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Abstract

This study proposes a ducted-fan flight array (DFA) system that
can change the array based on the mission environment and vali-
date the feasibility through ground and flight tests. This DFA can
carry out normal formation flight as separated UAV members and
can also cooperate as a single entity by physical connection. The
ducted-fan unmanned aerial vehicle (UAV) is manufactured in-house
and equipped with a connected surface and an assembly device on
the side to perform connection and separation tasks. Moreover, the
control system was designed using an open-source autopilot envi-
ronment, and the communication environment for multi-UAV flight
was constructed using the Robot Operating System (ROS). Then,
ground and preliminary experimental tests verified the feasibility and
performance of the DFA system for connected and separated flight.

Keywords: Ducted-fan flight array system, Unmanned aerial vehicle,
Formation flight, Flight test

1
Published by Springer. This is the Author Accepted Manuscript.
The final published version (version of record) is available online at DOI:10.1007/s10846-023-01821-6.
Please refer to any applicable publisher terms of use.


li2106
Text Box
Journal of Intelligent and Robotic Systems, Volume 107, Article number 32, February 2023
DOI:10.1007/s10846-023-01821-6


li2106
Text Box
Published by Springer. This is the Author Accepted Manuscript.
The final published version (version of record) is available online at DOI:10.1007/s10846-023-01821-6.  
Please refer to any applicable publisher terms of use.
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1 Introduction

Unmanned aerial vehicles (UAVs) are employed in various real-life applica-
tions, such as surveillance and reconnaissance. Because of their ability to
reduce the risk to humans and provide cost-effective options in several condi-
tions where they cannot use the operating system. Specifically, vertical take-off
and landing (VTOL) UAVs are aircraft that take off, land, and hover the same
as rotary-wing aircraft, which are less affected by the take-off /landing places[1].
However, it has a disadvantage in that it is not as efficient as a fixed-wing
aircraft.

For this reason, a ducted fan UAV platform was proposed to improve these
shortcomings, and a duct could improve thrust efficiency. In addition, since
the duct is wrapped around the rotor, it has the advantage of being safe
during operation, so its usability is increasing. However, despite this increase
in efficiency, VTOL UAVs have many factors to overcome to cover large areas.
In addition, adding a duct has a disadvantage in that it is weak to disturbance
and difficult to operate in adverse conditions [2].

As an alternative to solve these problems, a multi-flight system in which
several aircraft fly simultaneously is introduced. The multi-flight system can
simultaneously perform missions with the development of communication tech-
nologies [3], [4], and can acquire more data, occupy broader areas, and lift
heavier objects especially in surveillance and scouting missions than operating
a single UAV [5]. Additionally, it is being researched to be used in various fields
by making it a connected UAV platform to withstand disturbances robustly.

1.1 Related work

In order to improve practical performance, the ducted-fan UAV is driving evi-
dent interest in academics. Compared with the open-rotor UAV, it is known
that the ducted-fan UAV has many inherent advantages, e.g., thrust effi-
ciency and safety. These advantages enable ducted-fan UAVs to achieve various
applications in unknown, dangerous conditions and difficult for traditional
open-rotor UAVs. Deng et al. [6] experimentally validated the ducted-fan
UAV’s force and pressure model using particle image velocimetry (PIV) mea-
surements on hover and forward flight conditions. In addition, the experiment
analyzed aerodynamic factors and their effect on the duct lip. Cheng and Pei
[7] conducted the control design on the transition of the ducted-fan UAV from
hover to forward flight.

Recently, various studies have been conducted to extend ducted-fan UAV’s
advantages to connected vehicles for various flight missions. ETH Ziirich in
Switzerland conducted a distributed flight array study in which several modu-
lar VTOL UAVs were combined into a specific shape on the ground and then
flew [8]. In addition, three-combined-shaped aerial vehicles were manufactured
and tested with ducted-fan UAVs, each with one control flap [9]. In a simi-
lar way, the International Islamic University of Malaysia conducted a study
in which two triangular UAVs flew together as connected [10]. Fan et al. [11]
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proposed a platform combining two ducted-fan UAVs and performed simula-
tion and flight tests to analyze flight performance. After that, the manipulator
was mounted under the connected vehicles for the flight test to verify the
robustness against faulty situations [12]. However, these related studies have
the limitation that the UAVs can fly only in a combined state and cannot be
separated or operated individually.

