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Abstract

Cyber-Physical Systems with Multi-Unmanned Aerial Vehicle-

Based Cooperative Source Seeking and Contour Mapping

by

Jinlu Han, Doctor of Philosophy

Utah State University, 2014

Major Professor: Dr. YangQuan Chen
Department: Electrical and Computer Engineering

This dissertation focuses on the design, simulation, and execution of multi-unmanned

aerial vehicle (UAV)-based cooperative source seeking and contour mapping with cyber-

physical systems (CPS). Both fixed-wing UAVs and vertical takeoff and landing (VTOL)

UAVs are developed as the flight platforms. Compared with single UAV, multi-UAV forma-

tion with advanced cooperative control strategies has more advantages for radiative source

detection, especially in urgent tasks, for example, detecting nuclear radiation before deploy-

ing the salvage. A contour mapping algorithm for the nuclear radiation is proposed, and

practical predefined waypoint-based formation flights are realized. Then, four scenarios are

developed for multi-UAV-based cooperative source seeking and contour mapping of radia-

tive signal fields. The fixed wing UAVs are more suitable for widespread detection, while

VTOL UAVs are better for accurate detection. The flight control of each VTOL UAV is

critical, and the designed fractional order controller for pitch-loop control guarantees the

stable flight. Finally, the conclusion of this dissertation and suggestions for future research

are presented.

(121 pages)
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Public Abstract

Cyber-Physical Systems with Multi-Unmanned Aerial Vehicle-

Based Cooperative Source Seeking and Contour Mapping

by

Jinlu Han, Doctor of Philosophy

Utah State University, 2014

Major Professor: Dr. YangQuan Chen
Department: Electrical and Computer Engineering

This dissertation presents the design, simulation, and execution of multi-unmanned

aerial vehicles (UAV)-based cooperative source seeking and contour mapping with cyber-

physical systems (CPS). Both fixed-wing UAVs and vertical takeoff and landing (VTOL)

UAVs are developed as the flight platforms. Compared with single UAV, multi-UAV forma-

tion with advanced cooperative control strategies has more advantages for radiative source

detection, especially in urgent tasks, for example, detecting nuclear radiation before deploy-

ing the salvage. A contour mapping algorithm for the nuclear radiation is proposed, and

practical predefined waypoint-based formation flights are realized. Next, four scenarios are

developed for multi-UAV-based cooperative source seeking and contour mapping of radia-

tive signal fields. The fixed wing UAVs are more suitable for widespread detection, while

VTOL UAVs are better for accurate detection. The flight control of each VTOL UAV is

very critical, and the designed fractional order controller for pitch-loop control guarantees

the stable flight. The conclusion of this dissertation and suggestions for future research are

presented in the end.
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Chapter 1

Introduction

1.1 Dissertation Roadmap

This dissertation focuses on how to design, simulate, and implement the multi-unmanned

aerial vehicle (UAV) based cooperative source seeking and contour mapping with cyber-

physical systems (CPS). CPS with UAVs could be taken as mobile sensors, and are widely

used for personal remote sensing (PRS) in various applications, such as precision agricul-

ture, vegetation mapping, and river monitoring. It is more useful to send the UAVs for

urgent tasks before deploying the salvage; for example, radiative source seeking, especial-

ly for nuclear radiation detection. Compared to single UAV, multi-UAV formations could

accomplish the task in cooperative flights, and save a lot of time. Equipped with proper

sensors, the multi-UAV formations are able to execute the contour mapping besides source

seeking by implementing the pre-designed control strategies, which can give the panoramic

with radiative levels provided. Fixed-wing UAVs are more suitable to detect the radiative

source at a wide range over the potential field, while the vertical takeoff and landing (V-

TOL) UAVs, are good at accurate detecting. The fractional order controller can guarantee

a more stable flight by comparison with other controllers, which is able to perform a better

formation flight for source seeking and contour mapping.

1.1.1 Cyber-Physical Systems

CPS are attracting increasing attention, and will be used in more and more areas. In

Wikipedia, the definition of CPS is “A cyber-physical system (CPS) is a system of collabo-

rating computational elements controlling physical entities. Today, a precursor generation

of CPS can be found in areas as diverse as aerospace, automotive, chemical processes, civil

infrastructure, energy, healthcare, manufacturing, transportation, entertainment, and con-
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sumer appliances. This generation is often referred to as embedded systems. In embedded

systems the emphasis tends to be more on the computational elements, and less on an

intense link between the computational and physical elements” [1].

Besides physical input and output, CPS also include the interaction as a network, and

the current computing ability and networking technologies are the adequate foundations

which can limit the function of CPS. As said by Lee [2] “Cyber-Physical Systems (CPS)

are integrations of computation and physical processes. Embedded computers and network-

s monitor and control the physical processes, usually with feedback loops where physical

processes affect computations and vice versa. The economic and societal potential of such

systems is vastly greater than what has been realized, and major investments are being

made worldwide to develop the technology. There are considerable challenges, particularly

because the physical components of such systems introduce safety and reliability require-

ments qualitatively different from those in general-purpose computing. Moreover, physical

components are qualitatively different from object-oriented software components. Standard

abstractions based on method calls and threads do not work.”

Figure 1.1 [3] in LIM Laboratory demonstrates CPS architecture for daily life.

Fig. 1.1: An example for CPS architecture.
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Right now, CPS are already used in many areas, for example:

• River detection,

• Wireless sensor network monitoring,

• Precision agriculture,

• Medical system,

• Firefighting.

The potential applications of CPS will be broadened [1] in various areas, and some

examples are shown below.

• Collision avoidance: Figure 1.2 [4] and Figure 1.3 [5] describe the selected applications

for obstacle collision avoidance and mutual collision avoidance.

Fig. 1.2: UAV collision avoidance.

Fig. 1.3: Vehicle collision avoidance.
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• Precision: In some applications, such as the personal safety and precise manufacturing,

the precision is the essential requirement. Figure 1.4 [6] and Figure 1.5 [7] show the

selected applications for robotic surgery and nano-level manufacturing.

• Coordination: The traffic control is becoming more and more important because of the

increasing traffic in land, air, and water. Figure 1.6 [8] and Figure 1.7 [9] demonstrate

the selected applications for optimal traffic light control and air traffic control.

Fig. 1.4: Robotic surgery. Fig. 1.5: Nanomanufacturing.

Fig. 1.6: Optical traffic control. Fig. 1.7: Air traffic control.
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• Efficiency: Alarm system is able to protect the safety of each family as well as the

industrial products away from fire, and remote controlled haptic systems could give

the professional operations to the injured persons thousands of miles away. Figure

1.8 [10] and Figure 1.9 [11] illustrate the selected applications for alarm system and

haptic interaction.

• Expansion of human capabilities: Robotics have the ability to carry the people to the

places far away, and also are able to deliver the products instead of using real people.

Monitoring systems facilitate people’s daily life by providing all kinds of real-time

information. Figure 1.10 [12] and Figure 1.11 [13] show the selected applications for

delivery and health care monitoring.

Fig. 1.8: Home alarm system. Fig. 1.9: Haptic robotic arm.

Fig. 1.10: Amazon prime air. Fig. 1.11: Health monitoring system.
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• Dangerous operation: Some areas are difficult for people to access, and a plenty of

operations are very dangerous or harmful to people’s health. Figure 1.12 [14] and

Figure 1.13 [15] describe the selected applications for search, rescue, and radiative

source detection.

• Exploration of the inaccessible environments: Figure 1.14 [16] and Figure 1.15 [17]

show the selected applications for deep-sea exploration and space exploration, which

help to explore the inaccessible environments.

The National Science Foundation (NSF) illustrates CPS as:

“Cyber-physical systems (CPS) are engineered systems that are built from and depend

upon the synergy of computational and physical components. Emerging CPS will be

coordinated, distributed, and connected, and must be robust and responsive. The CPS

of tomorrow will need to far exceed the systems of today in capability, adaptability,

resiliency, safety, security, and usability. Examples of the many CPS application

areas include the smart electric grid, smart transportation, smart buildings, smart

medical technologies, next-generation air traffic management, and advanced

manufacturing. CPS will transform the way people interact with engineered systems,

just as the Internet transformed the way people interact with information. However,

these goals cannot be achieved without rigorous systems engineering” [18].

Fig. 1.12: UAV for search and rescue. Fig. 1.13: Radiation detection.
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Fig. 1.14: Deep-sea explorer. Fig. 1.15: Space explorer.

The concept of CPS is more related with “robotics,” “vehicles,” “network,” and accord-

ing to the author’s best understanding, the definition can be described as “Cyber-physical

systems (CPS) are composed of interacted (mostly networked) actuators (including robotic-

s, manned and unmanned vehicles), use the equipped on sensors to detect the rich physical

world, interact the detected information, calculate, then deploy the actuators to coopera-

tively execute the actions to control the physical entities.”

This dissertation presents the challenges in designing such systems, considers the ques-

tion of whether today’s technology for actuators and sensors could provide adequate founda-

tions for CPS, considers the advantages by utilizing CPS, examines the current computing

and networking status, and chooses the appropriate methods: UAVs with CPS approach

for the task (detecting and contour mapping of radiative signal fields).

1.1.2 UAVs with CPS Approach

UAVs are being used more and more in civilian applications and have attracted increas-

ing attention in research. UAVs, especially low-cost UAVs, are becoming a new, potentially

significant service product known as UAV-based personal remote sensing (PRS). On one

hand, UAV research is becoming a notable area with the growing number of papers focused

on system modeling, navigation, flight control, path planning, etc. On the other hand, with

the rapid development of electronics and wireless communication technology, civilian remote
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sensing becomes practical by installing inexpensive sensors on UAVs to measure and col-

lect concerned real-time parameters, such as temperature, humidity, and image. Therefore,

UAVs are being used as PRS in many different areas, such as water management, forest

fire detection, wetland monitoring, and crop identification. Compared with satellite remote

sensing, UAVs can provide equivalent or higher resolution imagery, and relevant parameters

in more affordable ways [19].

There are many types of fixed-wing UAVs, and VTOL UAVs developed for AggieAir,

which are used for various applications and research. Figure 1.16 [20] and Figure 1.17 [20]

capture the flying AggieAir Minion and AggieAir hexorotor VTOL UAV separately.

There are many applications for the fixed-wing UAVs, and some examples are shown

in the following:

• Wetland detection (Figure 1.18 [21]),

• Precision agriculture (Figure 1.19 [22]),

• Detection for Bear River Migratory Bird Refuge (MBR) (Figure 1.20 [23]),

• Fish tracking (Figure 1.21 [24]).

Fig. 1.16: AggieAir-Minion. Fig. 1.17: AggieAir-VTOL (hexorotor).



9

Fig. 1.18: AggieAir for wetland. Fig. 1.19: AggieAir for agriculture.

Fig. 1.20: AggieAir for bird refuge. Fig. 1.21: AggieAir for fish tracking.

Fixed-wing UAVs are popular for tasks with long endurance [25] and high altitude. In

contrast to fixed-wing UAVs, VTOL UAVs have particular advantages, such as hovering

capability and no space restriction for takeoff and landing, which are beneficial for applica-

tions, such as search and surveillance, static image capturing, and crop identification.

Compared with fixed-wing UAVs, VTOL UAVs are more suitable to be used in smaller

area with more accurate detection. The applications of VTOL UAVs include the following

aspects:

• High quality photos and videos (Figure 1.22 [26]),

• Water monitoring (Figure 1.23 [27]),
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• Powerline inspection (Figure 1.24 [28]),

• Dam inspection (Figure 1.25 [29]).

Multi-UAV in a cooperative formation [30] can provide more robust and safety com-

pared with single UAV, and save the time to fulfill different application requirements [31],

which is very important for time urgent task, such as rescue, and radiative signal detec-

tion. Moreover, multi-UAV in decentralized formations can communicate with each other,

share the information, and implement intelligent control algorithms to achieve many kinds

of challenging missions.

