H(z), the z-transform of
the state-space system is computed first, and then the system is inverted using control
theory methods. These operations were done using MATLAB 2020a Update 8 (Febru-
ary 2022 release). H (z) was then fed with the filtered sensor measurements to produce
the corrected sensor measurement. Lastly, the same lowpass filter was applied to the

corrected signal to remove any amplified noise that survived the process.

4.1.3 System Tuning

The inverse system of GG(z) exists and is stable if and only if G/(z) is minimum phase,

meaning that all the poles and zeros are within the unit circle [106]. As a result, the
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transfer function of the inverse sensor model is obtained by simply taking the inverse
of H(z) = G7'(z). Even though the process of finding the inverse seems to be simple
and straightforward, special attention must be given to the poles of H(z). The resulting
poles of H(z) might end up too close to the unit circle, which could cause instability
and divergence in the output signal. The stability parameter for the presented models is
defined by [83] as ¢ = Z—éﬁ < 0.5 where 7 is an intrinsic parameter of the sensor, such
as the thermal and diffusivity coefficients. The equation shows how fast the sampling
rate must be in order to precisely capture the dynamics of the sensor within a small
spatial interval. Given that the sampling rate of the sensors is fixed to At = 0.1 s,
then the only way to adjust the poles is by varying Az. This means that to capture
the internal dynamics of the sensor, then a proper spatial discretization of the sensing
element is required. The forward model and; hence, its inverse H(z) are stable with
large values of Ax at the expense of reducing the order of the model and; consequently,
the overall accuracy and resolution of the method. Moreover, notice that the degree of
correction made on the sensor measurements is limited by the sensor’s sampling rate. If

the same sensors could sample at higher rates, the IDMP would become more effective.

4.1.4 Weather Signals Generation and Sensor Simulation

The first step to investigate the potential of applying the IDMP for temperature and
humidity measurements is to develop a time-series weather signal generator that could
be used as a benchmark to evaluate the performance of the proposed framework. As
described in Section 2.2.2, CBL weather signals from a horizontal transect tend to
have a particular PSD with a -5/3 slope on a log scale. Moreover, assuming horizontal
CBL weather signals are produced by a wide-sense stationary (WSS) random process

with a Gaussian probability density function, it is possible to generate the artificial
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Figure 4.4: Generated spatial temperature signal that follows the -5/3 Kolmogorov law.
This was obtained after converting the time-series data given a constant wind speed of
10 m s~! using Taylor’s hypothesis of frozen fields.

weather signals by modifying the PSD of a Gaussian white noise signal to look like
Kolmogorov’s energy cascade power spectrum. This was achieved by taking the PSD
of a white noise signal generated with MATLAB. Subsequently, each PSD point was
divided by its corresponding frequency to the power of 5/3 while keeping the phase
unchanged. Figure 4.4 shows an example of an artificially generated CBL weather

signal.

4.1.5 Validation of the IDMP in Simulated Conditions

To simulate the sensor measurement process, the sensor model was divided into three
parts: the analog sensing element, the ADC discrete sampling, and sensor noise genera-
tion. The sensing element was simulated using the forward models shown in Section 2.3
with a much smaller sampling period At = 0.01 s. This is because analog signals can-

not be generated in a digital computer, and, therefore, the best approximation is to in-
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crease the resolution of the discrete model. The actual weather signal was run through
the high-resolution sensor model to add the effects of sensor dynamics. This signal then
goes through the ADC, which downsamples the signal to the actual sampling period of
the sensor At = 0.1 s. The down-sampling process may create aliasing of rapidly
changing signals, which makes it more realistic. Finally, the down-sampled signal gets
its characteristic noise floor by adding additive white Gaussian noise (AWGN). The
noise amplitude from each sensor was taken from previous steady-state calibrations
conducted in a controlled laboratory environment (see Section 3.5.2).

The following measurement validation method for CBL conditions exploits the ISR
of turbulent fluctuations theory by using the PSD and structure-function calculations. In
real-world CBL conditions, data were collected by conducting a hovering or stationary
flight in windy conditions at a constant altitude using a multicopter UAV. For brevity,
results will be shown in an alternated fashion between temperature and humidity.

As an example, the PSD of generated weather signals was computed and compared
in Figure 4.5. Following the procedures of the IDMP, the cut-off frequency of the low-
pass filter was selected near the constant and flat power level of the measured signal,
and the sensor noise was effectively mitigated as a result. The effect of the slow sen-
sor dynamics is noticeable as a downward trend with respect to the -5/3 slope line.
The IDMP successfully restored the power levels of the measured signal at high fre-
quencies. Next, Figure 4.6 shows a comparison of the time-series of the measured and
corrected signals. The time-series plot clearly shows an improvement in the time re-
sponse of the sensor where the corrected signal is more tightly fit to the actual weather
signal. Finally, Figure 4.7 shows results from the two-point spatial correlation calcula-
tion, namely, the structure-function. Assuming locally isotropic turbulence conditions,
the deviations of the computed structure function from the theoretical 2/3 slope in the

ISR region are indications of the effects of sensor dynamics and sensor noise on the
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Figure 4.5: Power spectral density of the simulated weather signal and processed sig-
nals using the sensor models in CBL conditions. Results from before and after applying
the IDMP are shown.

measurement. Moreover, the results can be used to slightly tune the IDMP until getting
the best-possible agreement with the theory. The presented results show that the IDMP
method is able to partially restore the signal without any visible signs of instability and
oscillations. Given that the generation of the weather signals is random, the IDMP was
demonstrated to be consistent and able to produce similar results using other similar
weather signals as inputs. The restoration is partial because of missing parts in the
frequency content due to noise filtering, low sampling rate, and poor capturing of the

weather dynamics.

4.1.6 Evaluation with Real Data

The presented simulation results show the feasibility of the IDMP technique on mea-
surements taken with a UAS under ideal conditions. However, several assumptions
were made to produce the models and simulations, which may not hold true for real

observations in the field. Therefore, to begin exploring the mitigation of slow sensor
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Figure 4.6: Time-series of the simulated weather signal in CBL conditions and pro-
cessed signals using the sensor models. Results from before and after applying the
IDMP are shown.

dynamics and sensor noise for realistic UAS flights, the IDMP was applied to real data
collected using the CopterSonde. Two flights were picked from the extensive database
made in the past years throughout several field campaigns. These flights were con-
ducted in CBL and FTI weather conditions, respectively, at the Kessler Atmospheric
and Ecological Field Station (KAEFS) in Purcell, Oklahoma, USA, located 30 km
southwest of the OU Norman campus. The Certificate of Authorization (COA) with
number 2020-CSA-6030-COA, issued by the Federal Aviation Administration (FAA),
allowed for CopterSonde flights above 400 ft with a flight ceiling of 5000 ft.

In CBL conditions, the CopterSonde was flown stationary at a constant altitude of
10 m for about 15 min with a mean wind speed of 10.2 m s~!. Figure 4.8(a) shows a
close-up of a portion of the measured and corrected relative humidity time series, while
Figure 4.8(b) illustrates the degree of correction made by the IDMP. This is noticeable
by observing the amount of deviation in the structure-function, particularly in the region

of smaller lags. With this, the IDMP demonstrates it is capable of partially restoring
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Figure 4.7: Structure function of the simulated weather signal and processed signals
using the sensor models in CBL conditions. Results from before and after applying the
IDMP are illustrated.

high-frequency content that was initially degraded by slow sensor dynamics.
In FTI conditions, the CopterSonde was flown shortly after a cold front moved

through KAEFS, leaving a shallow cold pool. The ascent rate was set to 3.8 m s~*,

whereas the descent rate was set to 5 m s~}

. The CopterSonde was sent to 1300 m
AGL, collecting temperature and humidity data in the ascent and descent legs. The
flight took about 10 min from take-off to landing. Figure 4.9(a) shows a comparison
between the measured and corrected vertical profiles of relative humidity. The cor-
rection is not noticeable due to the large spatial scale and the slow vertical speed of
the UAS. The errors are smaller when flying at low speeds; however, the observation
might not be representative because the weather phenomena may have evolved faster
than the observation period [88]. However, Figure 4.9(b) is a zoomed-in plot of the
lower altitude region where the small correction is visible. Assuming that the descent-

leg observations are valid, this helps to confirm that the ascent and descent speeds of

the CopterSonde are small enough not to impact the sensor measurements when flying
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Figure 4.8: Thermodynamic observations were collected using the CopterSonde-3D at
KAEFS in Purcell, Oklahoma, USA. The platform was flown stationary at a constant
altitude of 10 m for about 15 min with a mean wind speed of 10.2 m s~!. Raw rela-
tive humidity measurements were compared against the same data processed using the
IDMP technique: (a) Time-series comparison of the measured relative humidity against
corrected relative humidity. (b) Relative humidity structure-function comparison.

across a steep thermodynamic gradient. Given that the amount of correction was small,
the IDMP method may not be worth using for this case unless the study of small-scale

high-frequency variations is relevant.

4.2 Wind Vane Flight Mode

Concisely, the concept of the WVEM was to ensure that the CopterSonde is pointing
headwind by changing its yaw angle in the direction that the roll is minimized. The

advantage of this approach is that there is no need for an additional dedicated wind sen-

103



1200 —Ascent - Measured | |
—Ascent - Corrected
1000 - Descent - Meas. 7
—Descent - Corr.
'E 800 8
(o)
3
£ 600 1
<< Fast atmospheric
evolution
400 - 7
(a)
200 - 7
! ‘
35 40 45 50 5 60 ) .65 70 75 80 85 90
Rel. Humidity [%]
T
300 7
250
‘E‘ZOO 7
[0}
k=]
=
§ 150
—Ascent - Measured
100~ —Ascent - Corrected 1
Descent - Meas.
s0-  —Descent - Corr. E
Il Il L L

87 88 89 90

83 84 85 86
Rel. Humidity [%)]

Figure 4.9: The CopterSonde was flown up to 1300 m AGL shortly after a cold front
moved through KAEFS, leaving a shallow cold pool. The ascent rate was set to
3.8 m s~ !, whereas the descent rate was set to 5 m s~!. (a) Vertical profile of rela-
tive humidity over height, measured against corrected data. (b) A close-up plot of the
first 300 m of the vertical profile.

sor like an airspeed sensor or anemometer. Otherwise, the extra onboard device would
reduce the available space and weight limit for other valuable payload components. By
maintaining the CopterSonde orientation into the oncoming wind, the air being drawn
across the sensors has not been disturbed by the effects of the CopterSonde body. It
also enabled the selection of an elongated airframe configuration that allows longitu-
dinal distribution of the internal components (see Section 3.3.1). This helped enhance
the shape of the CopterSonde shell in one direction and decreases the aerodynamic

drag that would otherwise be unachievable with a conventional and symmetric UAV

airframe.

104



The following sections describe the theory behind the WVEM and its integration
into the CopterSonde. The method was tested and debugged in a simulated environ-
ment to guarantee its correct behavior before implementing it on the real autopilot code.
Finally, comparisons against conventional wind instruments are shown from which op-

erating ranges and limitations were defined.

4.2.1 Concept and Theory

The position and velocity estimates computed by the navigation system of the Copter-
Sonde’s autopilot are based on an absolute Earth reference frame. This is done by using
the GNSS on board the CopterSonde and computed by the autopilot. The position and
velocity estimation accuracy are further improved by the autopilot by internally fus-
ing the GNSS data with the IMU data. Given that the ArduPilot autopilot code uses a
Proportional-Integral-Derivative (PID) flight control system, it only reacts when there
is a position or velocity error with respect to the desired target location. Meaning that
the CopterSonde will remain in its target position regardless of external forces or dis-
turbances.

For instance, wind produces a drag force D over the CopterSonde that pushes it
away from the target location, increasing the position error. Consequently, the Copter-
Sonde compensates for the position error by tilting its thrust vector in the opposite
direction to the wind. This cancels out the force applied by the wind while the Copter-
Sonde remains in position. However, if commanded, the CopterSonde may tilt its thrust
vector to change its horizontal position. This additional inclination is added to the tilt
caused by wind, potentially producing wrong wind estimates unless properly accounted
for. Assuming there is no horizontal position change through the vertical profile, it is

possible to take advantage of the CopterSonde’s reaction to the wind to estimate the
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wind vector based on its tilt and aerodynamic properties.

The WVFM method was formulated on angle estimations provided by the onboard
IMU built into the CubeOrange autopilot board. The ArduPilot flight code follows the
North-East-Down (NED) reference frame convention defined as [ : {]\7 E, 5} [91]
which is used as the inertial reference frame. The N axis points True North, the E axis
points East, and the D axis points to the center of the Earth. For ease of calculation, the
origin of the [ frame is coincident with the center of mass (CoM) of the CopterSonde.
A second reference frame, the body frame, was defined as B : {)Z' Y.Z } and it follows
the angular movements of the CopterSonde with origin on the CoM as well. The X axis
points forward, Y axis points to the right, and 7 axis points down perpendicular to the
XY plane.

The orientation of the frame B with respect to the inertial frame [ was defined
by using Euler angles: pitch 6, roll ¢, and yaw ). However, the order of rotations
is not associative, and a convention must be defined beforehand. Again, following
ArduPilot’s definition, the chosen order of rotation is yaw-pitch-roll, where the first
rotation is the right-most angle in the sequence. Each of these individual rotations
can be described using a 3 x3 matrix, defined in Equations (4.1)—(4.3), where s and ¢
denote sine and cosine functions, respectively. The notation R means a conversion
from the B frame to the [ frame. In other words, a vector expressed in B frame that is

left-multiplied by R% results in a vector expressed in I frame [107].

Ci/’ —Sw 0
Rp() = |sy ¢y O (4.1)
0 0 1
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Co 0 Sp
RE@)=|0 1 0 (4.2)

—Sp 0 Cy

10 0
Rp(¢) = {0 ¢y —s4 4.3)

0 s4 ¢y
It is possible to get a single rotation matrix by multiplying all individual rotation
matrices together in the order of the convention. The result of multiplying the rotation

matrices together is shown in the following.

CoCy —CSy 1+ SpSeCy S¢Sy + CySCy

R’B(w, 0, ¢) = | €Sy CyCy + S$SeSy  —SeCy F CpSeSy 4.4)
—Sg S¢Co CyCo

The rotation matrix can be computed every time the autopilot outputs a new set of
Euler angle estimates. The tilt vector e is a vector expressed in the / frame, and it
measures the inclination angle v of the CopterSonde with respect to the D axis. To
obtain the tilt vector &7 using the rotation matrix, R5 (1,6, ¢) must be multiplied by
the column vector Vi = 0,0, 1]7 which is the Z axis of frame B. As a result, the tilt
vector ér is equal to the right-most column of RL (v, 6, ¢) in Equation (4.4) which is

shown below.

er = S¢Sy + CySeCy  —SpCy + CpSeSy  ChCo 4.5)

The projection of the vector é; onto the NE plane gives a vector that points in
the opposite direction of the inclination. After reversing the projected vector, the angle

with respect to True North is assumed to be the absolute wind direction if the flight con-
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ditions described at the beginning of this section are followed. Taking the arc tangent
of the first two elements of the tilt vector in Equation (4.5) results in wind direction

estimates given by the expression:

U = arctan( S¢Cy  Co505y ) (mod 27) (4.6)
—S¢Sy — CpSeCy

The inclination angle v is directly proportional to the aerodynamic drag force D on

the aircraft. D in turn is related to the horizontal wind speed Uy encountered by the

2D
Uy = | ———, (4.7)
f pAprojcd

where p is the air density, A,,,; is the aircraft surface area normal to the wind, and ¢,

CopterSonde defined as:

is a drag coefficient [108]. This equation is a modification of the Rayleigh equation for
aerodynamic drag. Because of continually changing conditions and orientations of the
multicopter UAV, A,,,; and c, are generally not well defined. However, it is possible

to estimate wind speed through a linear regression model as:

Uy = Cy+ C/tany, (4.8)

where constants C, and (' are derived empirically using a common reference measur-
ing wind speed. This model, therefore, accounts for the intricate design geometry of
the aircraft to a first-order approximation without the need for complicated expressions

for drag coefficients and surface areas.