1.2 Main contribution

This study proposes a novel system that can be operated differently depend-
ing on the mission and situation beyond the simple multi-flight operation. A
ducted-fan flight array (DFA) is composed of multiple ducted-fan UAVs that
can fly individually and perform cooperating and distributed flights based
on their flight missions. Moreover, this system operates as a single unit but
performs tasks that cannot be conventionally performed by a single unit,
including operations in a disturbed environment, through connected action
and separation. The main contributions of this study are as follows:

® The novel platform system enables existing UAVSs to perform tasks that they
fail to perform initially, such as cooperative missions and heavy lifts.

® It can be connected and separated depending on the mission and UAV state
situation, enabling single or multiple UAV operation and flexible response.

e To validate the proposed DFA concept, ducted-fan UAVs and connecting
devices are designed and manufactured in-house.

After performing the validation through numerical simulations with dynamic
modeling, subsequent preliminary flight tests were performed for single-unit
flight, formation flight as separated entities, and connected flight as a single
DFA entity with in-flight separation. These successive experimental results
show that the DFA can be effectively used for solo and group flights. In par-
ticular, the separation experiment proves that separating a DFA in the air is
possible.

This paper is organized as follows: Section 2 discusses the DFA system and
the development of the ducted-fan UAV. In addition, Section 3 describes the
results of the flight tests for essential flight missions in the operation of the
DFA system that performs the formation, connection, and separation flights.
The study is concluded in Section 4.

2 Ducted-fan UAV Flight Array

2.1 Ducted-fan UAV Flight Array system

The DFA system consists of multiple ducted-fan UAVs that can individually
fly, perform, cooperate and distribute flights based on their given flight mis-
sions [13], [14], as shown in Figure 1. Moreover, this system operates in various
applications and tasks, including reconnaissance, surveillance, and communica-
tion relay, that a single-unit UAV operation cannot do. This section introduces
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Fig. 1 Operational concept of the DFA system

the design and fabrication of a ducted-fan UAV, which considers the DFA mis-
sion [15]. The design of the ducted-fan UAV consists of an avionics system and
a motor that generates thrust. This stator cancels out the anti-torque gener-
ated by the main rotor, a control system that controls the thrust direction of
the UAV, and four assembly devices that are installed in the duct section at
90-degree intervals. Figure 2 shows a design of the ducted-fan UAV.

Support fixture
Equipment part

Stator

'-l )

device #1
Connecting

gear device #2

Fig. 2 Design of the ducted-fan UAV

The avionics system is composed of a flight control computer (FCC) and
a mission computer for the robot operating system (ROS) communication
operations. The motor uses a BLDC motor and is accompanied by a stator at
the center of the UAV.

2.2 Dynamic modeling
2.2.1 Ducted-fan UAV model

We analyzed the design and aerodynamics of a ducted-fan UAV using the
ducted-fan design calculation (DFDC) software provided by MIT [16]. This
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software can calculate the ducted-fan UAV’s required thrust and stator geom-
etry based on its two-dimensional shape and the operating environment. We
applied a Clark-Y airfoil with a flat bottom of the airfoil for the duct shape
to reduce the difference with the connecting surface Table 1 summarizes its
numerical parameters. In Table 1, Cp, and Cp , represent the drag coeffi-

Table 1 Parameters of the single ducted-fan UAV

Component Parameter Value Unit

Duct CD,x = CD’y 0.5

(Airfoil: Clark-Y) Sduct 0.06324 m?
Cduct 0.17 m
lguect 0.3 m

Control flaps Stiap 0.014 m?2

(Airfoil: NACA0012)  cfiap 0.1 m
Ltiap 0.11 m

cients on the body-fixed frame. Squc: and Syiqp denote the frontal area of the
duct and flap, respectively. cque: and cyiqp represent the chords of the duct and
flap. lquer and lf1qp are the distances between the center of gravity, the duct’s
quarter chord, and the quarter chord of the flap, respectively.

