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ABSTRACT

This paper proposes to drive a group of ducted-
fan UAVs in a formation, using Leader-follower
strategy for surveillance and scouting. To each
UAV the target position is assigned based on the
leader UAVs position. The UAVs computes their
position commands using the relative position
data between the UAVs in order to keep a forma-
tion. The results via ardupilot SITL verifies that
the UAVs are able to keep a predetermined for-
mation for mission accomplishment. In the flight
test, we conducted using the ducted-fan UAV
manufactured in-house. The UAV has the sta-
tor which is fixed under main rotor to counteract
anti-torque. A ducted-fan UAV is equipped with
Pixhawk for flight control and a Raspberry Pi3
for UDP communication.The data communica-
tion between the ducted-fan UAVs is performed
using Dronekit-python.

1 INTRODUCTION

In recent years UAVs have become popular because they
are suitable for many applications such as surveillance and
scouting. In addition, with the development of communica-
tion technology, multiple UAVs can simultaneously perform
missions. This operation has a number of advantages: A
group of UAVs can acquire more data and occupy a wider
area during surveillance and scouting missions than single
UAV [1]. In addtion, the survival rate is higher than when
single UAV is operated in the battlefield. Even if rotary UAVs
have been widely studied and operated due to its vertical
flight capability, they sometimes experience accidents from
high-speed rotor blades.

To overcome this risk, the ducted-fan type UAV is introduced,
which has a duct to cover the main rotor. Moreover, a well-
designed duct can improve thrust efficiency compared with
an open-rotor system. This paper proposes to drive a group of
ducted-fan UAVs in a formation, using leader-follower strat-
egy for surveillance and scouting [2]. To each UAV the target
position is assigned based on the leader UAVs position. The
results via ardupilot SITL verifies that the UAVs are able to
keep a predetermined formation for mission accomplishment.
In the flight test, we conducted using the ducted-fan UAV
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manufactured in-house [3]. A ducted-fan UAV is equipped
with Pixhawk for flight control and a Raspberry Pi3 for UDP
communication [4]. The data communication between the
ducted-fan UAVs is performed using Dronekit-python.

This paper is organized as : Section 2 describes the formation
flight system. Section 3 discusses the formation flight simu-
lation. Section 4 consist of the flight test configuration and
flight test results.

2 FORMATION FLIGHT SYSTEM
2.1 Ducted-fan UAV'’s dynamics and controller design

Ducted-fan UAV has an advantage of increasing the
thrust efficiency compared to other UAV by equipping a duct.
However, unlike the multi-rotor UAV, there is a disadvantage
in that it requires to cancel the anti-torque generated by
the main rotor. To solve this problem, the ducted-fan UAV
compensates for the anti-torque generated by mounting the
stator under the rotor [5]. Four vanes located at the end of the
duct provide roll, pitch, and yaw control action. The names
and effects of each vanes are shown in Figure 1. Equation
1 is ducted-fan UAV’s 6 DOF dynamic model equations.
Equation 2, 3 shows the ducted-fan UAV’s total force and
total moment equation.

uw=uvr—wq+ (F,)/m
0 =wp—ur+ (F,)/m
p=Aqr(lyy — I.2) + My} /1w
q={pr(lsz — Lux) + My}/ I,
T= {pq(Izm - Im/) + Mz}/-[zz

where

Ftotal = Ffusc + Fprop + quct + Fflap + Fgrav (2)
Mtotal = Mfuse + Mprop + Mduct + Mflap + ngro (3)

Sense Flaps Effect
+ aai[ @: @ +M x
+ 6e le ®: @ +M ¥
+ 6rud (g), (g)' +M. z

Figure 1: control flaps sign conventions.
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Figure 2: Ducted-fan UAV’s components.
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Figure 3: Ducted-fan UAV’s control system diagram.

The baseline controller of the ducted-fan UAV is based on
PID controller which is provided by arducopter. This attitude
controller is designed as an angular position and rate cascaded
P-PID inner-outer loop structure. Figure 3 shows the control
block diagram of the ducted-fan UAV. The inner loop rate
command can be defined as

ep = Ky(da—¢) —p

eq = Ko(0a—0) —¢q )

er = Ky(a =) —r

where ¢4, 04 and 14 are desired commands, e, e, and e, are
the inner loop rate error. Ky, Ky and K, are the propor-
tional gains for the Euler angle error for outer loop. Virtual
control inputs which act as aileron, elevator and rudder can
be calculated as

Uait = KB - ey + KI' [ epdr + K}%»

d
Uete = K - eq + K [ eqdr + Ki5e (@)
Urua = K} - €, + K] [ epdr + Kj %
where Kﬁ’i’ & Kg’i’ 4> IS, ; 4 TEpresents proportional, integral

and derivative gains of body angular rate (p,q,r) controller.
The ducted-fan UAV’s position controller is designed as P
controller. The position error in the inertial frame can be
transformed to the body frame position error depending on
the current heading angle (1) as follows.