4.2.2 Code Implementation

The ArduPilot autopilot code allows for seamless integration of user-defined functions.

These custom functions run in a separate thread from the main flight control, although it
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is possible to exchange data between them. The WVFM algorithm was written inside an
empty code “slot” meant for code testing and development provided by ArduPilot. The
computational procedure of the WVFM method is presented in Table 4.2. In general,
the raw WVEFM wind estimates carry high-frequency signals due to the mechanical
vibrations captured by the IMU. However, the high-frequency content in the estimates
is too high for the CopterSonde yaw control dynamics to follow properly. If the raw
estimates are directly injected into the autopilot, it could result in significant damage or
failure of the airframe and propulsion system. Therefore, the main reason for including
digital infinite impulse response (IIR) Butterworth filters was to smooth out the wind
estimates of the WVFM to the point where the yaw control performs stably.

On top of the WVFM algorithm, a state machine code was used to handle the dif-
ferent possible scenarios during flight and perform specific tasks. The WVFM state
machine overrides the yaw control of the CopterSonde and uses a decision-making pro-
cess to validate the yaw commands generated by the WVEFM. The WVEM function is
active only when the CopterSonde is flying in an autonomous flight mode. The human
operator is able to take over full control of the CopterSonde by disabling the function
at any time if desired. As described in the previous section, the WVFM produces valid
wind estimates when the CopterSonde is flying horizontally steady. Therefore, if the
speed of the CopterSonde is over a defined threshold, then the WVEM stops correcting
the platform’s heading and switches back to the default “look-ahead” yaw commands.
An important safety feature incorporated into the WVFM is the automatic high wind
fail-safe which triggers the Return-To-Launch (RTL) mode immediately after detect-
ing extreme wind speeds. This function greatly helps relieve the CopterSonde operator
from judging extreme flight scenarios in high wind where the CopterSonde is pushed
to its operating limits. Figure 4.10 illustrates the WVFM state machine process, which

runs in a loop at a rate of 10 Hz.
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Table 4.2: Pseudo-code of the WVFM algorithm incorporated into the ArduPilot au-
topilot code. This code is executed in a loop providing wind estimates at a rate of 10 Hz.
If desired, the wind vane mode can be enabled or disabled while still estimating wind.

1. Initialize wind estimates and Butterworth filters
A= 0, Vyinga — 0
while true:
2. Get Euler angles and compute rotation matrix
¥, 0,6 — RE
3. Retrieve tilt vector from rotation matrix
RIB(¢7 67 ¢) — gT
4. Compute wind speed and direction estimates
U= f(gT), Vwind = 9(5T)
5. Remove high-frequency content from wind estimates
U = Butterworth_filter(\V)
6. Command yaw turn and check wind tolerance
set_heading(V ¢ + 7)
if(Vying > maz){start_landing(true)}
end while

4.2.3 System Calibration and Limitations

The procedure for determining coefficients Cj and C in Equation (4.8) and evaluating
the performance of these models for the CopterSonde is nearly identical to that from
Section 3.1.2 of [109]. The Washington site of the Oklahoma Mesonet was used as a
reference for wind speed and direction, which outputs 1 min data from an RM Young
Wind Monitor. The Oklahoma Mesonet typically produces wind data every 5 min, but
CASS had access to a data stream from the tower with a better time resolution. The
CopterSonde was flown at a hover at 10 m near the tower, as shown in Figure 4.11,
for 10-15 min at a time on several days under a variety of wind conditions for the
statistical model. The aircraft inclination angles were then averaged to 1 min intervals

to be consistent with the Mesonet data. Linear regression was then performed with the
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Figure 4.10: Diagram of the WVEM state machine. The state machine was used to han-
dle the different possible scenarios during flight and perform specific tasks. The WVFM
state machine overrides the yaw control of the CopterSonde and uses a decision-making
process to validate the yaw commands generated by the WVFM.

A

input of \/tany and Mesonet wind speed as a reference to get a transfer function of
the form in Equation (4.8). This can then be applied to output wind speed estimates
(Figure 4.13). In practice, compared to other sampling methodologies like radiosondes
and Doppler wind lidars, this method of estimating wind speed with the CopterSonde
is accurate to 0.6 m s~! from recent calibrations [110].

Similarly, the wind direction estimated by the WVFM during these flights was com-
pared to the reference Mesonet tower. Generally, this is a more direct approach and
requires no statistical modeling unless a constant offset bias is observed. The output
angle for the CopterSonde as calculated from Equation (4.6) and accounting for the
yaw angle v tends to be within 4 deg of the reference in recent calibrations [110].
Nonetheless, the calibrations done through this method only accounts for small vari-

ations (or quasi-steady state) of wind speed and direction. This is because wind does
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Figure 4.11: Picture of the CopterSonde by the Washington Oklahoma Mesonet tower
at KAEFS, near Purcell, Oklahoma. The CopterSonde was flown at a hover at 10 m
near the tower for 10—15 min at a time on several days under various wind conditions
for the statistical model of wind estimation.

not typically change significantly during the ~15 min flight of the CopterSonde by the
Mesonet tower. After calibrating the WVFM, a series of flights by the Mesonet tower
were performed to validate the calibration and evaluate the performance of the WVFM.
An example of wind speed and direction comparison between the CopterSonde and the
Washington Oklahoma Mesonet tower at KAEFS is shown in Figure 4.12. There is a
significant sampling period difference between the CopterSonde (every 0.1 s) and the
Mesonet tower (every 60 s). To make a fair comparison, the CopterSonde data were
averaged every 60 sec to match with the data points collected by the Mesonet tower.
However, only 10 comparison points were able to be computed per flight due to the
short flight autonomy of the CopterSonde-3D by the tower. To make a fair statistical
comparison, several flights were conducted by the tower to increase the number of data

points. Based on data accumulated from over 5 flights, the WVEM is able to achieve
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Figure 4.12: Example of wind speed and direction comparison plot between the Copter-
Sonde and the Washington Oklahoma Mesonet tower at KAEFS. A 1-min average es-
timation of the WVFM was also included for a more fair comparison. Based on data
accumulated from over 5 flights by the tower, the WVEM is able to achieve an accuracy
of £0.6 m s~ for wind speed and 4 deg for wind direction.

an accuracy of 0.6 m s~* for wind speed and 4 deg for wind direction. To study the
dynamics of the WVFM method, a flight simulation environment was used to visual-
ize the behavior of the WVFEFM through strong wind shears discussed in the following

section.

4.2.4 Simulation Results and Analysis

A simulation framework was developed, which was used in studying the feasibility of
the WVFM estimations for wind tracking and estimating the error levels to be expected
in field experiments. This framework takes into consideration the design criteria pre-
sented in the previous sections, as well as sources of error introduced by atmospheric
wind turbulence. This tool was important in establishing optimal parameters of the

WVEM that guarantees a stable operation with bounded errors within a defined operat-
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Figure 4.13: Example of CopterSonde wind speed calibration against 1 min Oklahoma
Mesonet 10 m anemometer measurements. The red line represents the 1-to-1 line for
reference. This statistical fit produces a correlation coefficient of 0.95 and root mean
squared error of 0.77 m s! compared to the Mesonet reference.

ing range.

The simulation framework was based on the existing simulator SITL built into the
ArduPilot autopilot code, which was introduced in Section 3.2.1. Changing the code
compiler configuration allowed it to generate an executable file that can run the au-
topilot code within a simulated environment using a computer. Some parameters of
the multicopter model that comes with SITL were tuned, allowing for results with bet-
ter approximation to the real experimental UAV. The weight, size, inertia, and thrust
coefficient were adjusted to match the CopterSonde physical properties.

The simulated environment also included simple modeling of a few atmospheric
variables, such as wind and turbulence, which were adjusted as desired. By default,

the wind speed is modeled using a simple logarithmic function that becomes constant
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Figure 4.14: Polynomial function used to model wind shear in the simulated environ-
ment, SITL. The WVFM method is tested through the different wind shear rates along
the vertical profile. This helped to determine the expected accuracy and time response
of the system.

at a desired altitude, whereas the wind direction function is constant over height. A
constant wind direction would not help to visualize the performance and dynamics of
the WVEM. Therefore, the wind direction function was modified and replaced with a
high-order polynomial equation to describe wind shear. Figure 4.14 depicts the wind
shear model used to test the WVFM method. The wind profile resembles an extreme
case of PBL wind shear conditions with different wind shear rates throughout the ver-
tical profile. This helped to determine the expected accuracy and time response of the
WVFEFM.

The dynamics of the WVFM are mainly defined by the digital causal Butterworth
filter in addition to the autopilot’s reaction time to position errors. Furthermore, it was
possible to adjust the time response of the WVFM by changing the cut-off frequency of
the digital filter. Extremely low cut-off frequencies introduced a significant delay to the
wind estimation. Whereas high cut-off frequencies can cause damage to the propulsion

and structure of the CopterSonde due to the abrupt “switchback™ yaw rotations may
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produce. Thus, the goal is to find an adequate cut-off frequency that allows the Copter-
Sonde to track and turn into the wind as fast as possible while keeping the propulsion
system free of noisy command signals. Since the WVFM method works in the time
domain with a constant sampling frequency of 10 Hz, same does the digital filter. Al-
though the wind field is in the spatial domain, it can be converted to the time domain
by dividing the spatial domain by the ascent speed. Consequently, the CopterSonde’s
speed is another variable that affects the outcome of the WVFM and must be considered
in the design. Nonetheless, the climb rate of the CopterSonde, calculated in Section 3.6,
was set to a fixed value of 3.8 m s™! and, thus, the tuning of the WVFM depends solely
on the filter’s cut-off frequency. Figure 4.15 (a) shows simulation results of estimated
wind direction profiles taken from the generated wind field. Different cut-off frequen-
cies were tested, providing WVFM outcomes with different delays with respect to the
actual wind direction. The CopterSonde heading offset with respect to the wind vector
was computed by taking the difference between the estimated and actual wind direc-
tion profiles. The results were compared to the ideal yaw angle range, determined in
Section 3.5.3, where it can be seen the filter configurations that fall within the desired
range (Figure 4.15 (b)). This established the minimum cut-off frequency for the digi-
tal Butterworth filter in the WVEM algorithm. From this point, the cut-off frequency
may be increased to allow the CopterSonde to react faster to small-scale wind direction
changes. However, the upper bound is limited by the propulsion system’s tolerance
to fast commands and the stability of the yaw control. The FAA has a tedious proce-
dure in case of accidents with UAVs while potentially getting banned from conducting
flight operations. Therefore, experimenting close to the limits of the CopterSonde is
risky, and hence, other methods and criteria must be considered. By inspecting Fig-
ure 4.15 (b), this shows an increase in amplitude and number of yaw switchbacks when

using high cut-off frequencies. Hence, a useful criterion for the upper bound is to ob-
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Figure 4.15: (a) Example of WVFM outcome based on simulation results using SITL
and the custom wind field. Different cut-off frequencies were tested, providing WVFM
outcomes with different delays with respect to the actual wind direction. (b) Difference
between the estimated and true wind direction profiles shows the heading offset with
respect to the actual wind field. The WVEFM must be able to maintain the CopterSonde
heading within the desired yaw range (dashed green lines), determined in Section 3.5.3,
while producing smooth rotations with as few switchbacks as possible.

tain a smooth wind direction with as few and small yaw switchbacks as possible while
maintaining the heading within the desired range. The resulting cut-off frequency was
0.06 Hz, obtained by trial and error under the simulated environment in SITL.

This procedure established the upper and lower bounds of the WVFM'’s cut-off fre-
quency based on results obtained through simulation using SITL. The selection of any
frequency within this range should satisfy the requirements. However, the simulated
environment presents several simplifications which may not hold true for real observa-
tions and flights in the field. Therefore, the CopterSonde was first tuned in the lower
region of the frequency range and then dialed up until finding an adequate yaw behav-
ior. An adequate yaw behavior was defined as yaw corrections produced by the WVFM
as fast as possible that do not overheat the propulsion system. The motor’s maximum

operating temperature from the manufacturer was used as a reference.
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4.3 Three-dimensional Wind Estimation

Wind field estimates are a highly requested parameter among researchers in the mete-
orology community. The measuring of wind is critical to understanding the surface-
atmosphere interactions driving the dynamic state of the PBL. Particularly, the vertical
wind component is important in studying gas-tracing and atmospheric fluxes that pro-
duce spatial variability, mixing, and, thus, evolution of the PBL. These atmospheric
processes directly impact human activities such as public health, transport of pollu-
tants, wind power supply, weather forecast, air traffic control, the spread of wildfires,
etc. Therefore, characterizing the dynamic state of the PBL in the micro and mesoscale
domains is paramount.

Two approaches to measuring wind using multicopter UAS were found in the liter-
ature; direct and indirect estimation of the wind velocity vector [111]. Direct methods
use a combination of onboard wind sensors and IMU measurements to infer wind ve-
locity using vector math [101]. The direct method involves choosing sensors for wind
sensing (anemometer, pitot tubes, multi-hole probe, etc.) that may come with different
sizes and power requirements. Besides that, the addition of extra payload can greatly
impact the configuration and structural layout of the UAV. On the other hand, indirect
methods exploit the UAV dynamical model and flight navigation data to estimate the
wind vector by employing state estimation techniques. The indirect method does not
require the use of wind sensors onboard. However, their accuracy highly depends on
the physical properties of the UAV as well as the complexity of the dynamical model
[112]. In the literature, there are a few studies related to wind estimation using indi-
rect methods based on dynamical models. For example, a previous study implemented
a state observer based on acceleration readings of the UAV, but it was limited to in-

door flights and horizontal wind velocity [113]. Similarly, a recent study developed a
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wind estimation method for outdoor flights but limited to steady hovering flights close
to the surface [114]. Lastly, another recent study presented advances in developing a
3D wind estimation method, which proposed a modified Rayleigh aerodynamic drag
equation based on curve fitting using experimental data [115]. This study was limited
to wind estimation while hovering close to the surface and only using a meteorological
tower for measurement comparison.

ArduPilot is a multi-platform autopilot code, and, therefore, its navigation system
was designed to be hardware agnostic, meaning that no physical properties of the UAV
are needed for flight control computation. In other words, the ArduPilot autopilot code
is based purely on kinematic equations, while the flight control system compensates for
the unknown UAV dynamics by adaptively tuning the PID gains. This allows ArduPilot
to have a wider range of compatible UAVs with different sizes and weights. However,
this significantly limits the ability to estimate the UAV’s behavior and external distur-
bances fully. Nonetheless, if the physical and aerodynamic properties of the UAV are
known, it is possible to augment ArduPilot’s kinematic estimations using dynamical
models and, thus, extract more information about the flight and surrounding environ-
ment.

In the following sections, an indirect UAV-based method for estimating 3D wind
vectors using a combination of kinematic and dynamical equations tailored for the
CopterSonde is presented. This study describes a way to estimate 3D winds using the
CopterSonde quadcopter UAV by applying dynamical models and a state observer in-
spired by studies in active disturbance rejection control (ADRC) [116, 117]. Moreover,
the WVFM and vertical flight pattern allowed for assumptions that further simplify the
computation of wind velocity estimates. The method briefly consists in using a linear
extended state observer (LESO) to estimate the drag force acting on the CopterSonde

when it is flying horizontally steady. The drag force is then converted to wind velocity
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by employing aerodynamic friction equations which require prior characterization of
the CopterSonde. Despite the similarity of the presented method with other published
studies in the literature, the contribution of this work is to extend the use of the indirect
3D wind estimation method to vertical profiles up to altitudes close to 5000 ft. In ad-
dition, the characterization of the aerodynamic drag of the CopterSonde, together with

wind calibration and validation of the method using Doppler wind lidars, is presented.

