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Abstract

To perform surveillance or reconnaissance of large areas effectively and
efficiently, the use of multiple unmanned aerial vehicles (UAVs) flying in
formation is recommended. For formation flight, a guidance and control
algorithm is required. Recently, many studies have been conducted to develop
algorithms for formation flight, but no centralized communication structure that
is suitable for multiple UAV formation flight has become widely used.
Additionally, the performance of the developed algorithms has mainly been
demonstrated using numerical simulations or ground robots, which do not
reflect the dynamic characteristics of UAVS. In this dissertation, a formation
flight algorithm based on decentralized communication is proposed, and the
performance of the proposed algorithm is verified by numerical simulations and
a flight test experiment.

In this study, a multiple UAV system is constructed, and a formation
guidance algorithm is proposed, and its use is demonstrated in an autonomous
formation flight. To develop the multiple UAV platform, a UAV hardware
system, including the airframe and avionics, is constructed. An on-board
decentralized information sharing method is proposed, and the effect of the
communication delay is analyzed. Based on sensor information sharing, a law
for guiding multiple UAVs as they perform circular and close formations is
designed. Numerical simulations are performed to demonstrate the
performance of the formation flight guidance and control algorithm for multiple
UAVs. Finally, a flight test is performed to verify the proposed algorithm for
guiding the formation flight of a multiple-UAV system.

Keywords: Multiple UAVs, Formation flight, Decentralized communication,
Close formation flight, Triangular formation.
Student number: 2009-20683
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1. Introduction

1.1 Background and Objective

Recently, many studies of multiple UAVs undertaking various missions have
been conducted to address the increasing demand for applications of unmanned
aerial vehicles (UAVS) [1-10]. The merits of using multiple UAVs are that they
can monitor multiple targets simultaneously and that multiple agents can
complement each other in response to failures. To operate multiple UAVS, a
formation flight guidance law should be implemented. A formation flight
guidance law enables each UAV to maintain its relative position in the
formation, which allows the UAVs to be efficiently and safely controlled while
they perform their mission satisfactorily.

Depending on its geometry, a formation flight can be classified as a circular
formation flight or a close formation flight. In this study, formations such as
swarms are not considered because they does not have definite formation
geometries. A group of UAVs typically performs a circular formation flight
around an area in a large-area monitoring mission, as shown in Fig. 1.1(a). Ina
circular formation, multiple UAVs control the phase angles between the UAVs
to make the surveillance more efficient. However, when the UAVs move to the
next mission area, they should gather and perform a close formation flight to
reduce the total aerodynamic drag and increase their survivability, as shown in
Fig. 1.1(b). Therefore, both formations are required in various multiple UAV
missions. Each formation guidance law has been widely studied and verified by
numerical simulations or flight tests. Formation flight guidance algorithms,
including the standoff tracking [11], coordinated formation [12], and formation
reconfiguration [13] algorithms, have been introduced and verified using
numerical simulations. Formation flight tests have been conducted using two
fixed-wing UAVs [14], three fixed-wing UAVs [15], and three rotary-wing
UAVs [16].



\
\ /
N .
\\\\__/X Target 2

@ (b)

Figure 1.1: (a) Circular formation flight (b) Close formation flight

Usually, formation flight algorithms are developed under the assumption that
each UAV is a 3 degree-of-freedom (DOF) point mass. In this case, the
performance of the proposed guidance logic may be degraded when it is applied
to a fixed-wing UAV because the real flight dynamics are not considered. In
contrast, the results of the simulation may differ from the actual formation flight
because perfect information sharing between multiple UAVSs is assumed. When
they perform a formation flight, in contrast to the simulation environment, the
multiple UAVs should share information via a wireless communication device
that has a communication delay. Especially during a close formation flight, a
communication delay could cause the formation to fail, and therefore, the delay
should be analyzed in detail. In summary, a formation flight guidance law that
considers UAV dynamics and communication delays should be developed. In
addition, the developed algorithm should be tested in a simulation environment
that considers the communication limits.

In flight test experiments, if a ground control station (GCS) is mainly used
to relay information between UAVs, then, it could be the single point at which
the formation fails. Moreover, information on all the UAVs is collected by the
GCS and retransmitted to the UAVS; therefore, there is a large communication
load and an additional communication delay, which makes precise formation
flight more difficult. In addition, the range of the mission is limited to the
communication boundary around the GCS. To avoid using a centralized GCS,

the UAVs should be directly interconnected using a multipoint-to-multipoint



topology for exchanging information. A multipoint-to-multipoint topology
requires decentralized connections between the UAVs. However, a
communications system supporting this topology requires an expensive and
complex radio frequency (RF) system. The system also consumes a large
amount of power, which is usually not suitable for small-scale UAV
applications. Therefore, to perform a formation flight using a small UAV
system, the communications system should be carefully designed by
considering a multipoint communication topology and reducing its weight,
power, and latency.

Motivated by these issues, a decentralized multiple UAV communications
system for formation flight is developed, and formation flight guidance
algorithms are proposed. To resolve the above issues, from the early stages of
this study, the development of the multiple UAV system and the design of the
algorithms are conducted simultaneously while the characteristics of fixed-
wing UAVs and the limits on communication during formation flight are
considered. To validate the formation flight guidance algorithms, an integrated
formation flight consisting of various formation flight scenarios is conducted.

The objective of this study is to propose formation flight algorithms and to
validate their performance using an integrated formation flight test involving

three small fixed-wing UAVS.

1.2 Approach and Challenges

Formation control is directly related to communication structures, which are
important in formation flight. Usually, a formation can be controlled using a
centralized or decentralized control scheme. In a centralized control scheme, all
information is concentrated at a central GCS or the central leader, as shown in
Fig. 1.2, and a single agent controls the entire formation. Theoretically,
centralized control schemes perform best and easily control each UAV.

However, centralized control requires a high-bandwidth communication link



and has a high computational cost at the central point. In addition, failure of the
central point may cause the entire formation to fail. Furthermore, if a GCS is
the central point, the mission range is limited to the communication range
between the GCS and the formation.

In contrast, in a decentralized control scheme, each UAV is able to make
decisions about the formation, and there is no central control point, as shown in
Fig. 1.3. The formation survive a partial UAV loss, which frequently occurs in
small UAV operations, and the remaining UAVs can complete the mission.
Because there is no centralized communication point, decentralized control
requires a lower bandwidth communication link than centralized control does.
Because the communication bandwidth depends on the performance of the
wireless device, a low-bandwidth communication link can be created using a
relatively small device. Because of these advantages, decentralized control is

suitable for the formation flight of small UAVs.

X X k‘_’ X
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Figure 1.2: High-bandwidth centralized control

X k

Figure 1.3: Low-bandwidth decentralized control



In contrast, formation flight guidance algorithms are divided into three
categories: virtual structure formation guidance, behavioral formation guidance,
and leader-follower formation guidance. The main differences between these
approaches are in what they use as a reference formation, as shown in Figs. 1.4-
1.6.

......

—$— Formation Geometry Center

Figure 1.5: The behavioral approach (using the formation geometry

center method))

Target UAV Position

Leader UAV

Figure 1.6: The leader-follower approach




In the virtual structure approach, the formation is considered a single rigid
structure, as shown in Fig. 1.4. Because there is no physical reference formation,
the formation is maintained regardless of the loss of individual UAVs. The
generation of guidance commands is fairly simple, and therefore, it is suitable
for large formations. Additionally, the behavior of the formation can be easily
described mathematically. However, the virtual structure approach does not
have formation feedback, and the formation may fail when a UAV cannot
follow the virtual UAV because the selected virtual point is too far away or
there is a strong headwind in the mission area. Moreover, all the UAVS in the
formation should follow the same virtual structure, which means the virtual
structure should be controlled at a central point. Therefore, a centralized control
scheme is unavoidable in this approach.

In the behavioral approach, for a given formation pattern, a guidance
command is generated from the weighted sum of each UAV’s behavior. Figure
1.5 shows the formation geometry center (FGC) method, which is a typical
realization of the behavioral approach. The FGC point is determined from the
positions of all the UAVs, and each UAV is required to maintain a specific
position relative to FGC. Inherently, this approach has formation feedback
ability and uses a decentralized control scheme. However, the behavioral
approach requires all the UAVs to compute the FGC point from synchronized
positions, and therefore, the FGC can oscillate if there are communication
delays. This may cause the entire formation to oscillate, which can cause
collisions between UAVs in close formation flights.