This dissertation focuses on multi-UAV-based cooperative source seeking and contour

mapping with CPS approach, especially for the radiative source.

Fig. 1.22: High quality photo capturing. Fig. 1.23: Algae growth.

Fig. 1.24: Powerline inspection. Fig. 1.25: Dam inspection.
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1.1.3 Challenges for Multi-UAV-Based Cooperative Source Seeking and Con-

tour Mapping

The challenges for the source seeking and contour mapping by using multi-UAV are

listed below.

• Fast deployment: When the source leakage happens, the detecting action needs to be

deployed fast to protect personal safety and property.

• Low cost: After leakage happens, the source seeking and contour mapping should be

carried out immediately. It is also important to execute the regular detections above

the fields to monitor if any radiation leakage happens, so low cost is an necessary

demand.

• Detecting ability: With the installed sensors, the multi-UAV should be able to achieve

the source seeking and contour mapping within a short period to time.

• Large area sensing: If the radiative source is mobile, and the ability to fly across a

large area is a must to track the location of the source.

• Small area tracking: The detecting actuators should be able to hover or backward to

keep tracking the mobile source with better precision.

• Easy manipulation: The operation for the task ought to be as simple as possible, and

as easy as possible.

• Important information: The global positioning system (GPS) information based image

maybe needed during the mission.

1.2 Research Motivations

The research motivation for the multi-UAV-based source seeking and contour mapping

could be divided into several aspects, and stated in the following.
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1.2.1 UAVs Design for Source Seeking and Contour Mapping

It is very important to monitor and detect the radiative source even it is a moving

source. When something happens to cause it running in the abnormal situation, the de-

tection has to be implemented as soon as possible to monitor the progress and evaluate

the radiative impact to the environment and to the safety of the residents nearby. It is

more challenging for the mobile source situation, because the actuators have to be able to

continuously seek the source which is keeping moving.

The UAVs are chosen as the executors to implement the source seeking and contour

mapping due to many reasons, such as low-cost design, simple operation, high-speed move-

ment, no topography restriction, large area detection (fixed-wing UAV), small area detection

and tracking (VTOL UAV), and GPS-based image acquirement.

The design of multi-UAV cooperative formations for source seeking and contour map-

ping is classified into three aspects: hardware, software, and control algorithms.

Because of the advantages of the fixed-wing UAVs and VTOL UAVs, heterogeneous

flights (fixed-wing UAVs + VTOL UAVs) could enhance the abilities of both types of UAVs,

and achieve better performance for a variety of tasks.

1.2.2 Low-Cost Multi-UAV formations for Contour Mapping of Nuclear Ra-

diation Fields

Radiative source detection, especially the nuclear radiation detection is extremely dan-

gerous, and the source seeking and contour mapping have to be executed before deploying

the salvage. Since the nuclear radiation would bring great harm to people’s safety, man

operated vehicles could not get close to the nuclear radiation polluted field. The unmanned

vehicle is the only way to explore and detect the field; considering the building and the

ground have big possibility to block the unmanned ground vehicle, the UAV is the best

option to implement the task.

Low-cost UAVs are becoming more and more popular in both research and practi-

cal applications, and multi-UAV system with advanced cooperative control algorithms has

advantages over single UAV system, especially in time urgent tasks.
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The way for executing the multi-UAV formation to seek the source depends on the

purpose of the task along with the situation of the source. When nuclear radiation happens,

scientific analysis could be implemented to the polluted fields, for example, by providing the

contour mapping of specified level of the nuclear radiation. Scenarios should be considered

in advance before the detection, which could be divided into two situations.

(1) Radiation level detecting on specified waypoints: In this scenario, the multi-UAV

would fly in formations to cooperatively detect the level of radiation on specified

waypoints (3D), monitor the radiation level on every point, and transmit back the

data for analysis.

(2) Contour mapping of specified radiation level: This scenario could map the contour

of predefined radiation level for the multi-UAV cooperative formations while keeping

seeking the source. This contour mapping is able to give an visual understanding of

the zone polluted by the nuclear radiation, which can provide tremendous help for the

salvage.

Various experimental formation flights could imitate types of nuclear radiation detec-

tions.

1.2.3 Multi-UAV formations for Cooperative Source Seeking and Contour

Mapping of Radiative Signal Fields

The radiative source could be a wide range of spatially distributed source, such as light

spread, thermal energy, and acoustic signal dissemination. The situations for the radiative

source and targeted fields may also differ from case to case. Consequently, various scenarios

to detect the radiative source should be explored according to the status of the source and

the purpose of the detection.

There are many factors need to be considered for the practical formation flights, such

as the following.
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• UAV speed limit during flight: There are maximum speed for both fixed-wing UAVs

and VTOL UAVs, and minimum speed for fixed-wing UAVs while executing the cruise

flight with altitude maintained.

• Minimum distances: During UAVs formation flights, the minimum distances among

each other should be taken into account, especially when fixed-wing UAVs are used

to execute the mission above relatively smaller fields.

• Effective distances: The distances for effective communication between UAVs and

ground control station (GCS) should be considered in case accident happens.

• Minimum radius: When the UAVs circle in round, the minimum radius is an important

factor to be considered for making the flight plan, which could not make fixed-wing

UAVs turn too sharply.

• Envimental impact. For example, the wind gust could cause UAVs to crash.

For the multi-UAV cooperative source seeking and contour mapping, the communica-

tion between the UAVs and GCS are the fundamental of the task, and the communication

between each UAV known as decentralized communication could bring more robust to the

formation flight. So some scenarios should be considered including these following situa-

tions.

• Sensor noise: There is noise for every sensor, which is used to detect the radiative

source. Because the sensors are equipped on UAVs for contour mapping, the sensor

noise may affect the flight path somewhat, so the control algorithms should be able

to handle the noise and maintain good formation.

• Moving source situation: For the moving source, the radiative source maybe installed

on moving vehicles which makes the source seeking more urgent because the moving

radiative source has a big potential threat to the public safety and would bring severe

impact if it is not detected.
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• Communication lost: If one or more UAVs lost the communication with GCS, they

could still accomplish the mission by communicating with other UAVs while keeping

the formation shape.

1.2.4 Pitch-Loop Control of a VTOL UAV

Fixed-wing UAVs and VTOL UAVs have their own advantages, and are suitable for

different detection tasks. If fixed-wing UAVs and VTOL UAVs could collaboratively work in

heterogeneous formation flight, in which fixed-wing would be sent to execute the wide range

seeking and contour mapping, then the VTOL UAVs could explore the interested locations

with more accurate information provided. Attitude control is the fundamental tuning step

for VTOL UAVs, and has significant impact on the flight. Various control strategies should

be compared in the following aspects.

• Wind gust disturbance: Wind gust is one of the main disturbance for small UAVs,

which can deteriorate the performance of the UAVs or even make them crash. So the

capability to handle certain level of wind gust is one criterion for the controller design.

• Controller robustness: The selected controller should have good robustness compared

with other selected controllers. When the payload of an UAV is changed, which could

be taken as the system gain varies, the controller should be able to handle the system

gain variations.

• Fast response: When some situation is detected, the UAVs have to drop or climb the

altitude, or change the attitude quickly. So the ability for fast response is essential

for the control of UAVs.

All the three factors should be considered during the controller design to make sure

the good control of the UAVs. Only if every UAV has good performance, the multi-UAV

formation flight has the good foundation to fly well.
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1.3 Dissertation Contributions

The major contributions of this dissertation include the following aspects:

• Built and tested the low-cost fixed-wing UAVs (48 inch),

• Built and tested the VTOL UAVs,

• Practical multi-UAV formation flights,

• Simulated multi-UAV contour mapping of nuclear radiation fields, and executed ex-

perimental formation flights,

• Proposed four scenarios for cooperative source seeking and contour mapping of diffu-

sive signal fields by formations of multiple UAVs,

• Implemented the designed fractional order PI controller to VTOL UAV flight control.

1.4 Dissertation Organization

The dissertation is organized as the following. Chapter 1 introduces the research mo-

tivations and dissertation contributions. Chapter 2 describes the hardware, software, and

control structure for the developed fixed-wing UAV and VOTL UAV platforms. In Chapter

3, two scenarios are presented for low-cost multi-UAV based nuclear radiation detection,

with both simulated results and experimental flight data illustrated. Chapter 4 is dedicated

to four scenarios designed for cooperative source seeking and contour mapping of radiative

signal fields by multi-UAV formations with practical flight situation considered. In Chapter

5, the fractional order PI controller is designed and implemented for the pitch-loop control

of a VTOL UAV, and the advantages is demonstrated by comparing with other controllers.

Chapter 6 concludes this dissertation and proposes suggestions for future research.
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Chapter 2

Fixed-Wing UAS and VTOL UAS

2.1 Introduction

This chapter focuses on the design of the unmanned aerial system (UAS). Compared to

the traditional aircraft or satellite-based equipments or ground-based devices, small UAS,

including UAV with equipped sensors, has many advantages in real-time and practical ap-

plications. UAS is able to detect a wide range of areas in a small period of time with

acquired large amount of data for many civilian applications. Also, small UAS is easy to

make, fast to setup, and cheap to maintain. There is already many UAS applications in

civilian environment, such as vegetation mapping, river applications, and precision agricul-

ture. UAS enables to replace the human pilots in tedious or dangerous tasks, especially for

the radiative field.

Motivated by the advantages of UAS, AggieAir UAS (a remote sensing-based small low-

cost UAS for scientific applications) is developed step to step at Center for Self-Organizing

and Intelligent Systems (CSOIS) and Utah Water Research Laboratory (UWRL) in Utah

State University. There are both fixed-wing UAVs and VTOL UAVs in AggieAir UAS.

Fixed-wing UAVs are suitable for wide range and long endurance applications, and VTOL

UAVs are more used for small area, static capturing, search and rescue because of the

hovering ability, and no space restriction for takeoff and landing.

This chapter presents the designed two types of UAVs within various types of AggieAir

UAVs: 48-inch fixed-wing UAVs and quadrotor VTOL UAVs. First, the overview of a

fixed-wing UAS with single 48-inch UAV is introduced. After that, the hardware of the

UAS is explained in details followed by the structure of the software. In the following, an

investigation of the current VTOL UAV platforms are compared and demonstrated with

classifications. Finally, the hardware and software of designed VTOL UAS are illustrated.
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2.2 Fixed-Wing UAS

2.2.1 Fixed-Wing UAS Hardware

Figure 2.1 demonstrates the hardware of 48-inch fixed-wing UAS, which can be classi-

fied into four parts.

Control Part

Autopilot is used to run the algorithms, and give the commands to the actuator (mo-

tor+2 servos). GCS is the interface between operator and UAVs by sending out command

while receiving the status of the UAVs.

Fig. 2.1: Fixed-wing UAS with single UAV.
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Navigation Part

Inertial measurement unit (IMU) and GPS can help the UAVs get the information

about attitude change and accurate current status.

Communication Part

Remote controlled (RC) receiver and RC transmitter provide more secure by safety

link. Onboard modem and ground modem are responsible for the communication between

the UAVs and the GCS.

Actuators

Left and right servo cooperate to control the movement of the elevon (combination of

elevator and aileron). The motor together with propeller provides propulsion for the UAV

by receiving the control signal from motor controller.

The detailed explanation about the components of fixed-wing UAV is demonstrated in

the following.

• GCS: The users not only can monitor the status of the UAVs in detailed information

including battery, throttle, attitude, mode, ground speed, the current stage in flight

plan, etc., but also can send the command to the autopilot through modem during

flight.

• Autopilot: Paparazzi tiny without GPS (TWOG) board based on LPC2148 MCU

could receive the information from RC receiver, modem, GPS, IMU, run algorithms,

and give the command to the actuator (motor+2 servos) while sending back the

telemetry to the GCS via modem.