4.3.1 CopterSonde Dynamical Model and Assumptions

As explained in Section 4.2.1, the inertial frame / and the body frame B are used to
describe the motion and orientation of the CopterSonde. However, for the study of 3D
wind estimation, the origin O; of the frame / was located at the take-off position of
the CopterSonde, whereas the origin Op of frame B remained on the center of mass of
the CopterSonde. Vectors expressed in frame I can be converted to frame B, and vice-
versa, using the rotation matrix deduced in Equation (4.4) and measured Euler angles
(1, 0, ¢). A free-body diagram of the CopterSonde was used to show the relative mag-
nitude and direction of all forces acting upon the CopterSonde while flying in a vertical
trajectory. The strictly vertical flight pattern, together with the WVEFM, presented a few
useful conditions when modeling the aerodynamic drag of the CopterSonde presented
later in Section 4.3.4.

Assuming that the wind produces evenly distributed aerodynamic forces about the
center of mass, the study of rotational motions becomes irrelevant. Therefore, the phys-
ical dimensions of the CopterSonde were ignored, and the location of all the force vec-
tors was assumed to be acting on the center of mass. In order to further simplify the

equations of motion, the following assumptions were made:

1. The UAV’s body is rigid. Deflection of the airframe that may shift force locations
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while flying was assumed to be negligible.
2. The center of mass and the body frame origin are coincident.

3. The propellers are rigid and the forces produced by gyroscopic precession were

considered insignificant, assuming no extreme flight maneuvers.

4. The propellers’ aerodynamic effects and performance were assumed unchanged

while running close to the body of the CopterSonde.

These assumptions enable the decoupling of the propeller system from the rest of the
UAV. Meaning that a separate model can be used to describe the dynamics of the pro-
peller where the thrust output is an input to the UAV dynamical model.

Figure 4.16 depicts both reference frames as well as the position P, velocity v,
thrust 7', drag D, and weight W = mg vectors of the CopterSonde. Other parameters
used in the calculations were the mass m of the CopterSonde, Earth’s gravity vector g,
and the wind velocity vector U. According to Newton’s law of motion, the translational
dynamics of the CopterSonde were obtained by taking the net force in the free-body di-
agram and equating it to the mass times the total acceleration of the body. This results in
a linear system of equations that is an approximation to the real translational motion of
the CopterSonde defined in the reference frame I and shown in Equations (4.9). These
equations link together the kinematics and dynamical behavior of the CopterSonde.
The position P and velocity V estimated by ArduPilot were taken as measurements
(first guess), whereas the input to the system is the thrust T. The aerodynamic drag D

was considered an external disturbance to be estimated. Other unmodeled disturbances
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Figure 4.16: Inertial 7 : {N,E, D} and body B : {X,Y,Z} reference frames con-
vention used by ArduPilot and adopted for this study. The origin O; of the frame [/
is located at the take-off position, whereas the origin Op of frame B remains on the
center of mass. The kinematics of reference frame B is fully defined by its position P,
velocity V, and Euler rotation angles (v, 6, ¢) with respect to the fixed frame /. The
free-body diagram of the CopterSonde is also shown in blue vectors. Thrust T, drag D,
and weight W = mg are the main forces acting upon the CS. The wind velocity U is
shown in green.

and uncertainties of the system are represented by the term v.
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Equations (4.9) is a linear time-invariant (LTI) system which has the following form in

matrix notation:

x = Ax + Bu
(4.10)

y=0Cx
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Where x is the state array of the system at a given time, u is the input array to the system,
y is the output of the system, and A, B, and C' are the state, input, and output matrices,
respectively. These parameters will be defined after introducing the state observer in
Section 4.3.3. Furthermore, Equations (4.9) can be broken down into three different
scalar systems, Equations (4.11-4.13), each representing the dynamical motion of the
CopterSonde along the principal axes of /. This operation is valid if it is assumed that

the aerodynamic drag effects along each axis are independent and decoupled from the

others.
Py =Vy
“4.11)
VN = %(Réf)]\f + %DN =+ UN
Py = Vg
4.12)
Vi = #(RIBT)E + %DE +vE
pD == VD
4.13)

Vb =g+ Y(RET)p+1Dp+up
A quick inspection of Equations (4.9) in advance shows that the input array u can be
defined as equal to g+ %RIBT assuming that the thrust vector can be directly measured.

The following section describes the process of calculating the thrust and other forces of

the propeller employing a dynamical model.

4.3.2 Propeller Model

A propeller blade is essentially an airfoil rotating at subsonic speeds and producing lift
and drag, similar to an aircraft wing. Varying the angular speed € of the propellers indi-

vidually allows the CopterSonde to change the total thrust and moments and, hence, its
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attitude and position as desired. In order to complete the UAV model presented in the
previous section, a separate parametric model must be used to estimate the thrust Fir
and drag F; generated by the motion of the propeller. However, given that the study of
aerodynamic principles and modeling of propellers is highly complex, it falls outside
the scope of this work. Therefore, the guidelines, methods, and formulae presented in
[118, 119] were adopted and employed for the mathematical description of the Copter-
Sonde’s propellers. Their method is claimed to be computationally efficient while still
providing highly accurate estimations. The models were derived using explicit expres-

sions based on the most salient features listed below [119].
1. N, is the number of blades, whereas I? is the radius of the propeller.
2. 04y and ¢4, are the angle of attack and width of the propeller’s tip, respectively.

3. d represents the fraction of the propeller that does not contribute to the generation

of thrust and drag.

4. (c10, c10) and (cq, c4,o) are coefficients of linear equations that describe the lift

and drag coefficients of the propeller, respectively.

Although some of these parameters can be physically measured from the real pro-
peller, they actually may differ from the real one. This is because the propeller model
is a template that must be adjusted through experimentation and characterization. The
parameters can be identified using supervised gray-box fitting from experimental data,
i.e., using a wind tunnel. However, given the lack of resources and facilities, a proper
characterization of the propellers could not be conducted. Instead, the propeller pa-
rameters, listed in [119], that approximate the dimensions and characteristics of the

CopterSonde’s propellers were selected and applied to the model. This may carry some
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Figure 4.17: Propeller diagram illustrating the thrust F and drag Fy force vectors
produced by the propeller rotating with an angular speed 2. The propeller dynamics are
also affected by incident wind, estimated by the WVFM, with velocity U and forming
an angle $ with the vertical axis. The included table shows the parameters used for
the propeller model, which approximates the performance of the T-Motor CF 11x5.5
propeller installed on the CopterSonde. Errors introduced through this approximation
may be partially corrected after calibration.

errors in the final 3D wind estimation results. However, it is expected that the calibra-
tion process, discussed later in Section 4.3.4, could partially absorb these errors.
Although the propeller model is able to resolve all forces and moments acting on
the propeller, the total thrust /7 and drag F'y is all that is required for the 3D wind
estimation based on the assumptions made in the Section 4.3.1. Figure 4.17 shows the
reference frame used for vector calculation in addition to the body-free diagram of the
propeller. The set of parameterized expressions that computes (£, Fy) as a function

of intake airflow velocity V;,,, angle of incidence 3 with respect to airflow velocity, and
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angular velocity {) are summarized in the set of Equations (4.14) [119].

(
A= Vmcosh o Vising ) 4 g = Mo

QR QR R

i =g {4+ ac(0 — 1) + [16A2 4 8¢ 0 (0 — 1) Ao+

L6 — 1)o(=8c106(1 + 6) + cralcra(d — 1)do—

8(28 + p?)Byip)) — 8crop*o In6]%}
Crr = Z{(1 = 6)[c1,06(1 + 0) — 2¢1a0 (A — Oup) + Cpati*Brip)—

(4.14)

o0 Ind}
Cru = 53{(1 = 0)[2¢4,00 + Orip((cra — 2€a,0) A + 2¢4,000p)]—

c00AInd}
Fp = 2Cppr2RY, Fy = 20y prQ2R?
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\

Where ). is the advance ratio, p is the climb ratio, J; is the induced inflow ratio, and
Cpr and Cry are the normalized thrust and drag forces, respectively. The incidence
angle (3 is equal to the tilt v of the CopterSonde and measured by the IMU. The angular
speed of the rotor () is measured by the ESC. However, the airflow velocity V;, is
unknown, which is an issue because it is equal to the desired wind velocity estimate
U. To solve this, the first guess of V;,, was made using the output of the WVFM. Then,
the subsequent computations of the wind estimate U use the previous wind estimate
output as V;,. Another limitation when using the presented propeller model is that V;,,
must always be positive. In other words, the model breaks when the V;,, is opposite
to the propeller’s induced airflow. Therefore, the wind estimation method is limited to

estimating wind velocities only when the CopterSonde is ascending. Moreover, it is
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assumed that the speed of any updraft sensed by the CopterSonde is slower than the
ascent speed, deduced in section 3.6, to avoid similar problems.

The following section introduces the state observer for estimating the external dis-
turbances upon the CopterSonde that will later lead to the estimation of 3D wind veloc-

ities.

4.3.3 Linear Extended State Observer (LESO) Design

In modern control theory, the state observer is used to estimate state variables that are
unreachable for direct measurement. If the available measured outputs y from Equa-
tion (4.10) capture enough information about the system’s dynamics, the full state vari-
able can be reconstructed using a system model [120]. The basis for ADRC is a state
observer that treats, unifies, and rejects actual disturbances and model uncertainties al-
together, such that it relieves the flight control loop of any unwanted signals [116]. This
way, only a coarse process model is sufficient to design a control loop that promises
good robustness against process variations and easy tuning. However, for the purpose
of this work, only the techniques for disturbance and model uncertainty estimation of
the ADRC were borrowed to develop the 3D wind estimation method. Moreover, the
linear case of ADRC is equivalent to a special case of classical state space representa-
tion with added disturbance estimation based on linear dynamical models. Regardless
of the actual plant process, the linear ADRC (LADRC) leaves all modeling errors to be
treated as disturbance [117].

A special case of state observer within the LADRC method is the LESO. The LESO
uses an extension of the proposed dynamical model to estimate unknown inputs or
faults by reconstructing the disturbance through error-driven methods based on real

observations and estimates [121]. After deducing the scalar CopterSonde dynamical
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models for each axis in Equations (4.11-4.13), the formulation of the LESO starts by
comparing the proposed models with an equivalent integral chain system of the form

shown in Equation (4.15) and identifying each term [116, 121].

.

j?l = T2

Ty = f(xy,29,v(t),t) + bu (4.15)
y=0Cx+n

\

Where x = [z 25]7 = [P V]! are the state variables, u = § + %RIBT is the control
input, b = 1 is a system parameter that scales the input, y is the system output which
can be measured, 7 is the measurement noise. Given that position P and velocity 1%
are parameters measured by the CopterSonde, then C' is equal to a 2x2 identity matrix.
The multivariable function f(xy, zo,v(t),t) = %5 + v is the uncertain function that
describes the combined external disturbances and model uncertainties. Besides the
aerodynamic drag D, other uncertainties that are lumped together in the v term are
unmodeled torque and moment dynamics of the propeller, flexing of the airframe, wake
turbulence trailing behind the CopterSonde, etc. [121]. However, it is assumed that
the uncertain function is approximately equal to D as long as the aerodynamic drag is
much larger than the rest of the model uncertainties %D >> .

The uncertain function f(xy, 29, v(t),t) is treated as an additional state variable in
the framework of LESO [116]. This way, the augmented or extended system is capa-
ble of providing estimates of the unknown parameters as long as the system remains
observable. Let 3 = f(x1,29,v(t),t) and @3 = h(t), where h(t) is the unknown

rate of change of the disturbances, then the systems in Equations (4.11-4.13) take the
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following form,
(

Ty = Ty
Zifg = %Ig +u
(4.16)
y=0Cx
\
In matrix notation, the system of Equations (4.16) is formulated as follows,
) 01 0 0
x = Ax + Bu 1
where A = [0 0 % , B=11|,C= 4.17)
y = Cx 010
00 0 0

Subsequently, the state observer was constructed following the design process

shown in [120]. The resultant state observer for the presented CopterSonde model

on each principal axis is given below in matrix notation,

(4.18)

where X = [P V D]” is the estimate of the state variable x and the matrices are defined

as,

01 0 00
A=10 0 L1, Ba= |1 0],
00 0 01

6;01 ﬁvl
1 00

= ’ and L = BpQ 61}2
010

5]33 ﬁvi’)

The error-correcting portion of the system is governed by the observer gain matrix L.
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This is reflected in the error dynamics of the system expressed as X = (A—LC)x— Ln
where X = x — X is the error. The eigenvalues of (A — LC') must be located on the
left side of the s-plane for the error dynamics to tend to zero [120]. However, a large
observer gain may amplify the measurement noise 7) and increase the error. Therefore,
the L gain is chosen based on a trade-off between how fast the observer tracks the state
variables and how sensitive it is to the sensor noises. The L gain was determined using

formulae deduced in [122], where the elements of the matrix are defined as,

1. Position error correction: 3,1 = 3wpo, Bp2 = 3w?

_ .3
o5 and 3,3 = Who»

2. Velocity error correction: (3,1 = 3wy, fu2 = 3w?,, and B3 = w3,

vo?

The parameters w,, and w,, are the observer bandwidth for position and velocity, re-
spectively. In general, the larger the bandwidth of the LESO the faster the disturbance
is tracked and observed. A common approximation is to choose w, = 3 ~ dw, [122].
The parameter w,. is the control loop bandwidth of the autopilot in which it operates to
correct errors in a stable manner. This was obtained by inspecting the PSD of the posi-
tion and velocity measurements of the CopterSonde. These were computed using flight
data recorded in windy conditions, the results are shown in Figure 4.18. As a result, the
bandwidth of the observer must be in the range of wy, = w,, ~ 2.8 — 4.7 rad s—h,

The matrix B was augmented to B, with the introduction of the new input h. Given
that it is impossible to know the rate of change of aerodynamic drag h beforehand, then
h was set to zero. This is correct under the assumption that the rate of change of wind
sensed by the CopterSonde is small throughout the vertical profile. Like this, the drag
state variable in Equation (4.18) reduces to a simple error integrator.

This completes the design of the LESO. Subsequently, the LESO was discretized
using a sampling frequency of 10 Hz, equal to the logging rate of the CopterSonde,

using the zero-order hold (ZOH) method for code implementation in MATLAB.
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Figure 4.18: Power spectral density of velocity and position measurements taken
while the CopterSonde performed vertical profile flights in windy conditions. Af-
ter fine-tuning the autopilot, the bandwidth of the control loop was found to be
we ~ 0.94 rad s 1.

4.3.4 Aerodynamic Drag Modeling

A typical drag model used for translating aerodynamic forces into wind speed is the
well-known Rayleigh equation as previously introduced in Equation (4.7) from Sec-
tion 4.2.1. Theoretically, this equation is only valid when the fluid directly impinges
onto the projected area A,. Besides this, the fluid must come to a full stop at the sur-
face, generating stagnation pressure over the whole area and producing a net force as a
consequence. However, not all real objects present this exact behavior, and other types
of boundary layers may be formed over the surface depending on the geometry. Given
that the CopterSonde presents a complex shape with rough surfaces from 3D printing, it
is not expected to strictly follow the power law in Rayleigh’s drag equation. Therefore,
another accepted representation of the relationship between D and U is to make the

exponent a variable allowing for a more accurate approximation [123]. The following
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equation is the modified Rayleigh equation,

D= %pchpUl/b or U=c;' (j—i)b (4.19)
where ¢, is the drag coefficient, p is the humid air density, and b is the variable exponent.
The left-hand equation is in the standard form, while the right-hand equation is for
calibration purposes using curve fitting. Equation (4.19) takes the form of Rayleigh’s
drag equation if the exponent 1/b is equal to 2. From this point, the modifications made
to the aerodynamic drag equation were tailored to the CopterSonde design, as well as
the aerodynamic advantages that come with the usage of the WVFM.