In the leader-follower approach, the lead UAV follows the target trajectory,
and the other UAVs follow the leader while maintaining their relative distances,
as shown in Fig. 1.6. This approach has the advantage of simple decision
making because each follower’s position is determined simply by considering
the leader’s state. The leader-follower approach has also several disadvantages,
such as being a centralized control approach. However, by implementing

decentralized communication logic, decentralized control-based leader-



follower formation flight can be achieved. The leader and the UAVSs that follow
it can communicate in both directions, not only one. This feature enables
formation feedback, including collision avoidance, between the UAVS. In
addition, because the lead UAV is monitored, its failure can be detected. Note
that the formation geometry is only determined by the leader’s position, and
therefore, a communication delay can be easily compensated for using correct
estimates of the leader’s position. For these reasons, in this study, the leader-
follower approach is selected as the main method behind the close formation
algorithm, and the developed algorithm is verified by numerical simulations
and a flight test.

In contrast, circular formation flight can be performed by controlling the
phase angles of the UAVs on the circular path [17]. The target phase angles are
determined by the number of UAVs in the circular path. During circular
formation flight, decentralized control is also useful for calculating the phase
angles and reshaping the formation. In this study, close and circular formation
flight algorithms are developed separately, and they are verified by an

integrated formation flight.

The technical challenges of the close formation flight algorithm are as follows:
*  Generating guidance commands to maintain the formation geometry and
to follow the formation path simultaneously.

*  Compensating for the communication delay when information is shared.

The technical challenges of flight demonstration are as follows:
* Implementing a bidirectional and multipoint-to-multipoint communication
topology.

*  Designing an integrated formation flight that includes multiple formations.



1.3 Contributions

This study’s contributions to autonomous formation flight are summarized

as follows:

* For close formation flight, a leader-follower-based formation guidance
algorithm is proposed. This dissertation describes the path-following
guidance laws of the behavioral approach and the leader-follower approach.
The performance is analyzed with the assumption that there is a limit on

communication.

e A bidirectional, multipoint-to-multipoint communication structure is
developed and implemented for a small multiple UAV system. The
communication delay between the UAVs is analyzed, and the information
shared between the four UAVs is updated at 10 Hz in the avionics system
developed.

* An integrated formation flight is successfully performed. Circular and
close formation flights are performed sequentially. In the integrated
formation flight, formation separation and reconfiguration are also
performed. Therefore, the developed algorithms are applicable to various
formation flight missions. Additionally, a triangular close formation flight

of three UAVs is performed as shown in Fig. 1.7.



Figure 1.7: A triangular formation flight during the integrated formation
flight

1.4 Dissertation Outline

This dissertation is organized as follows:

Chapter 2 describes the experimental multiple UAV system. Three UAVs and
a ground monitoring system are developed, and a decentralized communication
structure is realized. The effect of the time delay in the communications system
is analyzed. System identification of the UAVSs is performed, and a simulated
multiple UAV environment is introduced.

Chapter 3 discusses the formation flight guidance logic. Nonlinear path-
following guidance is used to ensure that the UAVs maintain the formation
geometry during flight and that they follow a mission trajectory. The effect of
the communication delay are simulated for various approaches to formation
guidance. Circular formation guidance is also introduced.

Chapter 4 describes integrated formation flight. To enable the UAVs to
perform an autonomous formation flight and to handle various formation
missions, the concept of integrated formation flight is introduced. An integrated

formation flight comprises five modes of formation during a mission, including
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formation separation, formation reconfiguration and close formation. Each
mode is automatically changed by a consensus of the UAVs. The concept of
integrated formation flight is verified by simulation.

Chapter 5 describes the results of the formation flight test. Circular formation
flight and close formation flight are performed during an integrated formation
flight.

Chapter 6 summarizes the conclusion and directions for future research.



2. Multiple UAV System

This chapter describes the development of experimental multiple UAV
system, which includes airframe selection, avionics, communication system,
and modeling of UAV [18]. The performance of formation flight is closely
related with an UAV hardware as well as a formation guidance logic. The main
development issue is to construct identical multiple UAVs with
intercommunicating between UAVs. Without considering an identical multiple
UAVs development, separately developed UAVs have a different flight
characteristics, and therefore the performance of formation flight can be
degraded.

Decentralized control structure requires information of other UAV, and
therefore multiple UAVs should be able to communicate with other UAVS. A
simulation environment of multiple UAVs is also required using the
mathematical models of target UAV for verifying a developed algorithm.

In this chapter, the development of multiple UAV system is explained. First,
the target airframe is selected with consideration of multiple UAV operation,
and avionic system is mounted on airframe using 3D printed canopy. Onboard
information sharing scheme is implemented and analyzed for decentralized
communication between UAVS. A system identification is also performed to
determine lateral and longitudinal system models of UAV. Finally, multiple

UAV simulation environment is described.

2.1 Airframe Development

In selection of the UAV airframe, robustness and portability are mainly
considered due to frequent take-off and landing of more than three UAVs. A
wooden airframe is not suitable in this situation. Instead, an EPO (Expanded
Ploy Ethylene)/ EPP (Expanded Poly Propylene) airframe is proper because of

its durable and detachable characteristics. Pusher-type airplane is preferred for
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AOA (Angle of Attack), AOS (Angle of Sideslip), and pitot-static airspeed
sensor configuration. A glider-type aircraft is also preferred rather than an

acrobatic-type aircraft, because formation flight requires long flight time. For

these reasons, an off-the-shelf RC airplane (Hitec Skyscout) shown in Fig. 2.1

has been selected in this study, which is made up of durable EPO material and

has a pusher-type configuration with folding prop, to ensure uniform and

reliable flight characteristics of the UAVs [19]. It also has detachable main wing

and tail wing for compact storage and easy transportation. Detail specification

of the selected UAV is summarized in Table 2.1.

Table 2.1: Specifications of the developed UAV

Characteristics Range Performance Range
Length 980 mm Endurance 25 min
Wingspan 1384 mm Cruise speed 11 m/s
Dry weight 694 g Maximum Thrust 25N
Gross weight 810¢g Mission altitude 60 m
Battery capacity 11.1V, 2200mAh Operation range 1km

(b)

Figure 2.1: The Selected off-the-shelf airframe (a) storage (b) deployment
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The selected airframe has a detachable canopy in front of fuselage, and
therefore it is suitable for avionic system mounting. However, the canopy has
an arbitrary shape, and mounting the avionics is neither easy nor reproducible.
Typically, off-the-shelf airframes have avionics mounting problem. To solve
this problem, 3D scanner and 3D printer in Fig. 2.2 are used to design a canopy
containing avionic system in it. Development steps of redesigning canopy are
described in Fig. 2.3. The 3D scanner captures still images of an original canopy
as shown in Fig. 2.3(a), and processing software generates a 3D canopy model
as shown in Fig. 2.3(b). Based on the acquired 3D canopy model, the canopy is
redesigned for correct mounting of FCC (Flight Control Computer), AOA,
AOS, and pitot-static airspeed sensors as shown in Fig. 2.3(c). Finally, the
redesigned canopy is printed out using the 3D printer as shown in Fig. 2.3(d).
This procedure makes every multiple UAV have an identical avionics mounting
geometry. By this procedure, AOA, AOS, and pitot-static airspeed sensors

could be correctly installed.

(2) (b)

Figure 2.2: (a) NextEngine 3D scanner (b) CubeX Duo 3D printer

) 5 A2l 8



Figure 2.3: (a) 3D scanning of original airframe canopy (b) 3D canopy
reconstruction (c) redesigned canopy including AOA, AOS, and pitot-
static tube mount (d) 3D printing result

2.2 Avionics

The avionics, the electronic systems for the aircraft, enables an airframe to
perform autonomous flight. In the avionics system, a flight control computer is
a core part, because FCC calculates a guidance algorithm and controls an entire
UAV system including sensors, actuator, and telemetry. There are numerous
off-the-shelf FCCs in commercial market, but there are limitations when FCC
is applied to the development of the multiple UAV system. A small-size FCC
having multiple communication ability is required for the formation flight, but
most commercial FCCs only support a point to point communication. In case

of the multiple communication, large installation space or additional central
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router is required. For these reason, the embedded FCC as shown in Fig. 2.4
has been developed to realize the multiple communication topology. The
developed ARM Cortex-M3-based embedded FCC controls the control
surfaces of the UAV, and especially an onboard ZigBee modem communicates
with the other UAVs. The specification of FCC is summarized in Table 2.2.
Based on the embedded FCC, the developed UAV is equipped with multiple

sensors to achieve precise flight control.