—_—— Rotor plane Exit plane

W

Fig. 3 Control variable of the duct

In order to calculate induced velocities through the rotor, the thrust model
generated by the rotor with a ducted-fan is applied as [17]:

T = mV,. (1)

Assuming incompressible flow, the mass flow rate i as shown in Figure 3 is
derived from the law of conservation of mass as

m = ﬂSer = pSere (2)
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where V;,, represents the induced velocity generated by the rotor. Then, the
induced velocity at the end of the duct V. is defined as follows:

Vin

g4d

Ve = (3)

where o4 is the expansion ratio of the rotor with the duct, which is calculated
as the ratio of the duct exit area S, to the rotor area S,:

oa = ﬁ— (4)

Equation (1) can be rewritten as follows:

2
Vin

T =1V, = pScVe* = pS,
o4

From Equation (5), the inducted velocity V,, can be defined as follows:

- T(Td
Vi =y o5 (©)

There are four control surfaces along the x- and y-axes of the body-fixed
frame as denoted in Figure 4.

e Sense  Control Surface Effect

Sai 1,3 M,
> Sote 2,4 M,

6rud ]-7 27 33 4 Mz

Fig. 4 Control surface effects

where M,, M,, and M, are moment components along the body axes. The
control surfaces are modeled as follows:

sgn(Ve - w)quL,sf(seleSele ]
st = _Sgn(‘/e - w)qecL,sf(SailSail
0
; (7)
*st,ylail
Msf = st,rlele
Sg’fl(‘/e - w)QeCL,sfarudlrud_
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where Fyy is the external force by the control surfaces, and M,y is the moment
by the control surfaces. Cr sr is the lift coefficient of the control surface.
Oails Oele, and d,.,q represent the deflection angles of the aileron, elevator, and
rudder, respectively. g, is the dynamic pressure at the duct exit, given by

e = 5oV~ w)". (®)

2.2.2 Stator model

Controlling the ducted-fan UAV requires offsetting the anti-torque generated
by the rotor, which is mounted at the center of the UAV [18]. The torque
offset force generated from the stator was calculated using DFDC. The thrust
T and torque 7 equations are shown in Equation. (9).

T = Trotor + Tstator = bthr,lRPM + bthr,2RPM2a

9
T = Trotor + Tstator = btor,lRPM + btor,QRPM2; ( )

The results for the anti-torque offset values calculated using DFDC in which
stator was fied at 10° are listed in Table 2.

Table 2 Anti-torque offset value depending on the stator’s degree

Degree 9° 10° 11°

T rotor 0.4478 0.4478 0.4478
T stator  -0.4397 -0.4465 -0.4532
Sum 0.0081 0.0013 -0.0054

where b1 and bepro are the thrust coefficients of the rotor and sta-
tor,respectively, and bior1 and b2 are the torque coefficients of the rotor
and stator, respectively. The stator’s airfoil used in the study was the s4083-il,
which has a high lift coeflicient even at low Reynolds numbers.

2.2.3 Dynamics of the Ducted-fan UAV
The dynamics for the ducted-fan UAV is given as [19]

Q(t) = f(g(t%ﬂ(t))ﬂ
@:[uvaqvwﬁew}T, (10)
u= [6th 6ail 5ele 6rud}T

)

where [u v w] and [p ¢ 7] are the velocity and angular rate components in the
x,y, and z axes of the coordinate system of the ducted-fan UAV, respectively.
In addition, [¢ 0 1] are the Euler angles of the ducted-fan UAV, and u is
the control input vector in which each variable consists of a throttle, aileron,



8 Design and Flight Testing of the Ducted-fan UAV Flight Array System

elevator, and rudder control inputs. Moreover, the ducted-fan UAV has sym-
metrical features in the x and y axes [20],[21]. Therefore, the cross-product of
the moment of inertia of the ducted-fan UAV is negligible:

Jay = Juz = Jyz =0 (11)

The equations of motion of the six degrees of freedom are derived using the
force and moment acting on the ducted-fan UAV, i.e.:

w=vr—wq+ F,/m,
0 =wp—ur+ F,/m,
W =uq—vp+ F,/m,
p= {qr(Jyy - JZZ) + Mz}/Jxxa
G =A{pr(Jez — Joz) + My}/ Jyy,
# = A{pq(Joa — Jyy) + M.}/ .,

where F, Fy, and F, are force components in the x,y, and z axes. Jyz, Jyy,
and J,, are principal moments of inertia on each axis.