Assuming that the WVEM aligns the CopterSonde with the wind field fast enough,
then the side drag and, hence, the side area of the CopterSonde can be neglected. This
way, only the projected front, and top areas Ar and Ar, respectively, of the Copter-
Sonde were considered in the wind speed calculations. Moreover, the projected area
A, is a function of pitch ¢ which was approximated to a linear equation of the form
A, = mf + b where m = 2(Ar — Ap)/m and b = Ap. The areas Ar and Ap were
measured by taking the dimensions of the CopterSonde CAD model using SolidWorks
software.

Rayleigh’s drag equation depends on air density or, more specifically, moist air
density, which includes water vapor. Given that the CopterSonde carries thermo-
hygrometers and barometers, the calculation of moist air density becomes straightfor-

ward and can be accounted for in the wind calculations. The humid air density p is
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described as follows,

(

— PaMa+po My
P RT
Pv = Hpsat

(4.20)
Psat = Pa €xp(13.3185¢ — 1.9760t — 0.6445¢t> — 0.1299¢*)

£ — 1 _ 31315

T
\

where py is the pressure of dry air, p, is the pressure of water vapor, R is the universal
gas constant, 7' is the air temperature, / is the relative humidity, and p, is the standard
pressure at sea level [68, 86].

The remaining parameters to be determined in Equation (4.19) are the drag coeffi-
cient ¢4 and the exponent b. For this, a calibration procedure was established consisting
of vertical profiles alongside Doppler wind lidars (DWL). The relationship between
wind measurements of the DWL and aerodynamic drag forces estimated by the LESO
is described by the right-most expression in Equation (4.19). Consequently, the drag
coefficient c; and the exponent b were obtained through curve fitting method. For the
CopterSonde-3D, these values were c; = 0.678 and b = 0.979 for the vertical compo-
nent, and ¢; = 5.363 and b = 0.414 for the horizontal component. The vertical case
exhibits a linear behavior (b = 1), whereas the horizontal component is closer to the
original quadratic Rayleigh expression (b =~ 0.5).

Given that the CopterSonde is moving at a constant speed throughout the vertical
profile, this creates additional relative motion of the air beside the wind velocity. The
airspeed vector Vs of the CopterSonde is equal to the sum of the CopterSonde’s velocity
Vp and the wind velocity vector U. Subsequently, the wind velocity U is computed
from the velocity vector triangle formed by said vectors. The drag vector D is assumed

to be parallel to V. Therefore, magnitude of Vy is calculated using Equation (4.19).
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Lastly, the wind vector is obtained by taking the difference between the Vs and Vp.

4.4 Results and Comparison with other Meteorological Instru-

ments

Experiments to further evaluate the performance of the WVFM and LESO methods
were conducted at KAEFS in Purcell, OK, USA, where the Washington Oklahoma
Mesonet tower (WOMT) is located as previously described in section 4.2.3. In addi-
tion to the Mesonet tower, a Mobile Mesonet (MM) [124] upgraded with two DWLs
provided by the National Severe Storm Laboratory (NSSL) was brought to KAEFS for
wind profile comparison with the CopterSonde. Both DWLs mounted on the MM have
the same specifications as the DWL installed on NSSL’s Collaborative Lower Atmo-
spheric Mobile Profiling System (CLAMPS), which is a Halo Photonics Streamline
scanning Doppler Wind Lidar [125]. The advantage of this system is its ability to
sample vertical columns of air almost instantaneously with high spatial and temporal
resolution compared to radiosondes. Based on previous studies, it was found that co-
located wind retrievals from CLAMPS and radiosondes compare well with correlations
of 0.984 for wind speed and 0.899 for wind direction [110]. The MM and CLAMPS
also have the ability to launch radiosondes as it has a dedicated compartment for he-
lium tanks and an antenna for signal reception [126]. The radiosondes used for these
experiments were Vaisala Radiosonde RS41-SGP sounding system with general speci-
fications included in Table 4.3 according to the manufacturer [127].

To emphasize the performance evaluation of the CopterSonde wind retrievals,
windy days were chosen to collect observations. A total of 16 CopterSonde profiles
co-located with radiosonde, DWLs, and WOMT were conducted on 4 different days

in June 2021 and June 2022. The weather at KAEFS was typical of a summer season
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Table 4.3: Vaisala Radiosonde RS41-SGP general specifications according to the man-
ufacturer [127]. This radiosonde was used as a benchmark for intercomparisons with
CopterSonde kinematic and thermodynamic measurements of the PBL.

Measurement Range Accuracy  Response time  Resolution
Temperature -90-60 °C 0.3°C 0.5s 0.01 °C
Humidity 0-100 % 4 % <03s @20°C 0.1 %
Pressure > 3 mb 1 mb - 0.01 mb
Wind speed <160ms™! 0.15ms! - 0.lms™!
Wind direction | 0-360 deg 2 deg - 0.1 deg

1 and

day with temperatures in the mid-20s °C, mainly southerly winds at 4-10 m s~
partly sunny with scattered high clouds. In a series of independent trials, the Copter-
Sonde was programmed to do vertical profiles up to 1500 m AGL while keeping a
horizontal distance of approximately 10 m from the DWLs. This horizontal gap was
necessary to prevent the CopterSonde prop wash from interfering with the DWL mea-
surements. Figure 4.19 shows the experimental layout at KAEFS, including some of
the staff and students that participated in the experiment. Every CopterSonde flight
at KAEFS was conducted in compliance with the FAA’s Certificate of Authorization
(COA) described in Appendix B. During the flight operation period, the two DWLs on
the MM were continuously running and collecting observations, each configured with a
different scanning mode. The scan strategy used in one DWL consisted of an advanced
velocity azimuth display (AVAD) [128] and slightly modified for CLAMPS. The AVAD
was operating at 70 deg elevation to gather profile of wind speed and direction every 5 s.
The second DWL was running Doppler Lidar Fixed Point (DLFP) mode consisting of
vertical stares to collect vertical wind velocities with a time period of 2 s. Both DWLs
were programmed to take observations with a range gate of 18 m. The CopterSonde
takes approximately 7 min to reach the target altitude of 1500 m and produce a single

sounding. Whereas both DWLs are able to collect several wind profiles during this pe-
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Figure 4.19: Experimental layout at KAEFS in Purcell, OK, USA. The CopterSonde
was programmed to do vertical profiles up to 1500 m while keeping a horizontal dis-
tance of approximately 10 m from the MM and DWLs. Data collected from this ex-
perience were used to compare the kinematic and thermodynamic measurements of
the CopterSonde with observations from Radiosonde and Doppler Wind Lidar. Every
CopterSonde flight at KAEFS was done in compliance with the Certificate of Autho-
rization issued by the FAA and described in Appendix B.

riod of time. Therefore, interpolation of the DWL wind data was performed to match
with those of the CopterSonde at a given height and time to make a fair comparison. A
similar process was done with the radiosonde data to match the number of data points
collected with the CopterSonde.

Identifying and characterizing differences between platforms statistically is impor-
tant to make conclusions about the weather measurement quality of the CopterSonde
relative to conventional instruments. It was assumed that the DWLs and radiosonde
used in this study are proven systems that can be used as benchmarks for atmospheric

measurement comparisons. However, it is known that each platform presents different
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Figure 4.20: Single 3D Wind profile taken with the CopterSonde (CS) and DWL. (a)
Vertical wind velocity. (b) Horizontal wind speed between. (c) Wind direction. This
particular example shows a large spread and outliers in (a) and (b), likely due to non-
homogeneous atmospheric conditions, as shown in the RMSE plot on the far right.
The threshold (orange line) to discard inaccurate lidar measurements based on the
RMSE values was defined on a case-by-case basis. As a result, this shows how the
CopterSonde in situ measurements help to complement remote measurements taken
with gound-based instruments whenever these get impaired.

assumptions while also being affected by sources of error. For instance, the AVAD scan
assumes that the wind field is horizontally homogeneous and stationary in order to cal-
culate horizontal winds. This, combined with a low concentration of scatterers in the
air, may produce large errors in the estimates when the assumptions do not hold true in
the PBL [110]. Thus, there were days when the AVAD was severely affected, producing
wind profiles that had regions with extremely large errors. Figure 4.20 shows evidence
of this problem, whereas the CopterSonde wind estimations indicated a different pat-
tern, particularly for horizontal winds. The approach used to identify erroneous lidar
measurements was to inspect the RMSE values produced by the AVAD. High RMSE
indicates that homogeneous wind field assumption is violated. Therefore, a threshold
was established on a case-by-case basis to discard DWL data affected by these unfa-

vorable conditions. From this point forward, the regions with large outliers in the DWL
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Figure 4.21: Cumulative scatter plots showing the relationship of the parameters es-
timated by LESO and DWL and the number of occurrences using a color map found
on the top of each plot. A total of 16 different CopterSonde profiles were combined
to produce the results shown here. The large spread and outliers due to the poor
signal-to-noise ratio of the DWL were removed before the statistical analysis. The red
line in each plot indicates a one-to-one perfect association. The total number of data
points evaluated for each case was N=31386. (a) Vertical wind velocity with R=0.791,
MD=-0.197 m s~', RMSE=0.492 m s~', and SD=0.451 m s~!. (b) Horizontal wind
speed with R=0.90, MD=-0.287 m s~ !, RMSE=1.025 m s~ !, and SD=0.984 m s~ . (¢)
Wind direction with R=0.91, MD=11.3 deg, RMSE=17.36 deg, and SD=13.179 deg.

data were manually removed in order to make a fair statistical comparison. As a result,
this shows how the in sifu measurements of the CopterSonde can help to complement
remote measurements whenever the other gets degraded by instrument limitations.
Additionally, radiosondes drift with the wind causing measurements to be far from
the launch point horizontally. Consequently, the radiosonde may traverse temperature
and moisture gradients in space that differs from the CopterSonde and DWL profiles. In
summary, there are several causes known a priori for measurement differences among
the presented instruments that are virtually unavoidable in practice. Although the fol-
lowing measurement comparisons may not be ideal given the platform limitations, it
is the best approach available. Therefore, any differences in the data presented be-
low contain three components: instrument inaccuracy, inability to sample the same

point in space at the same time, and differences in the measurement technique itself
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Figure 4.22: (a) Example of vertical wind profile produced by LESO technique (blue)
and measured with a DWL (red) up to a height of 1500 m AGL. Updraft, downdraft, and
vertically stationary air parcels were observed in this particular profile. (b) Respective
scatter plot for further comparison together with the computed correlation. The straight
red line indicates the one-to-one line with perfect association.

[110]. The statistical tools used to quantify the measurement differences between plat-
forms were the mean difference (MD), RMSE, and correlation coefficient (R). For the
radiosonde case, the MD over height may be pointless for comparison since the atmo-
spheric conditions around the radiosonde change as it ascends and drifts away with the
wind. Nonetheless, the radiosonde and DWL profiles were considered as ground truth
for this study under the assumption that all platforms were sampling the same column
of air within the same time frame. Furthermore, the standard deviation (SD) of the
CopterSonde profiles was computed using the radiosonde and DWL profiles as true
observations at each height.

To begin with the analysis of the results, the kinematic estimations of the Copter-
Sonde LESO and DWL are discussed. Figure 4.21(a) shows binned scatter plots of ver-
tical wind, wind speed, and wind direction, respectively, by combining all 16 Copter-

Sonde profiles. This reveals the degree of correlation among the CopterSonde and
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Figure 4.23: Temperature profile of the CopterSonde (CS) and radiosonde (RS) up to
a height of 1500 m AGL. Two small PBL thermal inversions were captured by both
systems. The second inversion is shifted due to the radiosonde traversing the layer at
a different location far from the launch point. The CopterSonde temperature data was
processed using the IDMP technique for comparison. The inset picture shows a close-
up of the inversion to help see the restoration effects of the IDMP.

DWL estimates with data collected on different days under slightly different weather
conditions. A few remarks were made after inspecting these binned scatter plots. First,
an offset is visible in the wind direction. This is because the true heading of the DWL,
used as a reference in the wind calculation, must be entered manually based off of
measurements using an external compass. The estimations from a cellular phone com-
pass were used, which may have introduced the noticeable offsets each day. Second,
the LESO agrees fairly well with the DWL estimations at low horizontal wind speeds
(< ~ 8 m s™1), whereas a visible underestimation trend from the CopterSonde with
respect to the one-to-one line appears past the 8 m s~ wind speed mark. This is likely
due to the nonlinear relationship between aerodynamic drag and wind velocity (Equa-
tion 4.19) affecting both WVFM and LESO. In addition, the dataset used for calibration

had a low content of high wind speed data, which may have contributed to the poor fit-
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Figure 4.24: Relative humidity profile of the CopterSonde (CS) and radiosonde (RS)
up to a height of 1500 m AGL. Their difference visibly increases as altitude increases
due to the radiosonde drifting by wind and sampling regions of the PBL far from the
launch point. Two small PBL thermal inversions were captured by both systems. The
CopterSonde relative humidity data were processed using the IDMP technique for com-
parison. The inset picture shows a close-up of the inversion to help see the restoration
effects of the IDMP.

ting of the modified Rayleigh curve at high wind speed. As a result, it is imperative to
establish a more comprehensive calibration method for the LESO and WVEM methods.
Moreover, using controlled environments, such as a wind tunnel, would greatly increase
the accuracy of the calibration and, consequently, the overall performance of the LESO
and WVFM. Lastly, the vertical wind velocity estimates of the LESO are remarkably
similar to the DWL estimations throughout the trials. Figure 4.22(a) illustrates a verti-
cal wind profile example where downdrafts, updrafts, and vertically steady air parcels
were captured by both systems. While Figure 4.22(b) shows the scatter plot between
the CopterSonde and DWL estimations with a notable correlation close to 0.9 for this
particular case. Based on the reasoning made above about the modified Rayleigh curve,

the high agreement of the vertical wind estimates is due to the low vertical wind speed
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Table 4.4: Mean difference (MD), root-mean-squared error (RMSE), standard devi-
ation (SD), and correlation coefficient (R) between CopterSonde-3D (CS3D) and ra-
diosonde thermodynamic and kinematic profiles observed at the same time and initially
co-located at the launch point. This includes the different techniques developed for
wind estimation and thermodynamic correction of the CS3D.

CS3D technique Radiosonde

Wind speed MD [ms~'] RMSE[ms~!] SD[ms™!] R
WVEM -0.401 0.908 0.815 0.826
LESO 0.792 1.241 0.955 0.749
Wind direction MD [deg] RMSE [deg] SD [deg] R
WVEM 3.024 8.146 7.563 0.936
LESO 2.947 8.220 7.673 0.935
Temperature MD [K] RMSE [K] SD [K] R
CS3D raw 0.351 0.430 0.248 0.995
IDMP 0.341 0.422 0.249 0.995
Relative Humidity MD [%] RMSE [%] SD [%] R
CS3D raw 0.712 2.548 2.446 0.907
IDMP 0.541 2.519 2.460 0.905

experienced by the CopterSonde. Consequently, the LESO runs within a more linear
regime, while the ax® regression curve, Equation (4.19), suffers less from extrapolation
errors.