€x_body = €x_in - COS 1/} + €y_in * SiINP (6)
€y_body = €Ey_in * COS ¢ — €x_in * Sinw

where (€y_pody, €y_body) Tepresents the position error in the
body coordinate system and (e_in, €y_in) represents the er-
ror in the inertial coordinate system.
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2.2 Development of Ducted-fan UAV

Figure 4: Ducted-fan UAV’s equipment.

Figure 4 shows the equipments mounted on the ducted-

fan UAV. The ducted-fan UAVs are controlled by an open
source flight controller board called (I) Pixhawk2.1[6]. The
Pixhawk2.1 is equipped with gyroscope, 3D accelerometers
and barometer, and it can be connected to 3) an external GPS
module. The Pixhawk2.1’s software is able to obtain the
UAV’s attitude and position from these sensors. It enables
automatic flight through the obtained attitude data and posi-
tion data.
In general, when controlling the UAV via Pixhawk?2.1, the pi-
lot controls via radio controller or receives commands from
a Ground Control System (GCS). However, it is able to
communicate with other companion computer via a protocol
called MAVLink [7]. In this paper, we use MAVLink by us-
ing USB to send commands from a companion computer(Q2)
Raspberry Pi3) which is mounted on ducted-fan UAV. In this
way, the UAV performs automatic flight as computed by the
companion computer. Communication with the GCS is done
via UDP communication using the built in Wi-Fi module
raspberry pi3. Figure 2 shows the total configuration and ar-
chitecture connections for the ducted-fan UAV.
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2.3 Formation Flight Architecture Design
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Figure 5: Formation Flight System.

The physical hardware and connections of the flight

system are depicted in Figure 5. The system consists of
a control computer, a Wi-Fi router, companion computers
(Raspberry Pi3) and ducted-fan UAVs. The GCS calculates
the formation flight algorithm on the control computer.
After that, UDP communication environment is established
through Wi-Fi router [8], and the calculated result is trans-
mitted to the raspberry Pi3 mounted on the ducted-fan
UAV. The Wi-Fi router connects the control computer to
the UAV’s companion computers which have different IP

and port addresses.

Further, UAV companion computers

also serve to send those directives to the Pixhawk?2.1 via the
MAVLink. When the user inputs a formation flight mission
on the control computer, the companion computer receives
information about the mission and current UAV’s flight
plan. The flight plan is determined differently according to
each UAV, and the corresponding flight plan is transmitted

to each Pixhawk2.1.

The UAV receives the command and

sends information about its current GPS position and attitude
status to the companion computer. This UDP communication
environment could be constructed through Dronekit-python.

2.4 Dronekit-python framework

-

< s AN

AN

UAV 1
dronekit-sitl copter -home = latitude, longitude, altitude, heading value

mavproxy.py --master tcp:127.0.0.1:5760 --out udp:127.0.0.1:14550--out udp:192.168.1.3:14551

¥
UAV 2
dronekit-sitl copter =11 ~home = latitude, longitude, altitude, heading value
mavproxy.py --master tcp:127.0.0.1:5770 --out udp:127.0.0.1:14560--out udp:192.168.1.3:14561 J
UAV N
dronekit-sitl copter —12 ~home = latitude, longitude, altitude, heading value
mavproxy.py --master tcp:127.0.0.1:nnnn --out udp:127.0.0.1:mmmmm--out udp:192.168.1.3:00000 J

Figure 6: Connect dronekit-sitl and MAVProxy.
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Dronekit-python is based on Python which allows devel-
opers to create apps that run on a companion computer and
communicate with the ArduPilot using a low-latency link
[9]. The API communicates with vehicles over "M AVProxy’
which is based on MAVLink [10]. It provides program-
matic access to a connected vehicles telemetry and state
information, and enables both mission management. In this
paper, Dronekit-python runs in the control computer for
connecting multi UAVs via UDP communication in order to
update the UAV’s GPS position data in real time. Figure 6
shows the commands used to connect Dronekit-sitl. It re-
ceives data from *— master’ and transfers to "— out’ IP address.

2.5 ’Leader-Follower’ formation flight algorithm

The Leader-Follower formation flight is an algorithm that
calculates the relative coordinates of Follower UAV based
on the position of the Leader UAV and maintains the flight
through it. The advantage of this algorithm is that it is easier
to construct than other formation flight algorithms because it
only needs GPS relative position. Equation 7 represents the
relative vector between the Leader UAV positons (X,) and
the Follower UAV positions (X ) [11]. We constructed the
formation to keep the GPS position and barometer altitude
data of each UAV in accordance with Equation 1 to describe
the relative position for Leader-UAV and Follower-UAV pair
at Figure 7.

latituder, — latitudep
longitudey, — longitudep
altituder, — altitudep

Spr=X,—Xp= @)

Xq(0)
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Figure 7: Formation Flight concept drawing.