2.2.4 Dynamics of the Connected Ducted-fan UAV

The DFA can be a reconfigurable system based on multiple ducted-fan UAVs.
The numerical model of the DFA considers the ducted-fan UAV dynamics,
geometric, and interacting effects. Figure 5 shows a new coordinate system of
the DFA when three ducted-fan UAVs are tightly connected.

Fig. 5 A conceptual diagram of the connected ducted-fan UAVs as a DFA
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For the DFA’s connected flight, the forces and moments are given as [23]

F] (S F
F=1F|= Zf\[:le (13)
-FZ Ez]il in
M, Zfil(Miz - lZiFyi + lyiFZz‘)
M= M| =|>_1(My, —l,,F., + 1., F,,) (14)
M, Zi:l(Mzi - lyiFﬂﬁi + lﬂJiE .

where l,, l,,, and ., indicate the distances between the center of gravity of
the DFA and ith ducted-fan UAV, respectively. In this paper, it is assumed
that ducted-fan UAVs are connected in the same XY plane. Accordingly, I,
can be neglected.

2.3 Baseline controller

3 s N \ Uar N Fl lapm
Xid
y, o, u,, Flap, ,
id . . Ducted-fan
Position Attitude Actuator |Flg, Control
Controller Va Controller Uya D234
'//i,d System
z, alt, u,, motor
’ J FRS J +\ \ J

Fig. 6 Diagram of the control system of the ducted-fan UAV

The baseline controller of the ducted-fan UAV is based on the PID con-
troller, which is designed in an angular position and has a rate-cascaded PID
inner-outer loop structure provided by Arducopter. Figure 6 shows a flow
diagram of the control system of the ducted-fan UAV. The inner loop rate
commands are as follows:

€p = K¢(¢d - ¢) - b,
eq = Ko(0a —0) —q, (15)
er = Ky(thg — ) —r,

where ¢4, 04, and 14 are desired attitude commands, and e, eq, and e, are the
inner loop rate errors. Moreover, Ky, K¢ and K, are the proportional gains
for the Euler angle error of the outer loop. The virtual control inputs that act



10 Design and Flight Testing of the Ducted-fan UAV Flight Array System
as the aileron, elevator, and rudder can be calculated as:

_ P p de
Ugit = K - ep + K; fepdT+KdTrp’

Uete = K9 - eq + K7 [ eqdr + K4%s, (16)
Urga = K5 - e, + K] [ epdr + K%,

where K;i,d, Kgmd, and K ; ; denotes the proportional, integral, and deriva-
tive gains of the body angular rate (p,q,r) controller. The position controller
of the ducted-fan UAV is designed as a P controller. The position error in the
inertial frame can be transformed into the body frame position error depending

on the current heading angle (¢) as follows:

€x_body = €x_in ° cos 1 + €y_in * sin 1 (17)
€y_body = €y_in * COS Y — €4 in - SINY

where (€z pody, €y body) and (s in,€y_in) are the position errors in the body
and inertial coordinate systems, respectively.

2.4 Formation flight algorithm

The ducted-fan UAV of the DFA system moves while maintaining a constant
shape for a mission. Thus, in this section, we discuss the computation of the
formation method to drive the ducted-fan UAV to the desired formation using
a leader-following method, which is illustrated in Figure 7.

UAV2
-Follower-

Xq(6)

Direction

UAV1
-Leader-

UAV3
-Follower-

Fig. 7 Leader-follower formation method

The leader-follower formation flight calculates the relative coordinates of the
follower UAV based on the position of the leader UAV and maintains the flight
through it [24], [25]. Equation (18) defines the desired command of each UAV.
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)
Xt = | 0 (18)

Ya(t)

where x4(t), ya(t), zd(t), and 14(t) are the three-dimensional (3D) position
desired command value of z, y, z, and 1, respectively.