Moving on to the thermodynamic analysis of the experiment. A single radiosonde
was launched almost simultaneously with the CopterSonde on takeoff. Both instru-
ments were visibly ascending almost at the same rate while the radiosonde was drifting
with the wind. Figures 4.23 and 4.24 show temperature and humidity profiles, respec-
tively, observed by the CopterSonde and radiosonde. Additionally, the raw Copter-
Sonde data were processed employing the IDMP technique introduced earlier in this
chapter. Two small PBL inversions, remainders of the early morning transition, were

captured by the thermo-hygrometers onboard the CopterSonde and radiosonde. How-
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Figure 4.25: Horizontal wind speed (left) and direction (right) profiles of the Copter-
Sonde, DWL, and radiosonde up to a height of 1500 m AGL. The 10 m wind measure-
ment of WOMT at takeoff time was included as a reference. The offset seen on the
DWL wind direction is due to the poor measurement of the true heading of the DWL
using an external compass.

ever, the temperature and humidity profiles exhibit slightly different patterns, most
likely due to the limitations of the radiosonde previously described. In addition, a small
offset is observed in the temperature profile between the CopterSonde and radiosonde.
This is likely due to the calibration offsets applied to the CopterSonde estimations, as
previously described in Section 3.5.2, while the radiosonde measurements had no cor-
rection. Despite this, the radiosonde and CopterSonde thermodynamic measurements
present a high level of agreement with a correlation coefficient of over 0.9 and RMSE

close to sensor specifications (Table 4.4) and desired measurement specifications (Ta-
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ble 3.1). The IDMP shows little visible correction through the sharp temperature and
humidity gradients of the profiles as shown in the inset close-up images in Figures 4.23
and 4.24. This is also manifested in the little RMSE and correlation change with re-
spect to the raw CopterSonde measurements presented in Table 4.4. Given that the
CopterSonde climb rate is relatively slow (3.8 m s~1) through the gradients compared
to the radiosonde climb rate (typically 5 m s~1), this should allow the sensors to cap-
ture the dynamics of the PBL inversion better. Therefore, measurement corrections can
be disregarded for low flight speeds. Besides this, the IDMP is also “recovering,” or
amplifying, the small-scale temperature and humidity variations throughout the profile,
which is visible in the inset close-up images. If the recovered variations are real and not
a product of IDMP instability, they may be useful in analyzing atmospheric turbulence
and mixing. Again, given the limitations of this comparison approach and the lack
of unquestionable ground truth, it is virtually impossible to determine which systems
are causing bias. Despite this, the results show that the thermodynamic measurements
of the CopterSonde are similar to the widely accepted radiosonde instruments when
compared to the desired measurement requirements (Table 3.1) and radiosonde specifi-
cations (Table 4.3). Overall, this verifies the work done to minimize platform errors for
observing thermodynamic fields in the PBL.

The horizontal wind profiles of the radiosonde are more alike to the wind profile of
the CopterSonde by the looks of Figure 4.25. A few spikes in the DWL measurements
could either be a product of poor SNR, non-homogeneous wind, or both in those regions
of the atmosphere. For this particular experiment, neither the WVFM nor LESO wind
speed estimations have a correlation coefficient greater than 0.85 and RMSE lower than

0.9 m s~! with respect to radiosonde and DWL estimations (Table 4.4).
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4.5 Chapter Summary

This chapter introduced three complementary features for the CopterSonde, the IDMP,
WVEM, and LESO. The design and development of these features were mainly driven
by the hardware design of the CopterSonde, presented in the previous chapter, and
meant to work together as a whole. The WVFEFM was created with the purpose of main-
taining the CopterSonde heading into the wind based on real-time estimates of the tilt
vector computed internally by the autopilot. A process to properly tune the WVFM
was established where the operating constraints were determined based on results from
flow simulations and observations in the field. As a result, the heat emanating from the
CopterSonde body was redirected away from the thermo-hygrometers, and thus, greatly
minimizing platform-source errors. Subsequently, the IDMP was introduced to lay the
foundations for exploring measurement correction techniques for sensors onboard the
UAVs. In particular for the CopterSonde hardware since the platform promises unique
ways for minimizing thermodynamic measurement errors. Lastly, the 3D wind estima-
tions using the LESO method with a modified Rayleigh equation for aerodynamic drag
was demonstrated. Again, the WVFM and the particular hardware design of the Copter-
Sonde allowed for a few assumptions that made the wind estimation process simpler,
in addition to making possible the estimation of vertical wind velocities.

Experiments in the field were conducted to compare the CopterSonde measure-
ments with other “co-located” instruments like radiosondes, Doppler wind lidars, and
meteorological towers. A statistical analysis was made to determine the overall per-
formance of the CopterSonde measurements as well as the presented techniques with
respect to the radiosonde and DWLs.

Regarding the kinematic measurements, the CopterSonde and DWL wind estima-

tions had a strong relationship with a correlation coefficient as high as 0.9 and a fair
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agreement with RMSE of 0.492 m s~! for vertical wind, and 1.025 m s~! for hori-
zontal wind. The LESO performed better at lower wind speeds below 8 m s~! while
trending towards underestimation as the wind speed increases. This is likely produced
by non-linearities of the aerodynamic drag and wind speed relation as well as possible
extrapolation errors due to the poor wind speed range used for calibration. The results
are encouraging but still not within the desired proposed measurement requirements in
Table 3.1. When comparing the thermodynamic measurements of the CopterSonde-3D
with the radiosonde, temperature profiles exhibit good relationship and agreement as
evidenced by their correlation coefficient R=0.995 and RMSE=0.430 K. At the same
time, the relative humidity sensor has an R=0.91 and RMSE=2.548 %. Even though
both platforms were sampling different columns of air, the results are close to the ab-
solute values shown in Table 3.1.

Although there are several subtleties and inherent limitations from each instrument
that are unavoidable in practice, it was the best approach available. Despite these lim-
itations, the temperature and humidity profiles between the CopterSonde-3D and ra-
diosonde appear to be tracking consistently well in the first few hundred meters when
the radiosonde is still close enough to the launch point (Figures 4.23 and 4.24). Even
the statistical comparison shown in Table 4.4 is evidence that the measured profiles
are relatively similar. The relative error is close to the absolute target values from Ta-
ble 3.1 when considering the radiosonde specifications provided by the manufacturer
(Table 4.3). However, a strong conclusion validating the CopterSonde-3D thermody-
namic and kinematic results could not be made, given the lack of contrast against un-
questionable ground-truth measurements. As future work, access to high-end wind
tunnels and environmental chambers may allow for better characterization, calibration,
and validation of the presented CopterSonde-3D techniques with a much higher cer-

tainty degree. Nonetheless, the thermodynamic analysis made in Section 3.5.3 shows
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great support that the CopterSonde-3D measurement technique effectively mitigates
thermodynamic errors. If these results are assumed to be valid above the surface deeper
into the PBL, then the difference in the thermodynamic measurements may be purely
due to the spatial separation and sensor calibration. Like this, the WXUAS has the
advantage of performing repeatable, targeted, and controlled vertical profiles but at a
reduced maximum altitude compared to radiosonde. At this point, it would be up to the
users to decide the most convenient platform that may fulfill their objectives, given the

presented pros and cons of each instrument.
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Chapter 5

CopterSonde Deployments and Community Impact

The CopterSonde system, in its present version, is in compliance with current operating
regulations and requirements. Non-scientific operational and safety regulations dictated
by the FAA, as well as the NOAA Office of Marine and Aviation Operations (OMAOQO),
were followed in order to conduct FAA-approved and NOAA-related missions using
the CopterSonde. During the time frame of this work, the FAA imposed stringent
rules regarding operations with UAS that are proposed in Chapter 14 of the Code of
Federal Regulation (14 CFR Part 107) [62]. The FAA can also issue a Certificate of
Authorization (COA) upon petition, allowing UAS users to go beyond some of the
rules in 14 CFR Part 107, such as increasing the flight ceiling and conducting night
flights at the requested flight site. To comply with these rules, CASS trained their
personnel according to the FAA standards on UAS to obtain valid Part 107 licenses.
Additionally, CASS requested COAs for specific regions of scientific interest to allow
for flight tests and experimentation. A summary of the applicable regulations regarding
UAS operations during the time period of this work is presented in Appendix B.

Flight operations with the CopterSonde require a ground crew of at least three peo-
ple. The head of operations is the Pilot in Command (PIC), who is in charge of the risk
assessment and is responsible for decisions taken during the operation. The PIC also

has the duty of preparing and controlling the CopterSonde by means of remote control
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as needed. The CopterSonde can fly autonomously from takeoff to landing; however,
the PIC can assume control at any time, if necessary. The PIC must maintain a visual
line of sight with the CopterSonde at all times. Therefore, the second person is the
Ground Station Operator (GSO), who is in charge of carefully monitoring the flight
data streamed by the CopterSonde through a computer interface. The GSO informs the
PIC about any event reported by the CopterSonde system. Lastly, the Visual Observer
(VO) completes the ground crew and has the task of scanning the sky for any oncoming
air traffic or hazards that may interfere with the flight operation.

Moreover, every field campaign required the involvement of students, staff, and
volunteers to help conduct CopterSonde operations. Many of them had no experience
working with UAS. Therefore, part of this work was to design and implement a train-
ing program for anyone interested in becoming part of the CopterSonde crew. This
work produced and provided user manuals, tutorial videos, flight simulator sessions,
and field training to the trainees. The high acceptance of the participants and the suc-
cessful completion of numerous field campaigns using the CopterSonde provides proof
of its user-friendliness and adaptability. In addition, attended operations greatly help
to identify and address unforeseen challenges. This helps to prepare the CopterSonde
system and gradually move toward fully autonomous and unattended operations.

To digitally record and document every flight done using the CopterSonde, CASS
acquired fleet-management software from DroneLLogBook (DLB) [129]. DLB is fully
compatible with CopterSonde’s flight logs, extracting necessary information to gen-
erate records and statistics for each CopterSonde. Moreover, DLB was configured to
send alerts about programmed inspections after a certain number of flying hours and
other scheduled maintenance services. This helped to treat every CopterSonde evenly
and consistently, which led to fair conclusions about its durability and performance.

Although CopterSonde flights started in early 2017, the DLB system was acquired and
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first used in late 2019. For this reason, the statistics listed below are based on 2-year

DLB records from late 2019 to late 2022.

Total CopterSondes built: 11

Number of trained participants: 25

Total flying hours (CopterSonde fleet): 129 hrs and 16 min

Total number of flights (CopterSonde fleet): 1154

Greatest total flying hours (single CopterSonde): 35 hrs and 42 min

Greatest total number of flights (single CopterSonde): 345

Another DLB feature is the thorough documentation of flight checklists during
flight operations, which are extremely useful in reducing mission failure due to human
errors caused by limited memory and attention. For the sake of brevity, the checklist

titles with short descriptions are listed below.

* Pre-Departure: Must be completed 24—48 hrs before departure to the flight site.

Essential equipment must be ready.

* Post-Arrival: These are crucial steps for flight site assessment and safe deploy-

ment of the equipment immediately after arriving.

* Pre-Flight: It checks the overall health of the CopterSonde system and reminds

the crew of their tasks before takeoff.

* In-Flight: It aids in verifying the correct behavior of the CopterSonde soon after

takeoff.

* Post-Flight: Goes over the shutdown sequence of the CopterSonde and visual

inspection steps after landing.
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* Post-Operation: These steps guide the crew in retrieving the flight logs and up-

loading them to the DLB system after the flight operation is over.

The takeoff of the CopterSonde can generally be performed autonomously and ini-
tialized by the PIC under unanimous approval from the crew. The platform immediately
proceeds to execute the pre-loaded waypoint mission. The waypoint mission is the de-
sired flight route for the CopterSonde to follow, which was planned and created before
the flight by the PIC and GSO. The CopterSonde is capable of performing a variety of
flight routes, from simple straight lines to complex spline curves. However, the verti-
cal profile pattern was chosen as the preferred type of flight mission for temperature
and humidity profiling, for which the CopterSonde was designed and optimized. The
CopterSonde is able to return to the launch point and land autonomously provided that
it is flying under good GPS conditions. Good GPS conditions are defined by ArduPilot
as having horizontal dilution of precision (HDOP) less than five and more than five
satellites visible. Otherwise, the PIC can take control through the remote control and

manually land the CopterSonde at any time.

5.1 CopterSonde Products

The CopterSonde concept extends beyond the aircraft itself and also includes data han-
dling and distribution systems for the end user. There are three primary components
related to the distribution of sensor data from the CopterSonde. The first component
is the sensor package within the flight controller which is responsible for collecting
the raw measurement data, logging to a local log file, and transmitting it to the GCS.
Sensor data are packed into a custom MAVLink message, as described in Section 3.2.2,
and transmitted through the telemetry radio to the GCS using ArduPilot’s messaging

protocol. The second component is the custom GCS software developed by CASS,
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which decodes the MAVLink message, retrieves the desired information, plots the data
on various graphical interfaces for visual feedback, and forwards the data to an on-
line cloud service [26]. The final component is the data processing systems located
within the cloud computing service Microsoft® Azure. The virtual machines analyze
the ingested data, store the results in a cloud database, and finally pass the data to a
post-processing service bus for interested remote end users or subscribers. For exam-
ple, the public web application http://wxuas.com is subscribed to such service, and it
was created to distribute the CopterSonde’s data. The web application then forwards
the information directly to connected web clients via web sockets. This enables a live
view of the CopterSonde’s data for any remote user via the web during flight opera-
tions. Another method of data storage is by using the included removable micro SD
card mounted on the Pixhawk autopilot board. This method is preferred over streamed
data for post-processing because it stores data with higher temporal resolution. Besides
all the products presented in this work, some other useful products generated based
on data acquired using the CopterSonde are the Skew—T log-p figures and time-height
temperature contours. Examples of these are shown in Figure 5.1 and 5.2, respectively.
Post-processing and visualization of CopterSonde data were performed in Python us-
ing the open-source packages NumPy [130], Matplotlib [131], MetPy [132], and SciPy
[133]. These two types of visualizations allow atmospheric scientists to understand
small-scale PBL processes in frameworks they are already familiar with, like radioson-

des and ground-based remote sensors.

5.2 Work Accomplished and Recognition

To date, multiple iterations of CopterSonde have been deployed in several measurement

campaigns that have encompassed a wide range of meteorological conditions. Each of
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Figure 5.1: Example skew-T log-p plot of temperature (red line) and dewpoint (green
line) generated from a single CopterSonde flight. The surface-based parcel process
curve is also included (black line). A hodograph in the upper right corner shows the
wind speed and direction over height. Also included are some basic thermodynamic air
parcel properties and a map of where the profile was measured. The map was generated
using the open-source Basemap package, which references the Generic Mapping Tools
dataset for state borders [134].

the field campaigns led to new design ideas that shaped and streamlined the Copter-
Sonde until the current version. The CopterSonde-1 was first deployed in the Environ-
mental Profiling and Initiation of Convection (EPIC) field project in May 2017. EPIC’s
objective was to evaluate the potential of severe weather formation using data from
several meteorological instruments, including WxUAS [21]. The EPIC field campaign
revealed a few flaws of the CopterSonde-1 that defined the roadmap for the next Copter-

Sonde revisions, as discussed in chapter 3. From this point forward, the CopterSonde
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Figure 5.2: Example plot of the temperature evolution over time with contour lines
up to a height of 914 m. Each CopterSonde profile was separated by about 15 min
and denoted by vertical dashed lines. The contours and color fill were produced by
interpolating each observation level in time, resulting in a rectangular time-height cross-
section.

development continued under the support in part of the National Science Foundation
(NSF) Grant No. 1539070, a project known as Collaboration Leading Operational UAS
Development for Meteorology and Atmospheric Physics (CLOUD-MAP) [23], and in-
ternal funding from the OU. The observations from the field campaigns detailed below
are still being analyzed, but the empirical experience and findings showed evidence
of the capabilities of CopterSonde in sampling the PBL. In particular, achievements
made with the CopterSonde operating under a wide range of atmospheric conditions

are discussed, which led to substantial improvements in the WxUAS design.
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5.2.1 Innovative Strategies for Observations in the Arctic Atmo-

spheric Boundary Layer (ISOBAR)

The first extensive field testing of the CopterSonde in approximately its current config-
uration occurred during a 4-week-long field campaign in Hailuoto, Finland, in Febru-
ary 2018. This field campaign, known as Innovative Strategies for Observations in
the Arctic Atmospheric Boundary Layer (ISOBAR), aimed to study the stable Arc-
tic atmospheric boundary layer over sea ice [22, 135]. The University of Oklahoma
CASS worked in close collaboration with the Finnish Meteorological Institute (FMI),
the Geophysical Institute of the University of Bergen (UiB), the University of Tiibin-
gen, and the University of Applied Science Ostwestfalen-Lippe (OWL) to obtain con-
tinuous boundary layer profiles over the course of the field campaign. This allowed
for the observation of the diurnal development of the stable boundary layer, which
would have been difficult with only one crew. The CopterSonde used during ISO-
BAR was the CopterSonde-2, shown in Figure 5.3, which was the immediate successor
of the CopterSonde-1. The CopterSonde-2 was the first design attempt toward the fi-
nal CopterSonde-3D. This platform included an underdeveloped WVFM and weather
sensor integration into the autopilot. The scoop intake was large compared to the
CopterSonde-3D, completely exposing the sensors to the environment and, thus, solar
radiation. However, the CopterSonde-2 was still able to complete the required scientific
goals of the ISOBAR campaign and withstand the harsh arctic environment. In addition
to accomplishing the scientific aims of measuring the stable boundary layer, the Copter-
Sonde accomplished a number of firsts, including flying at night and outside the visual
line of sight and establishing a new height record by ascending to 1800 m (5900 ft)
AGL. Moreover, in one of the endurance flight tests, the CopterSonde-2 stayed aloft for

18.5 min, almost depleting the battery with less than 10% of its energy capacity left.
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Figure 5.3: Left image: OU-CASS team in the island of Hailuoto, Finland, showcasing
the UAS equipment used for the ISOBAR field campaign in February 2018. Right
image: Front view of the CopterSonde 2 deployed outside in the freezing environment.
This platform was the immediate successor of the CopterSonde-1 and the first design
attempt toward the CopterSonde-3D concept. The custom integration of the WVFM
and weather sensors into the autopilot were first introduced in this version.