Figure 2.4: The developed embedded FCC

Table 2.2: Specifications of the developed embedded FCC

Characteristic Value
Dimension 71x31x17 mm
Weight 249
Processor 2 X STM32F103 @ 72 MHz
Telemetry XBP09-DMUIT-156
Interface 1x12C, 1 x UART, 3xADC
Operating voltage 6V~18V
Power consumption 1.4W @ 200 mA

Dual processor configuration
6 channel PWM in & out
Differential pressure sensor
Barometric pressure sensor
3 channel 12 bit ADC
Expansion 12C port

Description
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M /
AOS Sensor

AOA Sensor

Figure 2.5. Avionics setup

Figure 2.5 shows the avionics setup in the UAV using the redesigned canopy. A
microstrain 3DM-GX3-45 inertial navigation sensor is used as an inertial
navigation system (INS) to measure the vehicle attitude, position, and velocity.
The external high-gain GPS antenna of the 3DM-GX3-45 is located at the tail
of the UAV. A US Digital MA3 miniature absolute magnetic encoder is used to
measure the angle of attack (AOA) and angle of sideslip (AOS), which are
relative to the direction of the wind. This miniature encoder sensor provides an
absolute rotation angle based on a non-contact method with low friction;
therefore, it is appropriate for measuring wind direction in a small-scale low
airspeed UAV. Offset errors of AOA, AOS sensor are calibrated after
installation. A pitot-static tube is connected to a MPX7002 differential pressure
sensor to measure the relative wind speed. The measured dynamic pressure is
converted to air speed. A XBP09-DMUIT-156 Zighee modem is selected as a
communication device because it supports multipoint-to-multipoint
communication. The avionics specifications are summarized in Table 2.3.

All of the avionics components are connected to the developed embedded
FCC. Figure 2.6 shows the connection diagrams of avionics. All sensors are
mounted at detachable canopy, and therefore the avionics can be easily replaced
with spare canopy in case of avionics failure. Figure 2.7 shows the installed

avionics in the developed UAV.
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Table 2.3. Specifications of the avionics

Component  Model name  Data rate Specification
ARM FCC- ARM Cortex-M3, 72 MHz Clock,
Fee M3 400 Hz 6 Ch PWM In & Out
Ingrtlgl 3DM-GX3- Typ. AttltU(?e accuracy =+ 0.35deg
navigation 45 50 Hz Typ. Velocity accuracy = 0.1 m/s
sensor Typ. Position accuracy =+ 2.5 m RMS
AOA, AOS 3MA-A10- . .
sensor 125-8 50 Hz 12-bit resolution, 0.08 deg accuracy
Airspeed
P MPX7002DP 50 Hz Typ. Pressure accuracy =+ 1.6 Pa
sensor
Airframe
Canopy
Battery Telemetry | — AOA
sensor
Embedded [ AOS
Actuator |« N
FCC sensor
GPS Pitot-static
INS —
antenna tube

Figure 2.6: Avionics connection diagram

All of UAVs are designed to communicate and share the information with
other UAVs, and therefore it is not necessary to develop a distinct ground
control system (GCS) for monitoring the UAVs in formation. An extra FCC is

added to the formation, for receiving the shared information and not being used



in the formation algorithm, which can function as the GCS without affecting
formation guidance algorithm or formation range. In this study, three identical
UAVs as shown in Fig. 2.8 and one extra FCC for ground monitoring are
developed. Based on the developed avionic system, a decentralized

communication system is realized.

GPS antenna

Telemetry
antenna

Pitot-static

mbe\

FCC with telemetry
AODA T AOS sensor

Figure 2.7: Avionics installations of the UAV
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2.3 Onboard Decentralized Communication

Developing information sharing technique is a challenging issue in multi-
UAV operation, because unsynchronized information may cause wrong
decisions by sharing incorrect sensor information among the UAVs. If all UAV
communication is relayed via leader aircraft or ground control system, then the
central system may become a single point of failure, which makes UAVs having
a limited mission range. Therefore, decentralized communication should be
realized. In the actual flight environment, communication is conducted by a
wireless device, and the device should be selected considering both
synchronization and decentralization. For reliable performance, standard
wireless devices are considered.

Typical wireless communication devices are summarized in Table 2.4. In
general, Wi-Fi is widely used for wireless communication. However, Wi-Fi
requires a router to connect individual devices. Although it supports ad-hoc
connection, it only connects just two system. Therefore, decentralized
communication cannot be realized. Bluetooth has a relatively short
communication range and only provides a connection to a single device. In
contrast, ZigBee modems can communicate with multiple devices without a
router and can cover a large distance. Because this protocol is designed for low
power and low latency applications, it is suitable for small multiple UAV
system. Therefore, the ZigBee modem is selected as the wireless device for the
system.

Using the selected wireless device, i.e., the ZigBee modems, UAVS share
their sensor information with each other. The sensor information to be shared
includes the UAV’s status such as attitude, position, velocity, and other essential
parameters. Table 2.5 summarizes the communication packet used in this study,
which has a 124 byte packet length and all UAVs use a same packet structure.
In Table 2.5, Vel denotes a velocity, Air denotes a barometric output, and Cmd

denotes a command generated from the guidance algorithm.

19 7]



Table 2.4: Comparison of the wireless technology standards

Wi-Fi Bluetooth ZigBee
Range 50-100 m 10-100 m 100 m-1 km
Network Point to Hub Ad-hoc Ad-hoc, peer to peer, star,
Topology Ad-hoc mesh
2.4 GHz 868 MHz, 900 MHz, 2.4
Frequency and 5 GHz 2.4 GHz GHz
Complexity High High Low
Power . .
Consumption High Middle Very low
Wireless device Industrial monitoring

Applications Wireless LAN .
PP connection Sensor network

If UAVs transmit their sensor information synchronously, data loss may
occur. Multi-channel RF device can solve this problem, but it is not feasible in

small UAV system.

Figure 2.9: Communication failure because of simultaneous transmission
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UAV 1 Data Transmit UAV 2 Data Transmit UAV 3 Data Transmit

Figure 2.10. Description of the sequential cyclic communication

To achieve robust onboard sensor information sharing between UAVS, a
sequential cyclic communication method is used, as shown in Fig. 2.10. The
trigger UAV (UAV1) starts broadcasting its sensor information. Next, the
neighboring UAV (UAV2) transmits its sensor information. This procedure
continues until the last UAV (UAV3) performs a transmission. This simple
concept can prevent data loss from occurring due to simultaneous data
transmission. The concept of sequential cyclic communication is easily realized
at a low information sharing rate (<1 Hz). However, this approach requires
accurate timing control to achieve a high information sharing rate (>10 Hz),
because physical communication delay may exist during data transmission. For
this reason, the delay should be analyzed in detail and information sharing rate

should be carefully selected to prevent information loss during communication.

UAV 1 FCC UAV 2 FCC

Wireless
Transmit

MCU1 Zigbee Modem Zigbee Modem  MCU 2

Figure 2.11. Communication flow of the two UAVs
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Figure 2.11 describes a brief communication flow in the FCC, UAV1 to UAV2.
Three major physical delays can be found in this communication flow. The first

delay is from microprocessor 1 (MCU1) to Zigbeel, tycuit Zigheet - 1f UAV1

data consist of N bytes (8n bits) and the baud rate is p bps (bits per

second), then the transmission delay from MCUL1 to Zigbeel can be calculated

as follows

8n

tycuto Zigbeel :? (2.1)

The second delay is from Zigbeel to Zighee2, Uzigpee: o zighee2 - This delay

depends on the air rate specification, that is, the RF transmission speed in air,
which is inversely proportional to the carrier frequency of the modem. The data
processing time inside the ZigBee modem is also included in this delay. If the

ZigBee modem has an air rate of ¢ bps, then the delay from Zigbeel to

Zigbee?2 can be calculated as

8n

Zigbeel to Zigbee2 =

q

t +1

Zigbee processing (22)

where t means the delay which is generated inside Zigbee modem

Zigbee processing

during encoding/decoding for RF signal processing. The third delay is from

Zigbee2 to MCU2, ;010 mcuz » Which is equal to tycy; 1o zigheer -

8n

tZigbee2toMCU2 :? (2-3)

Therefore, the communication delay can be expressed as

t t +t

com_delay = tMCULto Zighee1 T Czigheet to zighee2 T Uzigbee2tomcu2 (2.4)
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After the first UAV1 transmission ends, the additional processing delay,

thicu processing + 1S generated in UAV2 before starting second transmission by

UAV2. So total transmission delay, t can be expressed as

transmission !

t =1

transmission com_delay + tMCU processing (2-5)

Equation (2.5) means that if there exists m UAVSs in formation, then minimum

value of information sharing period, t_ _,is limited by t as

com ! transmission

(tcom )min >mx ttransmission (2-6)

The considered ZigBee modem, Xbee-Pro DigiMesh900, has a baud rate of
230,400 bps and an air rate of 156,000 bps. In this case, it takes nearly 24 ms

between the first transmission to the second transmission, t forthe N

transmission ?

= 124-byte packet size case.