The shape of a ducted-fan UAV formation can be calculated by specifying a set
of relative position vectors and relative heading values. The vector equation
shown in Eq.(19) for the leader-follower formation method is expressed as [26]:

Tj — T4

v x| Y
Sij=X; - X, o (19)

Vi — i

where shape vector S;; includes the 3D position vector and the yaw angle
of the ducted-fan UAV, which uses a 4 x 1 shape vector. The leader-follower
formation shape vectors satisfy the following properties:

Sike = Sij+ Sk
Sii=[000]" (20)

Sij = —=Sji

2.5 Simulation result
2.5.1 Formation flight simulation

This study numerically validates the formation flight algorithm using the
ducted-fan UAV model. We performed a waypoint navigation flight simulation
along a set of square paths with a length of 20 m to verify the performance of
the leader-follower method. The shape vectors between the leader UAV and
follower UAVs are given by Eqs.(21) - (22).

T — TF, 10m
Ser=Xp—Xp =| yr—yr | = | 10m (21)

2L — ZFy 10m

T — IR, —10m
Ser=Xp—Xp,=| yr—ym | = | —10m (22)

ZL — ZF, —10m

Figure 8 shows the position history of the formation flight in which the red
line represents the path of the leader UAV, the black line represents the path
of the follower UAV 1, the blue line represents the path of follower UAV 2, and
the dotted line represents the command value for each UAV. The simulation
results display that the three ducted-fan UAVs perform waypoint flights while
maintaining a constant formation based on the commanded shape.
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40 -
—Leader UAV path
- -Leader UAV command
30 —Follower UAV 1 path
~ -Follower UAV 1 command
—Follower UAV 2 path
- -Follower UAV 2 command
E
=
-20 . .
0 5 10 15 20 25 30 35 40 45 50
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—Leader UAV path
20 F S ~ -Leader UAV command
—Follower UAV 1 path
— -Follower UAV 1 command
. e e i B —Follower UAV 2 path
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]
-]
2
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= -Follower UAV 1 command
—Follower UAV 2 path
90 = -Follower UAV 2 command|
0 5 10 15 20 25 30 35 40 45 50

t[s]

Fig. 8 Position history by the formation flight

2.5.2 Connected flight simulation

In this section, the attitude control system is verified for the connected flight
of the DFA system. The attitude control of the connected flight uses a PID
controller. This simulation takes hovering flight scenario into account and the
interaction due to connection. We consider the DFA system which is composed
of three single ducted-fan UAVs. Figure 9 shows the Euler angle when the
connected flight hovers for 10 seconds. The dashed line indicates the commands
for each Euler angle, and the solid line represents the PID controller. It is seen
that some oscillations occur during roll and pitch control due to the influence

of interconnection.
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Fig. 9 Responses of Euler angles

2.6 Hardware configuration

The ducted-fan UAV manufactured in-house is equipped with a connected sur-
face and an assembly device on the side to perform connection and separation
tasks. Figure 10 exhibits the specifications of the proposed ducted-fan UAV.

® Specification Values
%f_@ FCC Pixhawk2.1
m Autopilot Ardupilot

Kl Height 550 mm

@ Weight 1.63 kg
Endurance 10 minutes

Propeller 14 inch

Fig. 10 Specifications of the ducted-fan UAV

An open-source flight controller board, Pixhawk2.1, controls the ducted-fan
UAVs which measures using a 3D gyroscope, 3D accelerometers, and a barom-
eter [27]. This can be connected to an external GPS module and communicate
with the mission computer via a protocol called MAVLink [28]. Figure 11
describes the communication architecture of the ducted-fan UAV.
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Ducted-fan
UAV A

Servo motors Motor

GPS (external)
———————————— N
- 2.4 GHz ( i i I
RC Transmitter ))) - (( RC Receiver Pixhawk 2.1 Accelerometer :
'
Gyroscope :
Missionpjanner :
_____________ Barometer !
T 0 g 0
Gcs ))) Wi-Fi ((( | | Wi-Fi module —QUCELTGAZEN 0 o __________ d

;

Fig. 11 The ducted-fan UAV communication architecture

2.7 Connecting device

Connecting devices are mounted on the side of the UAV for the combined
flight of the ducted-fan UAV. Figure 12 illustrates the design of the connect-
ing devices.

