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Abstract

This dissertation focuses on new system and method development using KHawk flying-wing un-
manned aircraft system (UAS) for system identification, controller design, and wind sensing ap-
plications. This dissertation attempts to provide a start to finish example for how to build and
modify a low-cost remote controlled (R/C) aircraft for UAS research purposes, perform system
identification to determine the dynamic aircraft model, design a robust lateral loop flight controller
for disturbance rejection, estimate flow angles for stall detection, and measure wind data including
both prevailing wind and turbulence. First, new design, building, and flight test procedures are pro-
vided for KHawk flying-wing UAS family including a series of small, low-cost, and durable UAS
that can support atmospheric and aerospace researches. Next, a coupled system identification and
robust controller design method is examined for the lateral loop of KHawk flying-wing UAS. A
fractional order PID (FOPID) controller is also introduced and optimized for turbulence rejection
using a genetic algorithm based multi-objective optimization approach. Then, a new stall detec-
tion method is introduced using a complimentary filter to determine the inertial angle of attack
(AOA) of the UAS together with flight analysis of typical stall patterns of small flying-wing UAS.
And finally, the developed KHawk flying wing UAS is used for prevailing wind and turbulence

measurement while flying over a prescribed fire.
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Chapter 1

Introduction

1.1 Background and Motivation

In recent years, unmanned aircraft systems (UAS) have been increasingly used in challenging mis-
sions such as urban package delivery and disaster in-situ and remote sensing. However, it is very
challenging to develop smart UAS to operate safely, ef ciently, and robustly in these dynamically
changing ow elds, partially due to the lack of high accuracy UAS dynamic models, intelligent
sensing and estimation algorithms, and smart ight controllers.

Small remote controlled (R/C) aircraft provide cheap and useful test beds that can be easily
purchased, built, modi ed, and own by experienced or inexperienced R/C pilots. The availability
and modi ability of these small R/C aircraft make them a popular choice for researchers across
the globe. However, since small R/C aircraft are made predominantly by hobby enthusiasts and
not for research purposes, small R/C aircraft generally do not have accurate dynamic models or
instructions regarding how to tune the on-board ight controller. This means researchers will have
to determine the dynamic models of their modi ed R/C aircraft and tune their controllers either
though manual or theoretical means. Developing procedures for determining the dynamic models
and tuning parameters for these small R/C aircraft could help researchers create safer UAS that
can handle challenging environments such as disaster sites or urban environments where wind and
turbulence are major ight risks. Multiple methods exist for determining the dynamic models of
aircraft and for tuning their controllers. Methods for determining the dynamic models of aircraft
range from wind tunnel testing based methods, to more advanced computational methods such as

computational uid dynamics (CFD). Controller tuning for classical proportional integral deriva-



tive (PID) controllers can likewise be determined through different means. This includes: manual
tuning, Ziegler-Nichols method, genetic algorithms, and many more. The research presented in
this dissertation attempts to develop a new procedure for modifying and developing a small UAS
from R/C aircraft. This dissertation also provides new methods/algorithms and validations for
sensing, estimation, system identi cation, and control of small UAS, including inertial angle of
attack estimation for UAS stall/spin identi cation, UAS based re wind sensing, coupled lateral
loop system identi cation and controller design, and fractional order lateral controller design.

The motivations of this dissertation include:

* It is challenging to build or modify a low-cost R/C aircraft for research purposes that is

durable and robust to handle payload and mission requirements.

» Low-cost UAS generally do not have known or comparable system dynamic models that
can be used for controller design. Since low-cost UAS will be increasingly used in more
dangerous air ow environments, the need for more robust and mission speci ¢ controllers

are needed for safe UAS ight operations.

» Wind velocity pro les are also important to safe UAS ight since turbulence generated in
challenging environments could results in loss of control or even destruction of the UAS.
Methods for the identi cation of stall/spin are particularly important since stall/spins are a
common issue for small UAS and little is studied regarding the mitigation of stall/spin for

small UAS.

1.2 Main Contributions

The main contributions of this dissertation include:

1. Introduction of the KHawk UAS building procedure with instructions on how to modify
a low-cost ying-wing UAS and create a research grade UAS based on mission specic
research goals. The developed procedure can be used on a variety of small UAS for different

research purposes.



2. Introduction of a new method for coupled lateral system identi cation and controller tuning
of a small ying-wing UAS using a tuning rule based on multiple time and frequency domain
control speci cations. A low-cost method is introduced using widely available software and
simple ight identi cation techniques to create a lateral dynamic model of a small UAS and
robust controller for turbulence rejection. The proposed method can be easily adopted to

system identi cation and controller design of other low-cost R/C aircratft.