UAV 1 [
Tx

-—>
'MCU 1’ to ‘Zigbee 1’
537 ms
-—
‘Zigbee 1’ to ‘Zigbee 2’
UAV 2 s 10.96 ms
Rx
-—>

‘Zigbee 2’ to ‘MCU 2'
537 ms

UAV 2
TX

<>
‘MCU 2’ processing
1.6 ms

0ms 5.37ms 16.33 ms 21.7ms 23.3ms

Figure 2.12: Communication delay of ZigBee between UAV1 and UAV2
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The communication delays can be measured using a signal analyzer; as
shown in Fig. 2.12. This experiment result shows that it actually takes 23.3 ms
for transmitting UAV1’s information to UAV2. The result depends on wireless
device, but delays will be generated in a similar way. For four UAVs, 10 Hz of
onboard sensor information sharing is possible because one cycle of four UAVs
takes 24 msx 4 =96 ms. Accurate 10 Hz cyclic communication can be achieved
if the FCC has less than 4 ms of additional delay. The typical minimum time
interval of Microsoft Windows OS is in the range of 10 ms ~ 20 ms, and
therefore the Windows OS is not suitable to handle the this cyclic
communication. Because of the limitation, a real-time embedded FCC is used,
which can control the communication timing with a 1 ms resolution.

To verify the performance of the sequential cyclic communication and to
decide the communication rate, communication test is performed using three
FCCs and one GCS. The GCS is used only for monitoring purpose, and it has
nothing to do with the formation group. Figure 2.13 shows the configuration of

sequential cyclic communication test.

Figure 2.13: Test setup of the sequential cyclic communication
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Four signal analyzer probes are connected to TX pin of each Zighee modem to
measure the transmission timing between FCCs. Sequential cyclic

communication is triggered by UAV1 at 10 Hz rate, t_, =100ms. When

UAV1 transmits its own data to other UAVs using the ZigBee modem, other
UAVs receive the data. A periodic 1 ms watching process in MCUs checks the
received data, and the next UAV transmits its own data according to the given
transmission order. The GCS also acts as a virtual UAV for monitoring and
command uploading purposes, which does not affect the formation flight or
communication structure. Communication structure is summarized in Fig. 2.14,
and test result is shown in Fig. 2.15.

The result of the sequential cyclic communication shows that 10 Hz onboard
sensor information sharing is properly conducted among the UAVS. It means
that all UAVs know the other UAVs information in every 0.1 second without
central control system relay. Finally, it can be stated that the developed
communication system for the formation flight is verified.

Cycle 1 Cycle 2

UAV 1
UAV 2
UAV 3

GCS

I I
Oms 100ms 200ms

- UAV 1 Data Transmit @ 10Hz - Trigger
o™=

t”*’*} UAV 2 Data Transmit after receiving UAV 1 data

Paa?
m UAV 3 Data Transmit after receiving UAV 2 data

GCS Data Upload after receiving Last UAV data

Figure 2.14: A sequential communication structure
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UAV 1
Tx

UAV 2 [l
Tx

UAV 3
Tx

GCs
Tx

0ms 23.3ms 48.8 ms 743 ms 100 ms 1233 ms 148.8 ms 1743 ms

Figure 2.15: Test result of sequential cyclic communication

For safety, the periodic watching process in MCU is also monitors the
communication status. If the trigger UAV is failed, communication period

becomes longer than the predefined threshold, that is

t., >KT where T=0.1s @10Hz (2.7)

In this case, next UAV becomes the trigger UAV and the former trigger UAV is
dropped from the communication group. The value of k is related to
formation safety, set as k =8, which allows maximum 10 m position error at
12 m/s cruse flight condition. Trigger order follows numerical order which is
not related to formation structure. After developing the airframe and avionics,
a system identification of UAV is conducted and a simulation environment is

made to develop the guidance algorithm of the formation flight.

2.4 UAV Modeling and Simulation Setup

An accurate dynamic model of the UAV is required to design a guidance and
control algorithm for multiple UAVs. A system identification flight has been
conducted to obtain a linear 6-DOF dynamic model that reflects the

characteristics of the fixed-wing airplane [20]. During the system identification,
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Figure 2.16: Sequence of lateral system identification flight

predefined control surface inputs are used to excite the airplane dynamics, and
the measurement data from the sensors are recorded. Lateral and longitudinal
dynamic models are obtained by analyzing the recorded data. The lateral and
longitudinal dynamics are identified separately. For aileron and rudder input,
multistep 3-2-1-1 inputs are used to identify the lateral dynamics. For throttle
and elevator control, multistep 3-2-1-1 inputs of the elevator and doublet input
of the throttle are used to identify the longitudinal dynamics. Both identification
flights are started at steady state level flight condition, and designed input
sequences are automatically executed. Figure 2.16 shows lateral response of
UAV during system identification flight.

Initial system matrix parameters are acquired from the flight data by least
square sense, and system matrix parameters are estimated using 2-norm

optimization. The lateral system model is obtained as follows

B 0.5983 1.0077 0.2074 -1.44707[ B
gl | o 0  1.0000 -0.0207|| ¢
p| |-402283 0  -8.4455 8.4567 || p
s 9.5970 0 -2.0088 -3.9628||r

@28)
0.0642 -1.6074
0 0 O
40,1583 4.4587 {%J
—-3.6427 -12.9649
28 o [
o A=l



The longitudinal system model is obtained as follows

% —0.2533 -13.163 -9.800 0
a -0.1251 -3.0924 0 0.2288
51

q

| o 0 0 1
26783 329942 0  -15.226

0.0042  4.0543

.| -0.0005 05078 {a‘m,}

0 0 S,
~0.0083 —40.9436

o Q@ 8 <

(2.9)

Figure 2.17 and 2.18 show the lateral and longitudinal system identification
results with the corresponding control inputs. System responses of the acquired
model (solid line) are well matched with the recorded flight results (dashed line).

The estimated lateral and longitudinal dynamic models are implemented in a
MATLAB/Simulink environment [21] to perform 6-DOF simulation as
described in Fig. 2.19. Three UAVs are numerically simulated and the
communication model is considered, which can control sharing rate of sensor
information. The guidance and control (GNC) algorithm generates actuator
commands to feedback the states of UAVs. Because the GNC algorithm is

performed periodically in actual FCC, the simulation has a fixed discrete time

step, t5yc - In the ideal situation, GNC algorithm uses a state information

generated before a single time step 1, . However, formation flight guidance
requires the other UAV’s state information, and therefore communication
period t., should be also considered. RF communication requires physical

transmission time, and typical communication period t. . is usually longer

than GNC period tg, . Therefore, the GNC algorithm uses few step ahead

information of the other UAVs. This characteristics is implemented in the

communication model of the simulation configuration.

29 7]



beta(deg)

phi(deg)

del
€ a(deg) r(deg/s)

del . (deg)

p(deg/s)

-10

- - —Flight Data

Lateral Data Model Data

t(s)

Figure 2.17: Result of the lateral system model estimation
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Figure 2.18: Result of the longitudinal system model estimation
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Integrated Formation Flight
Guidance and Control

[123]

UAV number

Upload

Upload

UAVNn

Upload
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MUAV Guidance and Control

6-DOF Linear Model

of Multiple UAVs

UAV 1 Actuator UAV 1 Sensor

Information Sharing

Structure

UAV 1 Linear Model & Sensor Model

UAV 2 Actuator UAV 2 Sensor

A 4

UAV 2 Linear Model & Sensor Model

UAV 3 Actuator UAV 3 Sensor

UAV 1 UAV 1 Sensor Pack(60)

UAV 2 UAV 2 Sensor Pack(60)

UAV 3 UAV 3 Sensor Pack(60)

[

UAV 3 Linear Model & Sensor Model

UAV Data Communication Model

Figure 2.19: Simulation configuration of MATLAB/Simulink
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3. Formation Flight Guidance

This chapter describes the formation flight guidance algorithms. Circular
formation flight guidance is suitable for the omni-directional monitoring of
large areas, because circular formation guidance can control the phase angles
among UAVs on the circular path. On the other hand, close formation flight
guidance is proper for the polygonal shape formation of fixed-wing UAVS,
because such guidance can decrease the aerodynamic drag and increase
survivability when flying to the next mission area.

In this chapter, circular formation guidance algorithm is first explained, and
then close formation guidance algorithm is introduced. Because path-following
guidance is suitable for the fixed-wing UAV guidance, both formation guidance
laws are developed based on nonlinear path-following guidance [22]. Usually,
horizontal motion causes a great influence on the formation flight of UAV rather
than vertical motion. Therefore, in this study, formation guidance is focused on

two-dimensional motion of multiple UAVSs.

3.1 Circular Formation Flight Guidance

When a fixed-wing UAV monitors an area, a loitering flight is typically
performed. If multiple UAVs are monitoring the area, the phase angles between
UAVs should be controlled to ensure efficient area surveillance on the circular
path. Nonlinear path-following guidance [23], [24] was proposed to make
UAVs fly on a circular path, assuming that all UAVs are moving on a two-
dimensional surface, i.e., flying at the same altitude. The stability of nonlinear
path-following guidance was proven using the Lyapunov stability theorem [22] ,
and therefore, all UAVs asymptotically converge to the predefined path. The
lateral guidance geometry of the nonlinear path following is shown in Fig. 3.1,

where V is the airspeed, L is the constant guidance distance, and 77 is

the angle between V and L.
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Nemd

Desired reference path

Figure 3.1: The nonlinear path-following guidance algorithm

In the lateral guidance law, by using a geometrical relationship of a velocity

vector and a desired flight path, a lateral acceleration command a, can be

calculated as follows

VAV A
=——sin 3.1)
L n

To make the UAV follow the acceleration command &, , a roll command

@..4 can be used assuming that the UAV performs a coordinated turn with a

centripetal acceleration a.,,.