• GPS receiver: Ublox GPS receiver which has 50 satellite tracking channels and updates

at 4 Hz, is integrated with Ardu IMU, and passes the data to autopilot through Ardu

IMU.
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• IMU: Ardu IMU can run attitude heading reference system (AHRS) code, and the

open-source direction cosine matrix (DCM) complementary filter makes it more com-

petitive among low-cost IMUs.

• Onboard modem: Digi 9XTend modem is used for receiving and transmitting infor-

mation for autopilot.

• Servo: Left servo and right servo cooperate to control the movement of the elevons.

• RC receiver: Castle Creations Berg 4L receiver is used because it is small, light, and

reliable.

• RC transmitter: Futaba T7CAP has 10-model memory, a large LCD screen with

adjustable contrast along with digital trims.

• Motor: AXI 2212/20 is a light weight brushless DC motor which can work with

propeller to provide enough propulsion for the UAV.

• Motor controller: Motor controller receives the command from autopilot via inter-

integrated circuit (I2C) bus, and sends out the signal to the motor.

• Ground modem: Digi 9XTend modem has a universal asynchronous receiver/transmitter

(UART) connecting to the GCS while communicating with onboard modem.

When hardware is correctly mounted in the suitable position of the airframe, and all

connections among them are soldered, tuning is the next procedure. The tuning process

should be done in Manual, Auto1, and Auto2 modes step-by-step, and then stable au-

tonomous flight can be realized.

Paparazzi is an open-source hardware and software project, for the purpose to set up the

exceptionally powerful and versatile UAV system. Paparazzi has the technical community

for users to post questions, and give solutions by the best. The project covers the airborne

software and hardware, which includes from voltage regulators designs to Kalman Filtering

code. The project also contains the ground hardware and software, which have been test
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verified and ever-expanding array updated. The interface of ground control software is

highly user-friend. The software of the UAV-based system could be divided into two groups.

2.2.2 Fixed-Wing UAS Software

Autopilot Software

The paparazzi autopilot software contains autopilot (AP) process and fly-by-wire (F-

BW) process. Figure 2.2 [32] shows the two processes of autopilot software.

GCS Software

The users could execute a variety of flights according to different tasks by using the

GCS software.

2.3 VTOL UAS

VTOL is an acronym for vertical take-off and landing aircraft. This classification

includes fixed-wing aircraft that can hover, take off and land vertically as well as helicopters

and other aircrafts with powered rotors, for example, tiltrotor aircrafts. VTOL UAVs have

many extensive applications because they are able to be operated from diverse airfields, be

independent of launching and landing restrictions, and hovering at specified altitude, etc.

Fig. 2.2: Autopilot software.
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Some typical applications for VTOL UAVs are searching and rescuing, acquisition of

aero-images, transportation and so on. There are various projects with various platforms

worldwide. Figure 2.3 [33], and Figure 2.4 [34] show the large size VTOL Platforms. Figure

2.5 [35] describes the VTOL platform with full model provided. Figure 2.6 [36] illustrates

the tiny size VTOL UAV. Figure 2.7 [37], and Figure 2.8 [38] demonstrate the commercial

VTOL products. Figure 2.9 [39] shows the high accuracy sensor-based VTOL navigation

and Figure 2.10 [40] captures the VTOL formations.

Fig. 2.3: VTOL projects in STARMAC. Fig. 2.4: VTOL projects in CSIRO ICT.

Fig. 2.5: VTOL projects in EPFL. Fig. 2.6: VTOL projects in Mesicopter.
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Fig. 2.7: VTOL projects in Microdrones. Fig. 2.8: ARDrone VTOL.

Fig. 2.9: VTOL projects in GRASP.

Fig. 2.10: VTOL projects in ACL.
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Two types of AggieAir VTOL UAV platforms are demonstrated in the following. Figure

2.11 demonstrates the quadrotor UAV platform and Figure 2.12 shows the octorotor UAV

platform. Compared to quadrotor VTOL UAV, octorotor VTOL UAV could carry more

payload for certain applications. Ocorotor VTOL UAV also has more robustness because

of various options for motors combinations.

Table 2.1 illustrates the specification of the AggieAir octorotor UAV platform, which

is demonstrated in Figure 2.12.

Table 2.1: Octorotor VTOL UAV specification.

Frame Weight 504 g

Autopilot Weight 150 g

8 Motors Weight 633.6 g

8 brushless Controllers Weight 66.4 g

Camera Weight 350 g

Propeller Radius 5 inch

Mounted Round Plate Radius 3.5 inch

Rotor to Frame Center 15 inch

Fig. 2.11: Booz quadrotor VTOL UAV Fig. 2.12: Booz octorotor VTOL UAV



25

2.3.1 VTOL UAS Hardware

Figure 2.13 shows the structure of Booz VTOL UAS platform.

Booz VTOL UAV is powered by a LiPo battery which is tightly fixed to the bottom

of the center round plane. The center round plane is composed of three boards, controller

board, IMU board, and GPS board, which are mounted in the center and eight motor

controllers mounted at the edge. The main component of controller board is LPC2148,

ARM7TDMI-S CPU with 512 kB flash, 10-bit analog-to-digital converter (ADC), and

digital-to-analog converter (DAC) in LQFP64 package. Motor controllers are connected

to LPC2148 via I2C bus and generate pulse width modulation (PWM) to control the sep-

arate brushless direct current (BLDC) motor.

Fig. 2.13: VTOL UAS structure.
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A pressure sensor is mounted on the controller board to measure the altitude informa-

tion more exactly than the GPS altitude information. The IMU board provides acceleration,

angular rates and magnetic information by accelerometer, gyro sensor, and magnetometer

separately. GPS board receives data from satellites and sends the data to LPC2148. Cam-

era is mounted to the bottom to capture the image and stores the images in 8 G volume

secure digital (SD) card.

Figure 2.14 shows the relationship between the rotation and the movement [41].

In flight, position information is acquired from GPS and barometer could be used for

more accurate altitude. Triaxial accelerations, triaxial gyro, and triaxial magnetometer are

provided by the IMU (3DM-GX3), and all the information is used to calculate the current

position and attitude, and compared with the set points. Guidance control is applied

during the waypoints flight and stabilization control should be guaranteed during all the

flight. Autopilot generates PWM control signal to the electronic speed control (ESC) in

order to control the BLDC motor.

(a)      Climb

(b)      Pitch (tilt forward)

(c)      Roll (tilt right)

(d)      Yaw (rotate anticlockwise)

(e)       Descend

(f)        Pitch (tilt backward)

(g)       Roll (tilt left)

(h)       Yaw (rotate clockwise)

(a) (b) (c)

(e) (f) (g) (h)

(d)

Fig. 2.14: Quadrotor rotation control.
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There are two control strategies for the VTOL UAS: manual control (controller still

works for stabilization) and autonomous control. A pair of 900 MHz modems are used for

the data link communication. GCS is used to monitor the status of VTOL UAV, adjust

the tuning parameters, change the flight plan, etc. GCS sends the control commands to the

autopilot system, meanwhile, the autopilot system sends back the status of the VTOL UAV

including current battery voltage, throttle percentage, GPS data, attitude information, etc.

The safety pilot should take over the control for the VTOL UAV, and land it if any accident

happens.

The details for the hardware are introduced as follows.

Autopilot

Figure 2.15 [42] is the Booz main board, which contains the following parts:

• Power supply,

• Micro-controller (LPC2148),

• Barometer,

• Universal serial bus (USB) connector.

Fig. 2.15: Booz main board.
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Newer version autopilot for AggieAir VTOL UAV is Lia board. Figure 2.16 [43] shows

Lia board, built based on the 72 MHz 64-pin STM32 processor, which is the same as Lisa/M.

There are 8 PWM outputs for ESCs and Motors, 3 UART interfaces, 1 CAN bus, 1 serial

peripheral interface (SPI) bus, 2 I2C bus, 1 micro USB, and 4 status LEDs.

IMU

Three types of IMUs have been used for flight tests.

(1) Booz IMU: Figure 2.17 describes the Booz IMU board, which contains three boards:

main IMU board, YZ board, and XZ board.

Fig. 2.16: Lia board.

Fig. 2.17: Booz IMU.
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• On main IMU board, the main components are:

– 22 pin ADC chip (MAX1168),

– Magnetometer (MS2100),

– Gyroscope (ADXRS610),

– Accelerometer (ADXL320).

• On YZ board, the main components are:

– SMT magnetometer sensor,

– Gyroscope (ADXRS610),

– Accelerometer (ADXL320).

• On XZ board, the main component is only gyroscope (ADXRS610).

(2) Aspirin IMU: Figure 2.18 [43] shows Aspirin IMU, which is a full 10-degree of mea-

surement (DoM) could be mounted on Lia board. On Aspirin IMU, there are triaxial

accelerometer and triaxial gyroscope InvenSense MPU-6000, triaxial magnetometer

Honeywell HMC5883, and barometer MS5611-01BA03. Voltage regulators LP2992

and I2C EEPROM are also included.

Fig. 2.18: Aspirin IMU.
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(3) 3DM-GX3: Figure 2.19 [44] shows 3DM-GX3-25, which is a high-performance minia-

ture AHRS, utilizing micro electro-mechanical systems (MEMS) sensor technology.

It includes the fully calibrated triaxial magnetometer, triaxial accelerometer, triaxial

gyro, temperature sensors, and an on-board processor. The processor is used to run

the sophisticated sensor fusion algorithm to output the inertial measurements, static

and dynamic orientation.

GPS Board

Figure 2.20 [45] demonstrates Ublox LEA-5H-0-007, which is chosen as the GPS board,

a versatile product with high performance, small size, low cost, and multiple connectivity

options. The LEA-5 module series are widely used in automotive, consumer, and industrial

applications.

Fig. 2.19: 3DM GX3.

Fig. 2.20: LEA-5 GPS.
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Modem

The Digi 9XTend Modems work on 900 MHz band (can also work on 2.4 GHz) under

supply voltage from 2.8 V to 5.5 V, and provide data rate at 9.6 Kbps or 115.2 Kbps. Figure

2.21 [46] shows the modem installed on UAV, and Figure 2.22 [47] illustrates the modem

connected with GCS.

Motor

Figure 2.23 [48] shows AXI 2217/20 gold line motor, which is powered from 2-4 cells

li-poly batteries, has the maximum efficiency at 82%, maximum efficiency current at 8-14

A, and weight is around 70 g with cable.

Fig. 2.21: 9XTend modem on UAV. Fig. 2.22: GCS 9XTend modem.

Fig. 2.23: AXI motor.
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Transmitter and Receiver

Figure 2.24 [49] shows the Spektrum DX7 transmitter, which works on 2.4 GHz, and

has 20-model memory, 5-point throttle curve, 3 flight modes plus hold. The receiver for

DX7 is AR7000 (shown in Figure 2.25 [49]), which includes a main receiver and a smaller

satellite receiver connected by a 6-inch lead.

Motor Controller

Figure 2.26 shows the motor controller for VTOL UAV, which is 20 mm * 43 mm, with

six 60 A MosFets, and has three usable connectors:

Fig. 2.24: Transmitter: Spektrum DX7. Fig. 2.25: Receiver: Spektrum AR7000.

Fig. 2.26: Motor controller.
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• I2C (the way we used),

• PPM (standard input),

• Asynchron serial connector (for control or debugging).

This motor controller is previously used for Mikrokopter project.

BLDC Motor Introduction

Figure 2.27 [50] shows the section of a BLDC motor, and every component inside the

motor.

Figure 2.28 [50] shows a 3-phase power stage, utilizing six power transistors with inde-

pendent switching for the 3-phase BLDC motor. Two motor phases are supplied concur-

rently, when the third phase is not powered, which contributes to six possible combination

applied to the BLDC motor.