3. Introduction and demonstration of a new genetic algorithm optimized fractional order con-
troller (FOC) design for the lateral open loop dynamics of a ying-wing UAS. The FOC
design is based on the classical PID controller structure with the addition of a fractional
derivative (D) and fractional integral (I) component. This method allows for more manipula-
tion of the controller design space and better closed loop controller performance. A genetic
algorithm is used to determine optimized controller gains for different scenarios based on a

user de ned cost function.

4. A new stall detection algorithm based on inertial angle of attack estimated from inertial
and air speed sensors together with detailed analysis of typical stall data for a ying-wing
UAS. A complimentary lter is proposed to determine the inertial angle of attack (AOA) of
a UAS during stall/spins scenarios. This method can be applied to other UAS with known

coef cient of lift parameters.

5. Sensing and estimation of typical wind and turbulence generated by a prescribed re using
small UAS. Both UAS measured wind data and ground weather station wind measurements
are compared including prevailing wind and turbulence (turbulent kinetic energy). The mea-
sured wind information and UAS response data create a foundation for future UAS employ-

ments in these challenging re environments.



1.3 Dissertation Organization

Chapter 2 introduces the design of the KHawk UAS families including KHawk 55 UAS, KHawk 55
Stereo Vision UAS, KHawk Thermal Vision UAS, and KHawk Zephyr 3 UAS. Chapter 3 provides
a new methodology for coupled system identi cation and lateral controller design for a small
ying-wing UAS. Chapter 4 provides design and analysis of a fractional order controller for the
lateral loop of a ying-wing UAS. Chapter 5 discusses the development of a complementary lter
for angle of attack estimation which is used for stall/spin detection of a ying-wing UAS. Chapter
6 discusses UAS based re wind sensing and reconstruction. Chapter 7 is the conclusion of the

dissertation and discussion of future research.



Chapter 2

KHawk Flying-Wing UAS Platform

Abstract

A series of KHawk ying-wing UAS were designed, built, and ight tested to support dif-
ferent research topics including wind sensing, disaster remote sensing, aircraft system iden-
ti cation, and ight controller design. This chapter focuses on the general design and tuning
procedure for the KHawk ying-wing UAS family as well as the speci ¢ design consider-
ations for each UAS. The developed KHawk ying-wing UAS family include the KHawk

55, KHawk 55 Stereo Vision, KHawk Thermal Vision, and KHawk Zephyr 3. Finally, the

obtained airborne data showed the effectiveness of the developed KHawk ying-wing UAS.

2.1 KHawk Flying-Wing UAS family

The KHawk ying-wing UAS family have been designed for different mission speci ¢ purposes
ranging from aircraft guidance, navigation, and control, to disaster in-situ and remote sensing. The

KHawk ying-wing UAS family were designed around several speci ¢ requirements:

1. The UAS needs to support both manual and autonomous research ights with associated
sensing payloads. The UAS platform needs to be stable, repeatable, and robust to support

scienti ¢ missions such as aircraft system identi cation and wind sensing.

2. Variations of the UAS can be created to support different payloads for various missions such
as cameras for remote sensing and multi-hole probes for aerodynamic research and wind

sensing.



3. The UAS should be low-cost and easy to maintain and operate.

4. The UAS should be able to handle challenging ight environments involving high winds (e.qg.

up to 15 mph prevailing wind), turbulence, and prescribed res.

A total of four KHawk ying-wing UAS are discussed in this chapter and can be described as

follows for their mission speci ¢ purposes:

1. The KHawk 55 UAS is the rst iteration of the KHawk 55 UAS line and is the baseline model
for the KHawk ying-wing family. The KHawk 55 UAS is used for stall/spin detection, AOA

estimation, system identi cation, simulation validation, and controller design.

2. The KHawk 55 Stereo Vision UAS was created to accommodate two stereo vision cameras
used for GPS-denied navigation. One major design requirement of the KHawk 55 Stereo
Vision UAS is that the cameras need to remain as rigid as possible so that position and orien-

tation of the cameras remained the same during the ight.

3. The KHawk Thermal Vision UAS was built around two cameras, one near infrared (NIR) and
one thermal infrared for detection of res. The UAS must also be able to carry the standard
sensing suite (IMU/GPS) and a 5-hole probe for wind velocity measurement while ying

around and above res.

4. The KHawk Zephyr 3 UAS was created for disaster remote sensing missions with the addition
of two modi ed GoPro cameras, one RGB and one NIR. It has been deployed multiple times

for remote sensing over crop elds with hail damage and tornado damage.