_1( &,
By = tan 1[7"“") where a, =a,, (3.2)

where g is the acceleration of gravity. The relationship between lateral

acceleration and centripetal acceleration is described in Fig. 3.2. There is an
assumption that sideslip motion is not exist. Practically, it can be canceled by
AOS feedback controller, and therefore it is supposed that a coordinated flight

is conducted in this study.
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Figure 3.2: Lateral acceleration relationship

For simplicity, a position value of z-axis is omitted during formulation. A

circular path can be generated from the target point pcn = (P pcy) and the
loitering radius R, as shown in Fig. 3.3. p; =(p,, p,) denotes the
position of 1" UAV, p; =(p,,, P,,) denotes the position of 2" UAV, and
P; = (Py,. D,,) denotes the desired position of 2 UAV. It is assumed that

the 1 UAV located ahead of 2" UAV. The target point p; is assumed to be

the origin (0,0) without loss of generality.

Figure 3.3: Phase angles on the circular path
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Once the UAVs are flying on the circular path using the nonlinear path
following guidance, a phase angle can be maintained by controlling the airspeed
of the UAV. The relative phase angles of the UAVs are calculated between
UAVs. The radius vectors of the UAVSs are calculated using the positions of the
UAVs and the target position as

rn

=p' - pl where i =1---m (3.3)

where the number of UAVs in circular path is m. The phase angles of the UAVs

are calculated as

S| rer)
6, = cos W12 (3.4)
I

2
n n
=]l

Note that the phase angle has a positive value in the range of [0, z]. The target

phase angle élz is determined by considering the number of UAVs as

~

6,=27r/m m=2 (3.5)

Using the phase angle 6,, and target phase angle élz , the phase angle error

€, can be calculated as follows

€, =0y, _012 (3.6)

A speed command for controlling the phase angle can be generated using the

phase angle error as

Vo, =V, .. +Ke, K

cmd ~— Ycruise

, <0 (3.7)
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where V

suise 1S the cruise velocity during level flight, and K, is a
proportional velocity guidance gain. To prevent each UAV from entering a stall

speed, a range of velocity command V__. has a saturation value.

cmd

The flight path angle command, 7., , is generated to track the target height

h.. as follows

ref

h, =h

err ref h

. 3.8
Vons = Kol + K [ dt+ K h (39)

perr err d"err

where K, K;, K, are the proportional, integral, and derivative gains of the

height controller, respectively. The reference altitude can be set depending on
mission status.

Generated guidance angle commands are designed to the longitudinal and

lateral controllers. The roll command ¢, are controlled by the lateral
controller as shown in Fig. 3.4. The flight path angle command ., and the

velocity command V,_,, are controlled by the longitudinal controller as shown

in Fig. 3.5. These lateral and longitudinal controllers are used throughout the
dissertation.

The developed circular formation flight guidance is verified by numerical
simulation. Three UAVs are circling around the origin point with equal phase
angle. During circular formation flight, UAV first enters into the predefined
circular path, and then, phase angle controller regulates the phase angles
between the UAVs depending on the number of UAVs in the circular path.
Simulation parameters are summarized in Table 3.1, and the circular formation
flight result is shown in Fig. 3.6. It is shown that phase angles between UAV
are converged to the target phase angle.
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Figure 3.5: Description of longitudinal controller
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Table 3.1: Initial simulation parameters of the circular formation

guidance
Parameter Value Parameter Value
(P it (-130,0,60) (e 0 deg
(P2 it (-130,100,60) (7 0 deg
(P initia (-130,-100,60) V1) inital 0 deg
A 11 m/s Lo 0.02s
(A 11 m/s tonc 0.02s
(V3b)inital 11 mis teom 0.02s
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Figure 3.6: Simulation results of the circular formation guidance
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3.2 Close Formation Flight Guidance

For close formation flight the separated longitudinal and lateral guidance
laws are designed to increase the performance of the formation flight, because
fixed-wing airplanes have different flight characteristics in the longitudinal and
lateral axes. The lateral guidance law of the close formation flight is designed
based on the nonlinear path-following guidance, as shown in Fig. 3.1.

Two close formation flight algorithms, behavioral and leader-follower, are
designed, and the performances of both algorithms are verified by numerical

simulation.

3.2.1 Behavioral Approach based Formation Flight Guidance

The formation geometric center (FGC) method, a typical expression of
behavioral approach, requires the FGC point and the formation heading
direction to determine the formation position of each UAV. The FGC and
heading direction are determined from the state of UAVs in formation. While
keeping the formation geometry, the FGC should be guided to following the
target path for formation movement. To make problem simple, formation
keeping and formation movement are separately explained.

Figure 3.7 shows formation keeping algorithm in FGC guidance. In Fig. 3.7,

n

(X,EGC,y';GC) denotes the body frame of the FGC aligned with V. ,
P =(py, Py) denotes the i-th UAV’s inertial position, P = (py, Py)
denotes the target formation position of the i-th UAV. Once i-th UAV’s

formation path and guidance point pfi are determined, UAV can generate a

formation acceleration command a, .
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Figure 3.7: Suggested FGC guidance: formation keeping

The FGC is calculated by sum of each UAV’s position as

Prec = Z%‘ where i =1---m (3.9)

i=1
where m denotes the number of UAVs in formation. The heading angle of the

FGC, Wi, is an average value of the heading angle of individual UAV as

4
Veee = 2 (3.10)
i=1

The velocity of the FGC, V4, are calculated as follows
m \/
Vege = Z_' (3.11)
izt M
Once the FGC and heading angle are calculated, target formation positions,
B = (Py. By) . where UAVs should be guided, can be determined. Let us

consider a triangular formation shape as the target formation.
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Figure 3.8: Formation geometry of the suggested FGC formation

The rotation matrix from the navigation frame to the FGC body is defined as

cos sin T
C: _ . Yk (//FGCj|’ o :(C:) (3.12)
—SINYege  COSYeqe

The UAV positions are transformed to the FGC body frame as

pib = C: ( P - pEGc) (3.13)
In the FGC body frame, formation path of the UAV is aligned to X" axis, and

therefore the guidance point pfi can be calculated as

n

Pl =Cyp + Prec

(3.14)

A

where pE :[phx pLiy ]T , || pE - p|b|| = Lia and pLiy =Py,

Using the geometrical relationship of the guidance point pfi , the UAV position

p;’ and V; ,the angular difference 77, can be calculated.
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Figure 3.9: Suggested FGC guidance: formation path following

Simultaneously, the formation itself should be also guided to the target

formation path as shown in Fig. 3.9. From the FGC and formation path

geometry, 7.5 can be calculated. The parameter L. is related with the

formation dynamic. The formation path error, e..., is formation path error

between the FGC and the target formation path.

] Formation Path

\ FGC Path

e
Veae

Meec

Figure 3.10: Formation keeping and path following of the
suggested FGC guidance

Thei -th UAV should follow a combined path satisfying both formation keeping
and formation path moving as shown in Fig. 3.10. The i-th UAV should be



guided to the formation path, and the lateral path error e, is generated.

Simultaneously, the FGC point should be guided to the FGC path that generates

a lateral formation path error e..., . By adding these path errors, a combined

path error e, can be calculated.

Fuse

iy TTrused

! Fused Path
/ FGC Path

\ Formation Path

Figure 3.11: Description of the combined path of i-th UAV

Figure 3.11 shows the brief description of the suggested FGC guidance

algorithm. If 77, and 77 are small, then angular differences can be expressed

as
. &
n; ~sin(n) = %
o (3.15)
H FGC
Meae = SIN(Megc) = Ty
The combined angular difference 77 .4 can be expressed as
. € €  Crac
~sin _ _—Fused :i+ Yy
Meused (nFused ) L L L (316)
S/ /e
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Consequently, a lateral acceleration command of the i-th UAV, ani , can be

calculated as

N

2(V,)°
a =(T')sin(77i+nm) where i =1---m 3.17)

Aroll command is used to follow the generated acceleration command as

Pims, = tan~1 (%} (3.18)

A longitudinal position is controlled using the longitudinal formation error.

The formation position error, éib , is defined as

eix A
eﬁ{e } PP (3.19)

iy

A speed command for controlling longitudinal position is generated as

chdi =V,

cruise

+K,e, whereK, <0, i=1.--m (3.20)

To verify the proposed formation guidance algorithm, numerical simulation
is performed. Three UAVs are considered for the close formation using the
proposed FGC guidance to follow the round-shaped square path. Formation
position errors are calculated to identify the formation keeping performance.