The BLDC motor is driven by rectangular voltage strokes related with the rotor posi-

tion. The rotor magnet generates the rotor flux, and together with the generated stator

Fig. 2.27: Cross section of a BLDC motor.
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flux to determine the torque, and thus the speed of the motor. Figure 2.29 [50] shows that

the voltage strokes applied onto the 3-phase BLDC motor.

2.3.2 VTOL UAS Software

The software of the VTOL system is based on the Paparazzi UAV project. For the

GCS software part, segment applications are provided, such as plotter, settings, and replay

function.

Fig. 2.28: 3-phase BLDC power stage.

Fig. 2.29: Voltage onto 3-phase BLDC motor.
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By the telemetry and datalink, the well developed code could realize the attitude

stabilization, both vertical guidance and horizontal guidance, and make the VTOL UAVs

to fly in automatic navigation according to the specified flight plans.

MotoCalc Software

Figure 2.30 [51] demonstrates MotoCalc, which is a software to predict the performance

of an electric model aircraft power system by considering the characteristics of the battery,

gearbox, motor, propeller, speed control, etc. Many options are provided, such as the

number of cells, diameter of the propeller, and pitch angle of the propeller. MotoCalc can

predict the current, voltage, power, lift, drag, thrust, RPM, throttle, run time, stall speed,

rate of climb, motor temperature, motor and electrical efficiency, propeller overall efficiency,

etc.

Fig. 2.30: MotoCalc.
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2.4 Chapter Summary

This chapter introduces the design for both fixed-wing UAS and VTOL UAS. First, the

big picture of fixed-wing UAS is demonstrated, then the detailed hardware and software are

illustrated. Next, the famous VTOL UAV platforms worldwide are listed. In the end, the

big picture of designed VTOL UAS, hardware, and software are also explained in details.
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Chapter 3

Low-Cost Multi-UAV Formations for Contour Mapping of

Nuclear Radiation Fields

3.1 Introduction

Low-cost UAVs [52] are becoming more and more popular in both research and practical

applications leading to a new, potentially significant service product known as PRS [25].

On one hand, UAV research is becoming a notable area with the growing number of papers

focused on system modeling, navigation, flight control, path planning, etc. On the other

hand, with the rapid development of electronics and wireless communication technology,

civilian remote sensing becomes a reality by installing inexpensive sensors on UAVs to

measure and collect concerned real-time parameters, such as temperature, humidity, and

image. Therefore, UAVs are being used as PRS for applications in many different areas,

such as water management, forest fire detection, wetland monitoring, and crop identification.

Compared with satellite remote sensing, UAVs can provide equivalent or higher resolution

imagery, and relevant parameters in more affordable ways [19].

Compared with single UAV, the cooperative UAV system can perform with more safety

and efficiency [53]. It could reduce the time for tasks, lower the demand of payload capacity

for one UAV, and operate in a distributed manner which increases the redundancy and

robustness of the entire system [54]. Moreover, multiple UAVs can share information with

each other via wireless communication [55], so some advanced and optimal algorithms can

be implemented for interesting applications, for example, gradient searching [56]. Therefore,

multi-UAV system with advanced cooperative control algorithms can offer advantages over

single UAV system, especially in time urgent tasks; for example, detecting nuclear radiation

before deploying the salvage.
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These advantages of UAVs are obvious especially in situations where the people’s safety

may be jeopardized, such as pollutant diffusion, gas leakage, and forest fire [57]. In March

2011, an earthquake happened in Japan and the subsequent tsunami caused serious crisis

due to the nuclear radiation leakage. It is extremely dangerous to carry out the salvage, and

difficult to detect the level of radiation around nuclear plant. However, if UAVs equipped

with radiation detection instruments could be sent there, the radiation data with high

precision can be collected nearby. Some corporations and institutes, such as Honeywell and

Virginia Tech, have started the related research already [58, 59]. Furthermore, if multiple

UAVs in specified formation can conduct the radiation contour mapping in 3D space, which

is quite important for analyzing the safety factor around the damaged nuclear plant, it

would be significantly helpful to take appropriate actions at the beginning to avoid going

worse.

The main task of the chapter is to detect the level of nuclear radiation timely and

efficiently using multiple low-cost UAVs. The contribution of this work is that two different

scenarios of radiation detection tasks are explored. The scenario of contour mapping is

demonstrated through simulation, and the other scenario of waypoint detecting is validated

by the experimental flight test.

The main content of this chapter is organized as follows. The first section presents the

scenarios for nuclear radiation detection with simulation results. The next section introduces

our low-cost UAV platform. The following section explains the formation flight architecture

and enumerates the standard flight test routine. Then, preliminary experimental flight

results are demonstrated. The final section concludes this chapter and points out the future

work.

3.2 Scenarios for Nuclear Radiation Detection

In order to cater for the increasing energy requirement while trying to reduce the level

of the pollution, nuclear reactors are continuously constructed and put into use all over

the world. The nuclear radiation level is always an important parameter which has to be

measured. Figure 3.1 [60] shows the nuclear leakage in Japan.
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Fig. 3.1: Nuclear leakage.

The nuclear leakage has posed a huge challenge to ensure the security of the nucle-

ar power plant. Therefore, when an accident of nuclear radiation happens, the level of

the nuclear radiation needs to be monitored continuously in order to deploy the salvage.

Moreover, the radiation detection plays an important role in detecting and monitoring the

transportation of radiological material in urban environments.

Based on such conditions, low-cost UAVs equipped with detecting sensors are suitable

for those tasks. In this chapter, the following two scenarios for nuclear radiation detection

are considered.

3.2.1 Level of Nuclear Radiation Detecting with Predefined Waypoints

In this scenario, the objective is to detect the radiation level of some important spots

distributed around the power plant. Actually, this can be considered as the problem of

trajectory planning and tracking. Assuming that the UAVs fly at a constant altitude,

we can formulate this as follows. Suppose that (xi, yi), i = 1, 2, · · · ,m are the required

waypoints to be monitored. Devise the navigation controller as ui = u(ti, xi, yi) that for the

instants ti, i = 1, 2, · · · ,m, (x(ti), y(ti)) = (xi, yi). In order to make the trajectory of UAVs
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more smooth and steady, extra points between predefined points could be interpolated, or

the technique of trajectory planning can be utilized to generate the route which is able

to achieve better performance. Experimental predefined waypoints formation flights have

been implemented, both the process and results in details will be illustrated in the following

section.

3.2.2 Contour Mapping of Nuclear Radiation

When the indication for the level of the nuclear radiation is available, it is necessary

to draw the contour of the same level of radiation to master the trend of the radiation and

make corresponding decisions. We can formulate this scenario as follows: ρ(x, y) : R2 → R+

is defined as the level of nuclear radiation at position (x, y), and ρ0 is the desired level of

radiation to be detected. The navigation controller of UAVs is devised as u = u(t, ρ, ρ0)

that there exists some t0, ρ(x(t), y(t)) = ρ0, for t ≥ t0. In this scenario, the objective is

to detect and track the specified level of nuclear radiation, therefore, it is more difficult to

develop the navigation controller. Only a few results have been published until now [61–63].

Figure 3.2 demonstrates the Matlab simulation platform, which has included the developed

controller [64].

Fig. 3.2: Contour mapping simulation of the nuclear radiation.
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The following simplified UAV model with nonholonomic constraints is chosen. For

simplicity, we also consider the flight is at a constant altitude,



ẋ = v cos θ,

ẏ = v sin θ,

ż = 0,

θ̇ = ω.

(3.1)

We apply the following controller:

ω = sgn(ρ̇+ χ(ρ− ρ0)), (3.2)

where sgn is the sign function and χ is the saturation function defined as

χ(x) =

 kx |x| ≤ δ,

sgn(x) · kδ |x| > δ,
(3.3)

and the speed is set as a constant value. The block f(u) is the function indicating the level

of nuclear radiation set as

12− 0.1X2
s − 0.2Y 2

s = 6, (3.4)

which is related with position in X-axis Xs, and position in Y-axis Ys. Next, the desired

level of nuclear radiation is compared, and then the sliding mode controller is used to make

sure that the UAV always tracks the desired level of nuclear radiation. The altitude is

constant in our simulation.

Figure 3.3 illustrates the simulation result, and Figure 3.4 shows the whole contouring

process with given time.

It can be seen that, the desired level of nuclear radiation is tracked properly by using

the sliding mode controller within a short time moving from the initial position to keep

tracking the desired level of radiation. Since in the real world, the level of radiation is also
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related with vertical distance, consequently, flying two or more UAVs at different altitude

to trace different desired levels of radiation could save significant amount of time. Tracing

with two UAVs at different altitudes is also simulated, and the results are demonstrated in

Figure 3.5.

Fig. 3.3: Single UAV 2D contouring. Fig. 3.4: Single UAV contouring with time.

Fig. 3.5: Two UAVs 3D contouring.
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In order to save time for the salvage, two or more UAVs could be sent for cooperative

detecting and tracking the levels of nuclear radiation. The cooperative contour mapping

simulation is shown using the developed controller [65]:

u = k

N∑
i=1

Di(x, y) e(θ0 +
2π

N
(i− 1)), N ≥ 3, (3.5)

where k is the gain factor which could be time-varying, Di(x, y) is the measurement of

radiation level from ith UAV, e(φ) =

 cosφ

sinφ

, θ0 is the initial deflection angle, and N is

the number of UAVs.

The level of the nuclear radiation is assumed as

D(x, y) = 10e−
(x−8)2+(y−5)2

600 . (3.6)

Figure 3.6 gives the simulation result for 4-UAV cooperative contour mapping.

Fig. 3.6: Multi-UAV collaborative contour mapping.
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3.3 Low-Cost UAV Platforms for Personal Remote Sensing

Multiple UAVs have great superiority in measuring the nuclear radiation, and the

study of the PRS UAV platform is promisingly attractive. Many research projects re-

lated with UAV have been carried out in CSOIS, such as multi-spectral remote sensing

by AggieAir [25], data fusion for attitude estimation [66], and fractional order controller

design [67]. Numerous durable autonomous flight tests have been achieved based on the

low-cost platform [52], which proved the dependability of our UAV platforms. A series of

actual formation flight tests have already been achieved in CSOIS with many lessons and

experience gained. Moreover, every low-cost UAV has the ability to carry payload around

1.6 lb. Therefore, a variety of potential sensors could be installed for different applications,

including radiation detecting sensor [68].

There are many advantages of our low-cost UAV platform due to the features shown

in the following.

• Safety: The expanded polypropylene (EPP) foam and electrical power make it more

safe for the UAVs.

• Small size and light weight: The wingspans of the UAVs are about 48 inches (122

cm), and the total weight of the system is only 3.3 lb (1.5 kg).

• Flexibility: The foam frame makes the replacement of any electronics easy, and it is

also convenient to install additional electronics.

• Open-source: Both Paparazzi hardware and software are open-source, so new func-

tions are able to be implemented by modifying the existing code and equipping new

sensors.

• Low cost with high endurance: The total cost of the upgrade from RC aircraft to low-

cost autonomous fixed-wing UAV is around 500 dollars [52]. Powered by 3 Li-Polymer

2000 mAh/11.1 V batteries, our UAV has flied over 70 minutes with cruise speed at

around 15 m/s.
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3.4 Formation Flight Architecture and Standard Flight Routine

3.4.1 Formation Flight Architecture

Figure 3.7 describes the formation flight architecture. The formation controller receives

the information from every UAV via the GCS, and compares the information with the set-

point, then sends out the commands for each UAV to track the formation flight route [30].

3.4.2 Standard Flight Routine

Experimental formation flight test is achieved by cooperating each single UAV, so

every single UAV needs to be tuned well for autonomous navigation before formation flight.