Additionally, surface temperatures dropped to around -20 ° C during the experiments,
and even a thin layer of ice was detected on the leading edge of the propellers after fly-
ing through the mist. However, the accumulated ice was not enough to produce notable
effects on the CopterSonde performance. This does not mean that the CopterSonde is
able to fly under icing conditions since a tolerable level of accumulated ice could not be

determined, besides not having a method to quickly detect ice formation while flying.

5.2.2 Lower Atmospheric Process Studies at Elevation—a Re-

motely Piloted Aircraft Team Experiment (LAPSE-RATE)

After ISOBAR, the CopterSonde-2 has undergone several hardware and software mod-
ifications to account for issues encountered in previous experiences and improve the
system overall. This led to the production of the CopterSonde-2.5 revision illustrated in

Figure 5.4. The CopterSonde shell was substantially redesigned and streamlined in this
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Figure 5.4: Left image: OU-CASS member flying the CopterSonde-2.5 in the San
Luis Valley, Colorado, and capturing atmospheric observations for the LAPSE-RATE
field campaign in July 2018. The platform successfully flew in an altitude range of
2300-3210 m AMSL for 5 consecutive days. Right image: Front-side view of the
CopterSonde-2.5 developed after ISOBAR and first deployed during LAPSE-RATE.
The CopterSonde shell was substantially redesigned and streamlined in this version
while adding modularity to the payload and other components.

version while adding modularity to the payload and other components. Besides this, the
scoop intake design was changed to better hide the weather sensors from sunlight. The
propulsion system was also upgraded for flight stability and efficiency improvements.
With these enhancements, the CopterSonde-2.5 was deployed to the San Luis Valley
in south-central Colorado in July 2018 for the Lower Atmospheric Process Studies at
Elevation—a Remotely Piloted Aircraft Team Experiment (LAPSE-RATE). LAPSE-
RATE was held in connection with the conference of the International Society for
Atmospheric Research Using Remotely Piloted Aircraft (ISARRA) in Boulder, Col-
orado. A total of 13 universities participated in LAPSE-RATE over the six-day field
campaign (14-19 July 2018). The scientific goals were roughly defined as examining
environmental variables before convective initiation, analyzing drainage flows emanat-
ing from nearby mountains, and investigating the PBL during the morning transition
phase. Another goal was to compare measurements gathered from multiple platforms
flown by different academics and industrial partners [20]. In particular, thorough in-

tercomparisons of the CopterSonde-2.5 data against data from meteorological towers,
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radiosondes, and Doppler wind lidar were discussed in [110]. Moreover, a study to
assimilate data from some of the participating UASs into a weather research and fore-
casting model using an ensemble Kalman filter was conducted by the National Center
for Atmospheric Research (NCAR) in Boulder, Colorado. Their findings showed how
observations gathered with a fleet of WXUAS enhance high-resolution and short-term
predictions in a limited domain with complex terrain [30]. The data collected using the
CopterSonde system are available in the online data archive Zenodo [136] as well as
from other platforms for reference and comparison [137, 138].

A total of 180 flights using the CopterSonde were completed over a span of 5 days
at two different sites in the northern region of the San Luis valley. A total of two
days of operations focused on convection initiation studies, one day dedicated to PBL
diurnal transition studies, one day centered on internal comparison flights, and the last
day of operations focused on cold air drainage flows [139]. The terrain elevation at
the flight sites was approximately 2300 m above mean sea level (AMSL), which is 6.5
times higher than where the CopterSonde was originally built and tuned. In addition,
flight permissions allowed the CopterSonde to sample the atmosphere up to 910 m
AGL (3000 ft). Therefore, the CopterSonde effectively reached a maximum altitude of

3210 m AMSL without any noticeable decrease in flight performance.

5.2.3 Flux Capacitor

A few weeks after the culmination of the LAPSE-RATE experiments, the OU-organized
Flux Capacitor field campaign took place at KAEFS on 5 October, 2018. CopterSonde
and CLAMPS DWL data were collected during this in-house campaign to test and
evaluate the CopterSonde’s performance across a complete diurnal cycle. Flight per-

missions allowed the OU team to operate the WxUAS up to 1524 m AGL (5000 ft)
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Figure 5.5: Time-height profiles of wind speed collected using a CopterSonde-2.5
UAS and CLAMPS Doppler wind lidar during an uninterrupted 24 hrs operation at
KAEFS on 5 October, 2018. The colored background corresponds to wind data from
CLAMPS DWL, whereas the vertical lines represent CopterSonde profiles, and green
dots denote the maximum altitude reached. It can be seen that the maximum height
of the CopterSonde decreased as the low-level jet stream intensified through the night.
A post-analysis revealed that the CopterSonde withstood a maximum wind speed of
22.5 m s~!. The image was taken from [110].

during the day and 1220 m (4000 ft) AGL at night. However, the OU team could no
longer keep visual contact on the CopterSonde past approximately 1200 m and thus was
forced to descend to comply with the FAA rules. Flights were done with a cadence of
30 min for the 24 hrs duration of the experiment. Besides recording the thermodynamic
evolution of the atmosphere during this period, a remarkable event was captured when
a low-level jet (LLJ) developed overnight. According to CLAMPS measurements, the
LLJ wind speeds were peaking close to 25 m s~* at around 500 m AGL.

Due to safety reasons, the CopterSonde was commanded to descend if the pitch
angle was nearing 30 deg, caused by high winds, which was equal to 22 m s~! when
translated to wind speed using Equation (4.8). Hence, it was considered that the Copter-

Sonde platform reached and recorded its maximum wind speed tolerance during Flux
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Capacitor for the first time. This extreme case helped to evaluate and establish flight
limits for the CopterSonde system. The correlation between the CopterSonde and DWL
wind measurements is noticeable in Figure 5.5, a series of time-height wind profiles
collected using a CopterSonde-2.5 UAS. The colored background corresponds to wind
data from CLAMPS DWL, whereas the vertical lines represent CopterSonde profiles,
and green dots denote the maximum altitude reached. The maximum height reached
by the WxXUAS decreased as the LLJ lowered and intensified overnight. A comprehen-
sive statistical analysis of the thermodynamic and kinematic measurements was made
in [110]. Additionally, a study to determine data availability and impacts on WxUAS
operations based on platform limitations due to wind loads over the year was done in
[140]. Such information was useful afterward when planning the concept of operations

for CopterSonde deployments.

5.2.4 Propagation, Evolution, and Rotation in Linear Storms

(PERILS)

The Propagation, Evolution, and Rotation in Linear Storms (PERiLS) project was one
of the most significant severe storm field campaigns conducted by the meteorological
community supported by NOAA-NSSL and the NSF [141]. The first part of the project
took place in the Southeast United States in the late winter to early spring months of
2022, and the second part is set to continue in 2023. Several instruments from NOAA
and multiple research institutes and universities were deployed to capture the dynamics
of quasi-linear convective systems (QLCSs). The PERILS project aims to characterize
near-storm environments and storm processes capable of producing tornadoes.

To become part of the PERILS operations, the CopterSonde successfully under-

went an airworthiness certification process to comply with NOAA’s UAS guidelines
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Figure 5.6: Picture of the CopterSonde-3D and the PIC in action nearby an oncom-
ing squall line of thunderstorms taken during PERIiLS 2022 field campaign. Three
CopterSonde-3Ds were deployed during PERILS, and each was strategically located at
a different site in the southern region of the United States. The flight ceiling approved
by the FAA and NOAA-OMAO was 1524 m (5000 ft). However, the maximum altitude
reached by the CopterSonde-3D was just below 1000 m due to extremely high winds.

and policies. Through this work, safety features, concept of operations, and risk man-
agement procedures were described and shown to NOAA evaluators following instruc-
tions found in policies and a handbook issued by the Aircraft Operations Center of
NOAA-OMADO [142, 143]. As of November 2021, the CopterSonde-3D was officially
recognized by NOAA-OMADO as an airworthy UAS allowed to deploy in NOAA-related
weather operations (see Appendix C).

A total of three CopterSonde-3Ds were deployed and operated simultaneously in
March and April 2022 at three different sites (Yazoo City, Mississippi; Schlater, Missis-
sippi; and Lake Village, Arkansas). Figure 5.6 illustrates the CopterSonde-3D and PIC

in action nearby a storm formation, and Table 5.1 shows a summary of the CopterSonde
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Table 5.1: CopterSonde operation summary for PERILS conducted in March and April
2022. A total of three CopterSondes were deployed at three different sites simultane-
ously (Yazoo City, Mississippi; Schlater, Mississippi; and Lake Village, Arkansas).

Variable All sites Yazoo City Schlater Lake Village
Max. altitude [m] 996 848 996 784
Avg. altitude [m] | 424.37 510.79 489.54 286.48
Total flight count 112 39 32 27
Crash/Collisions 0 0 0 0

operations during PERILS. The flight ceiling approved by the FAA and NOAA-OMAO
was 1524 m (5000 ft). However, the maximum altitude reached by the CopterSonde-
3D was just below 1000 m due to extremely high winds. The persistent high winds in
the pre-storm environment made the platform reach its limits on almost every flight,
automatically triggering failsafe mechanisms to safely return the UAS to the launch
point. Besides this, a few flights were completed under light rain conditions without
electrical issues or failures. Due to the recent culmination of PERILS 2022, data and
observations are still being processed, and there are no related publications involving
the use of CopterSonde data yet.

Nonetheless, NOAA proposed a systematic project metric system that supports the
evaluation of the maturity of R&D projects from research to operation, application,
commercial product or service, or other use and allows the consistent comparison of
maturity between different projects [144]. After the successful completion of PERILS
2022, it is estimated that the CopterSonde-3D UAS falls in the RL 6 category. The
RL 6, by definition, is the successful demonstration of a prototype system, subsystem,
process, product, service, or tool in a relevant or test environment (potential demon-

strated).
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5.2.5 Tracking Aerosol Convection Interactions Experiment

(TRACER)

The UAS component of the Tracking Aerosol Convection Interactions Experiment
(TRACER) field campaign aims to improve the understanding of physical processes
governing the convective cloud lifecycle. Mainly, the project focused on coastal
weather conditions where air-mass circulation produced by sea breeze is found, and
that numerical weather models struggle to represent accurately [145]. Two brand new
CopterSonde-3Ds were deployed south of the Houston metro area to collect frequent
vertical profiles of thermodynamic and kinematic variables impacted by the Gulf of
Mexico weather on a daily basis. Field observations were taken from June through
September 2022, which resulted in the most extensive operation period undergone by
the CopterSondes to date.

Although no published studies support the scientific relevance of the CopterSonde
for TRACER yet, conclusions about the CopterSonde’s endurance were made based
on the flight records. After eight weeks of operations, both CopterSondes completed a
combined total of 604 vertical profiles, equivalent to approximately 67 flying hours. To
keep the mechanical wear even, each CopterSonde was flown on alternate days splitting
the total flying hours into ~33 hrs each. Quick visual inspections of the fragile parts
were conducted every four flying hours, whereas complete inspections of the airframe
and electronics were carried out every 8—10 flying hours. Thin layers of rust were
detected on steel screws, which was expected given that flights took place under coastal
weather conditions. However, flights were not compromised at any time. Oxidation
was merely superficial and was easily cleared. Besides this, thin layers of dirt were
found over the weather sensors inside the scoop, evidencing the high concentration of

particles in the air.
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Moreover, one CopterSonde reported erroneous relative humidity measurements
from one of the sensors after passing 30 flying hours. It was believed that the air
particles gradually degraded the capacitive film on the sensor until the reading offset
became noticeable. Besides the above-mentioned minor problems, the CopterSonde-
3D airframe, autopilot, propulsion system, and other vital components relevant to flight

were found to be healthy and fully functional.

5.3 Chapter Summary

To conduct deployments and flight operations, the CopterSonde must first comply with
policies issued by regulatory agencies, including the FAA, NOAA-OMAO, and OU.
The proposed rules are primarily concerned with the safety of flights, crew risk man-
agement, and air traffic deconfliction. Therefore, the CopterSonde was modified and
programmed to meet these requirements. Additionally, training programs were cre-
ated to educate personnel on UAS operations and instruct them to strictly follow the
provided CopterSonde checklists to abide by the rules. The CopterSonde crew is con-
formed of three human members: PIC, GSO, and VO. Each one has unique tasks during
the operations, which complement each other with proper team communication.

Since the CopterSonde is continuously transmitting data to the ground station, data
distribution software and cloud storage were implemented to allow for remote access to
end users in almost real-time. Besides this, simple Python scripts were made to quickly
process raw data and produce products like skew-T log-p plots, time-height evolution
plots, hodographs, etc. This allows atmospheric scientists to understand PBL processes
in frameworks they are already familiar with, like radiosondes and other ground-based
remote instruments.

Multiple iterations of CopterSonde have been deployed in several measurement
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campaigns that have encompassed a wide range of meteorological conditions. Each
deployment presented its own set of challenges that tested the capabilities of the plat-
form. Remarkable achievements, improvements, and flaws of the CopterSonde during
different field projects were discussed. The result of each field campaign led to new
design ideas that shaped and streamlined the CopterSonde until its current version. The
CopterSonde also achieved important recognition from NOAA-OMAO that allowed it
to operate in NOAA-related missions. After successfully completing PERILS 2022, it
was estimated that the CopterSonde falls in the RL 6 category based on NOAA’s R&D
maturity level standard.

To date, the CopterSonde-3D has accumulated numerous historical flight records
under different weather conditions. This is evidence that the proposed platform is a
durable weather instrument that can perform targeted weather sampling in a reliable
way. Here, the word reliable refers to the capacity of the UAS to execute its mission
safely. The CopterSonde-3D was programmed to always stay within its operating limits
and not to compromise its structural integrity based on the parameters obtained in Sec-
tion 3.6. Since the acquisition of the DroneLogBook fleet-management service in 2019,
11 different CopterSondes were used for a combined flight time of 129 hrs and 16 min
and 1154 successful flights. The single most used CopterSonde did almost 36 flying
hours without failures or mechanical degradation, hinting the lifespan of the platform

is high enough to satisfy measurement needs from demanding field campaigns.
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Chapter 6

Epilogue

6.1 Discussion and Conclusions

The main focus throughout this work was achieving targeted and reliable in situ UAS-
based thermodynamic and kinematic measurements of the atmosphere as a means to
solve the observational gap present in the PBL. The motivation and problem statement
were formulated in Chapter 1, addressing the clear need to improve the understand-
ing of the Earth’s PBL. Nonetheless, commonly used conventional atmospheric instru-
ments, such as radiosondes, Doppler lidars, satellites, and meteorological towers, are
insufficient in providing adequate spatial and temporal resolution required to capture
fast atmospheric processes due to the high complexity and variability of the structures
in the PBL (see Section 1.2). With the increasing popularity of weather measurements
collected using UAS technologies, a solution was proposed focusing particularly on the
development of a UAS that maximizes the mitigation of platform errors for thermo-
dynamic measurements and the implementation of wind field estimation using modern
modeling techniques. All of these while exposing the WxUAS to different weather
scenarios and refining the concept of operations. Besides this, an attempt to meet the
desired meteorological measurement requirements (Table 3.1) was also pursued. How-

ever, strong concluding remarks on the latter could not be completely achieved, given
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the lack of measurement comparison against unquestionable ground-truth instruments.
Despite this, the measurement intercomparison presented in Section 4.4 helped to vi-
sualize, in a qualitative way, where WxUAS may be standing with respect to conven-
tional instruments. From these experiments, it was demonstrated the capacity of the
CopterSonde-3D to fill in observational gaps where limitations from the conventional
instruments interfered with the measurements.