Initial conditions and simulation parameters are summarized in Table 3.2.
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Numerical simulation is performed with a simulation period {,, and GNC

algorithm is performed at with a period of 15, . Communication period t

is set as same as 15 ,

and therefore performance in the ideal case is tested.

Table 3.2: Initial simulation parameters (the suggested FGC method @

t.om =0.025)
Parameter Value Parameter Value
(P it (-200,-100,60) W2 inita 0 deg
(P initia (-240,-130,60) V3D niia 0 deg
(P inita (-180,-130,60) L, 4 30
MV inita 11 m/s Leoc 30
(\/2 )inital 11 m/s L 0.02s
(\/3 )inital 11 m/s tone 0.02s
(W) initia 0 deg teom 0.02s

Figure 3.12 shows the trajectory result of the proposed FGC algorithm, and

Fig. 3.13 shows the formation position result. In Fig. 3.13, it is shown that each

UAV keeps the target position, and the close formation flight is conducted well.

Performance of formation geometry keeping is shown in Fig. 3.14. Position

errors increases when the formation follows the curved path, but the FGC

follows the target trajectory well. Since the main objective of the FGC method

is to maintain the FGC, there exist overlapped flight trajectories as shown in
Fig. 3.12, because the FGC algorithm does not directly reflect the individual
flight path of each UAV.
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Figure 3.12: Simulation results of the suggested FGC formation algorithm

(trajectories of UAVs @ L, = 0.02 5)

48 J'x--! _CI:I_ ]_” :



North (m)

150

100

50

-150

-200

~

A UAV position
A Target position
+ FGC

— — — Target Path

>
Pp————— D ————
>
>

{','A Ap 4
|
| |
| |
} o
A |
ath a a |
\ _|LA
\ A i
\ /
\ /
\ s
N
R . Ad————— A — — —— &t 4
'y A
| | | | | | | | | | |
-250 -200 -150 -100 50 0 50 100 150 200 250
East (m)

Figure 3.13: Simulation results of the suggested FGC formation algorithm

(formation positions @ {,,, = 0.02 5)
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Figure 3.14 Simulation results of the suggested FGC formation algorithm

(formation position errors @ tcom =0.02 s)
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To investigate the effect of communication period, to,, =1 s case is

considered. Simulation parameters are summarized in Table 3.3. Figure 3.15
shows the trajectory result, and Fig. 3.16 shows the formation position result.
Formation position errors are shown in Fig. 3.17. When there exists large
communication delay in the FGC algorithm, calculation of the FGC point
becomes inaccurate, because it is calculated based on the previous position of
other UAVSs. This makes the UAV follow wrong target position, and it may

cause a recursive position error of the FGC.

Table 3.3: Initial simulation parameters (the suggested FGC method @

toom = 1.00 5)

Parameter Value Parameter Value
i 200,-100,60 (v,) 0d
(p; )initial (-200,-100,60) W5 Jinitial €9

n
(p, )initial (-240,-130,60) (V/s)initial 0 deg
( p; )initial (-180,-130,60) L13 30
MV, Dinita 11 mis Lege 30
(V2 )inital 11 mis tsimul 0.02s
(V3 Jinia N mis fonc 0.02s
(¥ inia 0 deg o 1.00s
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Figure 3.15: Simulation results of the suggested FGC formation algorithm

(trajectories of UAVs @, = 1.00 5)

52 .-;"x--! _CI_‘:I_ .I_H d



T T T T T T T T T T T
A aA 44 A A A A A A
200 |- 'ﬁ'\}——-A—A—:————-FN:———‘I'A—L——"F‘—\—‘~\ AA 4
g A A LA AlA NN
A/ BN
/ \
150 | AA_?/A h+A -
A \ &
/ A A
4 A UAV position i
100 L A Target position | i
YV-ON + FGC A
A"|-A — — — Target Path AKA
I 4
50 |- :‘ | i
|
|
A pA
= A #A +
= o} ata Aqa 1
g . 5
z 4| |
|
! NP
0 Aa A%, 7
Aq'lp
A
| |
100 |- I -
4 ala
A A+k A Ana
\ A
as0 |- \\ // i
\ A4
N A
N NN
~ d L 7 A
-200 |- I ——————————SSSS - -
| | | | | | | | | | |

-250 -200 -150 -100 -50 0 50 100 150 200 250
East (m)

Figure 3.16: Simulation results of the suggested FGC formation algorithm

(formation positions @ tcom =1.005)
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Figure 3.17: Simulation results of the suggested FGC formation algorithm
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3.2.2 Leader-Follower Approach based Formation Flight Guidance

In the leader-follower formation flight, the leader UAV follows the
prescribed target path, and it shares all of the sensor information with the
followers. The follower UAVs estimate the leader’s path based on the most
recent position data of the leader UAV. Using the estimated path of the leader
UAV, the follower UAVs generate their own flight paths using the formation
guidance law. By estimating the leader’s flight path, the leader-follower
formation guidance is transformed to the path-following problem. Figure 3.18

shows a geometric description of the path estimation process.

Follower’s Path

| . Estimated
f ( ) Leader’s Path

()

AN

Leader UAV

A Follower UAV
ATarget Position

Figure 3.18. Suggested formation path generation algorithm of the
follower UAV

In Fig. 3.18, (X”,y”) denotes an inertial navigation frame, (X|b,y|b)

denotes the body-fixed frame of the leader UAV, (X? ) ytf’ ) denotes the body-

fixed frame of the follower UAV, P’ =(p,, Py) denotes the target position
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of the follower UAV. The subsequent position data of the leader UAV, P (t, ),

are recorded by the follower UAV to estimate the leader’s flight trajectory.

plx (tk )

Y (tk) = { Py (t.)

}, t =t, +kt,,, k=0123 (3.21)
The recoded positions depend on a communication interval {.,, . To estimate

the leader’s path, the leader’s previous positions are subtracted from the current

leader’s position | (t,) as

Ap|n (tk) =0
Ap|n (tk—l) = p|n (tk—l) - p|n (tk)
Apln (tk—z) = p|n (tk—z) - p|n (tk)
Apln (tk—s) = p|n (tk—s) - p|n (tk)

(3.22)

The relative positions, Apln , are rotated to the body frame using the leader’s

heading angle l//|(k) as

cos(, (k) sin(y, (k))
Ap! =CPxAp/', C;’:[ _ 3.23
| | Ssin(, () cos ()| O
The follower’s position is also transformed to the body frame as
Ap; =CoxApy, Ap? = pj (t,) - P/ (t) (3.24)

Using the relative position Ap} (t, ) = [Ap,X (t,) Ap, (tk):|T , the coefficients of

the cubic polynomial function [c,, c,, Cy, 041]T can be calculated using the

least squares method.
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221 _ (ATA)IATY (3.25)
Ci
Ap,, (t) | (Aplx (tk))3 (Aplx (tk))z Ap,, (t) 1_
Where Y _ Aply (tk—l) , A _ (Aplx (tk—l))3 (Aplx (tk—l))2 AI"-‘)Ix (tk—l) 1
pr (tkfz) (Aplx (tk-z)) (Apu (tk-z)) Apy, (tk—Z) 1
Ml (ap ) (4, 6L)) ARGt 1]

The polynomial path function of the leader UAV can be estimated in terms of

the leader’s body frame as

A

I, (X) =X +C, X2 +Cyy X +C, (3.26)

Based on the estimated polynomial path function I, (X), the follower UAV

generates a formation path If(X) with the lateral distance f)fy aligned with

b .
the X, axisas

1 (x)=1, (x)+ By, (3.27)

The guidance point pff can be calculated as
Pl =Copy, +pi (k) (3.28)

where pff =[Pfo poyT, H pﬁf ~Ap} H= Li,and p, =1,(p.,)



The follower UAV can follow the generated formation path by applying the

nonlinear path-following guidance law. A roll angle ¢Cmd command is

calculated using the lateral acceleration command a; as

2

a AY
¢Cmd:tanl(jj where a, ="sin, (3.29)

f

Finally, the attitude controller makes the UAV follow the roll angle command

¢Cmd . Formation position error is calculated as

e . R
e = Lf }— Ap? - (3.30)
fy

Once the follower UAV is on the formation path, a longitudinal velocity

command V, is generated to control the longitudinal formation position

error éfx aligned to the th’ -axis as

chd = V

cruise

+K, e, Where K, <0 (3.31)

To verify the proposed leader-follower guidance algorithm, numerical
simulation is conducted. To compare with FGC algorithm, same simulation
condition and formation geometry are used. UAV1 is set as the leader UAV.