Connecting device #1

Connecting device #2

Connected apperance

Fig. 12 Design of the connecting device set [22].

1244

& er

Fig. 13 Shape of the connecting device set [22]

The connecting devices #1 and #2 in Figure 12 are closely attached and
engaged. Moreover, triangular grooves are added at the device’s side, top, and
bottom, avoiding gaps depending on the angle of entry of connecting device
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#2. Reducing the connecting error when combining UAVs is essential when
designing connecting devices. For this, the insertion area was sloped to reduce
the connecting error.

Furthermore, the insertion device can smoothly move when disconnected, gen-
erating less external force on the UAV. Therefore, the external force generated
by the connecting device is minimized during combination and separation.
Figure 13 illustrates the shape of the actual connecting device set.

2.8 Communication system for formation flight

In this study, we constructed a DFA communication environment using ROS.
The core of the communication environment using ROS is a message commu-
nication between nodes, consisting of a Publisher that transmits information,
a Subscriber that receives data, and a Master that helps connect nodes. Figure
14 shows the structure of the DFA system built using ROS [29].

Master
GCS & matlab(ROS) | T wireless
wire

[}

H
UAV1(Nodel) UAV2(Node2) UAV3(Node3)

s

Fig. 14 Architecture of the DFA system

The Master node acquires node information for the Publisher and Subscriber
and then passes the data to the Publisher. The DFA system sets the GCS as
a Master and each ducted-fan UAV as a node.

3 Flight test

3.1 Single unit flight test

The phased performance verification of the UAV is performed after setting up
the ducted-fan UAV in the order of (1) ground test, (2) flight test with tether,
and (3) flight test. Figure 15 displays the sequence of the verification tests. The
ground test verified the ducted-fan UAV’s attitude control performance and
controllability. The flight test with a tether confirmed the ducted-fan UAV’s
altitude and position control performance and proved navigation performance
using the waypoint flight.

Figures 16 — 17 demonstrate Euler angle and angular velocity responses of the
single unit ducted-fan UAV from the flight tests.
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Ground test

Fig. 15 Verification tests
URL : https://www.youtube.com/watch?v=qytc0V32PPg
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Flight test
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Fig. 16 Result of the flight test (Euler angle)
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Fig. 17 Result of the flight test (angular velocity)

3.2 Formation flight test

Multiple UAVs were tested for waypoint flight to verify the performance of
the formation flight method and the flight communication system of the DFA.
Figure 18 shows the formation flight testing of three ducted-fan UAVs.
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Fig. 18 UAVs hovering formation flight test
URL : https://www.youtube.com/watch?v=8{-PY10z1QU&t=2s

Figure 19 exhibits the results of the formation flight test expressed in angular
velocity of UAVs. The roll and pitch rate commands follow well, but the yaw
rate is hard to track performance because of the characteristics of the ducted
fan UAV; the yaw tracking response is slower than other responses.
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Fig. 19 Result of the formation flight test (angular velocity)

3.3 Connected flight test

Three ducted-fan UAVs are combined into a triangular shape with equally
aligned coordinate axes to minimize the change in the center of gravity and
maximize the control performance of the connected platform. A tethered flight



18

Fig. 20 The thethered flight test of connected ducted-fan UAV

Design and Flight Testing of the Ducted-fan UAV Flight Array System

https://www.youtube.com/watch?v=TKajgEEZwiY

test was carried out after combining the ducted-fan UAVs to test the flight per-
formance during a connected flight. Figure 20 shows the tethered flight tests
of the three connected ducted-fan UAVs.
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Fig. 21 Connected flight test(Euler angle)

Time(sec]

Figure 21 demonstrates the Euler angle when three ducted-fan UAVs were sub-
jected to a connected flight test. The command was applied to the connected
ducted-fan UAV in this flight test to perform hovering flight. The resultant
graph shows that the roll and pitch axis commands are followed well because
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the alignment of the control surfaces of each UAV is matched. However, the
attitude command of the yaw axis did not have good tracking performance,
unlike the simulation. This result may be caused by clogging the movement of
the yaw axis and causing vibration due to the loose coupling of the connecting
device.