Chapter 2 introduced basic concepts and definitions of the main elements of the in-
strumentation system presented in this work: UAS, PBL, and thermodynamic sensors.
First, the UAS serves as the carrier to transport the payload to desired locations in space.
There are several types of UAS with different flight characteristics, but the multicopter-
type UAS was chosen for its simplicity and VTOL capability. Building blocks of the
multicopter UAS were described and used for the design of the proposed WxUAS.
Second, the PBL is the desired environmental domain for UAS flights and atmospheric
measurements. Therefore, understanding the properties and dynamics of the PBL is
paramount for the correct instrumentation design and validation. Since the multicopter
UAS heavily modifies the surrounding air, these concepts helped to discern real atmo-
spheric processes from platform-induced effects. Lastly, the thermo-hygrometers or
weather sensors were provided without prior engineering selection process. However,
their compact size and light weight made them suitable payloads for a small multicopter
UAS. Mathematical models of iMet-XF bead thermistor and HYT-271 capacitive hu-
midity sensors were introduced, which describe the flux dynamics inside the sensing
element. These models were used for the measurement restoration technique presented
in Chapter 4.

Design constraints on the proposed WxUAS were mainly imposed by the operating
concept required for the 3D Mesonet project [26]. Besides this, the CopterSonde-3D

is also compliant with policies and guidelines proposed by the FAA, NOAA-OMAO,

167



and OU regarding flight safety and operational competence. The development of the
CopterSonde platform’s design and proof of concept was fully detailed in Chapter 3.
It outlined the technical obstacles experienced from the idea of the UAV-based atmo-
spheric measurements system to the present revision, as well as the choices made to
continue enhancing the WxUAV system’s critical components. The balance between
autopilot software integration, airframe selection, and propulsion design had to be un-
derstood to construct a platform capable of achieving atmospheric measurement needs
while adhering to prescribed safety norms and flight functionalities. After several iter-
ations of the design, it is believed that the CopterSonde-3D achieved a highly holistic
design. The localized weather sensor placement on the UAV, the proposed WVFM
function, and the custom autopilot code to handle weather data are all intimately inter-
connected to the extent that the platform cannot be considered for general-purpose use
anymore but solely for weather research and applications.

The proposed payload, or weather sensor compartment, was designed to be modular
and, at the same time, blend in with the CopterSonde-3D’s body for increased aerody-
namic efficiency (see Section 3.5). Flow simulation studies of the CopterSonde-3D’s
CAD model showed a significant reduction of the heat footprint and turbulent wake
behind the platform compared to a standard UAS design (i.e. CopterSonde-1). The
simulation results were supported by real observations in the field using a meteorolog-
ical tower for reference. As a result, a range of angles in which the thermodynamic
measurements are unaffected by heat advection was determined and presented as evi-
dence that the concept works as intended. Overall, it was shown that platform-induced
errors close to the weather sensors were more manageable with the CopterSonde-3D
design when assisted by the WVFM function. Based on results from Section 3.5.3, it
is apparent that the localized sensor placement of the CopterSonde-3D combined with

the WVFM is more successful than the distributed sensor layout of the CopterSonde-1
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at mitigating effects from heat advection. However, a drawback in the design was iden-
tified when the ascent and descent thermodynamic profiles were found to differ sig-
nificantly from each other. This is due to the UAV descending through its prop wash,
creating temporary stagnant air around the platform. For flight stability reasons, it was
opted not to modify the CopterSonde design further to account for the prop wash ef-
fects. Instead, priority was given to the optimization of weather sampling in the ascent
leg over the descent leg. Design specifications of the CopterSonde-3D that define the
flight envelope were presented in Section 3.6. Flight records from extreme events have
been analyzed to establish safe operating restrictions. These parameters were used to
create decision-making algorithms able to automatically trigger failsafe mechanisms.
Safety was kept as a top priority, and generous energy reserves were made available to
the CopterSonde-3D in case of unexpected events and still able to complete its mission.

Weather-specific algorithms for the CopterSonde-3D were introduced in Chapter 4.
The IDMP was developed to demonstrate the capabilities of using thermodynamic mea-
surement correction techniques suitable for weather sensors onboard the multicopter
UAVs [2]. This lays the foundations for exploring methods to mitigate slow sensor dy-
namics. In particular for the CopterSonde hardware since the platform promises unique
ways for minimizing thermodynamic measurement errors. Subsequently, the WVFM
function was created with the intention of maintaining the CopterSonde-3D’s heading
into the oncoming wind based on real-time estimations of the tilt vector done internally
by the autopilot [1]. This way, the sensor package stays downwind of the main body
of the UAV, and, as a result, undisturbed air flows across the sensors inside the scoop.
Given that linear and time-invariant causal filters were used in the WVFM method, the
output is slightly delayed but within the desired angle range with respect to the wind
vector, determined in Section 3.5.3. Lastly, the 3D wind estimation using an offline

LESO technique with a modified Rayleigh equation was presented. The WVFM and
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the unique hardware design of the CopterSonde-3D made it possible to simplify the
wind estimation calculations, besides enabling the estimation of vertical wind veloci-
ties.

In terms of kinematic measurements, the CopterSonde and DWL wind estimates
had a good relationship with a correlation coefficient of 0.9 and a reasonable agreement
with RMSE of 0.492 m s~! for vertical wind and 1.025 m s™! for horizontal wind. The
LESO performed well at lower wind speeds below 8 m s~!, but underperformed as
wind speed increased. This is most likely caused by non-linearities in the aerodynamic
drag and wind speed relationship, as well as extrapolation errors caused by the limited
wind speed range employed for calibration. The findings are positive, although they fall
short of the specified measurement standards in Table 3.1. Temperature profiles indicate
excellent association and agreement when the CopterSonde-3D thermodynamic data
are compared to the radiosonde, as evidenced by their correlation coefficient R=0.995
and RMSE=0.430 K. Simultaneously, the relative humidity sensor has an R=0.91 and
an RMSE=2.548 %. Despite the fact that both platforms sampled distinct columns of
air, the findings are quite similar to the absolute values presented in Table 3.1.

Although there are several subtleties and inherent limitations from each instrument
that are unavoidable in practice, it was the best approach available. Despite these lim-
itations, the temperature and humidity profiles between the CopterSonde-3D and ra-
diosonde appear to be tracking consistently well in the first few hundred meters when
the radiosonde is still close enough to the launch point (Figures 4.23 and 4.24). Even
the statistical comparison shown in Table 4.4 is evidence that the measured profiles
are relatively similar. The relative error is close to the absolute target values from Ta-
ble 3.1 when considering the radiosonde specifications provided by the manufacturer
(Table 4.3). However, a strong conclusion validating the CopterSonde-3D thermody-

namic and kinematic results could not be made, given the lack of contrast against un-
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questionable ground-truth measurements. As future work, access to high-end wind
tunnels and environmental chambers may allow for better characterization, calibration,
and validation of the presented CopterSonde-3D techniques with a much higher cer-
tainty degree. Nonetheless, the thermodynamic analysis made in Section 3.5.3 shows
great support that the CopterSonde-3D measurement technique effectively mitigates
thermodynamic errors. If these results are assumed to be valid above the surface deeper
into the PBL, then the difference in the thermodynamic measurements may be purely
due to the spatial separation and sensor calibration. Like this, the WXUAS has the
advantage of performing repeatable, targeted, and controlled vertical profiles but at a
reduced maximum altitude compared to radiosonde. At this point, it would be up to the
users to decide the most convenient platform that may fulfill their objectives, given the
presented pros and cons of each instrument. The thermodynamic and kinematic statis-
tical analysis, flow simulations, and CopterSonde flight performance results shown in
this work, in addition to other similar studies done using the CopterSonde [1, 2, 20, 42,
110], are used as proof to show that the proposed platform works as intended meeting
the proposed objectives listed in Chapter 1.

The CopterSonde has been deployed in several challenging field campaigns. Each
of these field experiences tested the capabilities of the platform under different atmo-
spheric conditions (see Chapter 5). Besides meeting the scientific goals of each project,
design limits and flaws were identified that led to new design ideas to overcome the
difficulties. This way, the CopterSonde was shaped and streamlined until its current
version, driven by experience. To date, the CopterSonde has accumulated enough flight
records that it can be considered a durable weather instrument able to perform targeted
weather sampling in a reliable way. Here, the word reliable refers to the capacity of the
UAS to execute its mission safely. The CopterSonde-3D was programmed to always

stay within its operating limits and not to compromise its structural integrity based on
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the parameters obtained in Section 3.6. Since the acquisition of the DLB fleet man-
agement service in 2019, 11 different CopterSondes were used for a combined flight
time of 129 hrs and 16 min and 1154 successful vertical profiles. The single most
used CopterSonde did almost 36 flying hours without failures or mechanical degrada-
tion, hinting that the lifespan of the platform is sufficient to satisfy measurement needs
from demanding field campaigns. Moreover, the CopterSonde also achieved important
recognition from NOAA-OMAO that allowed it to operate in NOAA-related missions
(see Appendix C). It was estimated that the CopterSonde falls in the RL 6 category,
or successful demonstration of the prototype, based on NOAA’s R&D maturity level
standard. This is one stage behind RL 7: Prototype functionality, which would require
the CopterSonde to be fully integrated into the weather modeling and forecast system.
Advances toward this next step are underway, data distribution software and cloud stor-
age were implemented to allow end users to remote access and process in almost real-
time (see http://wxuas.com). Besides this, simple Python scripts were made to quickly
process raw data and produce products like skew-T log-p plots, time-height evolution
plots, hodographs, etc. This allows atmospheric scientists to understand PBL processes
in frameworks they are already familiar with, like radiosondes and other ground-based
remote instruments.

Altogether, it is believed that the proposed CopterSonde-3D concept is a platform
that has the potential to be a unique weather instrument in meteorology research. This
work showed engineering advances using emerging UAS technology that may define
the path toward more holistic and integrated WXUAS for accurate and reliable atmo-
spheric measurements. This new technology is not seen as a potential replacement for
similar existing atmospheric instruments in the near future but more as a complement
to cover current measurement limitations and gaps. In the long term, WxUAS may be

able to replace its counterpart radiosonde once its full potential is demonstrated. As
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it was shown in Section 4.4, the WXxUAS was able to fill in the missing kinematic ob-
servations of the DWL as well as perform a more targeted mission compared to the
radiosonde. Given that WXUAS are reusable systems, this could enable sampling the
PBL more frequently in a more cost-effective way compared to radiosondes which are
usually single-use disposable instruments. As proposed in the 3D Mesonet project, the
CopterSonde WxUAS can be deployed at Mesonet sites and act as an extension of the
meteorological towers [26]. Effectively augmenting the sampling domain to a volume

above the surface and filling in the observational gap [29].

6.2 Future Work

Admittedly, the presented work has only scratched the surface of what UAS is capable
of contributing to the atmospheric research field. Since the CopterSonde is an experi-
mental platform going through the early stages of development, there is plenty of room
for improvements and future directions. The following discussion will be separated into
what may be improved in each chapter of this dissertation, considering the information
collected during this study.

A formal design guideline and hardware requirements for multicopter WxUAS were
presented in Chapter 3. From a conceptual idea backed with simulation studies to the
evaluation of measurement errors in the field. However, the flow simulation studies did
not cover the effects of solar radiation, while it was assumed that the scoop design was
enough to protect the sensors. Given the little time invested in studying solar radiation’s
effects, a future direction is to evaluate other scoop design candidates aimed at mitigat-
ing these errors while still producing adequate aspiration across the sensors. Material
selection of the shell is another topic that was not thoroughly investigated. This study

was limited to the use of 3D printers with just one type of PLA plastic. Therefore, it
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is necessary to thoroughly study the CopterSonde design using lighter materials with
lower heat transfer coefficients to help to minimize heat sources. The prop wash was
found to be a large inconvenience to the point that the descent-leg measurements were
discarded, the amount of collected data can be easily doubled if this issue is properly
addressed. A way to solve it is by extending the scoop intake outside the turbulent air
wrapping around the CopterSonde, but it must be done in a way that flight stability is
not compromised. In general, there is a need for deeper flow simulation analyses and
in-field observation to tackle the presented issues. Although in-field observations are
important for measurement validation, they cannot always be fully trusted because of
several uncontrollable and unpredictable factors in the environment. Therefore, it is
strongly suggested to perform studies in controlled environments, such as wind tunnels
and environmental chambers, to produce accurate physical interpretations and results.
The airflow around UAS exhibits a very complex behavior [146]. Therefore, airflow
studies around the UAV are extremely important to reduce the degree of uncertainty as
much as possible.

Chapter 4 introduced techniques that exploited the CopterSonde-3D design to im-
prove thermodynamic measurements and estimate wind without relying on external
wind sensors. The IDMP was an excellent method for restoring thermodynamic mea-
surement signals according to simple simulations backed with acceptable results from
field observations. However, the IDMP is currently not in a position to be fully inte-
grated into the CopterSonde system. The engineering selection process for thermody-
namic sensors was not conducted for this study, and therefore, it is strongly suggested
to investigate other alternatives. Subsequently, the selected sensors must be thoroughly
characterized, similar to the method presented in Section 4.1.1. The problem with the
presented characterization method is that it did not cover a wide range of tempera-

ture and humidity conditions. This limitation restricted this study to just a particular
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case, and thus, a more comprehensive characterization is required for the IDMP to be-
come fully operational. The WVFM was considered an innovative solution to orient
the CopterSonde-3D in a convenient way that improves weather sampling. Not many
problems were identified with this method other than the delay in the wind estimation.
However, the delay is an intrinsic characteristic of causal filters, and hence, finding
solutions may not be worth pursuing. Lastly, a 3D wind estimation method using the
LESO technique was demonstrated to be suitable for the CopterSonde-3D. This method
uses a complex UAV model tailored to the CopterSonde-3D and simplified thanks to
the introduction of the WVFM (see Section 4.3.1). Nonetheless, the aerodynamics of
the platform can still be highly nonlinear, as was evidenced by the underestimation
trend at high wind speeds in Section 4.4. A way to solve this is to make a shell us-
ing materials with less surface roughness and shaped such that increases aerodynamic
performance and minimizes turbulent wake. Also, the characterization of the propeller
and calibration of the aerodynamic drag model can be substantially improved using a
more controlled environment, like in a wind tunnel. The presented calibration method
requires performing vertical profiles of the PBL alongside DWLs where measurements
are not truly co-located. Moreover, a vertical profile may not capture a wide enough
range of wind speeds to fit a representative curve for the Rayleigh equation (Equa-
tion 4.19). In summary, the continuation of these studies can be the evaluation of the
presented methods with the addition of wind tunnels and environmental chambers.