Otherwise, it is difficult for the operator to adjust the formation control parameters with

the existence of uncertainties from single UAV. At least one safety-pilot is needed to observe

the status of each single UAV, and the safety-pilot needs to instantly take control if any

unanticipated situation happens during the formation flight. More safety-pilots are needed

during the three UAVs formation flight. Figure 3.8 demonstrates the UAV platform used

in this chapter, and multi-UAV standard flight test routine is enumerated below.

Fig. 3.7: Centralized control architecture.
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Fig. 3.8: UAVs platforms.

(1) Launch the leader UAV and follower UAVs continuously using bungee. Keep all the

UAVs participate in the formation flight standby by circling in their own fly zones

and maintain different altitudes.

(2) The leader UAV needs to switch to formation mode first with manual switch by GCS

operator and begins flying towards the designated routine, and usually it starts with

a circling waypoint. When the leader reaches the updated altitude and performs

steadily, the follower UAVs can switch to formation mode and adjust the original

altitudes until they start tracking the leader’s altitude and flight path.

(3) When the entire fleet is in the formation mode and the followers perform reasonable

tracking performance, the leader can switch to the waypoint routine. The follow-

er UAVs should be guided to follow the transition. When all the UAVs are flying

straightly, the GCS operator can tune the position and speed proportional control

gains designed in the formation controller, so that their latitudinal, longitudinal d-

ifferences converge to be the desired ones specified in the flight plan. Besides, the

GCS operator also needs to adjust the altitude proportional gain so their altitude

differences stay close to the expected value.
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(4) The waypoint routine is usually planned similar to the shape of an outdoor running

track with flexible distance (usually 1600 m for 9 waypoints). When UAVs approach

the turning waypoints, the leader UAV who usually flies higher than the followers

might drop some altitude so their intervals could get really close. The safety pilot

should always watch the UAV that is in charge and divert its flight path when nec-

essary. The GCS operator should make sure the traffic collision avoidance (TCA)

function is activated, spread the fleet horizontally when three or more are flying due

to flight altitude limitations, and reserve sufficient spaces between each UAV.

(5) If entire UAV fleet maintains satisfactory formation shape and tracking performance in

either straight line or turning, the tuning process can be stopped and other formation

scenarios related to the practical applications can be carried out. Otherwise, any

single UAV that behaves inefficiently or the data link between ground control station

and UAVs needs to be inspected. Additionally, the wind condition also plays a critical

role in the turning process, so the decision needs to be analyzed accordingly.

(6) For other formation scenarios, in order to avoid collision, the UAVs usually switch

back to individual mode and fly back to their allocated flight zone. Then the leader

first switches back to the new formation flight plans and the follower UAVs track the

updates similar to what has been described. When the mission for formation flight

is accomplished, the followers should first consecutively switch back to single mode

and fly towards their fly zone, then prepare for landings. After all the followers have

landed, the leader can follow the same procedure to land. In this way, collisions and

crashes can be maximally prevented.

3.5 Experimental Flight Test Results for Proof-of-Concept

Good preparation is necessary for successful flight, which includes checking weather

forecast, charging batteries, inspecting tools and devices according to checklist, etc. The

flight test results shown in this chapter were taken in Cache Junction, UT. Figure 3.9 [69]

shows the author and Long Di preparing leader UAV take-off [69].
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Fig. 3.9: Leader UAV take-off.

Figure 3.10 shows the multi-UAV communication topology. The ground station com-

municates with multiple UAVs via modems. The topology has been changed from point to

point (P2P) to point to multi-point (P2MP), and the transmission delay is reduced while

the flight data is increased, which is extremely important for centralized control structure

and helps improve the flight performance.

Fig. 3.10: Multi-UAV communication topology.
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Because of the complexity of the formation flight, flight plan needs to be simulated

before every real flight in order to get the GCS operator familiar with the cooperation

among the GCS operator and the satety autopilots, as well as decrease the unnecessary

incorrect operation. The GCS operator could monitor the entire formation flight status in

GCS. Furthermore, because of the “replay” function in Paparazzi, the whole multi-UAV

flight test can be replayed. Figure 3.11 shows the replay for the executed leader-follower

formation flight.

It can be seen that 2-UAV waypoint formation flight is achieved successfully by Dimon

(leader, in yellow color), and Phoenix (follower, in red color). Figure 3.12, Figure 3.13,

and Figure 3.14 show the results of the three types of real waypoint formation flights,

respectively.

Circling formation shown in Figure 3.12 is a general action during flight test, and it

is usually carried out while tuning parameters, turning directions, beginning or ending of

formation flights, etc.

Fig. 3.11: Formation flight overview in GCS.
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Fig. 3.12: Circle formation flight.

Fig. 3.13: Square formation flight.
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During the square formation flight shown in Figure 3.13, the follower closely tracks

the leader’s trajectory and maintains the desired altitude within the 350 m (east)× 350 m

(north)× 200 m (altitude) zone.

Figure 3.14 demonstrates a stable multi-point formation tracking within a bigger space

which is approaching the practical.

D-tect systems [68] makes the famous D-tect products for radiation detection. Among

all the D-tect products, MiniRad-V is suitable to be installed on the UAVs. The MiniRad-

V could do self-calibration to natural background radiation, has the ability to be used in

high-RF environments, and can keep high sensitivity while implementing mobile radiation

detection.

Figure 3.15 [68] shows the MiniRad-V radiation detector.

Fig. 3.14: Multi-point formation flight.
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Table 3.1 [68] illustrates the specifications for MiniRad-V.

Waypoint formation flight is very important for real application, especially for detecting

the level of nuclear radiation and other dangerous scenarios. During these tasks, first of all,

the targets are selected and set in the GCS, then a flight plan containing all the required

waypoints is designed by adding other necessary points to confine the route of the UAVs.

Then the UAVs with the specified sensors, or cameras are sent out to collect the data,

transmit the information back and display the data on the GCS. The high-resolution images

can be stored in onboard memory card or transmitted back by wireless devices in real-time

communication [25]. Based on the acquired accurate data, salvage can be carried out at

earliest convenience and maximally save people’s life and property.

Table 3.1: MiniRad-V specification.

Detector 0.5” d x 1.5 CsI(Na) with PMT

Energy Range 30 keV - 3 MeV

Power 12V DC

Response Time <1 Second

Dimensions 4.7” x 3.1” x 1.7”

Weight 1.2 lbs

Environment Driving rain, -10◦F - 122◦F

Fig. 3.15: MiniRad-V radiation detector.
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3.6 Chapter Summary

In this chapter, using multi-UAV formation flight to detect the nuclear radiation has

been discussed in both the cases of nuclear reactor normal running and radiation leakage.

This approach is particularly suitable for the time urgent detection task when the radiation

leakage is found. First of all, two scenarios are designed for nuclear radiation detection

using multiple low-cost UAVs, then contour mapping of the nuclear radiation is simulat-

ed. Afterwards, developed UAV system and experimental formation flight are introduced.

Finally, the result of the practical formation flight tests that imitate the nuclear detection

mission is shown.
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Chapter 4

Multi-UAV Formations for Cooperative Source Seeking and

Contour Mapping of Radiative Signal Fields

4.1 Introduction

The radiative signal can be a spatially distributed source; for example, thermal energy

spread, acoustic signal transmissions, light propagation, chemicals dissemination, electro-

magnetic radiation, and even radiation leakage. As an interesting research topic, source

seeking has attracted increasing attentions. Extremum seeking method is used to tune the

forward velocity for source seeking without position measurements [70]. The stability of

source seeking scheme is analyzed by tuning only the angular velocity while keeping the

forward velocity constant [71], and the continuing paper [72] talks about the application of

this source seeking method. A sliding mode controller is designed for gradient climbing and

source seeking [73]. Groups of vehicles are considered as a sensor network, and a control

strategy is presented to guarantee the mobile sensor network to achieve gradient climbing in

an unknown environment [74]. In practical situations, the radiative sources may be moving

instead of being stationary, and the moving source cases are also studied in some publica-

tions. The costs and benefits are analyzed and evaluated to detect a moving radioactive

source by using a network, and the source is constricted to move along a single path [75]. A

control scheme is proposed to combine with state estimation and a moving source detection

method by utilizing a sensor network [76]. The Bayesian methods are implemented for

sensor networks by detecting the moving point source with constant speed, and compares

the consequences with different radiation levels [77]. The model for biochemical dispersion

from a moving source is derived with two possible situations considered, and then a statis-

tical signal processing algorithm is developed to detect the moving source, and estimate the
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diffusion parameters [78]. A control strategy is introduced to tune the angular velocities of

a nonholonomic vehicle for the moving scalar signal source, and it proves the local expo-

nential convergence of the scheme [79]. The extremum seeking method is used to navigate

a modeled underwater vehicle for moving source seeking [80]. Controllers are designed to

drive the mobile robots for randomly switching source seeking by extending the simultane-

ous perturbation stochastic approximation (SPSA) algorithm [81]. The convergence of the

controllers is guaranteed for the stochastic source field.

Because of the rapid development of UAV technologies, stable flight control for a single

UAV has been strengthened [67, 82]. Based on single UAV stable flights, experimental

multi-UAV formation flights are also achieved [30]. Cooperative multi-UAV formations

could extend the capabilities of a single UAV, and accomplish the task in less time with

higher efficiency and more robustness. Using multi-UAV formations for source seeking

has been investigated in many papers. Cooperative UAV formation is demonstrated to

track the moving targets by using the developed guidance algorithms with both software

simulation and hardware for application provided [83]. Two scenarios are presented for

nuclear radiation detection by multi-UAV formation flights: one simulated contour mapping

of the radiation field, and the other one studied nuclear radiation level detection on pre-

defined waypoints [31]. A method is introduced to estimate the gradient by a leader UAV

based on the detected data from all the UAVs in formation, and then both the guidance

law and the heading rate controller are designed for the leader UAV. Afterwards heading

rate controllers are applied to each follower UAV to circle around the leader UAV for the

cooperative source seeking [84]. A cooperative Kalman Filter is introduced to combine

measurements from mobile sensor platforms for the unknown gradient estimation. The

UAV formation is driven by a steering control algorithm to track the level curves of the

scalar area [85]. Under the fractional order potential fields, the UAV formations are used

to track the radio transmitters which are implanted to the fish, and the Kalman Filter is

utilized to estimate the location of the transmitters [86]. A leader-followers formation is

presented to seek a moving source with a least-squares scheme, and it generates the guidance
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law for the leader UAV based on the estimations of both the source gradient and source

moving velocity [87]. The preliminary work of this chapter is presented [88], in which we

show the control strategies for source seeking and contour mapping of a stationary diffusive

signal field and provide the simulation results for validation.

In this chapter, multi-UAV formations are used to achieve cooperative source seeking

and contour mapping of radiative signal fields [89]. Source seeking and contour mapping can

help people to recognize the radiative signal fields. The decision-makers could evaluate the

situation based on the acquired contour mapping, and then deploy the appropriate salvage

or corresponding actions within least amount of time. The four scenarios which are the

main contributions of this chapter are illustrated step by step to detect, locate the radiative

signal fields and perform contour mapping. First, an existing controller is adopted with

saturation considering the practical flight speed limit, and it is applied to a linear UAV

model simplified from the nonholonomic model for source seeking and locating. Then the

controller is modified to steer the specified signal level contour mapping with the moving

source situation covered. Next, a method used for multi-vehicle consensus is simplified and

utilized to stabilize the formation flights for detecting the radiative field. At last, these two

methods in above two steps are combined to realize the cooperative contour mapping of the

radiative signal fields by multi-UAV formations.

This chapter first presents the radiative source seeking and locating driven by the

improved controller. Next section illustrates the signal level contour mapping for both sta-

tionary and moving source using the modified controller. Then this chapter applies a control

strategy once used in multi-agent consensus problem to stabilize the multi-UAV formations

for detecting the radiative signal fields. In the following, the contour mapping controller and

formation controller cooperatively control the multi-UAV formation to achieve the contour

mapping. The section in the end concludes this chapter.