UAV2 is set as the left wing, which has a formation position

ﬁ?lz(—15m,—5\/§m). And UAV3 is set as the right wing, which has a

formation position p’, =(—15m,5\/§m) . Figure 3.19 shows the formation

geometry.
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Figure 3.19: Formation geometry of the leader-follower formation

Table 3.4 shows the initial conditions of the simulation. Figure 3.20 shows
the trajectory result of the proposed leader-follower algorithm and Fig. 3.21
shows the formation position result. As shown in Fig. 3.20, flight trajectories
of UAVs form a parallel trajectory, because the proposed leader-follower

algorithms is based on the trajectory of distinct reference, the leader UAV.

Table 3.4: Initial simulation parameters (the suggested Leader- follower

method @ 1, =0.025)

Parameter Value Parameter Value
(P )it (-200,-100,60) (7)1 0 deg
(P it (-240,-130,60) (¥ inia 0 deg
(P3inia (-180,-130,60) (%5t 0 deg
(\/1 )inital 11 m/s il 0.02s
(\/2 )inital 11 m/s tone 0.02s
(\/3 )inital 11 m/s toom 0.02s
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The effect of the position error, which depends on the formation geometry, is
also analyzed. Based on the leader’s body coordination, longitudinal and lateral
formation geometries are changed, and formation position errors during

simulation are compared.
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Figure 3.23: Standard deviation of position error depending on

longitudinal formation distance @ Y4, =15M
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Figure 3.24: Standard deviation of position error depending on lateral

formation distance @ X,,5, =15M

63 -_:I-! '\.l_":_-l-li_..



As shown in Fig. 3.23 and Fig. 3.24, the formation position error is mainly
affected by the lateral size of formation. It is because that the length of each
UAV’s formation path is directly proportional to the lateral size of the formation
when there exists a curved path during the formation flight. Also, for the fixed-
wing UAV, accelerating the UAV by increasing thrust is easier than decelerating
the UAV, and therefore UAV2 (accelerating outer UAV) has the less formation

error than the formation error of UAV3 (decelerating inner UAV).
To investigate the effect of communication period, t,, = 1 s case is

simulated. Fig. 3.25 shows the trajectory result, and Fig. 3.26 shows the
formation position result. Formation position errors are shown in Fig. 3.27.
Although there exists large communication delay, flight paths are maintained.
The communication delay generates position error along the flight path axis of
the formation as shown in Fig. 3.26. Because the communication delay does
not affect to formation path following, path-following performance of the
leader UAV is not changed.

Table 3.5: Initial simulation parameters (the suggested Leader- follower

@ t,,=1.005)

Parameter Value Parameter Value
(P it (-200,-100,60) () 0 deg
(P2 initia (-240,-130,60) () 0 deg
(P3 it (-180,-130,60) (W1 inital 0 deg
V) it 11 m/s b 0.02's
(\Zp 11 mis tone 0.02s
(\/3 )inital 11 m/s toom 1.00s
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Figure 3.25: Simulation results of the suggested leader-follower formation

algorithm (trajectories of UAVs @1, = 1.00 s)
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Figure 3.27: Simulation results of the suggested leader-follower formation

algorithm (formation position errors @t., . = 1.00 s)
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Compared to the result of FGC algorithm, in case of 1., =1, the proposed

leader-follower algorithm provides a more stable flight path. Figure 3.28 shows
the effect of communication period on the formation position error. As
communication period increases, formation errors of UAVs are also increase

because of inaccurate estimation of the leader’s position.

10

T T
e UAV2
— — —UAV3

Std error(m)

t (s)

com

Figure 3.28: Formation position errors dependingon

To reduce the follower’s position error in case of large communication delay,
the leader’s position should be compensated using the information of the
previous flight path. UAVs are sharing their sensor information and follower
UAVs know the previous leader UAV’s position, the current position of the

leader UAV can be estimated.

Estimated
o Leader’s Path
A P pl (t)
II ()\ i p|n(tk)
Py (1) Last Position
/ n t
, np' (t2) A Est. position
0 P (t_s)

Figure 3.29: Communication delay compensation
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As shown in Fig. 3.29, the current position of the leader UAV, p/'(t,), is

intersection point of the estimated leader’s path ﬂ () and R, ie,

RI =VI ><tcom

where f)|n = I: ﬁlx ﬁly} ' | -

= RI ,and f)w = I:(f)lx)

ﬁ|n - pln

Once P/ (t,) is obtained, follower’s flight path I, (x) and guidance point

n

p., can be recalculated. By this procedure, longitudinal position error can be

reduced. This feature can be verified by numerical simulation. Table 3.6
summarizes the simulation parameters. By compensating the leader’s position,

position error of the follower UAV is effectively reduced as shown in Fig. 3.32.

Table 3.6: Initial simulation parameters (the suggested Leader- follower

method @ t,, = 1.00 s with position estimation of UAV1)

Parameter Value Parameter Value
(P it (-200,-100,60) (W1t 0 deg
(P2 it (-240,-130,60) (7 0 deg
(P3 it (-180,-130,60) () 0 deg
V) inita 11 m/s Lo 0.02s
(\/2 )inital 11 m/s tone 0.02s
(V3 )inital 11 mis teom 1.00s
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For the case that the estimation of the leader’s position is applied, the result
of the formation position error is shown in Fig. 3.33. It shows that the error is

maintained within the error of the initial position.

10

Std error(m)

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

t (s) w/leader estimation
com

Figure 3.33: Formation position errors depending on communication

period with position estimation of the leader UAV

In summary, compared to the proposed FGC algorithm, the proposed leader-
follower formation algorithm is more suitable for the close formation flight
even in the case that the communication delay exists. Based on the numerical
simulation result, the proposed leader-follower formation flight guidance can

be verified by the integrated formation flight test.
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4. Integrated Formation Flight Simulation

Developed formation flight algorithms have been validated by integrated
formation flight simulation. For effectively demonstrating the algorithm, the
integrated formation flight scenarios is designed which is consisted of multiple

formation.

4.1 Procedure for Autonomous Formation Flight

The integrated formation flight that consists of area monitoring and
formation movement is conducted to demonstrate the performance of the
formation flight guidance laws. In the monitoring mission, the UAVs circle the
area based on the circular formation flight guidance. And for the formation
flight mission, the UAVs fly closely in a triangular formation as they move to
the next target point area.

The integrated formation flight is composed of five subscenarios, which are
conducted in sequence. Table 4.1 summarizes the formation flight scenarios
considered in this study. Each scenario has a specified Mission and Stage
number depending on the longitudinal and lateral guidance mode. The mission
variable specifies the observation or movement scenario, and the stage variable
addresses the guidance mode transition. During the integrated formation flight,
the stage variable is automatically changed based on the consensus of the UAVS.
Figure 4.1 shows the path description of the integrated formation flight

scenarios. Five subscenarios are described below.
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Table 4.1: The integrated formation flight scenarios

76

Scenario Maneuver Mission Stage Longitudinal guidance Lateral guidance
- Sequential takeoff - - - -
1 Circular formation/ " 12 360/ N, Jeg phase separation/ Circular path following
Separated altitude ' Sh=+10m approximately 1° target
) Circular formation/ L 3 360/ N, deg phase separation/ Circular path following
Same altitude Sh=0m approximately 1° target
Separation and ) -
d h tion/ Transition from
3 Reconfiguration of 1 45 360/ N deg phase separation st nd
Circular formation oh=0m 1" target to 277 target
A Close circular ! 6 30 deg phase separation/ Circular path following
formation Sh=0m approximately 2" target
5 Close triangular p ) —15m rear position of leader F5/3 m left/right position of

formation

UAV/ sh=0m

leader UAV

Sequential landing




Rectangular Path

1* Circular Path 2" Circular Path

400m

120m 120m

o

400m

Figure 4.1: A flight path description of the integrated formation flight

scenarios
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4.1.1 Circular Formation Flight with Separated Altitude

In the flight experiment, takeoff and landing are manually conducted by
human pilots. Three UAVs takeoff in sequence, and the manual mode of each
UAV is immediately switched to autonomous formation flight mode when it
reaches the reference height. To prevent collisions between the UAVs during
takeoff, each UAV follows a circular path with an altitude difference oh. The
reference altitude is UAV1=60m, and the altitude difference between UAV?2
and UAV3 is set as oh ==+10m; therefore, the target altitude of UAV2 is

50m , and that of UAV3 is 70m (Stage 1). During the separated altitude
flight, the relative phase angles among UAVs are regulated to 360/ N, deg ,

where N; is a number of UAVs. The relative phase angles are controlled by

the circular formation flight guidance law. If all three UAVs are on the circular
path with 120+10 deg phase angles (Stage 2), then UAV2 and UAV3 move
to the reference altitude 60 m by increasing/decreasing their altitude by using

a flight path angle control.