2.2 UAS Airframes and Autopilots

2.2.1 UAS Airframe

A typical UAS used for research is either constructed from an off-the-shelf R/C aircraft kit or made

from scratch. The basic construction and components of a UAS can be described as follows:



1. Airframe. The most common materials used for airframe are foam, wood, composites, and

plastics.
2. Autopilot. An autopilot is used to perform autonomous ight.

3. Control surface. Ailerons, elevators, rudder, and/or elevons are usually used to control the
orientation of the aircraft. The actuation of control surface can be performed by using a servo

motor connected to a pushrod or a pull-pull cable.

4. Propulsion. Electric propulsion motors are most commonly used for small UAS but occa-
sionally gas powered motors are used for larger UAS. The motor drives a propeller in either
a pusher or puller con guration. An electronic speed controller (ESC) is needed to moderate

the electricity and control the speed of the propulsion motor

5. R/C receiver. The R/C receiver collects information from the R/C transmitter and sends

information to the autopilot.

6. Fuel. Batteries or some form of gas is usually used to power the aircraft.

2.2.2 UAS Autopilot

Autopilots for small UAS contain several major components and perform several functions nec-
essary for manual and autonomous ight. The main components and functions of a small UAS
are:

1. Sensing. Components related to sensing include accelerometers, gyros, magnetometers, Pitot

tube, pressure sensor and GPS receiver.

2. Computation. A microcomputer capable of computing, processing, and storing the data.

3. Actuation. Servos and propulsion motor are used to actuate the controller surfaces and the
engine.

4. Communication. RC transmitter and receiver are mostly needed for the safety link. For the

data link, a pair of data modems are usually used to send orders and information back and

forth between the aircraft and the ground station.
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Two representative UAS autopilots are introduced brie y in the following sections.

2.2.2.1 Paparazzi Autopilot

The Paparazzi autopilot is an open-source UAS autopilot and can be used in unison with different
hardware components and can also be modi ed using its open-source software. Itis one of the main
autopilots used in this dissertation since it is easily modi able. Our customized Paparazzi Autopilot
consists of the Paparazzi TWOG autopilot, Microstrain GX3 IMU, GumStix computer, Ublox
LEA-6H GPS receiver, and a Digi 900 MHz modem to deliver the information to a ground station
computer [2]. The ground control station (GCS) is used to deliver commands to the aircraft which
can include way point changes, controller gain changes, and ight commands such as altitude
changes or return to base. The GCS can also record certain parameters from the aircraft such
as altitude, attitude, and controller commands. The Paparazzi autopilot is used for telemetry and

control command generation of the KHawk 55 UAS and KHawk 55 Stereo Vision UAS.

2.2.2.2 Pixhawk Autopilot

The Pixhawk autopilot is another open source autopilot that can be easily used by researchers and
hobbyists for a variety of different purposes. The Pixhawk autopilot contains its own integrated
computer, sensors, data storage, and associated 10s. The Pixhawk rmware can also be easily
updated and modi ed through the use of the open source ArduPilot software suite. ArduPilot also
comes with a large support base of researchers and scientists across the world who are constantly
updating and modifying the open source ArduPilot software. The Pixhawk autopilot is used on

both the KHawk Thermal Vision UAS and KHawk Zephyr 3 UAS.

2.3 Design and Building Procedure for the KHawk Flying-Wing UAS

This section will discuss the design and building procedure for the KHawk ying-wing UAS. The

KHawk 55 UAS is used as the main example. Similar design and building modi cations are also



used on the other UAS mentioned in this chapter as the KHawk 55 UAS is commonly used as a

test bed for different equipment and ight testing.

2.3.1 KHawk 55 UAS

The KHawk 55 UAS supports both manual remote controlled (RC) mode and autonomous mode.
The airborne avionics includes a Microstrain GX3 IMU (speci cations are shown Table 2.3), Pa-
parazzi autopilot, a u-blox Lea-6H GPS receiver, a Digi Xtend 900 MHz data modem, a Gumstix
computer, and an air data system. One of the two optional air data systems can be installed for
air ow measurements including one low-cost Eagle Tree airspeed system (air speed only), and
one Aeroprobe 5-hole air data system (airspeed, AOA, and AOS). The 5-hole pitot-tube setup is
shown on the left of Fig. 2.2 with the EagleTree and custom 3D printed mount on the right. All
the sensor data is logged onboard the aircraft including inertial data (100Hz), GPS data (4 Hz),
air ow data (10Hz for EagleTree sensor or 100 Hz for Aeroprobe sensor). Detailed speci cations
of the 5-hole pitot-tube and Eagle Tree pitot-tube are shown in Table 2.2. It is worth mentioning
that the Aeroprobe 5-hole pitot-tube has an airspeed range of 8-45 m/s and AOA/AOS range of
20 degrees. In other words, the Aeroprobe pitot-tube will not report a meaningful value when

operating outside of the calibrated range.