4.2 Source Seeking and Locating of Radiative Signal Fields

The source seeking problem usually considers the nonholonomic model [65], which is

shown as
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
ẋ = v cos θ,

ẏ = v sin θ,

θ̇ = ω,

(4.1)

where (x, y) denotes the position, v represents the linear velocity, θ means the orientation,

and ω is the angular velocity. In order to get rid of the nonholonomic constraint, feedback

linearization could be used to simplify the model,

 xi = x+ L cos θ,

yi = y + L sin θ.
(4.2)

Suppose that there is a point at position (xi, yi) which is off the center of the vehicle

(x, y) with distance L and orientation θ. If v and ω in Equation (4.1) are defined as functions

of vix, viy, L, and θ properly, the kinematic model for (xi, yi) in Equation (4.2) could be

linearized as

 ẋi = vix,

ẏi = viy,
(4.3)

where (xi, yi) is the position of the ith UAV, and (vix, viy) is the velocity of the ith

UAV which is considered as control input in this chapter with restriction within (-20m/s,

+20m/s).

All the UAVs are assumed to fly at constant altitudes denoted as żi = 0, where zi is

the altitude of the ith UAV, and in order to avoid the collision, each UAV should stay at

different altitude.

In this chapter, the radiative signal model is defined as

D(x, y) = 10e−
(x−100)2+(y−90)2

80000 , (4.4)

which is a Gaussian signal. The range of the field is restricted within a square from −400m

to 600m in X axis and from −400m to 600m in Y axis in simulation.
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Figure 4.1 gives the simulation model, which could be used for all of the four scenarios

in this chapter by only adjusting some parameters.

The developed controller [65] is adopted to the linearized model in Equation (4.3) with

saturation, and defined as

u = Sat[k

N∑
i=1

Di(x, y) e(θ0 +
2π

N
(i− 1))], N ≥ 3, (4.5)

where

 vix

viy

 = u, Sat[] is the saturation to restrict the velocity considering the practical

situation, k is the gain which is set to 30 in this scenario, Di(x, y) is the detected radiative

Fig. 4.1: Multi-UAV formation for cooperative source seeking and contour mapping.
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signal level from the sensor installed on the ith UAV, e(φ) =

 cosφ

sinφ

, θ0 is the initial de-

flection angle which is set to 0 degrees, and N is the number of multiple UAVs in formation,

which is set to 4 in this chapter.

This controller guarantees the 4-UAV formation to detect the gradient of the radia-

tive signal, and achieve source seeking and locating. Figure 4.2 demonstrates the process

beginning from the initial positions.

The actions of each UAV during source seeking are plotted in X axis and Y axis. Figure

4.3 and Figure 4.4 demonstrate the actions separately.

Fig. 4.2: UAV formation for radiative source seeking and locating.
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Fig. 4.3: X axis plot for each UAV action in source seeking.

Fig. 4.4: Y axis plot for each UAV action in source seeking.



61

According to the X-axis plot and Y -axis plot, it can be seen that the four UAVs fly

towards the gradient direction of the source signal in a circular formation. The center of

the 4-UAV formation is set at (-200m, -300m) originally. After 50s, the 4-UAV formation

achieves the source seeking, and successfully locates the radiative source at position (100m,

90m).

k is an important factor for the controller, which should be properly adjusted. Because

when k is set to a bigger value, the output of u will reach the saturation limit at 20m/s,

and affect the path of the formation while shortening the time to locate the source. Figure

4.5 demonstrates the UAVs reach the saturation limit during source seeking and locating

process with k = 80.

Fig. 4.5: UAV formation for source seeking when k=80.
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From Figure 4.6, it can be seen that the 4-UAV formation locates the radiative source

after 20s.

4.3 Contour Mapping of Radiative Signal Fields

4.3.1 Stationary Source Contour Mapping

In this scenario, the introduced controller [65] is modified for contour mapping of

specified radiative signal fields. The modified controller could detect the gradient level of

the radiative source, and when the 4-UAV formation reaches the desired radiative level,

the direction of the formation will be rotated to the orthogonal direction. Consequently,

the 4-UAV formation is able to track the specified radiative signal level, and achieves the

contour mapping. The radiation level at the center of the N UAV formation is denoted as

Dmean(x, y), which is calculated by Equation (4.6),

Dmean(x, y) =

∑N
i=1Di(x, y)

N
, N ≥ 3. (4.6)

Fig. 4.6: 3D plot of UAV formation for source seeking when k=80.
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The radiative signal level Ds(x, y) could be pre-specified in the modified controller

before executing the contour mapping, and when Ds(x, y) ≥ Dmean(x, y), the formation

will rotate the flight heading to the orthogonal direction with process shown in Equation

(4.7),

u = (

 0 −1

1 0

uT)T. (4.7)

u is already defined in Equation (4.5), and uT is the transpose of u. In the simulation

for this scenario, the center of the 4-UAV formation is also set at (-200m, -300m) initially,

the Ds(x, y) is pre-specified to level 2, and k = 30. Figure 4.7 demonstrates the contour

mapping progress.

The result shows that, the radiative signal with pre-specified level 2 is tracked properly

by the stabilized 4-UAV formation, and the contour mapping is realized successfully.

Fig. 4.7: UAV formation for contour mapping of specified radiative level.
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In more realistic situation, there is some noise for the sensors installed on every UAV

which are used to detect the radiation level. Therefore, a Gaussian noise is added for each

sensor which is set as 1dBW
9 in the simulation. Figure 4.8 describes the process with sensor

noise.

4.3.2 Moving Source Contour Mapping

The model for the moving source is assumed as

 xs = 100− 0.8t,

ys = 90− 0.6t,
(4.8)

where (xs, ys) is the position of the source related with initial position (100m, 90m) and t,

t is the simulation time which is set to 980s in this simulation, and all the other parameters

are set the same as stationary source situation. Figure 4.9 demonstrates the process of the

moving source contour mapping by UAV formation.

Fig. 4.8: Contour mapping of specified level with sensor noise.
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Fig. 4.9: UAV formation for contour mapping of moving radiative signal fields.

The plotted result shows that the radiative source moves from (100m, 90m) to (-684m,

-498m) after 980s, and the 4-UAV formation properly achieves level 2 contour mapping of

the moving radiative source during the process.

4.4 Decentralized Multi-UAV Formation for Radiative Signal Detection

In this scenario, the multiple UAVs (also use 4 UAVs as an example) are steered

in decentralized formation to detect the radiative signal fields. Each UAV in decentralized

formation could share information with other UAVs during flight. Consequently, this greatly

enhances the robustness of the formation flight. In case the communication between the

GCS and one of the UAVs is in bad status or even totally lost, the 4 UAVs could still

stabilize the formation to detect the radiative level along the desired path.

Figure 4.10 illustrates the topology for the decentralized 4-UAV formation.
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Fig. 4.10: Topology for four UAV decentralized formation.

A controller used for multi-UAV consensus problem [90] is simplified and then imple-

mented to the model given in Equation (4.3) for stabilizing the decentralized formations

during the detection. The simplified controller is defined as

vxi = Sat[−l(xi − xdi )−
∑N

j=1 kij [(xi − xdi )− (xj − xdj )]],

vyi = Sat[−l(yi − ydi )−
∑N

j=1 kij [(yi − ydi )− (yj − ydj )]],
(4.9)

where Sat[] is the saturation, l > 0, (xi, yi) is the position of the ith UAV, (xdi , y
d
i ) is the

desired destination of the ith UAV, (xj , yj) and (xdj , y
d
j ) follow the same definitions, and N

is the number of UAVs set to 4. kij > 0 if the ith UAV can receive information from the

jth UAV, otherwise kij = 0. According to the communication topology demonstrated in

Figure 4.10, it can be found that only k13 > 0, k21 > 0, k34 > 0, k41 > 0, all the other kij

are all equal to 0.

This scenario is designed to detect the radiative source level along certain path, for

example, between a certain specified position and the source position. In this scenario,

l = 0.05, kij = 1 for the kij which are not 0, the initial position for the center of 4-UAV

formation is also set at (-200m, -300m), and the source position is still at (100m, 90m).

In the simulation, the initial positions for UAV 1–UAV 4 are set at (−185m,−300m),
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(−200m,−285m), (−215m,−300m), (−200m,−315m), respectively, and the positions for

according destination are set at (115m, 90m), (100m, 105m), (85m, 90m), (100m, 75m). The

gains l, and kij should be properly adjusted to achieve a stabilized formation. Figure 4.11

shows the detecting process, which could not be a straight line if the l and kij are not set

within certain range.

The result shows that the formation controller can steer the 4 UAVs from pre-defined

positions to approach the destinations with stabilized formation.

4.5 Cooperative Contour Mapping of Radiative Signal Fields

In this scenario, the modified contour mapping control strategy, and the decentralized

formation controller are combined to steer the 4-UAV formation for cooperative contour

mapping of the radiative signal fields. The formation controller could guarantee stabilized

formation flight while the contour mapping controller could detect the gradient of the radia-

tive signal, and they cooperatively drive the 4-UAV formation to execute contour mapping.

Fig. 4.11: UAV decentralized formation for radiative source detection.
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After the combination, the 4-UAV formation could accomplish the contour mapping of the

radiative signal with decreasing radius circular loop or square loop until the radiative source

is located and reached.

In the scenario, the specified signal level for contour mapping is still set at 2, which is

denoted as Ds(x, y) = 2. The initial positions of each UAV, the position of the source, and

k, l, kij are all set to the same parameters as prior scenarios in this chapter. Because the

physical limitation of fixed wing UAVs, there is a minimum radius for the circling formation

flight, so when the 4 UAVs in formation reach the minimum flight radius, they will maintain

the circling formation flight with the minimum radius for a while. Figure 4.12 shows the

simulation result.

l could be adjusted to a smaller parameter if more area of the radiative signal fields

is required to be covered with more accurate contour mapping provided. For example, if

l = 0.01 instead of l = 0.05. Figure 4.13 describes the process with more area contour

mapping provided. Figure 4.14 demonstrates the process of the 4-UAV formation with

time.

Fig. 4.12: UAV formation for cooperative source seeking and contour mapping.
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Fig. 4.13: Cooperative source seeking and contour mapping with l=0.01.

Fig. 4.14: Cooperative source seeking and contour mapping plot with time.
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It is more safe for the multi-UAV formation to fly in square path instead of circular path.

Because for the square formation flight path, the multiple UAVs could slightly adjust their

positions to keep better formation in the practical situation. While for the circular formation

flight path, the UAVs keep turning which is more likely to overshoot, and difficult to keep

desired formation. This situation is also considered in this chapter, k could be adjusted

to a bigger value if an approximate square flight path is needed for contour mapping. For

example, if k = 60 instead of k = 30, the process is another result. Figure 4.15 demonstrates

that the square formation flight path is executed instead of circular flight path.

Figure 4.16 shows the simulated process of the 4-UAV formation flight in square path

from initial position.

Fig. 4.15: Cooperative source seeking and contour mapping with l=0.01 and k=60.
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Fig. 4.16: Cooperative source seeking and contour mapping in square path.