4.1.2 Circular Formation Flight at the Same Altitude

During the altitude transitions, the phase angles among the UAVSs may
change because of the acceleration of UAV3 and the deceleration of UAV2.
Phase angle formation flight guidance regulates the phase angles of the UAVs
to be 120+10deg (Stage 3). In this scenario, omni-directional surveillance
of the target can be performed, wherein the target is at the center of the circular

path.

4.1.3 Separation and Reconfiguration Formation Flight

To monitor multiple areas, the UAVs on the circular path should be separated

and move to the second target. In the separation stage (Stage 4), the UAVs fly
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from the 1% circular path to the 2" circular path one by one. During the

separation, the phase angles of the remaining UAVs are modified to the phase
angle of 360/ N, deg, where N, isthe number of UAVs remaining. In the
reconfiguration stage (Stage 5). UAVs on the 2™ circular path are reconfigured
to maintain a phase angle of 360/ N, deg, where N, is the number of the

UAVs in the 2" circular path. In this stage, UAVs can monitor multiple areas

while the circular formation flight is performed.

4.1.4 Close Circular Formation Flight

After the UAVs complete monitoring of the mission area, they should fly
together to the next mission area while maintaining the close formation. To
perform this task, the UAVs on the circular path should converge to a close
formation. To accomplish this maneuver, the phase angles between the UAVS
are adjusted to 30+10 deg (Stage 6). Once the specified phase angle has been
reached, the circular formation flight mode is switched to the close formation

flight mode.

4.1.5 Close Triangular Formation Flight

The close formation flight guidance law makes three UAVs follow a
prescribed path, while keeping them in a triangular formation. In the triangular
configuration, UAV1, UAV2, and UAV3 are located at (Om,0m) ,

(-15 m,5+/3 m) , and (=15 m,—5+/3 m) , respectively. UAV1 becomes the
reference leader UAV, which tracks the predefined path, and the other UAVs

become follower UAVs. The formation path of the followers can be calculated
based on the leader’s path. To ensure collision avoidance, a safety radius of

10m s considered for each of the following UAVs. If one of the follower

UAV’s relative distance becomes less than 10m, then an additional lateral
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command is activated to make the follower UAV fly at a distance from the

formation.

4.2 Simulation Results

The proposed integrated formation flight scenario is composed of switching
logics and multiple formation flights. The algorithms are thoroughly examined
using a 6-DOF numerical simulation in the MATLAB/Simulink environment.
The identical integrated formation flight guidance block is used in all UAVS’
embedded software with the assigned UAV number. The numerical simulation
results are shown in Fig. 4.2, which indicates that the formation flight of
multiple UAVs is performed well using both the close formation flight

algorithm and close formation flight algorithm.

Table 4.2: Initial parameters of the integrated formation flight simulation

Parameter Value Parameter Value
(P it (-250,0,60) W1t 0 deg
(P2 inita (-250,100,50) (W2t 0 deg
(P2 inita (-250,-100,70) (¥3)nita 0 deg
(\p e 11 mis Lgimu 0.02s
(v, )inital 11 m/s tone 0.02s
(\/3 )inital 11 m/s toom 0.10s
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Figure 4.4: Simulation results of the close triangular formation flight
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5. Experimental Result

After demonstrating the performance of the proposed algorithm via
numerical simulation, a flight test is performed using the developed multiple
UAV system®.

The integrated formation flight scenario as summarized in Table 4.1 is
conducted in sequence. The Mission and State variables are sequentially and
automatically changed. The fight test is conducted in an area that measures

400m x 400m, and the results are shown below. In Fig. 5.1-Fig. 5.3, solid,

dotted, and dashed lines correspond to the trajectories of UAV1, UAV2, and
UAV3, respectively. During the sequential takeoff stage as shown in Fig. 5.1(a),
the UAVs form a 120-degree circular formation at different altitudes to ensure
safety as shown in Fig. 5.1(b). Once the phase angle of the circular formation

is stabilized, UAV2 and UAV3 move to the same altitude, 60m, and execute

circular formation flight as shown in Fig. 5.1(c). After performing a circular
formation flight along the circular path, UAV1 is separated from the formation
and moves to the next circular path, and UAV2 and UAV3 continue the circular
formation of 180 degrees along the 1% circular path and UAV2 moves to the 2™
circular path and reconfigures the 180-degree circular formation with UAV1 as
shown in Fig. 5.2(a) at the 2" circular path. Next, UAV3 moves to the 2"
circular path, and finally, the UAVs reconfigure the circular formation of 120
degrees as shown in Fig. 5.2(b). The UAVs reduce the phase angles to 30
degrees to prepare for close formation flight as shown in (Fig. 5.2(c); then, they
start the close formation flight as shown in Fig. 5.3(a), and the UAVs perform
the close triangular formation flight as shown in Fig. 5.3(b). After formation
flight scenarios ending, sequential landing as shown in Fig. 5.3(c) is conducted.

! Video of the flight test is available at https://goo.gl/0ekRE3
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A detailed triangular formation flight result is shown in Fig. 5.4. As shown
in Fig. 5.4, UAV1 follows the rounded rectangular path, and the follower UAVs
generate their own formation path based on the estimated path of UAV1. Due
to the east wind effect, the formation paths of UAV2 and UAV3 are slightly
shifted to the west; nevertheless, the triangular shape is maintained well during
the formation flight. The position histories of the integrated formation flight are
shown in Fig. 5.5. The mode variable indicates a flight mode controlled by an
RC controller, where Mode 0 is the manual flight mode, Mode 1 is the stabilized
co-pilot flight mode, and Mode 2 is the autonomous formation mission flight
mode. Depending on the status of the UAVS, the stage of each UAV may be
different. The circular formation flight starts at 230s, and the triangular
formation flight starts at 591s. The lateral and longitudinal control histories are
shown in Fig. 5.6. As shown in Fig. 5.6, the inner-loop controllers perform well

to follow the guidance commands.
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Figure 5.7shows the site of the flight test with the UAVSs, and Fig. 5.8 shows
the photo of the close formation flight using three UAVs in a triangular
formation captured by a ground camera. The triangular formation is shown to

be maintained well during the flight test.

F

Figure 5.7: Flight experiment setup

Figure 5.8: Multiple UAVs in close triangular formation
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6. Conclusion

6.1 Concluding Remarks

In this dissertation, formation flight guidance algorithms for the formation
flight of three fixed-wing UAVs were proposed, and the performance of the
proposed algorithms was verified using numerical simulations and an actual
flight test. The formation flight performed by three fixed-wing UAVs was based
on circular formation flight guidance and close formation flight algorithm.

A multiple UAV system was developed with identical performance under
consideration. The avionics system developed was based on a customized
embedded FGC to enable decentralized communication in the limited space
available in a small UAV. The decentralized onboard sensor information-
sharing system for miniature UAV systems was developed using ZigBee
modems. With the ZigBee modems, which support a multipoint-to-multipoint
communication topology, sequential cyclic communication without a
centralized ground control system was realized by accurately managing the
communication timing. The performance of the decentralized communication
system was verified by an analysis of the communication delays among the
UAVs. The resulting UAV dynamics were identified using a system
identification scheme, which was implemented in the simulated multiple UAV
environment.

Guidance laws for circular formation flight and close formation flight were
proposed. The phase angle control scheme was used for circular formation
flight and for formation separation and reconfiguration scenarios. The close
formation flight algorithm was based on the geometric center and leader-
follower methods. Both approaches were developed for formation flight, and
the effect of the communication delay was analyzed. A leader-follower
guidance law was used for the close triangular formation flight that occurred

during a formation movement based on the results of the numerical simulation.
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The proposed guidance laws were examined using a 6 DOF numerical
simulation, and an actual flight test was conducted using the developed multiple
UAV system. To verify the proposed algorithms for a complete formation flight,
an integrated formation flight scenario was designed, and various formation
flights were performed in sequence. A circular formation flight, including
sequential takeoffs, was performed, and then, a close triangular formation flight
was performed. The results of the flight test showed that the autonomous

integrated formation flight was successfully performed.

6.2 Future Research Directions

Based on the proposed formation flight algorithms and the results of the

integrated formation flight, the following topics are suggested for future studies:

*  Applying formation flight guidance to rotary-wing UAVs: The suggested
formation flight algorithm is based on path-following guidance, but it can
also be applied to rotary-wing UAV formation flight. A rotary-wing UAV
has more longitudinal maneuverability than a fixed-wing UAV. Therefore,
in close formation flight, rotary-wing UAVs can easily follow the speed
commands that are generated according to their geometrical positions in
the formation. Consequently, their ability to maintain the formation will

improve.

e  Three-dimensional formation flight guidance: A formation path can be
extended to three-dimensional space. In this case, the path estimation and
follower path generation algorithms should consider the height of the path,
and the guidance algorithm should be extended to handle three-
dimensional movement. Because there are major differences between the
longitudinal and lateral axes, the guidance algorithm should cover this

dynamic difference to enable precise formation flight.
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