3 FORMATION FLIGHT SIMULATION

3.1 Simulation Environment

In this part, the Leader-Follower formation flight
algorithm written using Dronekit-python is verified via
simulations before flight test. The flight simulation model
uses the ’singlecopter’ model provided by ’Ardupilot’ [12].
This model is the same as the firmware used in actual flight.
The GCS uses the commercial GCS "Mission Planner’ for
UDP communication. The formation flight mission is carried
out in the following order.
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Figure 8: Formation Flight Simulation GCS Monitor.

o Two UAVs take off to Sm.

e "Follower UAV’ moves to position according to formation
flight algorithm.

o It keeps formation flying to the way points.

o After arriving at the end point, "Leader UAV’ do Return to
launch(RTL).

e ’Follower UAV’ do land at the end point.

In this simulation, the ducted-fan UAV’s attitude con-
troller uses a PID controller same as using for flight test.
It is assumed that the attitude control of the UAV is well
controlled by PID controller’s gain tunning. The simulation
location was selected as the same filed as the flight test
location. The formation interval between the 'Leader UAV’
and the "Follower UAV’ follows the relative position vector
of Equation 8.

—0.00007
0.00007 (8)
-2

Spr=X,—Xp=

3.2 Formation Flight Simulation Results

Figure 9 is the formation flight simulation’s 2D path
graph. e is start point of each UAV, and () is destination
of each UAV. Follower UAV forms a formation with Leader
UAV in order. The Leader UAV returned to launch after it
arrived the last point. At this time, the altitude is 15m which
is Ardupilot’s default setting values. Figure 10 shows the
formation flight simulation’s 3D path.  Simulation results
in a slight delay when the ’Follower UAV’ follows the
’Leader UAV’. This is due to that the GPS position data of
the 'Leader UAV’ sent in real time and the ’Follower UAV
position’ is calculated afterwards. Prior to the ducted-fan
UAVs formation flight test, we confirm that the current
formation flight algorithm is feasible through this simulation.
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Figure 9: In the simulation 2D path.
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Figure 10: In the simulation 3D path.

4 FORMATION FLIGHT TEST
4.1 Formation Flight Test Setup

This section builds a formation flight system environment
for using the formation flight simulation code. Figure 11
shows the configuration required for the formation flight tests.
This test performs the same tasks, location and dronekit-
python code as the simulation. Two ducted-fan UAVs of the
same specification are divided into the leader UAV and the
follower UAV. The GCS computer runs the ’Mission Planner’
and the Dronekit-python computer runs the dronekit code.
The connection between the ducted fan UAV and the two
computers uses UDP communication using the MAVProxy
in the Wi-Fi environment.
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Figure 11: Formation Flight Test Setting.

4.2 Formation Flight Test Results
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Figure 12: Formation Flight Test 1.

Formation flight test is performed with the same proce-
dure as the simulation. Figure 12 shows the second forma-
tion flight path. Figure 13- 14 illustrate 2D and 3D trajec-
tories comparing the second simulation with the actual flight
path. The ’Leader UAV’ and the ’Follower UAV’ followed
the commands for keeping their formation. When the ’Leader
UAV’ returned to launch, it landed at a position away from
the target point when landing. This might be caused by GPS
sensor error. As a result of the comparison between the two
simulations and the flight test, it is confirmed that similar re-
sults were obtained when the flight test is performed within
the Wi-Fi communication range.

Table 1 shows the mean distance error in the simulation and
flight test for the formation flight command. There is an error
of about 20%, which is interpreted to be caused by the GPS
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Figure 13: 2D path (Formation Flight Test).
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Figure 14: 3D path (Formation Flight Test).

Table 1: Comparing distance
| CMD | SITL | FIIGHT
Mean distance (m) | 10.0995 | 12.6979 | 13.8934
Error (%) — 20.5 27.3

sensor error and the transmission delay in real time position
data.
5 CONCLUSIONS AND FUTURE WORK

This paper, developed a Leader Follower ducted-fan UAV
formation flight algorithm using dronekit-python. In addi-
tion, MAVProxy was used to construct formation flight sim-
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ulation and flight test environment. After that, the simulation [10] Mavproxy homepage.
was performed and compared with the flight test. In the fu- https://ardupilot.github.io/MAVProxy/html. Accessed:
ture, we will supplement the algorithm to reduce the GPS data August, 2018.

delay, increase the response rate of the follower, and conduct

formation flight tests with number of ducted-fan UAVs. [11] Matthew Turpin, Nathan Michael, and Vijay Kumar.
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