4.6 Chapter Summary

This chapter is focused on multi-UAV formations for cooperative source seeking and

contour mapping of radiative signal fields. Four scenarios are provided: the first scenario is

4-UAV formation based source seeking and locating with an adopted controller. In second

scenario, the controller is modified for contour mapping under both stationary source and

moving source conditions. The third scenario is the radiative signal level detection along

certain path by 4-UAV decentralized formations. In the last scenario, the two control strate-

gies illustrated in scenario 2 and 3 are combined to cooperatively control the multi-UAV

formation for source seeking and contour mapping by flying in a decreasing radius circular

or square loop. Those scenarios are simulated by considering practical flight situations, and

verified by the simulation results.
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Chapter 5

Pitch-Loop Control of a VTOL UAV Using Fractional Order

Controller

5.1 Introduction

Compared with fixed-wing UAVs, which are mainly used for long endurance [25] flight

and detections [31], VTOL UAVs have obvious advantages in the aspects of hovering ca-

pability, no space restriction for takeoff and landing, etc., which is more suitable for small

area operation, static image capturing, search and rescue, etc. In addition, more and more

research topics are focused on VTOL UAVs with a growing number of papers. Hancer et

al. [91] illustrate a robust position controller with disturbance observer to compensate the

disturbances including both the external wind and aerodynamic vibration for a tilt-wing

VTOL. Two types of fractional order controllers are designed for altitude control and their

effectiveness are verified by comparing with traditional PID controllers [92]. Garcia-Carrillo

et al. [93] present the comparisons of three control schemes: nested saturations, backstep-

ping, and sliding mode for stabilizing the position of a quadrotor using visual feedback. A

formation control scheme is proposed to maintain the desired formation by tracking a linear

reference velocity without linear-velocity measurement [94].

Pitch-loop control is a fundamental tuning step for VTOL UAV flight, and plays an

important role in the attitude control performance. A VTOL UAV model for simulation is

introduced by Bouabdallah and Siegwart [95], which also covers the entire dynamic control

of the system. A mathematical model for a three-rotor VTOL UAV is proposed as well as

the control strategy for attitude stabilization [96]. Tayebi and McGilvray [97] demonstrates

that a quaternion-based feedback control strategy achieves exponential attitude stabilization

by compensating the Coriolis and gyroscopic torques as well as the use of PD2 feedback
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structure.

Since fractional order control system design can improve the robustness and the control

performance, a variety of fractional order controllers have been gradually applied to differ-

ent applications. Monje et al. [98] cover fundamentals of fractional order control systems,

illustrate the methods and tools for implementations, and analyze the real applications. A

tutorial is given on fractional calculus applications which includes fractional order dynamic

systems, fractional order PID, and examples to simulate fractional order systems [99]. Mo-

tion control is talked about, and fractional order modeling and control is compared with

traditional velocity and position control methods [100]. Chao et al. [67] design a fractional

controller on roll-channel for a small fixed-wing UAV, and demonstrate its advantages by

experimental flight results. The preliminary work of this chapter [82], shows the validation

of the fractional order controller for pitch-loop in the simulation platform.

This chapter first obtains a 7th order auto-regressive with exogenous input (ARX)

model from our VTOL UAV simulation model using closed-loop identification method, and

then converts it to a first-order plus time delay model for the pitch-loop. A fractional order

[proportional-integral] (FO[PI]) [92] controller is designed based on the obtained VTOL

UAV model. The designed FO[PI] controller is compared with an integer order proportional-

integral-derivative (IOPID) controller and a modified Ziegler-Nichols (MZNs) PI controller.

The results show that the proposed fractional order controller outperforms both the MZNs

PI controller and the integer order PID controller in terms of gain variations and minimizing

disturbance. At last, the identified ARX model for an AggieAir VTOL platform is provided

based on the acquired flight data [101].

5.2 System Identification

In order to design a pitch-loop controller for VTOL UAV, it is critical to identify an

accurate analytical model. Hoffer et al. [102] give a survey and categorization for the small

low-cost UAV system identification. A traditional method for identification of a system is

the open-loop analysis. However, several constraints prohibit the use of this method, such

as small references and difficulties of stabilizing the VTOL UAV under open loop. So a
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closed-loop system identification method is adopted instead since it is able to guarantee

the pitch-loop stability of the original system. If the closed-loop system is not stabilized, a

rough-tuned PID controller should be added to make it stabilized before identification. By

following the procedure of system identification, the model can be identified under stable

condition, and an accurate closed-loop model is acquired.

An ARX model is used in this chapter due to that the first order ARX model can

facilitate the fractional order controller design. For pitch-loop ARX model, it can be defined

as

θp(z)

θ̂p(z)
=
b0 + b1z

−1 + · · ·+ bmz
−m

a0 + a1z−1 + · · ·+ anz−n
, (5.1)

where θp(z) is the actual pitch angle and θ̂p(z) is the desired pitch angle.

In order to implement the fractional order controllers and MZNs PI tuning rule, a first

order plus time delay (FOPTD) model is derived and used based on the ARX model, which

is defined as

Gp(s) =
θp(s)

θ̂p(s)
=

K

Ts+ 1
e−Ls. (5.2)

The system identification part for the VTOL simulation model is based on the work by

Bouabdallah and Siegwart [95]. Significant modifications have been made, so the simulation

model can closely represent our experimental VTOL platform. This model includes the

kinematics, energy equations, motion dynamics and rotor dynamics. The system control

states and sensor measurements are composed of the following.

Control States

• Position: x, y, z;

• Ground Speed: Vx, Vy, Vz;

• Attitude: φ, θ, ψ;
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• Angular Rate: p, q, r.

Sensor Measurements

• IMU: φ, θ, ψ;

• GPS and barometer: x, y, z;

• Ground Speed: Vx, Vy, Vz.

Throttles are represented in Equation (5.3), and pitch is calculated by Equation (5.7)

[103],

U1 =

√
V̇x

2
+ V̇y

2
+ (g + V̇z)2, (5.3)

U2 = φ̈, (5.4)

U3 = θ̈, (5.5)

U4 = ψ̈, (5.6)

θ = arctan
(V̇x cosψ + V̇y sinψ)

g + V̇z
. (5.7)

For pitch-loop identification, a sine function with magnitude between 0 and 2 at fre-

quency 0.05Hz is used as the desired V̇y while the desired V̇x is set to 0, and desired yaw

angle ψ is supposed to be 2 radians. After running the simulation for 20s, the ARX model

in Equation (5.23) is calculated as

Gp1(s) =
Yp1(s)

Up1(s)
, (5.8)

where Yp1(s) = 0.3904s7− 456.6s6 + 1.336× 105s5 + 1.114× 107s4− 6.196× 109s3 + 4.239×

1011s2 − 3.19 × 1014s + 1.587 × 1015, and Up1(s) = s7 + 1225s6 + 8.421 × 105s5 + 2.25 ×

108s4 + 5.494× 1010s3 + 4.576× 1012s2 + 4.334× 1014s+ 6.485× 1014.
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Figure 5.1 shows the comparison between the actual output and the output generated

using the 7th order ARX model based on the desired pitch input. It can be observed that

the 7th order ARX model is able to represent the actual pitch-loop properly.

The continuous time first order plus time delay (FOPTD) model is derived from the

7th order ARX model by using getfoptd function [104] and is shown as

Gp2(s) =
2.447e−0.0818s

0.1282s+ 1
. (5.9)

In Figure 5.2, a step response is used to compare the 7th order ARX model and the

derived FOPTD model. It shows that FOPTD model is able to approximate the 7th order

ARX model.

Fig. 5.1: 7th order ARX model.
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Fig. 5.2: FOPTD comparison with 7th order ARX model.

5.3 Controller Design Procedures

In this section, the design procedures of MZNs PI controller, integer order PID con-

troller and FO[PI] controller are introduced in detail. They are all designed based on the

FOPTD model which is obtained from the system identification for the pitch-loop of the

VTOL UAV simulation model.

5.3.1 MZNs PI Controller Design

As a tuning rule that has been applied to many systems, the MZNs PI controller is

shown as

Cp1(s) = Kp1(1 +
1

Tp1s
). (5.10)

Based on Equation (5.10), the MZNs PI controller tuning rule follows three categories

to get the desired controller [104].
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(1) L < 0.1T (Lag dominated)

Kp1 = 0.3T/(KL), Tp1 = 8L;

(2) 0.1T < L < 2T (Balanced)

Kp1 = 0.3T/(KL), Tp1 = 0.8T ;

(3) L > 2T (Delay dominated)

Kp1 = 0.15/K, Tp1 = 0.4L.

According to the tuning rules, the MZNs PI controller is designed as

Cp1(s) = 0.1921(1 +
9.7503

s
). (5.11)

The Bode plot of the open loop transfer function in Figure 5.3 demonstrates that the

gain crossover frequency ωc is 4.38rad/sec, and phase margin φm is 65◦.

Fig. 5.3: Open-loop Bode plot with MZNs PI controller.
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5.3.2 Preliminary on Fractional Order Calculus

The fractional order operators include Riemann-Liouville (RL) definition, Caputo def-

inition and Grünwald-Letnikov definition. As one of the most famous definition, the RL

fractional integral definition is shown as [105]

0D
−α
t f(t) =

1

Γ(α)

t∫
0

(t− τ)α−1f(τ)dτ, (5.12)

where 0 < α < 1, Γ(·) is the Gamma function with the definition

Γ(z) =

∞∫
0

e−ttz−1dt, Re(z) > 0. (5.13)

Under zero initial condition, the Laplace transform of the RL fractional operator could

be derived as

L[ 0D
−α
t f(t)] =

1

sα
F (s), (5.14)

where F (s) is the Laplace transform of f(t).

The Caputo fractional integral definition [105] is shown as

0D
−α
t f(t) =

1

Γ(α)

∫ t

0

f(τ)

(t− τ)1−α
dτ, (5.15)

where 0 < α < 1, Γ(α) is also the Gamma function.

5.3.3 IOPID and FO[PI] Controllers Design

The designed IOPID and FO[PI] controllers are

Cp2(s) = Kp2 +
1

Tp2s
+Dp2s, (5.16)

Cp3(s) = (Kp3 +
1

Tp3s
)λ, (5.17)

where the fractional order λ ∈ (0, 2).
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The relationship between gain crossover frequency and phase margin is given in the

following.

Cp(jω)Gp(jω)|ω=ωc = e−j(π−φm).

• Phase margin relationship

Arg[G(jωc)] = Arg[Cp(jωc)Gp(jωc)] = −π + φm (5.18)

• Open-loop system gain relationship

|G(jωc)| = |Cp(jωc)Gp(jωc)| = 1 (5.19)

• The flat phase specification for more robust to both the gain variations and overshoot

[67]

d(Arg(G(jω)))

dω
|ω=ωc = 0. (5.20)

According to the three specifications with certain crossover frequency ωc = 4.38rad/s

and phase margin φm = 65◦, IOPID and FO[PI] controllers are designed, and the equations

are shown as

Cp2(s) = 0.1933 +
2.0924

s
+ 0.0116s, (5.21)

Cp3(s) = (0.645 +
3.678

s
)1.45, (5.22)

where the fractional order λ = 1.45.

Figure 5.4 and Figure 5.5 show the open-loop Bode plots for the IOPID and FO[PI]

controllers separately.
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Fig. 5.4: Open-loop Bode plot with IOPID controller.

Fig. 5.5: Open-loop Bode plot with FO[PI] controller.
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From the open-loop Bode plots, it can be observed that the gain crossover frequencies

and phase margins of both designs meet the requirement and the phase is flat around the

given gain crossover frequency.

5.4 Simulation Results

The step response with system gain variations ±20% is demonstrated for MZNs PI

controller, IOPID controller and FO[PI] controller, respectively. Then they are compared

under wind gust simulation to verify the capability of disturbance rejection.

5.4.1 System Gain Variation

One advantage of the flat phase around gain crossover frequency is that when the

system gain varies, the controller is still able to control the system effectively.

Figure 5.6 demonstrates that when the system gain varies from 80% to 120%, the

overshoot increases for MZNs PI controller.

Fig. 5.6: MZNs PI controller with system gain variations ±20%.
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Figure 5.7 illustrates the performance of the IOPID controller with system gain varies

also from 80% to 120%. Figure 5.8 shows that overshoot maintains when the system gain

changes for FO[PI] controller.

Fig. 5.7: IOPID controller with system gain variations ±20%.

Fig. 5.8: FO[PI] controller with system gain variations ±20%.
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From the comparison, it can be seen that, when the system gain varies from 80% to

120%, the FO[PI] controller has less overshoot also with less settling time.