3.4 Separation flight test
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Fig. 22 Separating flight test results
https://www.youtube.com/watch?v=TKajgEEZwiY

A hovering flight test was conducted by combining two ducted-fan UAVs

to verify the performance of the connecting UAV and check whether it could
be separated. The ducted-fan UAVs 1 and 2 were equipped with connecting
devices # 1 and # 2, respectively. Figure 22(a) shows separation and hover-
ing flights when an activation signal for separation is applied to the connected
UAV. The vibrations of each UAV are shown in Figure 22(b).
The intensity of the vibration in the z-axis is stronger than the vibrations that
occurred in other axes, as shown in Figure 22(b). In other words, the vibra-
tions measured in UAV 1 are higher than in UAV 2 during connected-flight
conditions. It means that UAV 1 was affected by the vibrations caused when
UAV 2 was inserted as device # 2 inside UAV 1. This result could be seen
from the decrease in the vibration level measured by UAV 1 after the UAVs
were detached. Figure 23 shows the accelerometer and gyroscope measure-
ments during the separation. The ducted-fan UAV 2 reacted when separated,
although it shook the ducted-fan UAV 1 for a certain period. The force applied
to the device was generated when the connected UAV was separated.
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Fig. 23 IMU sensor measurements on separation

Duct 1, Roll

2 —
Separation |
i signal '
E
8o
)
210
§
S 20
3
0
<0
o 10 20 30 w0 50 E) o 0 %
Time[sec]
Duct 1, Pitch
» Y
Separation’,
W signal
'
g \
T 0
° h
5 o '
A '
5 1
g '
20 O
'
30 :
o 0 2 E) 0 E) ) 0 ) %
Timelsec]
Duct 1, Yaw
400 ot
Separation |
ignal !
R gignal]
3 o~
5 h
T |
220 h
s '
3 '
> 100 '
'
'
i L
o 10 20 3 w0 50 ) ) ) %0
Time[sec]

Roll angle[deg]

Pitch angle{deg]

Yaw angle[deg]

Duct 2, Roll

Separation |

3 % 50 0 K 80 %
Time[sec]
Duct 2, Pitch
Separation |
signal :

w0 50
Time[sec]

Duct 2, Yaw

Fig. 24 The Separating mission flight test (Euler angle)

w0
Time[sec]

50

Additionally, Figures 24 and 25 show the Euler angle and angular velocity dur-
ing the separation of the connected UAVs. When separated, the two UAVs’
roll and yaw axes rotate opposite each other, resulting from the reaction force
generated when the coupling part of coupling device # 2 (red line in Figure
13 is released.
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Fig. 25 The Separating mission flight test (angular velocity)

4 Conclusions and Future works

This study proposed a DFA system that changes the configuration of the
platform array based on the mission environment. The leader-follower forma-
tion flight algorithm was designed and verified numerically and experimentally
through actual flights. Moreover, we developed ducted-fan UAVs in-house and
an assembly device for DFA missions and constructed the ROS-based commu-
nication environment for flight experiments. Subsequently, the performance of
the DFA system mission was analyzed through flight tests. It was feasible and
applicable to operate the DFA system as an organic flight system that can fly
combined and separated.

UAV 1, when operated as a connected array, experienced the vibration more
strongly because it received the vibrations generated by other UAVs through
the assembly device.

Also, during separation, staggering occurs to the same UAV in the roll and yaw
axes due to the reaction force caused by the release of the assembly device.
To cope with the abovementioned problems, we plan to design reconfig-
urable flight control to adapt to array-shape change and improve the assembly
device to absorb or damp the interaction between the UAVs. Furthermore, we
will apply robust control against the reaction force, disturbance, and noises
generated during connected and separated flight in our future work.
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