As outlined in Chapter 5, it was shown that the CopterSonde was able to withstand
a variety of weather conditions during field campaigns where several design enhance-
ments were successfully deployed and tested (see Section 5.2). However, there is still
much to be done to deliver a fully autonomous prototype system. For example, flight
operations still require human presence in the field to perform flight preparation and

monitoring tasks while also complying with regulations. Unattended operations require

175



the development of a suitable autonomous charging station that could replace the man-
ual work of the crew, like battery swapping and visual inspections. The CopterSonde
would also need a precision landing system to ensure accurate landings on the charging
station [26]. Another critical consideration for the station is system software integration
to allow for safe and reliable unattended operations. This would require considerable
development and testing of automatic decision-making algorithms capable of assessing
surface weather conditions, system self-diagnosing, reporting problems, and distribut-
ing data. In addition to these, there are regulatory hurdles to overcome before this kind
of concept of operation can be implemented. Altogether, these future developments
will remove the human factor and allow for extensive operations without interruptions
by human limitations. Additionally, it would significantly help to advance the maturity
level of the CopterSonde to become a fully integrated system that can be used routinely.

Finally, if most of the aforementioned suggestions are addressed in the near future, a
reliable and robust UAS-based weather-sampling platform may be envisioned as a stan-
dalone solution for any desired atmospheric application within the PBL. Moreover, the
3D Mesonet project expands the idea even further by proposing a network of Copter-
Sonde systems distributed over a desired region. The collected observations may be
assimilated into NWP models to improve model forecasts with an emphasis on severe

and high-impact weather [1, 26, 29].
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Appendix A

Acronyms

CASS Center for Autonomous Sensing and Sampling
ARRC Advanced Radar Research Center

OU The University of Oklahoma

KAEFS Kessler Atmospheric and Ecological Field Station
NOAA National Oceanic and Atmospheric Administration
NWS National Weather Service

NSSL National Severe Storms Laboratory

OAMO Office of Marine and Aviation Operations

FAA Federal Aviation Administration

COA Certificate of Authorization

PBL Planetary Boundary Layer

CBL Convective Boundary Layer

FTI Frontal and Thermal Inversions

KTS Kolmogorov Turbulence Spectra

ISR Inertial Subrange

NWP Numerical Weather Predictions

UAS Unmanned Aerial System
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UAV Unmanned Aerial Vehicle

WxUAS Weather Unmanned Aerial System
WxUAV Weather Unmanned Aerial Vehicle
GNSS Global Navigation Satellite System
ESC Electronic Speed Controller

PIC Pilot in Command

GSO Ground Station Operator

VO Visual Observer

GCS Ground Control Station

AGL Above Ground Level

AMSL Above Mean Sea Level

IDMP Inverse Dynamical Model Processing
ADRC Active Disturbance Rejection Control
LESO Linear Extended State Observer
WVFM Wind Vane Flight Mode

SITL Software in the Loop

CLAMPS Collaborative Lower Atmospheric Mobile Profiling System

DWL Doppler Wind Lidar
DLFP Doppler Lidar Fixed Point

AVAD Advance Velocity Azimuth Display
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Appendix B

UAS Regulations

B.1 Part 107 rules

The FAA established federal rules regarding UAV's weighing less than 55 Ibs which are
proposed in chapter 14 of the Code of Federal Regulation (14 CFR Part 107) [62]. This
covers a broad spectrum of commercial and government uses, including those from
institutions involved in research and academia. The following is an excerpt from the
summary of the Part 107 rules for UAS with additional details related to UAS operations

for scientific research in accordance with the guidelines of the University of Oklahoma.

B.1.1 Exclusions

Model aircraft that satisfy all of the criteria specified by 49 U.S.C. § 44809.

Public and government aircraft.

Aircraft operating under 49 U.S.C. § 44807.

* Air carrier operations. This includes package delivery using UAS.
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B.1.2 Operational Limitations

The UAV must weigh less than 25 kg (55 Ibs).

The UAS must remain close enough to the remote pilot in command (RPIC) and
the person manipulating the flight controls of the UAV at all times. This must
be done by people capable of seeing the UAV with vision unaided by any device

other than prescribed corrective lenses.

The UAS may not operate over any persons that are not directly participating in

the operation.

Night operations may be conducted with appropriate anti-collision lighting.
Must yield right of way to other aircraft.

May use a visual observer (VO) or spotter but not required.

First person view (FPV) type UAS cannot satisfy “see-and-avoid” requirement

and, therefore, a VO is required to be present.

Maximum groundspeed of 44.7 m s~! (87 knots).

Maximum altitude of 121.9 m (400 ft) above ground level (AGL) or structure.
Minimum weather visibility of 4828 m (3 miles) from the ground control station.

Operations in Class B, C, D, and E airspace are allowed with required Air Traffic

Control (ATC) permission.
Operations in Class G airspace are allowed without ATC permission.

No person may act as RPIC or VO for more than one UAS operation at one time.
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No operations from a moving aircraft.

No operations from a moving vehicle unless the operation is over sparsely popu-

lated area.

No careless of reckless operations.

No carriage of hazardous materials.

Requires pre-flight inspection by the RPIC.

A person may not operate a UAS if they know or have reason to know of any

physical or mental condition that would interfere with the safe operation of UAS.

Foreign-registered UAS are allowed to operate under Part 107 if they satisfy the

requirements of Part 375.

External load operations are allowed if the object being carried by the UAS is

securely attached without affecting the performance of the UAS.

Transportation of property for compensation or hire allowed provided that:

— The aircraft, including payload, weigh less than 25 kg (55 1bs) total.

— The flight is conducted within visual line of sight and not from a moving

vehicle or aircraft.

— The flight occurs wholly within the bounds of the United States and does
not involve transport between (1) Hawaii and other place in Hawaii through
airspace outside of Hawaii; (2) the District of Columbia and another place
in the District of Columbia; or (3) a territory or possession of the United

States and another place in the same territory or possession.
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* Most of the restrictions listed above are waivable if the applicant demonstrates
that their operation can safely be conducted under the terms of a certificate of

waiver.

B.1.3 RPIC Certification and Responsibilities

* Establishes a RPIC position.

* The person operating the UAS must either hold a remote pilot airman certificate

(Part 107 license) or be under direct supervision of a person who does hold it.
* To qualify for a remote pilot certificate, a person must:

— Demonstrate aeronautical knowledge by either:

% Passing an initial aeronautical knowledge test at an FAA-approved test-

ing center.

* Hold a part 61 pilot certificate other than student pilot, complete a flight
review within the previous 24 months, and complete a UAS online

training course provided by the FAA.
— Be vetted by the Transportation of Security Administration.

— Be at least 16 years old.

 Part 61 pilot certificate holders may obtain a temporary remote pilot certificate

immediately upon submission of their application for a permanent certificate.

* Until international standards are developed, foreign-certificated UAS pilots will

be required to obtain an FAA-issued remote pilot certificate with a UAS rating.

Other required tasks of the RPIC while on duty are:
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* Make available to the FAA, upon request, the UAS for inspection or testing, and

any associated documents/records required to be kept under the rule.

* Report to the FAA within 10 days of any operation that results in at least serious

injury, loss of consciousness, or property damage of at least $500.

* Conduct a preflight inspection, including specific aircraft and control station sys-

tems checks, to ensure the UAS is in a condition for safe operation.

* Ensure that the small unmanned aircraft complies with the existing registration

requirements specified in § 91.203(a)(2).

* A remote pilot in command may deviate from the requirements of this rule in

response to an in-flight emergency.

B.1.4 Part 107 Aircraft Requirements

The FAA airworthiness certification for the UAS is not required. However, the remote
pilot in command must conduct a pre-flight check of the UAS to ensure that it is in a

condition for safe operation.

B.2 Certificate of Authorization

For any of the operations listed below, a drone operator cannot fly purely under the
FAA’s Part 107 operating rules but would need to be authorized via a waiver, known as
Certificate of Authorization (COA). The Air Traffic Organization may issue a COA to
a public operator for a certain UAS operation. Following the submission of a full appli-
cation, the FAA performs a thorough operational and technical evaluation. Provisions

or constraints may be imposed as part of the approval if required to ensure the UAS can
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operate safely alongside other airspace users. In most situations, the FAA will send an

official response within 60 days of receiving a completed application.

Flying with reduced visibility.

Flying within 152.4 m (500 ft) of the base of the clouds.

Beyond visual line of sight.

Fly a UAS heavier than 25 kg (55 1bs).

A RPIC flying more than 1 UAS at a time.

Fly higher than 121.9 m (4001t).

Fly with ground speeds over 44.7 m s~! (87 knots).

Operations form moving vehicles in non-sparsely populated areas.

B.3 OU Guidelines for UAS Operations

In addition to the above rules, the University of Oklahoma’s Risk Management de-
partment has its own well-established guidelines for UAS operations, managed by a
UAS Review Committee [100]. The purpose of the UAS Review Committee is to re-
view applications for proposed UAS operations that further the University’s mission
and, if appropriate, approve the proposed operation. The UAS Review committee is
also tasked with establishing and periodically reviewing UAS operations guidelines de-
signed to reduce safety risks to people and property on campus. Any UAS flights that
will be operated for research purposes must apply through the Office of the Vice Pres-
ident for Research. For brevity, only those non-overlapping rules relevant to this work

are listed below.
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B.3.1 Guidelines for Air Safety

* All UAS operations must comply with current federal and state laws regarding

UAS, including FAA regulations.

» UAS operating under the University’s authority must meet University’s operating

requirements for aircraft maintenance and pre-flight and post-flight inspections.

 University’s Norman Campus is located almost entirely within 5 miles of Max
Westheimer Airport. The RPIC must obtain approval through the Low Altitude

Authorization and Notification Capability (LAANC) system.

B.3.2 Guidelines for Safety to People and Property

* Applicants must submit evidence of the RPIC’s proficiency with the make/model
of the UAS proposed to be used. For this, the RPIC must have logged evidence
of a minimum of 5 hours of flight time using the said make/model of UAS, and

have logged at least 3 takeoffs and landings.

* UAS operations are prohibited on home football game days and special event

days.

» UAS operations should be scheduled, when possible, at times when the risk of

nonparticipating persons coming within range of the UAS is minimized.

B.3.3 Student Flight Applications

* FAA allows the use of UAS for educational purposes to be operated under the

rules for recreational flyers.
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* A student must have a Part-107 Pilot’s license for validating proficiency purposes

for the University.

* A student must have liability insurance. Who pays for the insurance does not

matter as long as the coverage is for the student pilot.

B.3.4 Insurance and Reporting Requirements

UAS operated by third-party vendors must provide a certificate of insurance identifying
the University of Oklahoma as a certificate holder and evidencing sufficient liability
insurance limits as determined by Enterprise Risk Management department.

UAS operators must comply with FAA reporting requirements for reporting inci-
dents resulting in injury to a person or damage to property. In addition, UAS operators
must immediately report any incident resulting in injury to a person or damage to prop-
erty to OU Enterprise Risk Management. As always, in an emergency, UAS operators

should contact 911 for immediate assistance.
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Appendix C

NOAA Airworthiness Certification

The following document is an official airworthiness release for the CopterSonde-3D

UAS issued by NOAA-OMAO in November 2021.
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29 November 2021
MEMORANDUM FOR: The Record

FROM: Commander Paul S. Hemmick, NOAA
Chief, Uncrewed Aircraft Systems Division (UASD)

SUBJECT: Airworthiness Release (AWR) of Coptersonde Uncrewed Aircraft
System (AWR NOAACoptersonde2021R0)

Airworthiness Statement

This document constitutes an Airworthiness Release (AWR) for the Coptersonde Uncrewed
Aircraft System (UAS) as described in the Technical Manual. The UASD finds the Coptersonde
UAS to be airworthy In Accordance With (IAW) the UASD application of MIL-HDBK-516C.
This aircraft is capable of operating in compliance with applicable requirements in 14 CFR Part
91 when operated IAW this document. The Coptersonde UAS is categorized as a developmental
aircraft (USN Category 3, see NAVAIRINST 13034.1D) for which compliance to accepted
engineering data cannot be determined. This release is valid as of November 2021 and will
remain valid unless there are changes in configuration of the subject equipment.

Operating Conditions

Per MIL-HDBK-516C (Airworthiness Certification Criteria), Par. 1.2 Applicability, the
Coptersonde UAS is considered expendable. This aircraft shall be operated under the conditions
specified in this document, AOC UAS Policy 220-1-5, Original Equipment Manufacturer (OEM)
instructions, Coptersonde Operating Procedures, FAA Certificate of Authorization (COA) if
applicable, the appropriate Project Instructions, and the applicable Operational Risk Management
(ORM) document. NOAA accepts that the UAS may be lost during operations and has
determined that the associated risks are acceptable. The Pilot in Command (PIC) shall ensure
that the following items are addressed prior to any operations and are followed during each
operation. They shall be addressed in writing and may be contained in any of the above
referenced documents. These requirements can only be waived by the Chief, UASD.

- Operations limited to ensure UAS maintains proper separation from crewed aircraft.

- Operations limited to a specific weather envelope for which the UAS have been tested.
- Ground Test prior to each flight.

- Routine maintenance checks before and after each flight.

- Replacement and charging of batteries as needed.
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- Review of flight data from Ground Control Station after each flight as necessary to
ensure safe operation for subsequent flights.
- PIC to maintain safe flight or terminate flight if unable.

Additional Restrictions and Warnings
The following restrictions and warnings are mandatory unless adequately mitigated or accounted
for in the above referenced documentation and approved in writing by the Chief, UAS Division.

WARNING
The air vehicle is susceptible to radiated emissions. Loss of link, loss of GPS, loss of video, and
possible loss of vehicle control are likely in proximity to emitters. Operators shall avoid known
high intensity Electromagnetic Interference (EMI) areas.

WARNING
The Coptersonde UAS has not completed full airworthiness qualification. All flight operations
shall be conducted in a manner to minimize exposure to crewed aircraft, watercraft, personnel,
vehicles, populated ground areas, and other obstructions or hazards.

WARNING
The Coptersonde UAS does not have a sense and avoid system. Mid-air collision is a risk. All
flight operations shall be conducted to ensure that crewed and uncrewed aircraft shall maintain
proper separation.

WARNING
Accidental operation of the Coptersonde UAS outside of approved airspace shall be immediately
reported to Air Traffic Control (ATC)/Range Control as applicable. The operator shall make
immediate actions to correct the flight path and/or follow ATC / Range Control direction(s).

WARNING
The Coptersonde UAS has not undergone Safety of Flight (SOF) Explosive Atmosphere testing.
A serious fire or explosion may result if the aircraft is powered while flammable vapors are
present during ground or flight operations. Do not operate the system in the presence of
flammable vapors. At a minimum, system operations must be at least 50 feet from flammable
vapor sources.

NOTE
1. The aircraft operating instructions, procedures, and limitations shall be in accordance with

the Technical Procedures referenced above and this AWR. In the event of conflict between
these documents, the information in this AWR shall prevail.

Emergency procedures: AW the operator's manual.

The Home waypoint shall be over an approved auto land point.

Flight over populated areas shall be avoided.

Launch of the Coptersonde UAS shall be directed away from ground personnel.

a LN
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6.

7.

10.

Ground personnel shall avoid being near the flight path of the UAS during launch and
recovery.

The Coptersonde UAS has not completed the full airworthiness qualification process. This
AWR has been granted through a Category 3A Airworthiness evaluation (developmental). A
Category 3A AWR establishes a minimum level of safety for UAS operations. Strict
adherence to the Operator's Manual, local Standard Operating Procedures for UAS, and this
AWR is required to reduce the risk of loss of the aircraft, property damage and personal
injury.

Coordination of channel selection with other systems operating in the area is critical to
reducing accident rates.

The Coptersonde UAS software components have not undergone software safety verification
testing. Software errors resulting in system anomalies may result in loss of the aircraft. The
PIC shall ensure that the flight software is updated to the current OEM release(s).

The Coptersonde shipboard operations have not been verified by the UASD. Shipboard
operations are to be approved on a case-by-case basis until verified by UASD personnel.
Future changes to Coptersonde shipboard operations status will be reflected within the
specific Operational Risk Management plan and/or changes to airworthiness documentation.
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