5.4.2 Comparison of Step Response

From Figure 5.9, it can be observed that the FO[PI] controller has fastest responding

speed, smallest overshoot and shortest settling time compared with MZNs PI and IOPID

controllers.

5.4.3 Comparison of Wind Gust Response

Stabilization under wind gust condition is extremely important for VTOL UAV. If the

controller can not handle properly, the performance of VTOL UAV will be deteriorated and

it will even cause crash. Figure 5.10 demonstrates that when the wind gust is introduced,

which arrives at 0.8m/s for 0.05s, the FO[PI] controller has the shortest settling time

compared with both MZNs PI controller and IOPID controller. And the overshoot is much

smaller, which is also important for VTOL UAVs.

Fig. 5.9: Comparison of step response.
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Fig. 5.10: Comparison of wind disturbance response.

5.5 ARX Model Identification Based on Practical Flight

Figure 5.11 shows one of AggieAir [106] small VTOL UAV platforms. Table 5.1 lists

the specification.

Fig. 5.11: AggieAir quadrotor VTOL UAV platform.
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Table 5.1: VTOL UAV specification.

Weight 4.5 lbs
Flight Time Around 20 minutes
Flight Speed < 5 m/s
Diagonal Distance 14.5 inch
GPS Accuracy 2 meters
IMU Accuracy ±2◦

Operational Range ≤ 1 mile
Propeller Radius 6 inch

AggieAir VTOL UAVs use the open-source Paparazzi autopilot, consumer grade elec-

tronics and sensors, while maintaining excellent flight characteristics and reliability [107].

The avionics of such small low-cost UAVs consist of an Inertial Measurement Unit (IMU),

which outputs attitude estimation, a GPS providing position information, pressure sensors

for precise altitude estimation relative to a certain setpoint, a radio transmitter/receiver for

telemetry remote control, and an autopilot unit which runs all control loops and stabilizes

the attitude and altitude.

Several practical flights have accomplished using the designed AggieAir VTOL UAV

platform which is shown in Figure 5.11. The safety pilot used the transmitter to send out

the command to the AggieAir VTOL platform for pith up and down. The command is the

reference for pitch angle, and the actual pitch angle can be measured by the IMU. The 7th

order ARX model calculated from the pitch angle reference and actual pitch angle is shown

as in Equation (5.23) as

Gp1(s) =
Ypreal(s)

Ureal(s)
, (5.23)

where Ypreal(s) = 1.199s7 + 573.2s6− 2.99× 105s5 + 9.737× 106s4− 1.12× 1010s3 + 2.099×

1012s2 + 1.494× 1014s+ 3.807× 1015, and Upreal(s) = s7 + 1880s6 + 8.486× 105s5 + 3.441×

108s4 + 5.234× 1010s3 + 6.106× 1012s2 + 1.887× 1014s+ 4.068× 1015.

The output of the 7th order ARX model is based on the pitch angle reference. Figure
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5.12 demonstrates the result by plotting the pitch angle reference, the actual output, and

the output of the 7th order ARX model.

From the result, it can be seen that the obtained 7th order ARX model can approximate

the model of the AggieAir VTOL UAV platform properly.

The FOPTD model could be calculated according to the methods shown in the simu-

lation part. Figure 5.13 illustrates the step response comparison between 7th order ARX

model and FOPTD model.

The result demonstrates that the converted FOPTD model can approximate the 7th

order ARX model. By following the same calculation method illustrated in the simulation

part, MZNs PI controller, integer order PID controller, and FO[PI] controller could be

designed, and be applied to experimental flight for validation.

Fig. 5.12: 7th order, pitch angle reference, and actual output.
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Fig. 5.13: Step response between 7th order ARX model and FOPTD model.

5.6 Chapter Summary

In this chapter, an ARX model for pitch-loop is first obtained using closed-loop identi-

fication from the VTOL UAV simulation model. Then a FOPTD model is converted from

the 7th order ARX model. According to the FOPTD model, a MZNs PI controller is de-

signed following the tuning rules, and both gain crossover frequency and phase margin of

the open-loop transfer function are acquired. Based on the same gain crossover frequency

and phase margin as well as three controller design specifications, an integer order PID con-

troller and a FO[PI] controller are designed for comparisons under three situations: system

gain variations, step response, and wind gust response. From the simulation results, it can

be observed that the fractional order controller has less overshoot, shorter rising time, and

is more robust compared with MZNs PI controller and IOPID controller. The ARX model

for an AggieAir platform is acquired based on the practical flight data.
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Chapter 6

Conclusions and Suggestions for Future Research

6.1 Conclusions

CPS are used in all kinds of areas, and bring great benefit to the world; people’s

lives have been greatly improved because of CPS. Some radiative sources are dangerous,

especially in abnormal situation, so the source seeking and contour mapping of the radiative

source is extremely important. This dissertation considers the huge advantages of CPS as

well as the challenges, according to current technologies, chooses UAVs with CPS approach

as the method for the source seeking and contour mapping task. The designed platforms

including fixed-wing UAVs and VTOL UAVs are introduced in Chapter 2 with detailed

system review, hardware design, and software setup. Chapter 3 considers two scenarios

for nuclear radiation detection using multiple UAVs, of which contour mapping of the

nuclear radiation is simulated. Then, for real applications, this chapter presents a low-cost

UAV platform with built-in formation flight control architecture together with a formulated

standard flight test routine. Three experimental formation flight scenarios that imitate the

nuclear detection missions are prepared for contour mapping of nuclear radiation fields in

3D space. In Chapter 4, four scenarios are presented for cooperative source seeking and

contour mapping of radiative signal fields by multi-UAV formations. A source seeking

strategy is adopted with saturation, and then it is modified to achieve contour mapping

of the signal fields with the moving source situation considered. A formation controller

used for consensus problem is simplified and applied in one scenario to stabilize the multi-

UAV formation flight during source detection. The contour mapping strategy and the

formation control algorithm are combined to guarantee stable source seeking and contour

mapping in both circular flight path and square flight path via multi-UAV formations. A

fractional order strategy is designed to control the pitch-loop of a VTOL UAV in Chapter
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5. First, an ARX model is acquired and converted to a FOPTD model. Next, based on

the FOPTD model, a FO[PI] controller is designed. Then, an integer order PI controller

based on the MZNs tuning rule and a general integer order PID controller are also designed

for comparison following three design specifications. Simulation results have shown that

the proposed fractional order controller outperforms both the MZNs PI controller and the

integer order PID controller in terms of robustness and disturbance rejection. At last, ARX

model-based system identification of VTOL UAV platform is achieved from experimental

flight data.

6.2 Suggestions for Future Research

There are interesting challenges for the future work. Decentralized cognitive forma-

tion flight is the first future work which includes the inter-UAV communication, cognitive

planning, and will contribute to more robust formation flight. Next, some of the scenarios

presented in this dissertation for multi-UAV based cooperative source seeking and contour

mapping should be validated by the practical flights. Furthermore, in order to utilize the

advantages of different types of UAVs, the scenarios for heterogeneous flights including both

the fixed-wing UAVs and VTOL UAVs should be created, and verified by the experimental

flight tests.

6.2.1 Decentralized Cognitive Formation Flight

More robust and stabilized controller for formation flights is always the goal for ac-

complishing the source seeking missions. The decentralized cognitive formation flight could

strengthen the robustness of the multi-UAV formation flight, and guarantee the success of

the tasks. The general process for the decentralized cognitive formation flights can work in

three stages.

Executing Command and Collecting Data

In the beginning, each UAV should be pre-programmed according to the situation.

Every UAV will execute the flight plan after take off, and fly in the formation. The sensor
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installed on each UAV begins to work, and collect data. The data can be radiation level,

gas concentration, light brightness, image, etc.

Communicate with GCS and other UAVs

Each UAV will keep communicating with GCS and other UAVs for four aspects.

• Keep passing down the information to GCS: The passed down information not only

contains collected data, but also includes the flight situation, such as position, speed,

attitude, throttle, and power usage.

• Keep receiving the command from GCS: The GCS stores all the collected sensor data,

and analyzes the next steps for the UAV formation, which may change the flight plan

according to unexpected situation. So each UAV keeps receiving the command from

GCS no matter the flight plan is changed or not. There may be some control loop

tunings needed for better formation.

• Keep sending out the signal to other UAVs: Each UAV should continuously send out

the signal to other UAVs including position, speed, attitude, throttle, collected data,

etc., especially when the flight situation is abnormal or the UAV begins to detect

certain source level.

• Keep receiving the signal from other UAVs: Continuous receiving the signal from

other UAVs would help the UAV to be aware of the formation working situation.

Each UAV may change the flight plan if abnormal situation warning received, and

should send the notification to GCS.

During the whole process, the multi-UAV formation is decentralized and cognitive.

Each UAV should communicate with each other as well as the GCS, and be able to ac-

complish individual computing, diagnosing, optimizing, and planning. The GCS should be

powerful enough to analyze all the information, compute, and design the optimized flight

plan to guidance the actions of the formation flight.
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Safe Flight

Each UAV should have the pre-programmed plan to meet with some unexpected situ-

ation, such as running out of power, loosing communication with GCS or other UAVs, etc.

The UAV should have the precaution for all the emergencies, and achieve the safe landing

as well as sending out the warning to GCS and other communicated UAVs.

6.2.2 Heterogeneous Flights

The heterogeneous flights will maximize the advantages of both fixed-wing and VTOL

UAVs for various purposes and tasks with a better performance. The advantages of fixed-

wing UAVs and VTOL UAVs are classified below.

Advantage of Fixed-Wing UAVs

• Long flight time, which makes fixed-wing UAVs eligible for long distance tasks;

• Fast speed, which is good for tracking missions and can save the time;

• High power efficiency, which would improve the flight performance;

• Big payload, which extends the functionality of fixed-wing UAVs;

• Capability to high altitude, which enlarge the range for activities.

Advantage of VTOL UAVs

• Hovering ability, which is good for more precise detecting, and image capturing;

• No space restriction for takeoff and landing, which is able to fly the VTOL UAVs

everywhere, such as in small areas, indoor, and even in tough fields;

• Speed changes quickly, which can make the VTOL UAVs more agile for actions in-

cluding moving avoid the obstacles;

• Altitude maneuverability, which brings great flexibility to drop or climb;
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• Small size, which is easy to carry and put into box;

• More safety with multi-rotors, which will enhance the fly safety by changing rotor

running strategies (for hex-rotor, octo-rotor, etc.).

Heterogeneous flights combine the advantages of both the fixed-wing UAVs and VTOL

UAVs, according to various tasks, execute the corresponding scenarios. For example, in a

source seeking task, one or more fixed-wing UAVs (the number of UAVs depends on time

requirement and the size of the field) will be sent out for source seeking at the beginning.

When the sources are located, the VTOL UAVs would be dispatched for accurate contour

mapping or images capturing, etc.

The future research will consider more tasks for practical heterogeneous flights.

6.2.3 Extremum Seeking Control for Source Seeking

Extremum seeking control has already been applied to CPS, including tuning PID

parameters in a control system, minimizing the power in the industry, maximizing the yield

of crops, etc. Extremum seeking control has already been achieved for source seeking, and

some work has been explored for moving targets tracking by multi-vehicle formations. The

difficulty of the multi-UAV-based extremum seeking control for source seeking lies on that

the shape of the multi-UAV-formation needs to be maintained while tracking a diffusive

source by using extremum seeming control.

There are three methods for multi-UAV-based extremum seeking control design.

• Gradient-based extremum seeking control,

• Perturbation-based extremum seeking control,

• Numerical optimization-based extremum seeking control.

In the future work, the obstacle avoidance should be taken into account during the

multi-UAV extremum seeking control for source seeking, and some control algorithms would

be applied to the formation control to guarantee the task.
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