Table 2.1: KHawk 55 UAS speci cations

UAS Parameter Speci cations
Take-off Weight ~5.5t06.7 Ibs
Max Payload uptollb
Material EPO Foam, Carbon Spar
Wingspan 55 inches
Control Mode Elevons
Engine Pusher Brushless Motor
Endurance ~45 minutes
Cruise Speed 18 m/s
Take-off Bungee




Figure 2.1: The CUSL KHawk 55 UAS (top) and KHawk Thermal Vision UAS (bottom).

Figure 2.2: 5-hole Aeroprobe (left) and EagleTree Probe (right).
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Table 2.2: Speci cations for KHawk 55 air data systems

UAS Parameter | EagleTree Speci cations| Aeroprobe Speci cations
Measurements Va Va/alb
Max Update Rate 50 Hz 100 Hz
Physical Interface SPI Serial
Airspeed Range | 9~350 MPH (4~156 m/s 8~45 m/s
Airspeed Accuracy N/A 1m/s
Airspeed Resolution 1 MPH (0.45 m/s) 0.25 m/s
a/b Range N/A 20 ~20
a/b Accuracy N/A 1
a/b Resolution N/A 0:1

Table 2.3: Microstrain GX3 IMU speci cations

Parameter Meas. Range Non-linearity Init. Bias Error Noise Den. Data Output Rate
Accelerometer 5 g (standard) 0:1% fs 0:002 g 80ng:";5—iz 1~1000 Hz
Gyroscope 300 /sec (standard) 0:03% fs 0:25 /sec 0:03 /sec/ Hz 1~1000 Hz
Magnetometer 1:25 Gauss 0:4% fs 0:003 Gauss 100mGauss/ Hz 1~1000 Hz

Parameter Heading Range Static Accuracy | Dynamic Accuracy Resolution Data Output Rate
Attitude 360 0:5 2 < 0:01 1 ~500 Hz

2.3.2 Building Procedure

This section will discuss the design and building procedure for the KHawk 55 UAS. Similar ap-
proaches are also used on the other UAS mentioned in this chapter. The entire building procedure
and all modi cations can be found in the CUSL's KHawk 55 building procedure [3]. The main
modi cations regarding the design and building consideration of the KHawk 55 UAS will be dis-
cussed here briey. The KHawk 55 UAS is built from a RiteWing Zephyr 2 ying-wing kit and

modi ed to carry any supporting payload. The design procedure can be described as follows:

1. Determine the UAS speci cations including payload, endurance, and desired ight speed.

2. Select the payload location based on equipment size, sensing performance, and best location

for CG.

3. Determine the best autopilot for mission requirements, GPS receiver, and communication

system (R/C receiver, and ground station hardware).
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4. Select aircraft actuation and motor. This includes the thrust motor, electric speed controller

(ESC), batteries, and servos.

Once the basic design considerations have been determined, the UAS building and testing proce-

dures are as follows:

1. The UAS structural rigidity and strength should meet requirements for mission speci c re-
qguirements. The rigidity of the UAS should be strong enough so that interaction between the

autopilot and UAS do not cause utter during ight.

2. The actuator and controller surfaces should be able to handle repeatable use and temperature

variations. If the actuator/control surface of the aircraft fails, the destruction of the UAS will

likely occur in an uncontrollable manner.

3. Servos and motor components should be secured using multiple back-up methods for safety
(multiple hinges and reinforced joints using wood and composites), and to insure minimal

vibration from outside in uences including wind.
4. Avionics and their con guration should be checked to con rm consistent reliability.

5. The CG should be placed following factory recommendations and be checked through ground

testing before ight.

6. All systems should be checked in unison to con rm UAS ight worthiness.

The rst step of UAS building is to join the wings of the aircraft together using the carbon spars
provided and berglass to reinforce the wing shown in Fig. 2.3. Once the wings have been joined,
a tow hook is mounted beneath the aircraft in front of the center of gravity by about 4 inches from
the leading edge, which is selected for structural strength in front of the CG. Positioning the tow
hook in front of the CG is necessary for launch stability. The second step is to install the control

surfaces for the UAS. The ailerons are attached using pivot hinges for the KHawk 55 UAS, this is

to create a secure elevon attachment that is repeatable, and the engine mount is created using sheet

metal which is riveted together. The assembled piece is then epoxied into rear engine location on

the wing shown in Fig. 2.4.
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